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17β-estradiol attenuates conduit pulmonary artery mechanical 
property changes with pulmonary arterial hypertension
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Abstract

Pulmonary arterial hypertension (PAH), a rapidly fatal vascular disease, strikes women more often 

than men. Paradoxically, female PAH patients have better prognosis and survival rates than males. 

The female sex hormone 17β-estradiol has been linked to the better outcome of PAH in females; 

however, the mechanisms by which 17β-estradiol alters PAH progression and outcomes remain 

unclear. Since proximal PA stiffness, one hallmark of PAH, is a powerful predictor of mortality 

and morbidity, we hypothesized that 17β-estradiol attenuates PAH-induced changes in mechanical 

properties in conduit proximal PAs, which imparts hemodynamic and energetic benefits to RV 

function. To test this hypothesis, female mice were ovariectomized and treated with 17β-estradiol 

or placebo. PAH was induced in mice using SU5416 and chronic hypoxia (SuHx). Extra-lobar left 

PAs were isolated and mechanically tested ex vivo to study both static and frequency-dependent 

mechanical behaviors in the presence or absence of SMC activation. Our static mechanical test 

showed significant stiffening of large PAs with PAH (P < 0.05). 17β-estradiol restored PA 

compliance to control levels. The dynamic mechanical test demonstrated that 17β-estradiol 

protected the arterial wall from the PAH-induced frequency-dependent decline in dynamic 

stiffness and loss of viscosity with PAH (P<0.05). As demonstrated by the in vivo measurement of 

PA hemodynamics via RV catheterization, modulation by 17β-estradiol of mechanical proximal 

PAs reduced pulsatile loading, which contributed to improved ventricular-vascular coupling. This 

study provides a mechanical mechanism for delayed disease progression and better outcome in 

female PAH patients and underscores the therapeutic potential of 17β-estradiol in PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a fast progressing vascular disease, characterized 

by proximal pulmonary arterial (PA) stiffening and distal PA occlusion, which increases 

right ventricular (RV) afterload, and ultimately leads to RV failure. PAH disproportionally 

affects women, with a female to male ratio of ~4:1 1; however, female PAH patients have 

better RV function 2 and a higher survival rate than male patients 3. Both animal and clinical 

studies suggest that 17β-estradiol plays an important role in the sex differences in PAH 4,5. 

However, the mechanistic role of 17β-estradiol in modifying PAH development and 

progression remains incompletely known.

17β-estradiol modifies age- and hypertension-related arterial stiffening in systemic 

arteries 6,7. 17β-estradiol deficiency (due to ovariectomy or menopause) increases arterial 

stiffness 8,9 and 17β-estradiol therapy restores stiffness (and its inverse, compliance) toward 

healthy values 6,7. Stiffening of large, proximal PAs, a common feature of PAH, occurs 

early in disease progression 10 and is a powerful predictor of mortality in PAH 11,12. PA 

compliance primarily affects the oscillatory component of RV afterload; loss of PA 

compliance (PA stiffening) increases RV afterload and thus affects RV adaption to PAH. In 

addition, the stiffening of large proximal PAs reduces their ability to dampen the pulsatility 

of pressure and flow to distal PAs, which may exacerbate distal PA remodeling and thus 

progression of PAH 13,14. To understand how and to what extent 17β-estradiol affects 

proximal PA stiffening and PAH progression, the first step is to comprehensively investigate 

the effects of 17β-estradiol on PAH-induced biomechanical changes in proximal PAs.

Most prior studies on the effects of 17β-estradiol on PA biomechanical properties have 

focused on its acute effects on PA vasoconstriction in healthy animals 15–17. The chronic 

effects of 17β-estradiol on biomechanical properties of remodeled PAs remain 

underexplored. Therefore, we tested the hypothesis that 17β-estradiol attenuates PAH-

induced changes in proximal PA mechanical properties, which imparts hemodynamic and 

energetic benefits to RV adaption. We found that 17β-estradiol protected PAs from PAH-

induced loss of arterial compliance and viscoelasticity by modulating vessel morphology 

and constituents. This finding provides a mechanical mechanism for delayed disease 

progression and better outcomes in female PAH patients.

