
HAL Id: inserm-05577851
https://inserm.hal.science/inserm-05577851v1

Submitted on 2 Apr 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Inactivation of the Phosphatase Activity of Soluble Epoxide
Hydrolase Modulates SIRT3 and Attenuates Experimental

Pulmonary Hypertension
Matthieu Leuillier, Mustapha Chelgham, Hind Messaoudi, Ly Tu, Severine

Ménoret, Raphaël Thuillet, Déborah Groussard, Felix Lillich, Mina Ottaviani,
Lionel Nicol, et al.

To cite this version:
Matthieu Leuillier, Mustapha Chelgham, Hind Messaoudi, Ly Tu, Severine Ménoret, et al.. Inactivation of the
PhosphataseActivity of Soluble EpoxideHydrolaseModulates SIRT3 andAttenuates Experimental Pulmonary
Hypertension. Comprehensive Physiology, 2026, 16 (1), pp.e70108. ⟨10.1002/cph4.70108⟩. ⟨inserm-05577851⟩

https://inserm.hal.science/inserm-05577851v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


1 of 9Comprehensive Physiology, 2026; 16:e70108
https://doi.org/10.1002/cph4.70108

Comprehensive Physiology

RESEARCH ARTICLE OPEN ACCESS

Inactivation of the Phosphatase Activity of Soluble Epoxide 
Hydrolase Modulates SIRT3 and Attenuates Experimental 
Pulmonary Hypertension
Matthieu Leuillier1  |  Mustapha Chelgham2,3  |  Hind Messaoudi1  |  Ly Tu2,3  |  Severine Ménoret4,5,6  |  Raphaël Thuillet2,3  |  
Déborah Groussard1  |  Felix F. Lillich7  |  Mina Ottaviani2,3  |  Lionel Nicol1  |  Paul Mulder1  |  Marc Humbert2,3  |  
Vincent Richard1,8  |  Ignacio Anegon4,5,6  |  Christophe Morisseau9  |  Ewgenij Proschak7  |  Christophe Guignabert2,3  |  
Jérémy Bellien1,8

1INSERM U1096, EnVI, Univ Rouen Normandie, Rouen, France  |  2INSERM UMR_S 999, Pulmonary Hypertension: Pathophysiology and Novel Therapies 
(HPPIT), Le Kremlin-Bicêtre, France  |  3Faculté de Médecine, Université Paris-Saclay, HPPIT, Le Kremlin-Bicêtre, France  |  4CHU Nantes, Inserm, CNRS, 
SFR Santé, Inserm UMS 016, CNRS UMS 3556, Nantes Université, Nantes, France  |  5CHU Nantes, Inserm, Centre de Recherche en Transplantation et 
Immunologie, UMR 1064, ITUN, Nantes Université, Nantes, France  |  6Transgenesis Rat ImmunoPhenomic Platform, Nantes, France  |  7Institute of 
Pharmaceutical Chemistry, Goethe-University, Frankfurt am Main, Germany  |  8Department of Pharmacology, CHU Rouen, Rouen, France  |  9Department 
of Entomology and Nematology, and UCD Comprehensive Cancer Center, University of California, Davis, California, USA

Correspondence: Christophe Guignabert (christophe.guignabert@inserm.fr)  |  Jérémy Bellien (jeremy.bellien@chu-rouen.fr)

Received: 16 August 2025  |  Revised: 7 December 2025  |  Accepted: 27 January 2026

Keywords: phosphatase activity | pulmonary hypertension | SIRT3 | soluble epoxide hydrolase

