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Sex differences in progesterone-induced relaxation in
resistance mesenteric arteries of normotensive rats

Diferencas sexuais no relaxamento induzido pela progesterona em artérias
mesentéricas de resisténcia de ratos normotensos
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Abstract

Progesterone plays an important role in several physiological systems, including the vascular system. Nevertheless,
little is known about its role in resistance arteries. This study evaluated possible sex differences in progesterone-
induced vasodilation in mesenteric resistance arteries from Wistar rats of both sexes. Concentration-response curves to
progesterone (10 nM - 10 uM) were obtained in mesenteric arteries of 10- to 12-week-old animals of both sexes, before
and after endothelial removal or incubation with nitric oxide synthase (N°-nitro-L-arginine methyl ester - 300 pM) or
cyclooxygenase (Indomethacin, 10 M) inhibitors, alone or conjugated with non-selective cytochrome P450 inhibitor
(Clotrimazole, 0.75 uM) or hydrogen peroxide (H,0,) enzymatic scavenger (Catalase, 1000 units/mL). In addition,
we investigated the participation of calcium by building concentration-response curves to CaCl, (10 uM - 30 mM)
before and after incubation with progesterone (10 uM) or nifedipine (1 pM). Progesterone-induced relaxation was
similar in females and males but involved different mediators. In females, this relaxation appeared to rely more on
prostanoids and extra-endothelial nitric oxide (NO) pathways. In males, it seems to depend more on the NO pathway.
Notwithstanding, in both sexes, progesterone appears to modulate the intracellular Ca* transient in mesenteric arteries
negatively. There was a significant reduction in the contractile response in the presence of progesterone or nifedipine
in both sexes. These findings contribute to a better understanding of the vascular actions promoted by progesterone
in mesenteric resistance arteries of both sexes.
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Resumo

A progesterona desempenha um papel importante em diversos sistemas fisiol6gicos, incluindo o sistema vascular. No
entanto, pouco se sabe sobre seu papel nas artérias de resisténcia. Este estudo avaliou possiveis diferencas entre os
sexos na vasodilatagdo induzida pela progesterona em artérias mesentéricas de resisténcia de ratos Wistar de ambos
0s sexos. Curvas concentragdo-resposta a progesterona (10 nM - 10 pM) foram obtidas em artérias mesentéricas de
animais de ambos os sexos com 10 a 12 semanas de idade, antes e depois da remoc¢ao do endotélio ou incubagdo com
inibidores da éxido nitrico sintase (N°-nitro-L-arginina metil éster - 300 pM) ou da ciclooxigenase (indometacina,
10 uM), isoladamente ou combinados com um inibidor ndo seletivo da enzima citocromo P450 (clotrimazol, 0,75 uM),
ou um degradador enzimatico de peréxido de hidrogénio (H,0,) (catalase, 1000 unidades/mL). Além disso, investigamos
a participagdo do cdlcio por meio de curvas concentragao-resposta ao CaCl, (10 pM - 30 mM) antes e depois da
incubagao com progesterona (10 pM) ou nifedipina (1 pM). O relaxamento induzido pela progesterona foi semelhante
em fémeas e machos, mas envolveu diferentes mediadores. Em fémeas, esse relaxamento pareceu depender mais
de prostanoides e das vias extra-endoteliais do 6xido nitrico (NO). Em machos, parece depender mais da via do NO.
Ndo obstante, em ambos 0s sexos, a progesterona parece modular negativamente o transiente de Ca®* intracelular nas
artérias mesentéricas. Houve uma redugdo significativa na resposta contrétil na presenga de progesterona ou nifedipina
em ambos o0s sexos. Esses achados contribuem para uma melhor compreensao das agdes vasculares promovidas pela
progesterona nas artérias mesentéricas de resisténcia de ambos os sexos.

Palavras-chave: ion calcio, artérias mesentéricas de resisténcia, progesterona, reatividade vascular, mésculo liso vascular.

