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Impact: This is the first study to define a novel estradiol-estrogen receptor a-NLRP3 axis
that modulates RV cardiomyocyte function and RV adaptation in pulmonary hypertension.
We demonstrate for the first time that NLRP3 activation is therapeutically targetable in
low estrogen states via NLRP3 inhibitors or 17B-estradiol. These findings have direct
implications for therapeutic strategies aimed at preserving or restoring RV contractile

function in pulmonary hypertension, a current area of unmet clinical need.
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Abstract

Rationale: RV adaptation in pulmonary hypertension is sexually dimorphic and more
preserved in women. NLRP3 inflammasome activation contributes to RV failure (RVF)
development. However, regulators and downstream effects of NLRP3 activation in the RV
remain unknown. Objectives: We investigated whether NLRP3 inflammasome activation
in RVF is sexually dimorphic, whether NLRP3 is active in RV cardiomyocytes (RVCMs)
and causes RVCM contractile dysfunction, and whether 17B-estradiol (E2) and its
receptor ERa attenuate this process. Methods: We studied RV tissues from PAH patients
with RVF, RV tissues and RVCMs isolated from wild-type and ERa loss-of-function mutant
rats with RVF, isolated perfused rat hearts, and human induced pluripotent stem cell
(hiPSC)-derived cardiomyocytes. NLRP3 activation was assessed via RNA-sequencing,
proteomics, immunostaining, and downstream target quantification. RV contractility was
assessed via pressure-volume loops, perfused heart studies, and contractility and
calcium assessments in isolated RVCMs. Measurements and Main Results: NLRP3
was upregulated in RVCMs during RVF and resulted in altered RVCM calcium handling
and RVCM contractile dysfunction. In human RVs, hiPSC-cardiomyocytes and rat RVs,
NLRP3 activation and NLRP3-induced RVCM contractile dysfunction were sexually
dimorphic and male-biased. Ovariectomy and loss of ERa in females eliminated this sex
bias. E2, via ERa, prevented RVCM NLRP3 activation and NLRP3-induced RVCM
contractile dysfunction in males and ovariectomized females during both acute and
chronic RV pressure overload. ERa directly interacted with NLRP3. Conclusions:

NLRP3-driven RVCM contractile dysfunction is male-biased. E2 inhibits NLRP3 through
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88 ERa to preserve RVCM contractility. Targeting E2-ERa-NLRP3 signaling may offer novel

89 therapeutic strategies for RVF in low estrogen states.

90 Abstract word count: 250
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110 Introduction

111 Right ventricle (RV) adaptation is a major determinant of survival in pulmonary
112 arterial hypertension (PAH) (1). Despite the critical role of RV adaptation in PAH, no RV-
113  targeting therapies exist (2, 3). A major contributor to RV failure (RVF) development in
114  PAH is impaired cardiomyocyte contractility (4). However, the mechanisms regulating RV
115 cardiomyocyte (RVCM) contractility in PAH are incompletely understood. A better
116  understanding may lead to novel, RV-directed therapies for PAH and other types of
117  pulmonary hypertension (PH).

118 RV adaptation in PAH is sexually dimorphic. Premenopausal women with PH
119  exhibit better RV adaptation and survival than their male counterparts (5-9). 17p-estradiol
120 (E2), the most abundant female sex steroid, has been linked to improved RV function and
121 better RV adaptation (10-13). These effects are mediated at least in part through estrogen
122 receptor (ER) o, which increases abundance of the cardioprotective mediators BMPR2
123 and apelin in RVCMs (14). However, effects of the E2-ERa-axis likely extend beyond the
124 BMPR2-apelin system. In addition, it is unknown if E2 and ERa directly affect RVCM
125  contractility. A deeper understanding of the mechanisms and targets of E2 and ERa in
126 RVCMs may allow for developing RV-targeting therapies for PH patients with low
127  endogenous E2 states, such as men and postmenopausal women.