ABSTRACT
Introduction: Pulmonary hypertension (PH) is a severe cardiovascular disorder characterized by elevated pulmonary artery 
pressure caused by remodeling of the pulmonary circulation. This study aimed to investigate the role of the soluble epoxide hy-
drolase phosphatase domain (sEH-P) in PH pathogenesis.
Methods: The effects of sEH-P genetic inactivation were evaluated in vivo using a CRISPR/Cas9-mediated approach in two rat 
modes of PH: the monocrotaline and the Sugen/hypoxia model. To further explore the underlying mechanisms, complementary 
in vitro experiments were conducted in cultured human pulmonary artery smooth muscle cells (PA-SMCs), where sEH expres-
sion was modulated.
Results: sEH-P inactivation attenuated experimental PH in both rat models, as demonstrated by reductions in mean pulmonary 
artery pressure and total pulmonary vascular resistance. Histological analysis showed decreased pulmonary artery musculari-
zation and reduced collagen deposition in the right ventricle. Moreover, sEH-P inactivation reduced sEH protein levels and en-
hanced SIRT3 expression in the lungs. Two-hybrid interaction assays suggested that sEH indirectly regulates SIRT3 expression. 
In cultured human PA-SMCs, altering sEH levels influenced SIRT3 expression, cell proliferation, and the levels of FoxO1, BCL2, 
and Bax proteins. In sEH-P KI rat lungs, FoxO1 levels increased, while anti-apoptotic BCL2 protein decreased.
Conclusions: Our findings underscore the role of sEH-P in the development and progression of PH, partly through its regula-
tion of SIRT3 expression, cell proliferation, and apoptosis-related proteins. Targeting sEH-P emerges as a promising therapeutic 
strategy for PH.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2026 The Author(s). Comprehensive Physiology published by Wiley Periodicals LLC on behalf of American Physiological Society.

Matthieu Leuillier, Mustapha Chelgham, Christophe Guignabert and Jérémy Bellien contributed equally to this work.  

https://doi.org/10.1002/cph4.70108
https://doi.org/10.1002/cph4.70108
https://orcid.org/0000-0002-0383-2342
mailto:christophe.guignabert@inserm.fr
mailto:jeremy.bellien@chu-rouen.fr
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcph4.70108&domain=pdf&date_stamp=2026-02-06


2 of 9 Comprehensive Physiology, 2026

1   |   Introduction

Pulmonary hypertension (PH) is a progressive cardiovascular 
disorder characterized by elevated pulmonary artery pressure 
caused by an intense structural and functional remodeling 
of distal pulmonary arteries, ultimately leading to right heart 
failure and premature death (Simonneau et al. 2019; Humbert 
et al. 2023). Despite significant advancements in understanding 
PH pathogenesis, effective therapeutic strategies remain limited 
(Simonneau et al. 2019; Humbert et al. 2023). Therefore, there 
is a critical need to identify novel molecular targets and eluci-
date underlying cellular mechanisms to develop more effective 
interventions.

The mammalian soluble epoxide hydrolase (sEH) is a bifunc-
tional enzyme consisting of a C-terminal epoxide hydrolase 
activity (sEH-H) and a more-recently identified lipid phospha-
tase activity on its N-terminal domain (sEH-P), each poten-
tially influencing PH development through distinct pathways 
(Morisseau and Hammock 2013). The sEH-H catabolizes biolog-
ically active epoxides of polyunsaturated fatty acids, including 
epoxyeicosatrienoic acids (EETs), which are generated by cyto-
chrome P450 enzymes (Morisseau and Hammock 2013; Kramer 
and Proschak 2017). Based on evidence that EETs constrict the 
pulmonary vasculature, sEH-H inhibition was shown to poten-
tiate hypoxic pulmonary vasoconstriction as well as chronic 
hypoxia-induced pulmonary artery remodeling and PH in mice 
(Keserü et  al.  2008, 2010). At the opposite, chronic inhibition 
of sEH-H has not exacerbated PH in the Sugen-hypoxia (SuHx) 
rat model and has even partially prevented PH development 
in the monocrotaline (MCT) rat model, likely due to its anti-
inflammatory effects (Leuillier, Platel, et al. 2023; Revermann 
et al. 2009).

Recent studies highlight the critical role of the mitochondrial 
deacetylase SIRT3 in cardiovascular health, including its pro-
tective function against PH by regulating mitochondrial bio-
energetics and cell survival pathways (Cao et  al.  2022; Paulin 
et  al.  2014). FoxO1, a transcription factor regulated by SIRT3, 
modulates key cell-cycle and apoptotic genes and has been im-
plicated in controlling pulmonary artery smooth muscle cell 
(PA-SMC) proliferation (Savai et al. 2014; Nie et al. 2024). The 
balance between anti-apoptotic BCL-2 and pro-apoptotic Bax 
proteins further determines PA-SMC survival and vascular re-
modeling dynamics (Chen et al. 2014). Previous reports suggest 
that sEH may influence these signaling axes (He et  al.  2021), 
providing a rationale for investigating their interplay in PH 
pathogenesis.