METHODS

Animals

Female C57/BL6 mice (9–10 weeks old) were ovariectomized and treated with 17β-estradiol 

or placebo. PAH was induced using SU5416 and chronic hypoxia (SuHx). PA 

hemodynamics were measured in vivo via RV catheterization. Subsequently, left extra-lobar 

PAs were isolated and mechanically tested ex vivo to study both static and frequency-

dependent behaviors in the presence or absence of SMC activation. All protocols and 

procedures were approved by the University of Wisconsin Institutional Animal Care and 

Use Committee. Detailed methods are provided in the online-only Data Supplement.
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RESULTS

In vivo hemodynamics

SuHx caused hypertension as expected (Table). 17β-estradiol did not affect PAH severity, 

which is important because quantitative comparison of PA stiffness and elastic modulus is 

often confounded by differences in mean transmural pressure 18. Since cardiac output was 

preserved in both SuHx groups, total pulmonary vascular resistance (tPVR) significantly 

increased (P<0.05) in both SuHx groups and 17β-estradiol did not affect this increase 

(Table). In contrast, 17β-estradiol limited the increase in pulse pressure (PP) and decrease in 

global compliance index (SV/PP) induced by SuHx (Table), which suggests that 17β-

estradiol modulates conduit PA stiffness.

Ex vivo mechanics

Vasoreactivity—The receptor-independent vasoconstrictor KCl caused a dose-dependent 

reduction in PA diameter measured ex vivo (Figure 1A). In control groups, 17β-estradiol 

treatment tended to reduce the magnitude change, suggesting that 17β-estradiol attenuated 

vasoreactivity in healthy arteries. In contrast, in the SuHx groups, 17β-estradiol treatment 

increased the magnitude change (P =0.05 vs. placebo-treated SuHx group at 50 mM KCl), 

suggesting that 17β-estradiol sensitizes diseased PAs to vasoconstriction by KCl.

Functional contraction ratio, a measure of arterial contractility, exhibited a downward 

parabolic relationship with transmural pressures ranging from 10 to 50 mmHg (Figure 1B). 

17β-estradiol enhanced the maximal functional contraction ratio in the SuHx groups but had 

no effect in the control groups, further indicating that 17β-estradiol sensitizes diseased 

conduit PAs to vasoconstriction.

Compliance—SuHx reduced conduit PA compliance, and 17β-estradiol treatment restored 

it to control levels (Figure 2A). SMC activation increased total PA compliance in all groups 

(Figure 2B). A sigmoid relationship between PA compliance and pressure was observed. 

Without SMC tone, PA compliance peaked at a pressure of approximately 25 mmHg (Figure 

2C). 17β-estradiol treatment attenuated the loss of maximal compliance seen in the placebo-

treated SuHx group, but did not restore maximal compliance to control levels. SMC 

activation increased the maximal compliance and shifted it to higher pressures in all groups 

(Figure 2D). 17β-estradiol further enhanced the effect of SMC activation on compliance and 

restored the maximal compliance to control levels.

Static mechanical properties—SuHx shifted the stress-strain relationships upwards and 

to the left (Figure 3A). 17β-estradiol treatment attenuated the shift of the stress-strain curves, 

although the 17β-estradiol-induced change was small compared to the SuHx-induced 

change. Compared to the stress-strain curve without SMC tone, isobaric SMC contraction 

resulted in a more linear stress-strain relationship in the low strain regime (Figure 3B). SMC 

activation had no effect in the high strain regime, indicating that collagen remains the 

primary load-bearing wall component at high pressures and strains.
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SuHx decreased the transition strain, a threshold above which collagen engages and bears 

load, (Figure S2A). 17β-estradiol treatment attenuated this decrease. A similar trend was 

observed with SMC activation (Figure S2B).