128 Inflammasomes are multiprotein complexes of the innate immune system capable
129  of maturating pro-inflammatory cytokines like IL-18 and IL-18. Nucleotide-Binding
130 Domain-Like Receptor Protein 3 (NLRP3), the most relevant member of the
131 inflammasome family (15, 16), is a crucial mediator of vascular (17), lung (18), and heart

132 (19, 20) diseases. For example, NLRP3 is involved in the genesis and aggravation of


https://doi.org/10.64898/2026.02.12.705548
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.02.12.705548; this version posted February 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

133  cardiovascular diseases, promoting vascular (17) and left ventricle (LV) remodeling (19,
134  20). In LV failure, NLRP3 negatively regulates contractile signaling (21, 22), and impairs
135 cardiomyocyte contractility (23). However, these findings cannot be extrapolated to the
136 RV, as the LV and RV are embryologically, structurally, and physiologically distinct (24-
137  26). NLRP3 activation specifically in recruited macrophages promotes the development
138  of RVF (27). However, the role and regulation of NLRP3 signaling specifically in RVCMs
139  remains unknown.

140 We previously identified that E2’s protective effects in RVF include anti-
141 inflammatory effects (13). Since E2 attenuates NLRP3 activation in the inflamed airway
142 (23, 28), we hypothesized that E2, via ERa, attenuates NLRP3 inflammasome activation
143  in RVCMs and alleviates NLRP3-induced RVCM contractile dysfunction. We report for
144  the first time that RVCM NLRP3 activation in rodent and human RVF is sexually
145  dimorphic, that NLRP3 activation results in RVCM contractile dysfunction in males but not
146  females, that ERa prevents NLRP3-induced in female RVCMs, and that E2, in an ERa-
147  dependent manner, attenuates RVCM NLRP3 activation and NLRP3-induced RVCM

148  contractile impairment in RVF. Some of the results have been published in abstract form

149 (29, 30).

150

151 Methods

152 Studies were performed in RV tissues from PAH patients with RVF, in RV tissues

153 and RVCMs isolated from wild-type and ERa loss-of-function mutant (ERa™") rats (14)
154  with RVF, in isolated perfused rat hearts, and in human induced pluripotent stem cell

155  (hiPSC)-derived cardiomyocytes (31-33). All experiments and analyses were performed
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156  in accordance with recent recommendations (2, 34), including randomization and blinding
157  at the time of intervention, endpoint collection, and analysis. Full methods are provided in

158  the online data supplement.

159 Results

160 NLRP3 activation in human RVF is sexually dimorphic and male-biased

161 We first assessed expression of RV NLRP3 inflammasome components in male
162 and female PAH patients with RVF. We interrogated previously published transcriptome
163  and proteome data from (35) and (36) (Fig. 1A; hemodynamics in Table E2). We found
164 that RNA and protein for NLRP3 activators, NLRP3 inflammasome components, and
165 NLRP3 downstream mediators indeed were upregulated in human PAH-RVs (Fig. 1B&C).
166  Despite similar severity of RVF in both genders, this was sexually dimorphic and more
167  upergulated in male RVs (Fig. 1D&E). Abundance of NLRP3 downstream mediators
168  caspase-1, IL-1B, and IL-18 was negatively correlated with cardiac index (Fig. 1F-H),
169  suggesting worse RV function with more NLRP3 activation.

170 We corroborated these data by quantifying protein abundance and co-localization
171 of NLRP3 and its binding partner ASC (hemodynamics in Table E3). We detected a 4-fold
172  increase in ASC expression in male RVs (Fig. E1). NLRP3-ASC co-localization was
173  increased 3-fold in male RVs, whereas no such increase was noted in females (Fig. 1/).
174  These data suggest a male sex bias in NLRP3 activation in human RVF.