1. Introduction

Progesterone is a steroid hormone belonging to the familyof ~ (Schneideret al., 1993), progesterone also acts on other systems,
sex hormones alongside testosterone and estrogen (Taraborrelli, ~ suchas the nervous system (Rossetti et al., 2016), skeletal system
2015). Known mainly for its effects on the reproductive system  (Xiuetal,2016),and cardiovascular system (Pangetal., 2015).
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To better understand the effects of female sex hormones
on the body, in vitro studies conducted in the late 1980s
highlighted the numerous benefits of hormone replacement
therapy (HRT) (Henderson et al., 1991; Stampfer and Colditz,
1991; Grady et al., 1992; Grodstein et al., 1997; Yaffe et al.,
1998). However, studies such as the Heart and Estrogen-
Progestin Replacement Study (HERS) (Hulley et al., 1998) and
the Women'’s Health Initiative (WHI) (Rossouw et al., 2002)
indicated anincreased cardiovascular risk (Hulley et al., 1998;
Rossouw et al., 2002; Grimes and Lobo, 2002; Dubey et al.,
2004), which was later related to the type of replacement,
specifically when progestins (medroxyprogesterone
acetate - MPA) were associated with estrogen. Therefore, the
deleterious effects caused by progestins on the cardiovascular
system were erroneously attributed to progesterone
(Simoncini et al., 2004; Boschitsch et al., 2010). Indeed,
there are different progestogens with different effects on the
cardiovascular system (Hermsmeyer et al., 2008). The term
“progestogens” is used in reference to any progestational
agent, whether natural or synthetic. The term progesterone
refers to the natural progestogen produced in the ovaries
or to any bioidentical compound. Synthetic progestogens
have been referred to as progestins (Stanczyk and Henzl,
2001; Renzo et al., 2020).

Sex hormones can stimulate the production of vasoactive
factors by interacting with the endothelium, via nuclear
and extranuclear receptors and/or second messengers
(Mendelsohn and Karas, 2005). Studies have shown that
progesterone receptors are present in endothelial cells
in both sexes (Ingegno et al., 1988; Vazquez et al., 1999;
Orshal and Khalil, 2004). Thus, through both genomic and
non-genomic mechanisms, progesterone can stimulate the
production of endothelial mediators, such as nitric oxide
(NO), by modulating the phosphatidylinositol-3-kinase/
protein kinase B (PI3K/Akt) signaling pathway (Pang et al.,
2015; Cutini et al., 2009; Cunha et al., 2020). Progesterone
can also increase the activity of the endothelial nitric
oxide synthase (eNOS) enzyme (You et al., 2020) and
modulate vasodilation by inducing endothelium-dependent
hyperpolarization (EDH) in the coronary vascular bed
(Cunha et al., 2020). In addition to its actions on the
endothelium, progesterone can act on vascular smooth
muscle (VSM), promoting a rapid decrease in calcium
influx (Ca*) in rabbits, pigs, and humans (Murphy and
Khalil, 1999; Minshall et al., 2002; Cairrdo et al., 2012).

The acute, rapid extranuclear actions can be initiated
through the interaction of progesterone with its membrane
receptors (mPRs) (Thomas and Pang, 2013) and progesterone
receptor membrane components (PGRMC1 and PGRMC2).
Three of the mPR isoforms, mPRa, mPRB, and mPRy, have
already been described in vascular system cells (Pang et al.,
2015; Smith et al., 2008; Tang et al., 2005; Thomas et al.,
2007). Although progesterone receptors have been
identified in vascular tissues of both sexes, few studies
have investigated whether their expression or signaling
differs between males and females. In the central nervous
system, sex-specific expression patterns of progesterone
receptors have been reported, with higher levels observed
in brain regions of male neonates (Quadros et al., 2002).

In this context, studies have shown that progesterone
has an important vasodilator effect (Jiang et al., 1992;
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Giesen et al., 2020). However, its effects on the main control
site of peripheral vascular resistance and blood pressure
- the mesenteric resistance arteries - remain unknown.
Therefore, the present study aimed to investigate the acute
action of progesterone on mesenteric resistance arteries
and whether there are sex differences in this response. We
hypothesized that progesterone induces acute vasodilation
in mesenteric resistance arteries of Wistar rats through
endothelium-dependent mechanisms, including the nitric
oxide (NO), prostanoid (PNs), and endothelium-dependent
hyperpolarization (EDH) pathways, as well as through direct
modulation of Ca? influx in VSM, and that the relative
contribution of these pathways differs between sexes.