In contrast, the biological function of the sEH-P domain re-
mains poorly understood. Using a unique transgenic rat model 
lacking sEH-P activity, we recently demonstrated its role in 
the regulation of cardiometabolic regulation, partly through 
the metabolism of other intracellular lipid mediators includ-
ing lysophosphatidic acids (Leuillier, Duflot, et  al.  2023). 
Interestingly, differences have been observed between the 
effects of pharmacological sEH-H inhibition and genetic 
knockdown of the entire sEH enzyme on pulmonary remod-
eling induced by chronic hypoxia in mice (Keserü et al. 2010). 
However, direct evidence of the involvement of sEH-P remains 
lacking.

In this context, the present study aimed to evaluate the impact 
of sEH-P genetic inactivation on PH in rat models and to explore 
the underlying mechanisms, with a particular focus on com-
plementary experiments in human pulmonary artery smooth 
muscle cells (PA-SMCs), which play a critical role in accumulat-
ing within the pulmonary arterial wall—a key event leading to 
lumen narrowing.

2   |   Methods

2.1   |   Animal Experiments

2.1.1   |   Procedures

All animal care and procedures were approved by French 
Animal Experimentation Ethics Committees and conducted 
in accordance with the guidelines from the French National 
Research Council for the Care and Use of Laboratory Animals 
(Permit Numbers: Apafis #24107 and #11920). Experiments 
were performed in 10-weeks-old male wild-type (WT) and 
sEH-P knock-in (KI) Sprague–Dawley rats bred at Janvier 
Labs (Le Genest-Saint-Isle, France). As previously described 
(Leuillier, Duflot, et al. 2023), the targeted gene mutation of 
the sEH gene (EPHX2) was achieved by substituting the cat-
alytic nucleophile aspartic acid 9 with alanine (D9A) in the 
sEH-P domain to abolish its phosphatase activity. This was 
accomplished using the clustered regularly interspaced short 
palindromic repeat (CRISPR)-associated (Cas) DNA editing 
technology.

Rats were randomly assigned to three groups: a control group 
and two models of severe PH. WT and sEH-P KI rats were sub-
jected to either a three-week treatment with MCT (40 mg/kg; 
Sigma-Aldrich) or vehicle (saline). Another group received a sin-
gle subcutaneous injection of Sugen 5416 (20 mg/kg) and was 
exposed to normobaric hypoxia for 3 weeks, followed by a 5-
week recovery period in room air (SuHx). At the end of the ex-
perimental period, echocardiography, cardiac MRI, and right 
ventricular (RV) hemodynamic measurements were conducted. 
Lung tissues were harvested for protein and histological analy-
ses (Leuillier, Platel, et al. 2023).

2.1.2   |   Cardiovascular Parameters

End-diastolic and end-systolic RV volumes, as well as ejection 
fraction, were assessed in methohexital-anesthetized animals 
using a Bruker Biospec 4.7 Tesla MRI, and Cinema MRI im-
ages were acquired with the Integrate acquisition sequence 
(Bruker France, Wissembourg, France) (Leuillier, Platel, 
et  al.  2023; Leuillier, Duflot, et  al.  2023). RV hemodynamic 
measurements were performed in anesthetized rats (2% iso-
flurane in room air). A polyvinyl catheter was inserted into 
the right external jugular vein and advanced in the RV and 
pulmonary artery, allowing the measurement of right ventric-
ular systolic pressure and mean pulmonary arterial pressure 
(mPAP) (Leuillier, Platel, et al. 2023). Cardiac output (CO) was 
determined by the thermodilution method, and total pulmo-
nary vascular resistance (TPVR) was calculated as the ratio 
of mPAP to CO.
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2.1.3   |   Biological Analyses

2.1.3.1   |   Histological Analysis.  The left lung was removed 
and frozen for analysis, while the right lung was fixed in a dis-
tended state using formalin buffer. RV hypertrophy was evalu-
ated by the Fulton index, and the percentage of muscularized 
pulmonary vessels was calculated. Immunohistochemistry 
and immunofluorescent staining were performed using anti-
bodies against α-smooth muscle cell actin (α-SMA) and prolif-
erating cell nuclear antigen (PCNA) (Dako, Les Ulis, France) as 
previously described (Leuillier, Platel, et al. 2023). In addition, 
the importance of collagen deposition in the RV was quantified 
using Picrosirius Red staining.