175

176

177
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178 NLRP3 inflammasome activation in pressure-overloaded RVs is more pronounced in

179 male and ovariectomized female rats and is attenuated by E2 treatment

180 We next assessed NLRP3 activation in rodent models of RVF. In rats with
181  monocrotaline (MCT)-induced RVF, NLRP3 was differently activated in male and female
182  RVs, with increased NLRP3 and ASC abundance (Fig. E2), increased NLRP3-ASC co-
183 localization (Fig. 2A&B), and increased activation of downstream targets caspase-1 and
184 IL-1B (Fig. 2C&D) in male RVs only. This occurred despite similar increases in RVSP in
185 both sexes and more RV hypertrophy in females (Table E4). However, RV NLRP3
186  activation was noted in female MCT rats after ovariectomy (OVX; Fig. 2B&C). NLRP3
187  abundance, NLRP3-ASC co-localization, and downstream mediator activation in male
188 RVs was attenuated by treatment with E2 to a similar degree than by treatment with
189  NLRP3 inhibitor MCC950 (Fig. 2A-D & E2), demonstrating that E2 attenuates NLRP3
190 activation as potently as an established NLRP3 inhibitor. E2 also attenuated NLRP3
191  activation in female OVX RVs (Fig. 2B&C).

192 To study sexual dimorphisms in NLRP3 signaling independently of potential
193  changes in the pulmonary vasculature, we assessed NLRP3 signaling in RVs from male
194 and female pulmonary artery banding (PAB) rats (Fig. E3A). Despite similar
195 hemodynamic alterations (Table E5), NLRP3 activation again demonstrated a male bias,
196  with increases in ASC abundance, NLRP3-ASC co-localization, and caspase-1 and IL-1[3
197  activation in male RVs only (Fig. E3&4).

198 Of note, no evidence of NLRP3 activation was observed in LVs of male PH-rats

199 (Fig. E5). Together, these data demonstrate a male sex bias in RV NLRP3 activation in
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200 rats with RVF and suggest that E2 attenuates NLRP3 activation in RVF rats as potently
201 as NLRP3 inhibitor.
202

203 NLRP3 activation results in contractile dysfunction in male RVs that is inhibited by E2

204  treatment

205 We next investigated whether NLRP3 activation results in RV contractile
206  dysfunction. We isolated hearts from male and female rats, and measured RV isovolumic
207 contractile function after perfusion with the potent and established NLRP3 activators
208 lipopolysaccharide (LPS) and ATP (37, 38) in presence or absence of NLRP3 inhibitor or
209 E2 (Fig. 3A). LPS+ATP resulted in NLRP3 activation and RV contractile dysfunction,
210  which was prevented by NLRP3 inhibition or E2 (Fig. 3B&C). Conversely, RVs from
211 female rats did not exhibit NLRP3 activation and RV contractile dysfunction with LPS+ATP
212 (Fig. 3C), and administration of NLRP3 inhibitor or E2 did not affect contractile function in
213 female RVs.

214 These data indicate that NLRP3 activation results in RV contractile dysfunction in
215 a male-biased manner, and that this process is attenuated by E2 treatment.

216

217 RVCM NLRP3 inflammasome activation and NLRP3-induced RVCM contractile

218 dysfunction in MCT-PH rats are sexually dimorphic, male-biased, and attenuated by E2

219 We next interrogated whether NLRP3 activation occurs specifically in RVCMs. We
220 isolated RVCMs from male and intact as well as OVX female MCT rats (Fig. 4A). Indeed,
221 NLRP3 was differently activated in male and female RVCMs, with increases in NLRP3

222  and ASC abundance (Fig. E6), NLRP3-ASC co-localization (Fig. 4B), and caspase-1 and

10
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223  IL-1B activation (Fig. 4C&D) in male MCT-RVCMs only. Functionally, NLRP3 activation
224  was associated with decreased sarcomere shortening (a measure of RVCM contractility)
225  and reduced transient Ca?* (a measurement of free cytosolic Ca?*) in male but not female
226 MCT-RVCMs (Fig. 4E&F). OVX, on the other hand, rendered female MCT-RVCMs
227  susceptible to NLRP3 activation and contractile dysfunction (Fig. 4B-F).