2. Materials and Methods

2.1. Experimental animals

We used mesenteric arteries of 10- to 12-week-old
Wistar rats of both sexes, provided by the animal facility
of the Health Sciences Center of the Federal University of
Espirito Santo. All procedures were conducted in accordance
with the recommendations of the Brazilian Guidelines for
the Care and Use of Animals for Scientific and Didactic
Purposes and the Guidelines for the Practice of Euthanasia
(Brasil, 2023), having been approved by the Animal Ethics
Committee from the Federal University of Espirito Santo
(No #18/2020). The animals were group-housed under
controlled conditions of temperature (20-24 °C) and
humidity (40-60%), with a 12/12-h light-darkness cycle,
and with water and food ad libitum. Manipulation of the
animals was always carried out at the same time of day
to avoid the influence of hormonal variations that may
occur during the estrous cycle in females.

2.2. Vaginal smears

The females’ estrous cycles were monitored through
vaginal smears. The cycle was evaluated for 1 month prior
to the experimental protocols. In addition, vaginal smear
was performed 30 minutes before euthanasia. Vaginal fluid
was collected daily from each animal between 08:00 and
09:00 a.m. Vaginal epithelial cells were examined under
an optical microscope as described by Marcondes et al.
(2002) for the identification of the different stages of
the estrous cycle. We chose to use rats in the diestrus
phase to avoid possible interference in the response. This
phase is characterized by lower levels of estrogen, thus
avoiding possible competition between other hormones
and progesterone. Following a similar schedule, male rats
underwent the same handling procedure daily to reproduce
the possible stress suffered by the females.

2.3. Vascular reactivity

Vascular reactivity of the mesenteric resistance arteries
was assessed using a wire myograph (620 M; Danish Myo
Technology, Aarhus, Denmark). The protocols were performed
as previously described (Mulvany and Halpern, 1977).
To prevent interference with the sustained phase of the
contractile response, the rats were euthanized by decapitation
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without anesthesia (Hatano et al., 1989). The animals were
manually restrained immediately before decapitation, which
was performed using a calibrated guillotine (regularly
maintained according to institutional guidelines) to ensure a
rapid and precise procedure, minimizing handling time and
tissue stress prior to organ collection. Third-order mesenteric
arteries were isolated, dissected from the adjacent tissue,
cut into 2-mm rings, and mounted between two tungsten
threads (40 um in diameter) inside chambers filled with
Krebs solution containing: NaCl, 119 mM; KCl, 4.7 mM;
KH,PO,, 0.5 mM; NaHCO,, 13.4 mM; MgS0,.7H,0, 1.17 mM;
CaCl,.2H,0, 2.5 mM; and glucose, 5.5 mM, kept at 37 °Cand
aired with carbogenic mixture (95% O, e 5% CO,). The rings
were gradually stretched until their internal diameters
corresponded to a transmural pressure of 100 mmHg, and
the internal circumference (IC1) was then normalized to
a set fraction of the internal circumference (IC100). Thus,
IC1 was calculated by multiplying IC100 by 0.9. Endothelial
viability and integrity were assessed by administering
acetylcholine (ACh, 10 uM) in rings previously contracted by
phenylephrine (PE, 3 uM). The endothelium was considered
viable when the relaxation response observed was > 80%.
Following mechanical removal of the endothelium, the
vessels were rated as endothelium-free when the ACh-
induced relaxation was < 10%.

Arterial segments were pre-constricted with PE (3 uM),
and concentration-response curves were obtained by
cumulative addition of progesterone (10 nM - 10 uM). The
vasodilator effect induced by progesterone was investigated
before and after perfusion with N-nitro-L-arginine methyl
ester (L-NAME, 300 uM, a non-selective inhibitor of the
enzyme nitric oxide synthase — NOS; Sigma, St. Louis,
MO, United States), indomethacin (INDO, 10 puM, a non-
selective inhibitor of the enzyme cyclooxygenase - COX;
Sigma, St. Louis, MO, United States), a combination of
L-NAME (300 uM) and INDO (10 uM), L-NAME, INDO and
clotrimazole (CLOT, 0.75 puM, a non-selective inhibitor of
the enzyme cytochrome P450 - CYP; Sigma, St. Louis, MO,
United States), and L-NAME, INDO and catalase (Cat, 1000
units/mL, an enzyme that specifically decomposes
hydrogen peroxide (H,0,); Sigma, St. Louis, MO, United
States). All inhibitors were incubated for 30 min until
the concentration-response curve of progesterone was
repeated. The percent relaxation was determined using
a LabChart 8 data acquisition system (AD Instruments Pty
Ltd., New South Wales, Australia).

