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RESUMO

Este estudo investigou o efeito vasorrelaxante do estriol (E3) em comparagido com o do estradiol (E2) em anéis de aorta toracica de
ratos, com énfase nos mecanismos dependentes e independentes do endotélio. Anéis aétrticos isolados de ratos Wistar, com ou sem
endotélio, foram pré-contraidos com fenilefrina e submetidos a curvas de concentragdo-resposta cumulativas para E3 e E2. A
participacdo do éxido nitrico sintase endotelial (eNOS), de canais de potassio, de prostanoides e do influxo de calcio foi avaliada por
meio de inibidores farmacoldgicos N “ Nw-nitro-L-arginina — L-NAME; tetractilamonio; indometacina e de solugdes despolarizantes
livres de Ca?*. O E3 promoveu vasottelaxamento de forma dependente da concentragio, porém com menot poténcia e eficicia do
que o E2. Em preparacées com endotélio integro, o relaxamento induzido pelo E3 foi significativamente reduzido por L-NAME e
TEA, sugerindo a participacdo do 6xido nitrico e dos canais de potassio no mecanismo de a¢do. A indometacina nio modificou o
relaxamento induzido por E3, indicando auséncia de envolvimento relevante dos prostanoides. Em condi¢des despolarizadas e isentas
de calcio, tanto E3 quanto E2 atenuaram as contragoes induzidas por CaCl,, revelando uma modulagiao do influxo de calcio,
independente da endotelial. Esses resultados demonstram que o estriol induz vasorrelaxamento por meio de multiplos mecanismos,
incluindo a ativagio da eNOS, o envolvimento de canais de K* e a inibi¢io da entrada de calcio. Em conjunto, os resultados ampliam
a compreensio dos mecanismos vasculares mediados pelo estriol.

Palavras-chave: 6xido nitrico; canais de calcio; canais de potassio; receptores estrogénicos; musculo liso vascular.

ABSTRACT

This study investigated the vasorelaxant effects of estriol (E3) compared to estradiol (E2) in rat thoracic aortic rings, focusing on
endothelium-dependent and independent mechanisms. Isolated aortic rings from Wistar rats, with or without endothelium, were pre-
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contracted with phenylephrine and subjected to cumulative concentration—response curves for E3 and E2. The involvement of
endothelial nitric oxide synthase (eNOS), potassium channels, prostanoids, and calcium influx was assessed using pharmacological
inhibitors N Nw-nitro-I.-arginina — L-NAME, tetracthylammonium (TEA), indomethacin, and depolarizing Ca?*-free solutions. E3
promoted concentration-dependent vasorelaxation, but with lower potency and efficacy than E2. In endothelium-intact preparations,
the E3-induced relaxation was significantly reduced by L-NAME and TEA, suggesting the involvement of nitric oxide and potassium
channels in its mechanism. Indomethacin did not alter E3-induced relaxation, indicating no significant involvement of prostanoids.
In depolarized, calcium-free conditions, both E3 and E2 attenuated CaCl,-induced contractions, indicating endothelium-independent
modulation of calcium influx. These results demonstrate that estriol induces vasorelaxation through multiple mechanisms, including
the activation of eNOS, involvement of K* channels, and inhibition of calcium entry. Taken together, the results broaden the
understanding of estriol-mediated vascular mechanisms.

Keywords: nitric oxide signaling; calcium channel modulation; potassium channels; estrogen receptors; and vascular smooth
muscle.

Introduction

Hormone replacement therapy (HRT) in postmenopausal women has long been considered a therapeutic
option for alleviating menopausal symptoms and offering cardiovascular protection. Evidence suggests that
HRT may reduce the risk of coronary heart disease and overall mortality (Langer 2017; Low et al. 2002).
Estrogens are a core component of HRT regimens, with conjugated equine estrogens (CEEs) among the most
prescribed formulations (Bhavnani and Stanczyk 2014). Despite their widespread use, the cardiovascular
benefits of CEEs have been the subject of ongoing debate. Notable studies, such as the Heart and
Estrogen/progestin Replacement Study (HERS), raised concerns regarding the safety and efficacy of CEEs,
particularly in older women or those with pre-existing cardiovascular conditions (Hulley et al. 1998; Rossouw
et al. 2002).