2.1.3.2   |   Western-Blot.  Since sEH has been shown, 
independently of sEH-H activity, to interact with and reg-
ulate sirtuin 3 (SIRT3) expression that plays a key role in 
PH development (Paulin et al. 2014; He et al. 2021), specific 
Western-blot analyses were performed. Lung tissues were 
homogenized and sonicated in RIPA buffer supplemented 
with protease and phosphatase inhibitors. Protein samples 
(25–40 μg) were separated on SDS-PAGE and transferred to 
a PVDF membrane. The membranes were incubated over-
night at 4°C with primary antibodies to detect sEH, SIRT3, 
and downstream targets, including FoxO1, BCL2 (Savai 
et  al.  2014; Nie et  al.  2024; Chen et  al.  2014), Bax, as well 
as β-actin (Table  S1). The BCL2/Bax ratio was calculated as 
the optical density of BCL2 band divided by that of Bax band, 
normalized to β-actin. Chemiluminescence signals were 
detected using the Chemidoc Imaging System (Bio-Rad), 
and Image Lab software was used to quantify the optical den-
sity of individual bands (Bio-Rad Laboratories Inc). Protein 
expression was normalized to β-actin.

2.1.3.3   |   Confocal Microscopy Analysis.  Immunoflu-
orescence staining of α-SMA, sEH, SIRT3, and FoxO1 was 
performed on paraffin-embedded rat lung sections. At least 
three random lung sections (5-μm thick) were deparaffinized 
and incubated in a retrieval buffer. The sections were then 
blocked with blocking buffer and incubated overnight with 
specific antibodies, followed by corresponding secondary flu-
orescently labeled antibodies (Thermofisher Scientific). Nuclei 
were stained with DAPI (Thermofisher Scientific). Slides were 
mounted using ProLong Gold antifade reagent (Thermo Fisher 
Scientific). Images were captured using an LSM700 confocal 
microscope (Zeiss) with ZEN software.

2.2   |   1-by-1 Yeast Two-Hybrid System 
Interaction Assay

To assess a potential direct interaction between SIRT3 and sEH, 
1-by-1 yeast two-hybrid system interaction assays were per-
formed with WT sEH or sEH-P KI as bait proteins and SIRT3 
as the prey protein (Hybrigenics Services SAS, France). The 
coding sequences of the bait proteins, WT sEH (GenBank ac-
cession number NM_022936.1) and sEH-P KI (Morisseau and 
Hammock 2013), were PCR-amplified and cloned in-frame with 
the LexA DNA binding domain (DBD) into the plasmid pB27, 
which fuses the bait proteins to LexA at the C-terminus (LexA-
bait fusion). pB27 is derived from the original pBTM116 vector. 

The coding sequence of the prey protein SIRT3 (GenBank ac-
cession number NM_001106313.2) was cloned in-frame with the 
Gal4 activation domain (AD) into plasmid pP7 (AD-prey fusion), 
derived from the original pGADGH. All constructs were verified 
by sequencing the inserts. Bait and prey constructs were then 
transformed in yeast haploid cells, L40deltaGal4 (matα) and 
YHGX13 (Y187 ade2-101: loxP-kanMX-loxP, matα), respectively. 
Diploid yeast cells were generated using a mating protocol with 
both yeast strains (Fromont-Racine et  al.  1997). These assays 
were based on the HIS3 reporter gene, which is activated when 
the bait and prey interact (growth assay without histidine).

Negative controls included testing the bait plasmid with an 
empty prey vector (pP7) and testing the prey plasmid with an 
empty bait vector (pB27). The interaction between SMAD and 
SMURF was used as a positive control. Controls and interactions 
were assessed by streaking three independent yeast clones onto 
DO-2 and DO-3 selective media. The DO-2 selective medium, 
which lacks tryptophan and leucine, was used as a growth con-
trol to confirm the presence of the bait and prey plasmids. The 
DO-3 selective medium, which lacks tryptophan, leucine, and 
histidine, was used to select for interactions between the bait 
and the prey proteins.