After completing the initial procedures for assembling
of the vessels and performing the endothelium test using
the nutrient solution as described in item 2.3, we evaluated
the participation of calcium in the progesterone-induced
relaxation response. First, the vessels were washed with
a calcium-free nutrient solution containing 4.7 mM KCl,
followed by a stabilization period. Subsequently, the solution
was replaced by a nutrient solution containing 50 mM KCl.
Using this depolarizing solution, concentration-response
curves were built using cumulative concentrations of calcium
chloride (CaCl,) (10 uM - 30 mM). After the first CaCl, curve,
the vessels were incubated for 30 minutes with either
nifedipine (1 utM), an L-type calcium channel blocker, or
progesterone (50 uM). A new CaCl, curve was then obtained
under similar conditions as the first (Silva et al., 2013).
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2.4. Evaluation of the in situ production of reactive oxygen
species (ROS)

After the experiments, arterial segments designated for
DHE analysis were incubated in phosphate-buffered saline
(PBS) containing sucrose (10%) for 24 hours. Segments
were then embedded in Tissue-Tek OCT compound and
stored at -20 °C until sectioning. Cross-sections of 10 pm
thickness were obtained using a cryostat. After sectioning
the mesenteric arteries, the slides were incubated with
dihydroethidium (DHE; Cayman Chemical, MI, United
States) solution (5 uM) diluted in phosphate-buffered
saline (PBS), protected from light, for 30 minutes at 37 °C,
a cell membrane-permeable probe. It is postulated that
DHE reacts with superoxide anion (0,*) and forms two
fluorescent products, ethidium, and 2-hydroxyethidium,
which intercalate with cellular DNA and can be visualized
with red fluorescence. Using a fluorescence microscope with
excitation and emission wavelengths of 518 and 605 nm,
respectively, this probe serves as an indirect marker of
the presence of reactive species (Fernandes et al., 2007).

The protocol was performed according to Silva et al.
(2016), with some modifications. Briefly, five slides per
animal (female or male) were incubated for 30 minutes at
37 °Cand protected from light. The first slide was incubated
with DHE (5 uM) to investigate basal O,* production. The
second slide was incubated with DHE + Tiron (10 pM),
as a negative control for basal O,* production. The third
slide was incubated with DHE + progesterone (10 uM) to
investigate whether incubation with progesterone induced
changes in O,* production.

Digital images were obtained at 40x magnification using
a Leica DM 2500 inverted fluorescence photomicroscope.
The images were analyzed using the Image ] program
(National Institutes of Health, USA). The mean fluorescence
density was calculated from five images of the mesenteric
segments of each animal. A sample number of 6-7
experimental animals per group was used.

2.5. Statistical analysis

Data were analyzed using the Graph-Pad Prism 8
statistical software and expressed as mean + standard
error of the mean (SEM). The Shapiro-Wilk test was used
to confirm the normality of the data. For the analysis of the
vasodilator response, two-way analysis of variance (two-
way ANOVA) was used, followed by Sidak’s post-hoc test.
Rmax analysis was performed using one-way analysis of
variance (one-way ANOVA) followed by Tukey’s post-hoc test
or Student t-test. The significance level was set at p < 0.05.

3. Results

Increasing cumulative concentrations of progesterone
similarly promoted relaxation in mesentery artery segments
in both sexes, with females showing 50.6 + 2.4% relaxation
and males 50.8 + 2.5% relaxation (Figure 1).

After confirming progesterone’s ability to dilate these
arteries, the next step was to identify the endothelial
mediators involved in this response. To do this, we first
assessed the role of NO by incubating the arteries with
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Figure 1. Concentration-response curve of progesterone
(P4, 10 nM - 10 uM) in mesenteric resistance arteries in the
presence of endothelium (Females, n = 35; Males, n = 37). Values
were expressed as mean + SEM. Two-way ANOVA was used for
the analysis, followed by the Tukey’s post hoc test.