228 In vivo treatment of male and OVX female rats with E2 prevented MCT-induced
229 NLRP3 pathway activation as well as decreases in RVCM sarcomere shortening and
230 transient Ca?* (Fig. 4B-F). Of note, E2 treatment replicated protective effects of MCC950.
231 These data indicate 1) that MCT-induced NLRP3 activation impairs RVCM contractility
232 and Ca?* signaling in male and OVX female but not intact female rats, 2) that E2
233  attenuates NLRP3-induced RVCM dysfunction, and 3) that E2’s effect size is similar to
234  that of an established NLRP3 inhibitor.

235

236 LPS+ATP-induced NLRP3 activation in rat RVCMs is sexually dimorphic and prevented

237 by E2
238 To determine the role of E2-induced NLRP3 inhibition in RVCMs independently of

239 MCT, we isolated RVCMs from healthy rats and activated the NLRP3 inflammasome with
240 LPS+ATP in vitro (Fig. 5A). LPS+ATP indeed activated the NLRP3 inflammasome and
241  increased caspase-1 and IL-1B activation in male, but not female, RVCMs (Fig. 5B-D).
242  Functionally, LPS+ATP-induced NLRP3 activation was associated with a decrease in
243  sarcomere shortening and transient Ca?* in male but not female RVCMs (Fig. 5E-F).

244 Co-treatment of male RVCMs with E2 attenuated NLRP3 activation and NLRP3-

245  induced RVCM contractile and Ca?* signaling dysfunction similar to MCC950 (Fig. 5B-F).

11
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246 On the other hand, E2 did not exert any effects in female RVCMs (where there was no
247  NLRP3 activation; Fig. 5B-F). Data for NLRP3 and ASC as well as E2 dose responses
248 are shown in Fig. E7,8&9.

249 These data indicate that LPS+ATP-induced NLRP3 activation and NLRP3-
250 mediated contractile dysfunction in healthy rat RVCMs are sexually dimorphic, male-
251  biased, and prevented by E2.

252

253  Endothelin-1 (ET1) -induced NLRP3 activation in rat RVCMs is sexually dimorphic and

254  prevented by E2

255 While LPS and ATP are potent NLRP3 activators, they are not involved in RVF
256  pathogenesis. We therefore sought to determine whether a known mediator of PAH and
257 RVF development results in RVCM NLRP3 activation and contractile dysfunction. We
258 treated healthy male or female rat RVCMs with ET-1. As with LPS+ATP, NLRP3 activation
259 was sexually dimorphic, male-biased, and prevented by E2 in male RVCMs (Fig.
260 E10&11).

261

262 NLRP3 activation in human iPSC-CMs exhibits a male bias and is attenuated by E2

263 To determine whether sexual dimorphisms in NLRP3 activation extend to human
264 CMs, we stimulated hiPSC-CMs from three male and three female lines with ET-1 (Fig.
265 6A). We found that NLRP3 and ASC abundance as well as NLRP3-ASC colocalization
266 increased 1.7- to 2-fold in male cells, whereas no increase was observed in female cells

267 (Fig. 6B & E12). E2 attenuated this increase in male clones, similar to NLRP3 inhibitor

12
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268 (Fig. 6B & E12). This data suggests that NLRP3 activation is also sexually dimorphic,
269 male-biased, and preventable by E2 in human CMs.
270

271 Lack of functioning ERa renders female rats susceptible to NLRP3-induced RV contractile

272  dysfunction, eliminates sex biases, and prevents E2 from attenuating NLRP3-mediated