Dynamic mechanical properties—SuHx increased dynamic elastic modulus at all 

frequencies (Figure 4A) and 17β-estradiol tended to attenuate this increase in elastic 

modulus. SuHx caused the dynamic modulus to decrease progressively with frequency in a 

range of 1 to 10 Hz, such that the dynamic modulus at 10Hz was significantly lower than 

that at 0.1Hz. 17β-estradiol tended to attenuate the rate of frequency-dependent decrease.

Similarly, SuHx significantly increased dynamic stiffness and 17β-estradiol significantly 

reduced the increase up to 5 Hz (Figure 4B). Since the frequency-dependent reduction in 

dynamic stiffness only occurred in the placebo-treated SuHx group, no difference was 

detected between the 17β-estradiol- and placebo-treated SuHx groups at 10 Hz. Damping 

capacity increased with frequency in all groups (Figure 4C). SuHx significantly reduced the 

damping capacity and 17β-estradiol restored damping capacity to control levels, indicating 

that 17β-estradiol protects the PAH-induced reduction in wall viscosity. We did not find any 

significant differences in dynamic elasticity, dynamic stiffness, or damping capacity at 10 

Hz between with and without SMC activation (data not shown).

Morphological and histological data

SuHx increased RV weight normalized by body weight (Table S1), which is evidence of RV 

hypertrophy. 17β-estradiol had a limited effect on the normalized RV weight. PA outer 

diameter measured optically at 15 mmHg was significantly larger in the 17β-estradiol-

treated SuHx group compared to both the control and placebo-treated SuHx groups (Table 

S1). The wall thickness measured by histology increased significantly in SuHx groups and 

this increase was attenuated by 17β-estradiol (Table S1). The same trend was observed in 

the medial wall thickness.

SuHx increased the area fraction of collagen measured histologically, and 17β-estradiol 

attenuated this increase (Figure S1M and N). Elastin did not significantly change with PAH 

or with 17β-estradiol treatment (data not shown). SuHx increased proteoglycans in both 17β-

estradiol- and placebo-treated groups (Figure S1O and P). Changes in nitrotyrosine, a 

biomarker of oxidative stress, were not detected (8–10% of the vessel wall). Smoothelin, a 

biomarker for the fully differentiated, contractile phenotype of SMCs 19, increased 

significantly in the medial layer of the 17β-estradiol-treated SuHx group compared to the 

control groups (Figure S1Q and R); no significant difference was detected between the 17β-

estradiol- and placebo-treated SuHx groups.

Discussion

Here we investigated the effects of 17β-estradiol on changes in conduit PA mechanical 

properties in mice with PAH via ex vivo mechanical testing. The novel findings include (1) 

17β-estradiol enhanced vasoreactivity with PAH; (2) 17β-estradiol attenuated stiffening with 

PAH; and (3) 17β-estradiol preserved wall viscosity. Our in vivo pulmonary hemodynamics 

data indicate that 17β-estradiol reduced RV pulsatile load and improved ventricular-vascular 
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coupling efficiency. Since conduit PA mechanical properties play an important role in distal 

PA remodeling and RV adaption to PAH, the protective effects of 17β-estradiol likely 

contribute to improved outcomes for female PAH patients compared to male patients.

17β-estradiol enhances conduit PA vasoreactivity in PAH

Vasoconstriction is an important contributor to PAH 20. Both endogenous and exogenously 

administered estrogen attenuated vasoconstriction of healthy PA induced by vasoactive 

agents or hypoxia16,17. We hypothesized that these effects of 17β-estradiol are altered by 

PAH. Our results show that in the PAH-remodeled PA, 17β-estradiol heightened drug-

induced vasocontractility. Without 17β-estradiol, the ability of conduit PAs to respond to 

vasoconstrictors was impaired, as previously observed in both hypoxic- and MCT-treated 

rats 21. This suppressed vasoreactivity can result from de-differentiation of pulmonary 

SMCs to a more proliferative/synthetic and less contractile phenotype in PH 21. This view is 

supported by the evidence of altered growth responses of pulmonary SMCs from PAH 

patients to antiproliferative BMP and TGF-β 21. Here we observed that 17β-estradiol 

upregulates smoothelin in the PA medial layer of diseased animals (Figure S1R), suggesting 

estradiol prevents SMCs de-differentiation in PAH.