L-NAME, a non-selective NOS inhibitor. In females, there
was no significant change in the maximum relaxation
response (L-NAME: without 50.6 + 2.4% vs. 51.6 + 6.4%)
(Figure 2A and 2C). In contrast, males showed a reduction
in the maximum relaxation response (L-NAME: without
50.8 £ 2.5% vs. 32.9 + 5%) (Figure 2B and 2C), suggesting
that NO may play a role in the progesterone-induced
relaxation response in males.

Recognizing that NO production occurs not only in
the endothelium but also in other vascular layers like
the adventitia (Schwarz et al., 1999), we examined the
role of extra-endothelial pathways in NO formation.
To do this, we conducted incubations with L-NAME
following endothelial removal. Our results revealed a
significant decrease in the maximum relaxation response
in females (L-NAME + endothelium removal: 50.6 * 2.4%
vs. 34.5 £ 4.3%) (Figure 2D and 2F). In males, however,
only a slight reduction was observed at certain points on
the curve, with no significant change in the maximum
response (50.8 + 2.5% vs. 48.9 + 5.4%) (Figure 2E and 2F).
These findings suggest that, in females, the endothelium
does not appear to contribute to NO-mediated relaxation
in response to progesterone, since the inhibitory effect
of L-NAME was only evident after endothelial removal.

The second pathway evaluated was that of prostanoids
(PNs). Using indomethacin, a non-selective COX inhibitor,
we observed that only females experienced a reduction
in the maximum relaxation response, suggesting the
involvement of PNs in this group (INDO: without
50.6 £ 2.4 vs. 35.5 £ 5.2%) (Figure 2G and 2I). On the
other hand, males showed an increase in the maximum
relaxation response (INDO: without 50.8 + 2.5% vs. 61 + 6.2%)
(Figure 2H and 2I), indicating that in males, this pathway
might contribute to the production of vasoconstrictors or
interfere with the action of vasodilators.

The role of the EDH pathway in the relaxation response
of resistance arteries is well established (Matoba and
Shimokawa, 2003; Shimokawa and Morikawa, 2005). To
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assess the involvement of this pathway, we conducted joint
incubations with L-NAME and indomethacin and observed
areduction in the maximum relaxation response induced
by progesterone in both sexes (L-NAME + INDO: without
females: 50.6 £ 2.4% vs. 38 £ 6%; males: without 50.8 £ 2.5%
vs. 24.6 £ 6.6%) (Figure 3A, 3B, and 3C). These findings
suggest that the residual relaxation after inhibition of NOS
and COX pathways may be partially attributed to EDH.
We next evaluated the role of H,0, in the EDH-mediated
vasodilatory response induced by progesterone. Therefore,
catalase, an enzyme that degrades H,0,, was applied
in combination with NOS and PNs pathway inhibitors.
This approach did not lead to a further reduction in the
relaxation response in either sex (L-NAME + INDO + Cat:
females: 29.1 + 6.4%; males: 23.5 + 4.6%). Thus, in both
females and males, H,0, does not appear to contribute to
the EDH response, as maximal relaxation remained similar
between the two protocols.

Furthermore, we evaluated the involvement of
cytochrome P450 (CYP)-derived epoxyeicosatrienoic
acids (EETs) in the EDH pathway. After inhibiting NO,
PNs, and EETs, no significant reduction was observed in
the maximal vasodilatory response to progesterone in
either sex (L-NAME + INDO + CLOT: females: 44.6 + 4.8%;
males: 30.3 £+ 4.7%). These findings indicate that EETs do
not play arole in this response, suggesting that other EDH
mechanisms may be involved.

Even after inhibiting the primary endothelial relaxation
pathways, the vasodilatory response was not completely
abolished. Given that progesterone can directly affect
VSM, we investigated whether Ca?* might play a role in
this response. To test this, mesenteric arteries from both
sexes were exposed to cumulative CaCl, concentrations
in a Ca*-free depolarizing solution, either in the
presence of progesterone (50 uM) or nifedipine (1 uM)
as a positive control. We observed a significant reduction
in the maximum contractile response in the presence
of both progesterone and nifedipine in both sexes
(Figure 4A and 4B).