One key issue with CEEs is their non-bioidentical nature. Derived from the urine of pregnant mares, CEEs
contain a mixture of estrogens not naturally found in human physiology, leading to potentially distinct effects
compared to endogenous estrogens (Novensa et al. 2010). This has sparked growing interest in bioidentical
hormone replacement therapy (BHRT), which utilizes hormones identical in structure to those naturally
produced by the human body. Estriol (E3), a bioidentical estrogen, is frequently used in BHRT either alone or
in combination with estradiol (E2) and estrone (E1), offering an alternative to traditional HRT regimens
(Holtorf 2009). Estriol's appeal lies in its weaker estrogenic activity, which is believed to confer benefits with a
potentially lower risk of adverse effects.

Despite the increasing use of BHRT in clinical practice, particularly for the management of menopausal
symptoms, the cardiovascular effects of E3 remain inadequately explored. Current evidence on E3 vascular
impact is inconsistent, and comprehensive studies are limited. Research into the pharmacodynamics of E3,
particulatly its interactions with vascular tissues, is necessaty to elucidate its potential role in cardiovascular
protection. Estriol has been shown to exhibit vasorelaxant properties similar to those of E2, with both
endothelium-dependent and independent mechanisms implicated (Oliveira et al. 2018). These vasorelaxant
effects involve nitric oxide (NO) production and the activation of signaling pathways, such as PI3K/Akt, which
are critical for maintaining vascular homeostasis (Hisamoto et al. 2001; Haynes et al. 2000).

Given the increasing prevalence of cardiovascular disease (CVD) among postmenopausal women and the
need for safer therapeutic alternatives, further investigation of E3 is warranted. Studies have shown that
estradiol can induce rapid NO synthesis and activate endothelial nitric oxide synthase (eNOS), leading to
vasodilation (Haynes et al. 2000). However, the extent to which E3 exerts similar effects, particularly compared
with E2, remains unclear. Additionally, it is crucial to determine whether estriol's weaker estrogenic activity
translates into differential modulation of the cardiovascular system, potentially offering a therapeutic advantage

by reducing the risk of adverse events, such as hypertension.
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In this sense, this study aims to investigate the vascular effects of E3 in the thoracic aorta of rats, focusing
on its endothelium-dependent and independent actions. Findings from this study could have significant
implications for the development of BHRT-based strategies aimed at reducing cardiovascular risk in
postmenopausal women, addressing an important gap in the current understanding of estrogen therapy and

vascular health.
Materials and Methods

Animals

Male Wistar rats (200-300g) were used to eliminate any potential hormonal alterations that could interfere
with the experimental protocol. The animals were housed in controlled conditions (22 £ 2°C, 45+ 15%
humidity, 12-h light—dark cycle), with ad libitum access to water and commercial feed. All procedures adhered
to the National Council for the Control of Animal Experimentation (CONCEA), followed guidelines, and were
approved by the Ethics Committee for Animal Use of the Federal University of the Jequitinhonha and Mucuri
Valleys, protocol number CEUA/UFVJM N° 09/2022. On the day of the experiments, rats were killed by
decapitation, under anesthesia with 50 mgkg' of ketamine and 10 mgkg™' of xylazine administered
intraperitoneally (i.p.), with a small animal guillotine, and aortas were removed. Drugs and Reagents.

The following drugs and reagents were used in the experimental protocols: sodium chloride (Synth - Brazil),
potassium chloride (Synth - Brazil), calcium chloride dihydrate (Vetec - Brazil), magnesium sulfate (Synth -
Brazil), potassium phosphate monobasic (Impex - Brazil), sodium bicarbonate (Vetec - Brazil), glucose (Synth
- Brazil), disodium EDTA (Synth - Brazil), ethanol (Vetec - Brazil), dimethyl sulfoxide (DMSO) (Synth - Brazil),
estriol (Sigma - USA), 17f3-estradiol (Sigma - USA), phenylephrine (Phe) (Sigma - USA), acetylcholine (ACh)
(Sigma - USA), Nw-nitro- L-arginine methylester (L-NAME) (Sigma - USA), indomethacin (Sigma - USA),
tetracthylammonium (TEA) (Sigma - USA), sodium nitroprusside (NPS) (Sigma - USA). Indomethacin, estriol,
and 1783-estradiol were dissolved in ethanol. Krebs-Henseleit modified solution and other substances were

prepared in distilled water.