17β-estradiol attenuates PA stiffening in PAH

Premenopausal women have greater arterial distensibility than age-matched men and 

postmenopausal women 22. 17β-estradiol protects systemic arteries from age- and 

hypertensive-related stiffening 6–8. Here we show that 17β-estradiol attenuates loss of PA 

compliance in PAH, consistent with our previous study 4. Furthermore, we demonstrate that 

SMC activation significantly altered the pressure-compliance relationship and estrogen 

enhanced the effects of SMC activation on PA compliance. The increase in PA compliance 

with SMC activation is consistent with previous studies 23 and can be attributed to 

disengagement of collagen at a given pressure. The rightward shift of the pressure-

compliance curves enables the PAs to maintain compliance at higher pressures. These 

findings suggest that increased conduit PA SMC reactivity is a protective adaptation to 

hypertension and that 17β-estradiol enhances the benefits of SMC activation. However, as 

increased SMC reactivity in distal pulmonary vasculature is detrimental in PAH 20, whether 

17β-estradiol also sensitizes distal PA SMC reactivity warrants further exploration.

Arterial compliance is primarily influenced by material properties and morphology 24. Our 

results show that rather than significantly reducing wall elasticity, chronic administration of 

17β-estradiol increased diameter and attenuated wall thickening, which compensated for the 

increase in elastic modulus in PAH. 17β-estradiol also significantly reduced the PAH-

induced collagen accumulation and postponed early engagement of collagen, both 

contributing to attenuating arterial stiffening with PAH. In addition, as suggested by the 

pressure-compliance curves, differences in compliance can result from the pressure ranges 

in which the conduit PA operates in vivo, which would engage different wall components in 

normal and hypertensive groups. For the 17β-estradiol-treated hypertensive group, the 

conduit PA operates around the maximal region of compliance, which further reduces the 

difference in compliance between the control and the 17β-estradiol-treated PAH groups in 

vivo.
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17β-estradiol protects PA viscoelasticity in PAH

Viscoelastic properties of the arterial wall determine the relationship between pulsatile 

pressure and flow in cardiovascular system. Arterial viscoelasticity deteriorates with aging 

and hypertension 25,26. A recent study showed that carotid artery viscoelastic deterioration is 

a significant risk factor for coronary artery disease 27. Women after menopause had 

increased arterial viscoelastic deterioration compared to age-matched men, suggesting that 

17β-estradiol protects against viscoelastic deterioration. Our group recently reported that 

PAH modified frequency-dependent viscoelastic behaviors in conduit PAs of male mice 28. 

Here, we are the first to address the interaction between viscoelasticity and 17β-estradiol in 

PAs.

We found that 17β-estradiol tended to attenuate the PAH-induced increase in dynamic 

elasticity and stiffness for all frequencies studied. 17β-estradiol also prevented the 

frequency-dependent decline in the dynamic modulus and dynamic stiffness in the 

hypertensive groups. The biomechanical mechanisms for frequency-dependent changes in 

elasticity and stiffness remain unknown. Since 17β-estradiol attenuated collagen deposition 

and limited the increase in SMC content in PAs with PAH, we speculate that interactions 

between collagen, vascular cell types and intracellular SMC proteins are important 

contributors to frequency-dependent arterial mechanics.

While previous studies have shown that damping capacity, a measure of arterial wall 

viscosity, decreases in PAH28, we show that 17β-estradiol preserved damping capacity. 

Changes in ECM components such as collagen, proteoglycans and SMC content have been 

linked with changes in arterial viscosity 28–30. Here, we found a positive correlation between 

collagen content and damping capacity at 0.1 Hz (Figure S3A). The relationship became 

negative at higher frequencies (Figure S3B), suggesting the contribution of collagen content 

to arterial viscosity is frequency-dependent. Furthermore, we found a negative correlation 

between the medial wall thickness and wall viscosity in conduit PAs at a physiological 

frequency (Figure S4). Although this finding is not consistent with Bia’s study on healthy 

carotid and aortic arterial segments30, we speculate that this inconsistency is due to inherent 

differences between systemic and pulmonary arteries or differences between healthy and 

diseased states. It is difficult to attribute the change in wall viscosity to changes in any single 

PA constituent since arterial viscoelasticity is likely affected by interactions between cells 

and matrix proteins 31, organization of matrix 29, and hemodynamic loading 32.