273 RV contractile impairment

274 To investigate the potential cross-talk between ERa and NLRPS3-induced RV
275 contractile dysfunction noted in the isolated perfused heart model with LPS+ATP
276  perfusion (Fig. 3), we repeated this experiment using previously described male and
277 female ERa loss-of-function mutant (ERa™!) rats (14). We measured RV isovolumic
278  contractile function in isolated hearts after perfusion with LPS+ATP (Fig. 7A). As
279  previously seen in the WT (Fig. 3B), in RVs from male ERa™ rats, LPS+ATP induced
280 NLRP3 activation and contractile dysfunction (which was rescued after NLRP3 inhibition;
281  Fig. 7B&C). On the other hand, and in contrast to the female WT (Fig. 3C), female ERa™
282 rat RVs also exhibited NLRP3 activation and RV contractile dysfunction with LPS+ATP
283  (Fig. 7D). In both male as well as female ERa™! rat RVs (and in contrast to male WT
284 RVs), E2 was unable to prevent NLRP3 activation and NLRP3-induced contractile
285 dysfunction (Fig. 7B-D). These data indicate that ERa is necessary in female RVs to
286  prevent NLRP3-induced contractile impairments, and for E2 to attenuate NLRP3-induced
287 RV contractile dysfunction in both sexes.

288

289

290
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291 Lack of functioning ERa eliminates sexual dimorphisms in RVCM NLRP3 activation in

292  vivo and prevents E2 from attenuating NLRP3 activation

293 To investigate the role of ERa in alleviating MCT-induced NLRP3 activation in
294  females and in mediating protective effects of E2, we employed ERa™ ! rats, treated them
295  with MCT + E2 in vivo, and isolated their RVCMs (Fig. 8A). As previously seen in the WT
296 (Fig. 4), in male MCT-PH ERa™! rats, we observed robust increases in RVCM NLRP3
297 and ASC abundance, NLRP3-ASC co-localization, and caspase-1 and IL-1f activation,
298  as well as decreases in RVCM contractility and transient Ca?* (Fig. 8B-F & E13). However,
299 in contrast to the female WT, female MCT-PH ERo™ rats also exhibited NLRP3
300 activation, RVCM contractile dysfunction, and Ca?* dysfunction (Fig. 8B-F & E13). In both
301 male as well as female MCT-PH ERa™ rats, E2 was unable to prevent RVCM NLRP3
302 activation, Ca?* signaling impairments and contractile dysfunction. These data indicate
303 that ERais necessary in female RVCMs to prevent NLRP3 activation and NLRP3-induced
304 contractile dysfunction, and for E2 to attenuate RVCM NLRP3 activation and NLRP3-
305 induced contractile dysfunction in male MCT-PH rats.

306

307 Lack of functioning ERa eliminates sexual dimorphisms in rat RVCM NLRP3 activation

308 and prevents protective effects of E2

309 We next sought to study crosstalk between ERa and NLRP3 signaling in RVCMs
310 independently of potential changes in the pulmonary vasculature in MCT-PH rats. We
311 isolated RVCMs from ERa™ " rat RVs and treated them with LPS + ATP in vitro (Fig. 9A).
312  We found that in males, similar to WT (Fig. 5), LPS + ATP resulted in NLRP3 activation,

313  Ca?* signaling impairments, and contractile dysfunction (Fig. 9B-F & E14). In contrast to

14
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314 female WT RVCMs (Fig. 5), RVCMs from female ERa™! rats also exhibited such changes
315 (Fig. 9B-F & E14). In both male as well as female ERa™ rat RVCMs, E2 was incapable
316  of preventing LPA + ATP-induced NLRP3 activation, Ca?* signaling impairments, and
317  contractile dysfunction (Fig. 9B-F & E14). These data corroborate findings from Fig. 8 and
318 indicate a protective role of ERa in attenuating NLRP3 activation in RVCMs.