Experimental Protocols
Vascular function studies

After euthanasia, thoracic aortas were carefully removed and immediately placed in ice-cold (4 °C) Krebs-
Henseleit-modified solution [composition (in mM): 130 NaCl, 14.9 NaHCOs, 4.7 KCl, 1.18 KH,PO,, 1.17
MgSO,47H,0, 5.5 glucose, 1.56 CaCl,-2H,0, and 0.026 EDTA], gassed with 5% CO2/95% O; to maintain a
pH of 7.4. The connective and fat tissue were removed, and vessels were sectioned into transverse rings of 4
mm in length. For experiments using aortas without vascular endothelium, the intimal layer was removed by
gently rubbing the lumen with a cotton-covered metal cannula.

Aorttic vascular rings were prepared and suspended using two stainless steel wires. One end was attached
to a force transducer (TIM-200, MOB IOB, Brazil), which was connected to a computer system (AECAD 04
amplifier, AVS Projects, Brazil) to record contraction and relaxation responses. The opposite end of each ring
was placed in a glass chamber (either 6 mL or 20 mL) filled with modified Krebs-Henseleit solution, maintained
at 37°C and aerated with carbogen (95% O, and 5% COy), ensuring that the vessel remained submerged.

A resting tension of 1.5 g was applied to each aortic ring, followed by a 60-minute stabilization period.
During this period, the nutrient solution was refreshed, and tension was adjusted every 15 minutes to maintain

optimal conditions for the tissue.
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After stabilization, a vascular contractile response test was performed using phenylephrine (Phe - 1 uM).
Acetylcholine (ACh - 10 uM) was subsequently administered to assess endothelial integrity. Endothelial integrity
was classified based on the ACh-induced relaxation response: preparations were deemed endothelial-intact if
relaxation was = 90%, and endothelial-denuded if relaxation was < 10%. Following the endothelial integrity
assessment, the nutrient solution was replaced every 15 minutes for 45 minutes, or until the preparation

returned to baseline.
Evaluation of Endothelinm-Dependent 1 asorelaxation Induced by Estriol

To evaluate the role of the endothelium in the vasorelaxant effect of estriol or 173-estradiol (as a control),
both hormones were tested in aortic rings with and without intact endothelium. The presence or absence of
endothelium in each preparation was confirmed as described above.

The preparations were precontracted with Phe (1 uM). During the tonic phase of the contraction,
cumulative concentration-effect curves (CCEs) were constructed for estriol or 1783-estradiol at 0.1, 0.3, 1, 3, 10
and 100 uM. After the CCE, the preparations were washed and stabilized for 60 minutes, with solution changes
every 15 minutes. A new contraction was induced with Phe, followed by the addition of ACh (10 uM) to
endothelial-intact preparations to ensure tissue viability. For endothelial-denuded preparations, sodium
nitroprusside (NPS - 1uM) was added to induce endothelium-independent relaxation to confirm the
preparation’s viability. The vehicle (ethanol) was also tested, and its final concentration in the baths did not

exceed 1%.

Analysis of eNOS' Pathway Involvement in Estriol-Induced 1 asorelaxation

Endothelial-intact preparations were pre-incubated for 30 minutes with L-NAME (100uM; a non-selective
eNOS inhibitor) and contraction with Phe (0.1uM). After 10 minutes of stabilization, CCEs for estriol or 173-

estradiol (0,01 - 1 mM) were constructed.

Investigation of Hyperpolarizing Factor Involvement in Estriol-Induced 1 asorelaxation

Endothelial-intact preparations were pre-incubated for 30 minutes with tetraethylammonium (TEA, 1mM;
a non-selective potassium channel inhibitor). After pre-contraction with Phe (0.1uM) and stabilization for 10

minutes, CCEs for estriol or 17f3-estradiol (0,01 - 1 mM) were constructed.

Analysis of Prostanoid Involvement in Estriol-Induced 1 asorelaxation

Endothelial-intact preparations were pre-incubated for 30 minutes with indomethacin (10uM; a non-
selective COX inhibitor), followed by contraction with Phe (0.1uM). After 10 minutes of stabilization, CCEs

for estriol or 17@-estradiol (0,01 - 1 mM) were constructed.