2.3   |   Culture and Analysis of Primary Human 
Pulmonary Artery Smooth Muscle Cells (PA-SMCs)

This study was approved by the local ethics committee (CPP 
Est-III: N°ID RCB: 2018-A01252-53, N° CPP: 18.06.06), and all 
patients provided informed consent prior to participation. Lung 
specimens were obtained during lobectomy or pneumonectomy 
for localized lung cancer, collected from area distant from the 
tumor foci. Human PA-SMCs were isolated and cultured as pre-
viously described (Leuillier, Platel, et al. 2023).

For proliferation assay, PA-SMCs were seeded at a density of 5000 
cells/well in a 96-well plate and subjected to cell cycle arrest for 
48 h in a medium lacking FBS with 0.1% BSA. Proliferation was 
then assessed by measuring 5-bromo-2-deoxyuridine (BrdU) 
incorporation using a DELFIA kit (Perkin Elmer, Villebon-sur-
Yvette, France), following the manufacturer's instructions. BrdU 
incorporation was quantified by measuring Eu-fluorescence 
in a time-resolved EnVision Multilabel Reader (PerkinElmer, 
Waltham, MA, USA).

For western-blot analyses, PA-SMCs were seeded and cultured 
during 48 h in medium with 10% FBS following the same proto-
col as described above.

Inhibition of sEH-P was obtained by adding the sEH-P inhibi-
tor SWE101 (1 μM, synthesized by F.F.L. and E.P.) to the culture 
medium (Kramer et al. 2019). To knock down sEH expression, 
PA-SMCs were transfected with scrambled RNA (106202318, 
Thermofisher Scientific) as a control or siRNA against sEH 
(10620319, Thermofisher Scientific) using Lipofectamine 
RNAiMAX, following the manufacturer's recommendations. 
To enhance sEH expression, PA-SMCs were transfected using 
Lipofectamine 2000 with 1 ng of the sEH human construct in the 
pCMV6-Entry Vector (p-sEH, SC319259; OriGene, Rockville, 
MD, USA) or 1 ng of the pCMV6-Entry mammalian expression 
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vector (p-Ctr, PS100020; OriGene). All experiments were per-
formed 48 h after transfection.

2.4   |   Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). 
Statistical comparisons between two groups were performed 
using the non-parametric unpaired Mann–Whitney test. For 
comparisons involving multiple groups, one-way analysis of 
variance (ANOVA) followed by Tukey's post hoc test was ap-
plied. All statistical tests were two-sided, and a p-value < 0.05 
was considered statistically significant. Statistical analyses were 
performed using GraphPad Prism software (version 10.2.3, 
GraphPad Software, San Diego, CA, USA).

3   |   Results

3.1   |   Inactivation of sEH-P Activity Attenuates 
Experimental PH

The sEH-P KI control rats exhibited normal mPAP, CO, TPVR, 
RV ejection fraction, and Fulton index compared to WT con-
trol rats (Figure  1A). Histological analysis of lung sections 
revealed no significant difference in the percentage of mus-
cularized distal pulmonary arteries or in RV collagen depo-
sition between sEH-P KI and WT control rats (Figure  1B). 
As expected, in WT rats challenged with MCT and SuHx 

model, hemodynamic parameters worsened compared to WT 
controls, accompanied by increased muscularization of pul-
monary arteries and RV collagen deposition. Interestingly, 
in rats with inactivated sEH-P, the hemodynamic parame-
ters, the percentage of muscularized pulmonary arteries, and 
collagen deposition in the RV return closer to normal values 
(Figure 1A,B).

Taken together, these results indicate that the CRISPR/Cas9-
mediated inactivation of sEH-P activity significantly attenuated 
experimental PH, RV dysfunction, and vascular remodeling in 
MCT and SuHx-challenged rats.