As shown in Figures 5A and 5B, fluorescence analysis
for ROS revealed sex differences under both basal (females:
15.8 £ 1.8; males: 26.1 + 2.5 A.U.) and stimulated with
progesterone (females: 16.8 + 1.7; males: 23.2 £ 2.2 A.U.),
and Tiron (females: 9.1 £ 0.4; males: 4.0 + 1 A.U.). Body
weight and internal diameter of the mesenteric resistance
arteries were assessed in both sexes. Female animals
presented a mean body weight of 192 + 3.3 g, while males
presented 277 + 8.7 g. Regarding vascular morphology, the
internal diameter of the resistance arteries was 119 £ 6.4 pm
in females and 220 + 5.1 pm in males.

4. Discussion

The main finding of this study is that progesterone
promoted relaxation in mesenteric resistance arteries
similarly in both females and males, but the underlying
mechanisms differed between sexes. In females,
progesterone-induced relaxation seems to rely more
on PNs and extra-endothelial NO. In contrast, in males,
this response appears to be primarily dependent on NO

Braz. J. Biol., 2026, vol. 86, e303715
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Figure 2. Vasodilator response to increasing concentrations of progesterone (10 nM - 10 pM) before and after inhibition with L-NAME
[A: Female, n=10; B: Male, n=12; C: Rmax. (%)]; L-NAME in the absence of endothelium [D: Female, n=9; E: Male, n = 7; F: Rmax. (%)] and
indomethacin [G: Female, n=7; H: Male, n =8; I: Rmax. (%)]. Values were expressed as mean + SEM. * P < 0.05 compared to the same dose
in the basal control curve of females after incubations, # P < 0.05 compared to the same dose in the basal curve of males after incubations,
+ P < 0.05 compared to the female and male group after incubations. Curve analysis was carried out point-by-point through two-way
ANOVA, followed by the Tukey’s post hoc test. Rmax. values were evaluated through one-way ANOVA followed by Tukey’s post hoc test.

pathway. Despite these differences, progesterone seems
to negatively modulate Ca?* mobilization in both sexes.

We first observed that increasing concentrations of
progesterone effectively promoted relaxation in mesenteric
arterial segments from normotensive rats of both sexes.
This aligns with previous studies showing progesterone-
induced relaxation in various arterial segments across
different species, such as aorta of male Sprague-Dawley
rats (Barbagallo et al., 2001), porcine coronary arteries
(Molinari et al., 2001), and female primate coronary
arteries (Minshall et al., 2002). Our results further confirm
that progesterone can induce relaxation in mesenteric
arterial segments.

We then found that progesterone-induced relaxation in
mesenteric arteries without differences between sexes. This
finding is consistent with a previous study by our group,
which reported similar results in the coronary vascular
bed of normotensive rats (Giesen et al., 2020). With the
confirmation that progesterone promotes relaxation in
mesenteric arteries of both sexes equally, our next step was
to investigate the specific relaxation pathways involved in
each sex. It should be acknowledged that the maximum
concentration of progesterone used in the experiments

Braz. ]. Biol., 2026, vol. 86, 303715

(10 uM) exceeds the physiological circulating plasma levels
reported in female rats. This difference is inherent to the
isolated organ in vitro model and is consistent with the
well-recognized principle that acute membrane effects of
steroid hormones frequently require concentrations above
physiological circulating levels in this type of preparation
(Nakano et al., 1998; Santos et al., 2004). It is plausible
that chronic exposure of mesenteric resistance arteries to
physiological concentrations of progesterone in vivo may
produce functional effects equivalent to those observed
with the supraphysiological concentrations employed in
vitro. The results should therefore be interpreted within
the context of an acute pharmacological ex vivo model,
and caution is warranted when extrapolating directly to
physiological conditions in intact animals.