319

320 ERa directly interacts with NLRP3

321 To determine whether ERa’s inhibitory effects on NLRP3 activation are mediated
322 by a direct interaction, we assessed for NLRP3 and ERa co-localization in human RVF
323 tissue and hiPSC-CMs stimulated with ET-1 (Fig. 10A&G, E15&16). We found that NLRP3
324 and ERa indeed co-localized (Fig. 10B&C, H&l). A direct interaction between NLRP3 and
325 ERa was confirmed by co-IP in RVs from male and female MCT-PH and PAB rats (Fig.
326 E17). Interestingly, NLRP3 and ERa co-localization was increased 3- to 4-fold in male
327 RVF-RVs and ET1-stimulated male hiPSC-CMs (vs control RVs and unstimulated hiPSC-
328 CMs, respectively; Fig. 10B&C, H&I). On the other hand, no increase was noted in female
329 RVF-RVs or ET1-stimulated hiPSC-CMs. This was accompanied by decreased ERa
330 nuclear intensity in male (but not female) RVF-RVs and ET1-stimulated hiPSC-CMs (Fig.
331  10D&J). Higher NLRP3-ERa co-localization correlated with higher NLRP3 activation and
332 lower nuclear ERa abundance (Fig. 10E&F, K&L), suggesting that the degree of NLRP3-
333 ERa co-localization is associated with the degree of NLRP3 activation, and that increased
334 NLRP3-ERa co-localization is associated with reduced nuclear ERa localization (and a

335 potential decrease in ERa nuclear activity). Similar findings were noted in RVs from male
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336 andfemale MCT-PH and PAB rats (Fig. E17) and in male and female MCT-PH rat RVCMs
337 (Fig. E18).

338 These data indicate that ERa and NLRP3 directly interact, and that NLRP3
339 activation is associated with reduced ERa abundance, suggesting this interaction
340 prevents ERa nuclear translocation and activation.

341

342 E2 improves RV function and survival in an ERa-dependent manner

343 To identify if E2’s effects on RVCM NLRP3 activation are associated with better
344 RV function in vivo, we assessed E2’s effects on RV function via pressure-volume loops.
345 We assessed this in male E2-treated MCT-PH rats from Fig. 2. Interestingly, E2 treatment
346 indeed was associated with better RV adaptation, evidenced by higher Ees/Ea (Fig.
347 11A&B). E2’s effect size was similar to that of MCC950. E2’s effects on RV-PA coupling
348  were accompanied by beneficial effects on survival (Fig. 71C). However, protective effects
349  of E2 on RV-PA coupling and survival were absent in ERa™ rats (from Fig. 7), suggesting
350 that functioning ERa is necessary for E2 to exert RV-protective effects (Fig. 11D-F).

351 We also assessed RV-PA coupling and survival in OVX female E2-treated MCT-
352 PHrats from Fig 2. As in males, E2 treatment was associated with better RV adaptation
353 (higher Ees/Ea; Fig. 12A&B) and better survival (Fig. 12C).

354 These data indicate that E2, via ERa, improves RV adaptation and survival in PH
355 rats with low endogenous E2 states.

356

357

358
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359 Discussion

360 We demonstrate for the first time that NLRP3 is upregulated in RVCMs in the
361 setting of RVF and results in RVCM contractile dysfunction. We demonstrate RVCM
362 NLRP3 upregulation in the setting of chronic pressure overload as well as with acute
363 stressors and show that NLRP3 activation and NLRP3-induced RVCM contractile
364 dysfunction are sexually dimorphic and male-biased. Loss of functioning ERa in females
365 eliminates this sex bias, demonstrating that ERa is required for resilience of female
366 RVCMs during pressure overload and NLRP3 activation. E2, via ERa, prevents RVCM
367 NLRP3 activation and NLRP3-induced RVCM contractile dysfunction in males. ERa’s
368 effects on NLRP3 appear to be mediated in a direct manner via ERa-NLRP3 interaction.
369 Sexual dimorphisms in NLRP3 activation and E2 protection were observed with several
370 stimuli and across species. No NLRP3 activation was noted in the LV, suggesting that
371 NLRP3 activation in the setting of PH is RV-specific. These data identified a novel
372  mechanism underlying the well-known sexual dimorphisms in RV adaptation to pressure
373 overload, where pre-menopausal female RVs are more resilient (5-9). Inhibiting NLRP3
374 signaling via the E2-ERa-axis or with NLRP3 inhibitors may be a novel therapeutic
375 intervention in low endogenous E2 states such as male sex or post-menopause.