3.2   |   Inhibition of sEH-P Reduces Proliferative 
Capacity In Vivo and In Vitro

To explain the decreased muscularization observed in sEH-P KI 
rats, the number of PCNA+ cells in the pulmonary arteries of 
WT and sEH-P KI rats, either challenged or not with MCT or 
SuHx, was quantified. Under control conditions, no significant 
difference in PCNA+ cells was observed between WT and KI 
rats (Figure 2A). However, in both PH models, the pulmonary 
arteries of WT rats exhibited a 2-fold increase in proliferating 
cells that was nearly normalized in sEH-P KI rats (Figure 2A). 
These in vivo findings were confirmed in vitro, where human 
PA-SMCs treated with the sEH-P inhibitor SWE101 showed a 
significant reduction in proliferation compared to untreated 
cells (Figure 2B).

FIGURE 1    |    CRISPR/Cas9-mediated inactivation of sEH-P activity attenuates experimental pulmonary hypertension. (A) Measurements of mean 
artery blood pressure, cardiac output, total pulmonary vascular resistance, right ventricular (RV) ejection fraction, and Fulton index in WT and 
sEH-P KI rats under control conditions and in the monocrotaline (MCT) and Sugen (SU5416) + Hypoxia (SuHx) models. (B) Histological analysis 
of lung sections using hematoxylin and eosin (H&E) staining, alpha-smooth muscle Actin (α-SMA) staining, evaluation of RV myocardium fibro-
sis based on Picrosirius Red staining, quantification of the percentage of muscularized pulmonary arteries, and quantification of the percentage of 
Picrosirius Red-positive area in lungs from WT and sEH-P KI rats under control conditions or in MCT and SuHx models. Scale bar = 50 μm. Data are 
presented as mean ± SEM with individual values (biological replicates). Statistical significance was determined using one-way ANOVA with Tukey's 
post hoc tests. ***, p < 0.001 compared to the control condition. †, p < 0.05; ††, p < 0.01; †††, p < 0.001 compared to the corresponding WT condition.
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Collectively, these results indicate that inhibition of the sEH-P 
activity leads to a reduction in the proliferative capacity of PA-
SMCs both in vivo and in vitro.

3.3   |   Inverse Correlation Between sEH and SIRT3 
Protein Levels

To explore the molecular mechanisms underlying the protective 
effects of sEH-P inhibition, Western blotting was performed on 
rat lungs with or without sEH-P inactivation. Surprisingly, the re-
sults showed a significant reduction in sEH protein levels in the 
lungs of sEH-P KI rats, a phenomenon previously not observed in 
metabolic organs (Leuillier, Duflot, et al. 2023). Notably, EPHX2 
mRNA expression remained unchanged (Figure  S1), indicating 
that this reduction occurs through a post-transcriptional mech-
anism. Given the unchanged EPHX2 mRNA levels but reduced 
sEH protein abundance in sEH-P KI lungs, altered protein stability 
represents a plausible mechanism. Future studies using cyclohexi-
mide chase assays to directly measure sEH protein turnover would 
be required to test this hypothesis.

As previously noted in the aortas of sEH knockout mice (He 
et  al.  2021), this reduction in sEH was accompanied by an 

elevation of SIRT3 protein levels in the lungs of sEH-P KI rats 
compared to WT rats (Figure  3A). Confocal microscopy anal-
ysis of lung sections allowed us to localize the decrease in sEH 
and increase in SIRT3 expression in the smooth muscle of the 
pulmonary arteries (Figure  3B). However, the yeast 1-by-1 in-
teraction assays did not demonstrate a direct protein–protein 
interaction between sEH and SIRT3 (Figure S2), suggesting that 
sEH-P KI likely increases SIRT3 expression through indirect 
effects. In vitro, the pharmacological inhibition of sEH-P with 
SWE101 but also of sEH-H with TPPU did not affect sEH nor 
SIRT3 protein expression levels (Figure S3).

To investigate further, sEH protein levels were modulated 
in vitro. Knocking down sEH expression by 50% resulted in a 
modest increase in SIRT3 levels, whereas overexpressing sEH 
significantly decreased SIRT3 levels (Figure  4A). As observed 
in vivo, the reduction of sEH protein almost completely abolished 
the proliferation of PA-SMCs induced by 5% FBS (Figure S4).