Evaluation of Smooth Muscle and Ca® Channel Involvement in Estriol-Induced 1 asorelaxation

To assess whether estriol- or 173-estradiol-induced relaxation involved Ca** influx, endothelial-denuded
rings were pre-contracted with a depolarizing solution (120 mM KCI). After a 30-minute stabilization period
and confirmation of endothelial absence, the preparations were incubated with vehicle or 0.01, 0.2, or 1 mM of
estriol or 17B-estradiol in Ca*'-free Krebs-Henseleit solution. After 20 minutes, the tissues were placed in a
depolarizing solution (60 mM) for 10 minutes, followed by CCEs for CaCl, (10 - 0.1 mM). Results were
expressed as percentages of the maximum contractile response to KCl (120 mM), and the curves were

statistically compared.
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Statistical Analysis

The data obtained were analyzed and expressed as mean * standard error of the mean (SEM) percentage
of vascular relaxation relative to the reduction in maximal Phe-induced contraction (Emax) from 6 to 8
preparations per group. Results were subjected to the unpaired two-tailed Student’s t-test for comparative
analyses between two groups. For comparisons involving more than two groups, results were analyzed using
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. Differences were considered significant
when P < 0.05. All data were analyzed using GraphPad Prism® version 5.0 for Windows (GraphPad Software,
San Diego, CA, USA).

Results

Estriol (E3) induced concentration-dependent relaxation in endothelium-intact (E+) aortic rings, achieving
a maximum relaxation (Emax) of 59.90 * 3.41% (Figure 1A). This effect was significantly different from the
relaxation induced by the vehicle (Emax = 2.19 £ 0.73%) (Figure 1A) and estradiol (E2), which displayed a
higher maximum relaxation (Emax = 85.09 £ 1.25%) (Figure 1B). The EC50 values for E3 and E2 were
determined to be 404.70 £ 5.71 uM and 157.41 £ 6.57 uM, respectively. Under the experimental conditions of
this study, E2 demonstrated 2.5 times greater efficacy than E3.

In endothelium-denuded (E—) preparations, E3 also induced concentration-dependent relaxation;
however, this effect was significantly reduced compared to that observed in E+ preparations (Figure 1A). The
maximum relaxation in E-aortic rings was 29.75 * 1.46% (Figure 1A). This response was significantly different
from the relaxation promoted by the vehicle (Emax = 2.19 * 0.73%) (Figure 1A) and from that of E2, which
exhibited an Emax of 49.22 + 0.80% (Figure 1B).

These findings suggest that E3 and E2 promote vascular relaxation, with a more pronounced effect in
endothelium-intact aortic rings. However, E2 shows superior potency and efficacy compared to E3 in both
endothelium-intact and endothelium-denuded preparations.

The analysis of the involvement of endothelial nitric oxide synthase (eNOS) in the vasorelaxant effect of
estriol showed that incubation with L-NAME (100 uM) for 30 minutes inhibited the relaxation induced by E3
(Emax = 30.07 = 1.67%) (Figure 2A) and E2 (Emax = 59.42 * 2.31%) (Figure 2B). These values were
significantly different from those observed for E3 (Emax = 59.90 * 3.41%) (Figure 2A) and E2 (Emax = 85.09
T 1.25%) (Figure 2B), in the absence of inhibitors.

The influence of endothelium-derived hyperpolarizing factor (EDHF) on the vasorelaxant effect of estriol
in rat thoracic aorta was investigated using intact endothelium aortic rings precontracted with phenylephrine
(Phe, 1.0 uM). Incubation with TEA, a blocker of Ca**-activated K* channels (BKCa), at a concentration of 1
mM reduced the E3-induced relaxation (Emax = 46.52 £ 0.60%, Figure 3A) but did not significantly alter the
E2-induced vasorelaxation (Emax = 80.24 £ 0.73%, Figure 3B). This suggests that, compared to E2, E3 may
involve distinct mechanisms, specifically K* channel involvement.

The investigation of vasodilatory prostanoids in the effect of estriol on intact endothelium aortic rings
revealed that pre-incubation with indomethacin (10 uM) did not inhibit the E3-induced vasorelaxation (Emax
= 63.22 £ 3.91%, Figure 4A). Similarly, under the experimental conditions tested, E2 showed no inhibition
with this antagonist (Emax = 88.94 * 0.90%, Figure 4B).

The study of endothelial-independent mechanisms focused on calcium channels. Aortic rings devoid of
functional endothelium were placed in a hyperpolarizing solution free of Ca?* (KCl 60 mM), and the effects of
E3 at concentrations of 0.01, 0.2 and 1.0 mM were investigated. At concentrations of 0.2 and 1.0 mM, E3

significantly blocked the contractions induced by cumulative concentrations of CaCl, (Figure 5A). Similarly,
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E2 also effectively inhibited the contractions induced by cumulative concentrations of CaCl, at the same
concentrations (0.2 and 1.0 mM) (Figure 5A).