We first examined the NO pathway by inhibiting its
synthesis with L-NAME. We observed a reduction in the
relaxation response only in males, suggesting that NO
may mediate relaxation in mesenteric arteries specifically
in males, as previously reported (Chan et al., 2001).
However, when L-NAME was applied to vessels without
endothelium, we found a reduction in relaxation in females
as well, indicating the involvement of extra-endothelial
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Figure 3. Vasodilator response to increasing concentrations of progesterone (10 nM - 10 uM) before and after inhibition with
L-NAME + indomethacin (A: Female, n = 9; B: Male n = 7, C: Rmax. (%)); L-NAME + indomethacin + catalase (D: Female, n = 8, E: Male,
n=8; F: Rmax. (%)), and L-NAME + indomethacin + clotrimazole (G: Female, n = 8, H: Male, n = 8; I: Rmax. (%)). Values were expressed
as mean + SEM. * P < 0.05 compared to the same dose in the basal control curve of females after incubations, # P < 0.05 compared to
the same dose in the basal curve of males after incubations, + P < 0.05 compared to the female and male group after incubations. Curve
analysis was carried out point-by-point through two-way ANOVA, followed by the Tukey’s post hoc test. Rmax. values were evaluated

through one-way ANOVA followed by Tukey’s post hoc test.

NO sources in females. Indeed, NO can be produced by
extra-endothelial sources such as the VSM (Mollace et al.,
1991) or the adventitial layer (Schwarz et al., 1999). The
variation in NO pathway response between sexes in the
presence of endothelium may be linked to differences in
ROS production. Although ROS production was higher
in males under both basal and stimulated conditions,
the relaxation response was similar between sexes. This
suggests that the NO pathway might play a more significant
role in males when the endothelium is present.

Another potential pathway for endothelial mediators
involved in progesterone-induced vasodilation is the PNs
pathway. To assess this, we used indomethacin to non-
selectively inhibit COX activity. We found that this inhibition
attenuated the relaxation response in females, suggesting
that PNs play a role in this process. Previous studies have
shown that progesterone can modulate COX activity,
thereby increasing the bioavailability of PNs (Cutini et al.,
2014). Additionally, progesterone has been shown to
enhance the expression and activity of COX-1 and COX-2
enzymes in human endothelial cells (Hermenegildo et al.,
2005). In contrast, in the coronary vascular bed, the PNs
pathway contributes to progesterone-induced vasodilation
only in males (Giesen et al., 2020). In the present study,
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males exhibited an enhanced vasodilatory response
following inhibition of this pathway. This finding may be
related to the higher formation of vasoconstrictor PNs,
such as thromboxane A2 and prostaglandin F, , in males
(Ospina et al., 2003). Inhibiting PNs production in males
likely reduces these vasoconstrictors, thereby enhancing
the vasodilatory response to progesterone.

After inhibiting both the NO and PNs pathways, the
progesterone-induced relaxation response was reduced
but not eliminated. This suggests that the remaining
relaxation might be mediated by a third endothelial
relaxation pathway, a direct effect of progesterone on the
VSM, or both. Given that H,0, is known to play a role in the
EDH pathway in mesenteric resistance arteries (Matoba
and Shimokawa, 2003), we investigated its contribution
to progesterone-induced vasodilation. However, in this
study, we did not observe the participation of H,0, as
an EDH pathway in both sexes. In the coronary vascular
bed of normotensive rats, H,0, was previously shown
to contribute to progesterone-induced vasodilation;
this effect was observed only in females (Giesen et al.,
2020). The criterion adopted to suggest the involvement
of an EDH-like component, defined as the residual
relaxation after combined NOS and COX inhibition,
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Figure 4. CaCl, concentration-response curve (10 uM - 30 mM) in mesenteric resistance arteries maintained in Ca*-free depolarizing
solution, in the absence (female, n = 10; male, n = 8) and presence of progesterone (50 uM) (female n = 10 and male n = 6), and in
the presence of nifedipine (female, n = 7; male, n = 5). Values are expressed as mean + SEM. * P < 0.05 compared to the control curve.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test.
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corresponds to a functional approach widely used in ex
vivo vascular preparations and previously validated in
the literature by the Shimokawa group in studies of rat
mesenteric circulation (Shimokawa et al., 1996) and in
the characterization of H,0, as an EDH factor in animals
and humans (Matoba and Shimokawa, 2003; Shimokawa
and Morikawa, 2005). However, in the present study,
this participation was inferred indirectly, as we did not
perform a specific assessment of ion channels involved
in hyperpolarization. Although the lack of contribution
from H,0, and EETs supports this interpretation, a
definitive mechanistic attribution cannot be established.
In addition, it should be considered that progesterone may
actdirectly on VSM (Cairrdo et al., 2012; Pang and Thomas,
2021) contributing to the observed relaxation. Thus, the
findings are consistent with the presence of a residual
hyperpolarizing component, whose direct characterization
remains a perspective for future studies.