376

377 While NLRP3 activation in recruited macrophages contributes to RVF
378 development, we now report a novel, macrophage-independent mechanism of NLRP3-
379 induced RV dysfunction. In addition, we identified novel regulators of NLRP3 activation
380 as well as novel NLRP3 downstream targets, thus gaining a better understanding of

381  previously unknown mechanisms of RV and RVCM NLRP3 regulation and signaling.
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382  While NLRP3 inflammasome signaling was originally described in immune cells, recent
383 studies demonstrated that NLRP3 also plays a role outside of the immune system (21,
384 22, 39). The current study further contributes to an emerging paradigm of cardiomyocyte
385 NLRP3 signaling contributing to cardiac dysfunction. To the best of our knowledge, this is
386 the first study of NLRP3 inflammasome signaling specifically in the RV and in RVCMs
387 and to imply cardiomyocyte NLRP3 activation in the pathogenesis of RVF.

388

389 We demonstrate for the first time that sex differences exist in RV and RVCM
390 contractile function after NLRP3 activation, and that ERa is responsible for protecting
391 female RVs and RVCMs from NLRP3-induced decreases in contractile function. This is
392 the first study that demonstrates a direct role of ERa in regulating contractile function in
393 the RV.

394 We previously showed that E2 and ERa in RVCMs upregulate cardioprotective
395 BMPR2-apelin signaling (14). We now demonstrate that effects of E2 and ERa extend
396 beyond this axis and include anti-inflammatory effects by inhibiting NLRP3 inflammasome
397 activation. This suggests that the E2-ERa axis protects RVCM via several pathways.
398 Whether there is crosstalk between E2’s and ERad’s effects on the BMPR2-apelin axis
399 and the NLRP3 inflammasome remains to be determined.

400

401 There is controversy on whether estrogens are protective or harmful in PAH (2, 5,
402 28, 40-42). While effects of E2 in the pulmonary vasculature are complex and cell- and
403 context-dependent, effects of E2 in the RV have consistency been cardioprotective.

404 Based on our current and prior data, enhancing estrogen signaling in the RV would be
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405 expected to be beneficial, especially in low endogenous estrogen states such as male
406  sex or post-menopause. However, since endogenous E2 may contribute to pulmonary
407  vascular remodeling in PAH, there has been interest in inhibiting E2 clinically. A recent
408 study pursued aromatase inhibition to alleviate PAH. However, this study, performed in
409 male and pre-menopausal women with relatively mild PAH, did not achieve its primary
410 endpoint (43). No detrimental effects on RV function were noted in this cohort without
411 overt RV dysfunction. We posit that a more precise approach to targeting estrogen
412  signaling in PH is needed. Targeting cardiac ERa may allow for harnessing beneficial
413  estrogenic effects in the RV while avoiding potential detriment in the pulmonary
414  vasculature. Given E2’s pleiotropic effects and potential for undesired effects in the
415 pulmonary vasculature, targeting ERa may represent a more specific approach to
416 leverage beneficial effects of estrogenic signaling. In fact, ERa-specific agonists have
417  been used to treat cardiovascular disorders without exerting any uterotropic effects (44).
418 ERa agonists could target NLRP3 as well as BMPR2 and apelin and exert effects in both
419 the RV as well as the pulmonary vasculature.