To further enhance the analysis, Table I presents the maximum effect (Emax) obtained from the
cumulative CaCl; curves in the presence of E2 or E3 at concentrations of 0.01, 0.2 and 1.0 mM, compared to
the solvent control. This data underscores the capacity of both E2 and E3 to modulate calcium-induced
contractions, indicating a potential role in calcium channel inhibition and a pathway independent of endothelial

influence.

Discussion

The present study demonstrates that estriol (E3) induces concentration-dependent vasorelaxation in rat
thoracic aorta through both endothelium-dependent and endothelium-independent mechanisms. Our findings
extend previous observations on estrogen-mediated vascular regulation by providing a systematic mechanistic
comparison between E3 and estradiol (E2) in an ex vivo model. Significantly, the interpretation of these results
is restricted to experimental and mechanistic implications, without extrapolation to clinical efficacy or
therapeutic benefit.

Both E3 and E2 promoted relaxation in endothelium-intact and endothelium-denuded preparations,
indicating that these hormones target both endothelial and vascular smooth muscle compartments. However,
E3 consistently exhibited lower efficacy and lower apparent potency than E2, as reflected by reduced maximal
relaxation and higher EC50 values. This pharmacodynamic profile highlights intrinsic differences among these
estrogens in receptor interactions, intracellular signaling efficiency, and downstream effector activation. Such
differences should be interpreted within the controlled conditions of an ex vivo system and do not imply clinical
inferiority or superiority.

The marked attenuation of E3-induced relaxation by L-NAME strongly supports the involvement of nitric
oxide (NO) signaling in its endothelium-dependent component. Estrogen-induced activation of endothelial
nitric oxide synthase (eNOS) represents a central mechanism undetlying rapid vasodilatory responses. Previous
studies demonstrated that estradiol stimulates eNOS phosphorylation and NO production through PI3K/Akt
and MAPK-dependent pathways (Haynes et al. 2000). Our data indicate that estriol shares this fundamental
signaling route, although with reduced efficacy. The partial persistence of relaxation in endothelium-denuded
rings further demonstrates that NO-dependent signaling does not fully account for the vasorelaxant effect of
E3, indicating that an endothelium-independent mechanism is operative.

Endothelium-independent estrogenic vasorelaxation has been attributed primarily to direct actions on
vascular smooth muscle cells, including modulation of intracellular calcium handling and membrane ion
channel activity (Freay 1997; Gonzales and Kanagy 1999). In this context, the inhibitory effect of E3 on CaCl,-
induced contractions in depolarized, calcium-free preparations provides strong evidence for direct interference
with calcium influx pathways. Voltage-dependent L-type calcium channels are a significant determinant of
vascular tone, and their inhibition reduces cytosolic calcium availability and induces relaxation. Several studies
demonstrated that estradiol modulates L-type calcium channel activity via both genomic and non-genomic
mechanisms (Brewer et al. 2009; Vega-Vela et al. 2017). Our findings indicate that estriol retains this capacity,
reinforcing the concept that calcium channel modulation constitutes a conserved estrogenic mechanism in
vascular smooth muscle.

The contribution of potassium channels to estrogen-induced vasorelaxation has been widely investigated,
yet results remain heterogeneous across vascular beds, species, and experimental conditions. In the present
study, blockade of potassium channels by tetracthylammonium significantly reduced E3-induced relaxation but

exerted a limited effect on E2 responses. This differential sensitivity suggests that E3 may rely more strongly
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on hyperpolarizing mechanisms than E2. Activation of Ca?*-activated K* channels promotes membrane
hyperpolarization, closure of voltage-dependent calcium channels, and subsequent relaxation (Rosenfeld et al.
2000). Previous studies reported variable involvement of K* channels in estradiol-induced vasodilation, with
some authors demonstrating significant inhibition by TEA and others observing minimal contribution
(Gonzales and Kanagy 1999; Oliveira et al. 2018). Our data indicate that estriol preferentially engages this
pathway, possibly reflecting distinct receptor coupling or differential activation of downstream signaling
cascades.