Next, we investigated another potential EDH pathway
candidate: EETs, which are metabolites of the CYP enzyme.
Our results indicated that EETs are not involved in the
vasodilatory response to progesterone in either male or
female rats. EETs are crucial for vascular reactivity, as they
help regulate vascular tone by activating calcium-activated
K* channels in the endothelium and VSM, leading to
hyperpolarization and relaxation (Campbell and Fleming,
2010). While this pathway has been well-documented in
the relaxation responses of the coronary vascular bed in
normotensive rats (Santos et al., 2004) and in hypertensive
female rats (Santos et al., 2010), it has not been previously
observed in mesenteric resistance vessels.

In certain arteries, such as coronary arteries, sex
differences in relaxation responses to sex hormone
receptor agonists are often linked to varying levels of
ROS production between the sexes. This increased ROS
production, particularly when stimulated by a selective
agonist, can lead to a reduced vasodilatory response in
the sex with higher ROS levels (Debortoli et al., 2017).
Even though ROS generation in males was greater in
both conditions (basal and stimulated by progesterone),
vasodilation was similar in both sexes, one possible
explanation is the greater participation of the NO
pathway in the presence of the endothelium in males. It
isimportant to acknowledge a methodological limitation
related to the evaluation of ROS. Although DHE is widely
used for the detection of O,* in different biological
systems, its specificity is limited due to interference from
other oxidizing species, which compromises its accurate
quantification (Kalyanaraman et al., 2012). Therefore,
throughout the manuscript, we use the term “reactive
oxygen species” to avoid misinterpretations regarding
the results obtained with DHE.

Once the participation of endothelial mediators in
progesterone-induced vasodilation was evaluated, our next
step was to investigate the role of specific ions, particularly
Ca?, in this response. In addition to assessing the relaxation
response induced by progesterone, we also examined its
ability to modulate Ca?* mobilization in the same arterial
segments. To do so, we generated contraction curves induced
by CaCl, in the presence and absence of progesterone
or nifedipine, a non-selective Ca*- channel blocker. We
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observed that progesterone attenuated the contraction
curve in both sexes, producing a response similar to that
seen with nifedipine. The inhibitory effect of progesterone
on Ca? influx in VSM cells has been demonstrated in the
thoracic aorta, though this was studied only in Wistar males
(Cairrdoetal, 2012).In the caudal artery of male Sprague-
Dawley rats, progesterone also inhibited vasoconstriction
by reducing Ca?* currents (Zhang et al., 2002). Consistently,
progesterone induced a significant vasorelaxant effect in
KCl-precontracted rings without endothelium from canine
basilar and internal carotid arteries, suggesting a direct
action on the VSM (Ramirez-Rosas et al., 2014). This supports
the hypothesis that progesterone is capable of producing
acute relaxation independently of endothelial factors, likely
through modulation of Ca* dynamics in VSM. The VSM
sarcolemma contains membrane receptors for progesterone
(mPRa), and their activation leads to a reduction in cytosolic
Ca?* via the G, protein (inhibitory) and mitogen-activated
protein kinase (MAPK) signaling pathways. Additionally,
progesterone enhances the expression of SERCA and the
phosphorylation of phospholamban, which increases Ca?*
uptake from the cytosol to the sarcoplasmic reticulum (Pang
and Thomas, 2021). Given this context, our findings related
to the relaxation response may be linked to the actions of
progesterone on VSM.

Taken together, these findings reinforce the concept that
progesterone induces relaxation of mesenteric resistance
arteries similarly in both sexes, though different relaxation
pathways are involved. In females, the pathways include
PNs and extra-endothelial NO, while in males, NO is the
main mediator. Additionally, progesterone attenuates
the Ca?*-dependent vasoconstrictor response in both
sexes. These findings enhance our understanding of
progesterone’s vascular effects and may contribute to the
development of improved hormone replacement therapies
for postmenopausal women.
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