17β-estradiol is an important contributor to sex disparities in PAH outcomes

The pulsatile pulmonary pressure-flow relationship provides insight into the impact of 

changes in conduit PA mechanical properties on RV afterload, RV-PA coupling efficiency, 

and distal arterial remodeling, which play major roles in the progression of PAH. Our study 

shows that 17β-estradiol restored PP without significantly affecting the elevation of mean 

pressure and tPVR, indicating that 17β-estradiol had limited effects on distal occlusive 

remodeling in early PAH. This is expected as considerable changes in arterial stiffness occur 

in early PAH with a small change in pulmonary resistance 10. The ability of 17β-estradiol to 

preserve PA compliance likely contributed to attenuated RV pulsatile load in PAH (Figure 
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S5), which may explain the improved RV function and ventricular-vascular coupling in the 

17β-estradiol-treated SuHx group observed in our previous study 4.

Loss of large PA compliance with PAH also has consequences for distal PAs. In particular, 

loss of compliance can result in significantly higher PP (by 2–3 fold), which has been linked 

to endothelial cell dysfunction and SMC hypertrophy 13,14. Here, we report that 17β-

estradiol restores large artery compliance and thus the PP (Figure S5), which should lessen 

remodeling of the distal PAs, a key feature in PAH disease progression.

The conduit PA mechanical property changes we found in the placebo-treated SuHx group 

were also found in the male SuHx group in our previous study 28. We also found similar 

cardiac response to SuHx exposure in the current placebo-treated female and prior male 

groups 4. Since the similar mean PA pressure excluded the impact of pressure on mechanical 

and structural remodeling of conduit PA between the 17β-estradiol and placebo-treated 

SuHx groups, we conclude that the estrogenic modulation of arterial wall mechanical 

properties is, at least partially, responsible for sex disparities in PAH outcomes.

Study limitations

First, this study focuses on the effects of 17β-estradiol on the mechanical properties of 

conduit PAs. The conclusions derived from this study cannot directly apply to other forms of 

estrogens such as conjugated equine estrogens and synthetic estrogens without further 

confirmation. In addition, whether the protection of estradiol on PAs is mediated through its 

metabolites such as 2-methoxyestradiol 33 or estrogen receptors 34 is not clear and warrants 

further study. Second, for better comparison, we tested material properties of isolated 

conduit PAs under the same condition (same pressure- and frequency-range) rather than 

under their respective conditions in vivo. However, changes in material properties may be an 

adaptation to the differences in pressures and flow. For example, the reduction in arterial 

wall viscosity in the placebo-treated SuHx group may be a compensatory mechanism for the 

increased PP 32. Lastly, the effects of 17β-estradiol were studied using relatively young adult 

mice with mild PAH, so the results may not be applicable to aged animals or more severe 

disease. Investigations into the interaction of 17β-estradiol, age and PAH severity are 

warranted.

Perspective

Our study demonstrated that 17β-estradiol attenuated stiffening and limited viscoelastic 

deterioration of conduit PAs in PAH. The modulation in arterial mechanical properties by 

17β-estradiol improved pulmonary hemodynamics and RV-PA coupling efficiency. As large 

PA stiffening is a powerful predictor of morbidity and mortality 11,12, a key implication is 

that exogenous 17β-estradiol may act as a novel therapy to prevent PA stiffening and thus 

delay the progression of PAH. This finding is profound because commonly used 

antihypertensive medications in PAH are based largely on their vasodilating effects on 

smaller resistance vessels and have little effect on large arterial stiffness 35. In addition, this 

study suggests that the effects of 17β-estradiol on PA stiffness and viscoelasticity are 

important contributors to sex differences in PAH progression and outcomes.
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Novelty and Significance

What is new?