In contrast, inhibition of cyclooxygenase with indomethacin did not modify the vasorelaxant responses to
either E3 or E2, indicating that prostanoids do not contribute significantly under the present experimental
conditions. This observation is consistent with previous reports showing that estrogen-induced vasorelaxation
is mainly independent of prostaglandin synthesis (Filgueira et al. 2012; Oliveira et al. 2018). Although
prostacyclin (PGIy) is a major endothelial vasodilator, its role appears secondary to NO-dependent and ion
channel-mediated mechanisms in estrogen-mediated responses (Rosenfeld et al. 1996).

The coexistence of endothelial and smooth muscle mechanisms underscores the pleiotropic nature of
estrogen signaling in the vasculature. Estrogens activate multiple receptor populations, including nuclear
estrogen receptors (ERa and ERB) and membrane-associated receptors such as G protein—coupled estrogen
receptor (GPER), which trigger rapid non-genomic signaling events (Levin 2009; Prossnitz and Barton 2011).
Activation of these receptors initiates complex intracellular networks involving PI3K/Akt, MAPK, and cyclic
nucleotide pathways that converge on eNOS activation, potassium channel opening, and calcium channel
inhibition. The lower efficacy of E3 compared with E2 may reflect weaker receptor affinity, reduced membrane
receptor activation, or diminished coupling efficiency to these signaling pathways.

Notably, the present experimental design imposes relevant limitations that restrict the scope of
interpretation. The exclusive use of male rats precludes the influence of the female hormonal milieu. It does
not recapitulate the endocrine environment of postmenopausal women, which represents the main clinical
context of estriol administration. Sex-specific differences in endothelial function, receptor expression, and
estrogen responsiveness are well documented (Reckelhoff and Fortepiani 2004; Stanhewicz et al. 2018).
Consequently, the vascular effects observed in this model may not accurately reflect responses in female or
ovariectomized animals.

Another major limitation concerns the concentration required to elicit vasorelaxation. The effective range
of estriol and estradiol extended into the micromolar to millimolar domain, far exceeding circulating plasma
levels achieved during hormone replacement therapy. Physiological concentrations of estrogens are typically in
the nanomolar range (Langer 2017; Khalil 2005). At suprapharmacological concentrations, estrogens may
engage non-physiological targets, alter membrane fluidity, or exert nonspecific effects on ion channels.
Therefore, the present findings should be interpreted strictly as mechanistic observations obtained under
experimental conditions rather than predictors of in vivo vascular efficacy.

Despite these limitations, the present study provides important mechanistic insights. The demonstration
that estriol activates NO signaling, engages potassium channels, and inhibits calcium influx indicates that this
weak estrogen retains the core molecular machinery associated with estrogenic vasorelaxation. These findings
are consistent with emerging evidence that estriol, despite its lower estrogenic potency, may exert biologically
relevant vascular actions (Novensa et al. 2010). Nevertheless, the reduced efficacy and the requirement for high
concentrations indicate that its vascular actions should be regarded primarily as experimental phenomena.

Future investigations should address these limitations by employing physiologically relevant concentrations,
female or ovariectomized models, and in vivo approaches. Direct assessment of receptor-subtype involvement,

selective potassium-channel blockers, and intracellular signaling intermediates will be essential to establish a
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more precise molecular framework. Such studies will clarify whether estriol exerts meaningful vascular effects
under clinically relevant conditions and whether it may contribute to cardiovascular modulation during
hormone replacement therapy.

Taken together, the present data demonstrates that estriol shares major signaling pathways with estradiol,
including nitric oxide generation, potassium channel activation, and calcium channel modulation. However, its
lower efficacy, reduced apparent potency, and dependence on suprapharmacological concentrations indicate
that its vasorelaxant properties should be interpreted as mechanistic rather than translational. These findings
refine the understanding of estrogen signaling diversity in the vasculature and provide a rigorous experimental

foundation for future translational investigations.

Conclusion

Estriol induces vasorelaxation in isolated rat aortic rings via combined endothelium-dependent and
endothelium-independent mechanisms involving nitric oxide signaling, potassium channel activation, and
calcium influx inhibition. Compared with estradiol, estriol displays lower efficacy and reduced apparent potency
under the present experimental conditions.

These findings provide mechanistic insight into estrogen-induced vascular relaxation but do not support
direct clinical extrapolation. The use of male animals, the ex vivo experimental design, and the pharmacological
concentrations employed represent essential limitations. Future studies using physiologically relevant
concentrations, female or ovariectomized models, and in vivo approaches will be necessary to clarify the

translational relevance of estriol in the context of vascular physiology and hormone therapy.
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