420

421 While we identified a new mechanism of how E2 and ERa inhibit NLRP3 activation
422 and enhance RCVM contractile function, our studies raise several questions. First, we
423  discovered that ERa and NLRP3 co-localize in RVCMs, suggesting that ERa inhibits
424  NLRP3 via direct interaction. However, the exact mechanism underlying ERa-mediated
425 NLRP3 inhibition remains unknown and is currently under investigation. Furthermore, it
426 remains unknown if E2 and ERa interact with other components of the NLRP3 signaling

427  cascade. The rapid onset of E2’s effects in the Langendorff studies suggests a non-
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428 genomic mechanism of action. However, E2 exposure was longer in in vitro and in vivo
429  studies, suggesting that genomic mechanisms likely are at play as well. Of note, E2’s
430 effects are dose-dependent, and NLRP3 inhibition was not consistently observed at
431 higher (>10 nM) concentrations. This suggests that E2 effects in biological systems need
432  to be interpreted in context of the concentrations administered.

433 Second, we made the surprising finding of increased ERa-NLRP3 co-localization
434 in male RVs, RVCMs, and iPSC-CMs despite less NLRP3-ASC co-localization. This was
435 associated with decreased ERa nuclear localization, suggesting inhibition of ERa nuclear
436 translocation in males once it interacts with NLRP3. Such a constellation would be
437  consistent with reduced genomic ERa signaling in males. Interestingly, reduced ERa
438 nuclear abundance was not paralleled by increased cytoplasmic ERa levels, suggesting
439  potential degradation of ERa in the cytoplasm.

440 Lastly, it remains unknown which factor(s) activate NLRP3 in RVCMs in PH. Our
441  studies suggest that ET-1 can do this. Other factors, such as RVCM mechanical stretch,
442  oxidative stress, sterile inflammation, and mitochondrial abnormalities may contribute as
443  well and are currently under investigation.

444 (Please see supplement for discussion of pulmonary vascular effects of NLRPS3,
445  modification of MCT administration in females, and personalized strategies for inhibiting
446  inflammation in low-estrogen states.)

447 In summary, our studies identified a novel, therapeutically targetable E2-ERa-
448 NLRP3 axis in RVCMs. RVCM NLRP3 is upregulated in the setting of RVF and results in
449  contractile dysfunction. We provide novel evidence that RVCM NLRP3 upregulation and

450 NLRP3-induced RVCM contractile dysfunction are sexually dimorphic and male-biased.
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ERa is required for resilience of female RVCMs in the setting of pressure overload and
NLRP3 activation, and E2, via ERa, prevents RVCM NLRP3 activation and NLRP3-
induced RVCM contractile dysfunction in males. Inhibiting RVCM NLRP3 upregulation via
ERa may represent a novel therapeutic approach in males and postmenopausal females

with RVF.
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896 #p<0.05 vs. male WT or ERa™ MCT by one-way ANOVA with Holm-Sidak post-test; (C,

897 F)*p<0.05vs. male WT or ERO(mUt control, #p<0.05 for male MCT E2 or MCC950 vs. male
898 WT MCT by Log-rank [Mantel-Cox] test. Each data point represents one rat (means +
899 SEM).

900

901 Fig 12: E2 improves RV-pulmonary artery (PA) coupling and survival in female OVX
902 MCT-PH rats. Intact or OVX female wild-type (WT) MCT-PH rats were treated with E2 as
903 outlined in Fig. 2. End-systolic elastance (Ees) and arterial elastance (Ea) were measured
904 using pressure-volume loops. Additional animals were utilized for survival studies. (A)
905 Ees/Ea in all experimental groups. Individual values for Ees and Ea are listed in the table
906 in (B). (C) Survival curves. Animal numbers at risk are shown below x-axis. Note that
907 curve for E2 group overlaps with curve of control group due to lack of mortality in either
908 group. (A) *p<0.05 by one-way ANOVA with Holm-Sidak post-test; (B) *p<0.05,

909 ***p<0.005 vs. control, #p<0.05 vs. OVX MCT by one-way ANOVA with Holm-Sidak post-

910 test; (C) *p<0.05 vs. control, #p<0.05 for MCT E2 vs. OVX MCT by Log-rank [Mantel-Cox]
911  test. Each data point represents one rat (means + SEM).

912
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