• Pulmonary arterial wall stiffening, a hallmark of PAH, occurs early in PAH and 

has been associated with increased mortality and mobility in advanced PAH. 

Our study demonstrated that estrogen attenuates PAH-induced arterial 

stiffening.

• Frequency-dependent behaviors of the pulmonary arterial wall including 

dynamic elasticity, stiffness and viscosity are altered in PAH. 17β-estradiol 

protects conduit PAs from PAH-induced deterioration in viscoelasticity.

What is relevant?

• The modulation by 17β-estradiol of conduit PA stiffness and viscoelasticity 

provides a mechanical mechanism by which 17β-estradiol contributes to sex 

differences in PAH progression and outcomes.

• Our data suggest that 17β-estradiol may be an effective therapy for preventing or 

reducing PA stiffening in PAH.
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Summary

Our study demonstrates that 17β-estradiol attenuates arterial stiffening and limits 

viscoelastic deterioration of conduit PAs in PAH. The attenuation of arterial mechanical 

property changes by 17β-estradiol also preserves pulmonary hemodynamics and RV-PA 

coupling efficiency.
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Figure 1. 
17β-estradiol enhances conduit PA vasoreactivity in PAH. (A) Dose-dependent response to 

receptor-independent vasoconstrictor KCl and (B) pressure-dependence of functional 

contraction ratio at 50 mM KCl.
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Figure 2. 
17β-estradiol preserves conduit PA compliance in PAH (mean ± SE). Total PA compliance 

in the pressure range of 5 to 50 mmHg (A) in the absence of SMC tone and (B) with SMC 

activation at 50 mM KCl; pressure-compliance curves (C) in the absence of SMC tone and 

(D) with SMC activation at 50 mM KCl. *, P<0.05 vs. Control; #, P<0.05 vs. Placebo.*, 

P<0.05 vs. Control; #, P<0.05 vs. Placebo.
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Figure 3. 
17β-estradiol attenuates changes in conduit PA static mechanical properties in PAH. Stress-

strain curves (A) in the absence of SMC tone and (B) with SMC activation at 50 mM KCl.
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Figure 4. 
17β-estradiol attenuates changes in conduit PA dynamic mechanical properties in PAH. (A) 

Dynamic elastic modulus, (B) dynamic stiffness, and (C) damping capacity. *, P<0.05 vs. 

Control; #, P<0.05 vs. Placebo; $, P<0.05 vs. 0.1 Hz.
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Table

Effects of 17β-estradiol on pulmonary hemodynamics in PAH

Parameters CTL_P CTL_E SuHx_P SuHx_E

mPAP (mmHg) 16.7±0.8 16.7±1.2 27.2±0.8* 24.1±1.5*

sPAP (mmHg) 21.5±1.4 22.4±1.3 37.5±1.2* 30.8±1.8*

dPAP (mmHg) 11.2±0.7 11.7±1.0 19.3±0.7* 19.2±1.4*

PP (mmHg) 12.0±0.5 12.0±0.5 18.2±1.0* 11.6±1.1†

SV (μl) 19.7±1.6 21.7±1.7 17.3±1.3 19.1±0.2

CO (ml/min) 10.6±0.8 10.0±0.8 9.8±0.7 9.5±0.9

CI (ml/min/g) 0.48±0.04 0.47±0.03 0.48±0.04 0.43±0.04

SV/PP (μl/mmHg) 1.76±0.13 1.89±0.12 0.98±0.12* 1.68±0.23†

tPVR (mmHg min/ml) 1.6±0.1 1.5±0.1 2.9±0.3* 2.8±0.5*

Mean ± SE values (n = 6–10 per group). mPAP, sPAP, and dPAP indicate mean, systolic and diastolic PA pressure, respectively; PP, pulse 
pressure, SV, stroke volume; CO, cardiac output; CI, cardiac index; tPVR (= mPAP/CO), total vascular resistance; CTL, control; P, placebo-
treated; E, estradiol-treated.

*
P<0.05 vs Control;

†
P<0.05 vs Placebo.
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