Collectively, these findings indicate that the loss of sEH, or its 
phosphatase domain, may lead to an up-regulation of SIRT3 lev-
els that contribute with unidentified mechanisms to the reduc-
tion in the proliferative capacity of PA-SMCs both in vivo and 
in vitro.

FIGURE 2    |    Inhibition of sEH-P reduces proliferative capacity in vivo and in vitro. (A) Representative images and quantification of proliferation 
based on PCNA+ cells in WT and sEH-P KI rats under control conditions and in the monocrotaline (MCT) and Sugen 5416/Hypoxia (SuHx) mod-
els. (B) Effect of the sEH-P inhibitor SWE101 at 1 μM on the proliferation of pulmonary artery SMCs cultured in 0% or 5% FBS-containing medium, 
measured by BrdU incorporation. Data are presented as mean ± SEM with individual values (biological replicates). Statistical significance was deter-
mined using one-way ANOVA with Tukey's post hoc tests. **, p < 0.01; ***, p < 0.001 compared to control condition or 0% FBS. †, p < 0.05; ††, p < 0.01 
†††, p < 0.001 versus WT or 5% FBS.
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FIGURE 3    |    Inverse correlation between sEH and SIRT3 protein levels in sEH-P KI rats. (A) Western blot analysis showing the pulmonary ex-
pression of sEH and SIRT3 in WT and sEH-P KI rats. Data are presented as mean ± SEM with individual values (biological replicates). Statistical 
significance was determined using non-parametric unpaired Mann–Whitney test. **, p < 0.01 versus WT. (B) Immunofluorescent staining of lung 
sections showing sEH, SIRT3 (red), α-SMA (green), and nuclei (DAPI, blue) in WT and sEH-P KI rats. Scale bar = 100 μm. Inset shows magnification 
of vascular wall.

FIGURE 4    |    Downregulation of sEH expression level affects protein levels of SIRT3 and its downstream effectors FoxO1, BCL2, and Bax in cul-
tured pulmonary artery SMCs. (A) Western blot analysis showing the protein expression of sEH and SIRT3 in pulmonary artery SMCs transfected 
with scrambled RNA or siRNA against sEH and with a control plasmid or a plasmid coding for sEH. (B) Western blot analysis showing the protein 
expression of FoxO1 in pulmonary artery SMCs transfected with scrambled RNA or siRNA against sEH and with a control plasmid or a plasmid 
coding for sEH. (C) Western blot analysis showing the protein expression of BCL2 and Bax in pulmonary artery SMCs transfected with scrambled 
RNA or siRNA against sEH. Data are presented as mean ± SEM with individual values (biological replicates). Statistical significance was determined 
using the non-parametric unpaired Mann–Whitney test. *, p < 0.05; **, p < 0.01 versus control condition.
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3.4   |   Up-Regulation of FoxO1 and Imbalance in 
BCL2/Bax Ratio

An increase in FoxO1 levels was observed in human PA-SMCs 
with sEH knockdown, while decreased FoxO1 levels were noted 
when sEH was overexpressed (Figure  4B). Interestingly, sEH 
knockout PA-SMCs also exhibited a reduced BCL2/Bax ratio 
(Figure 4C).

Consistent with these in vitro observations, western blotting re-
vealed an increased level of FoxO1 in the lungs of sEH-P KI rats 
(Figure  5A). Immunofluorescent staining further confirmed 
that these changes were localized in the smooth muscle in the 
pulmonary arteries (Figure 5B). These same rats also displayed 
a reduction in the BCL2/Bax ratio (Figure 5C).

Taken altogether, these results suggest that sEH-P KI rats are 
protected from the development of experimental PH through 
the up-regulation of FoxO1 and an imbalance in the BCL2/Bax 
ratio. This imbalance may lead to reduced PA-SMC proliferation 
and decreased resistance to apoptosis.

4   |   Discussion

The findings of this study underscore the contribution of sEH-P 
in the pathogenesis of PH, establishing it as a promising thera-
peutic target. The CRISPR/Cas9-mediated inactivation of sEH-P 
activity in two well-established rat models (MCT-induced and 
SuHx-induced PH) resulted in a substantial attenuation of dis-
ease features, including improved pulmonary hemodynamic pa-
rameters, reduced muscularization of pulmonary arteries, and 
decreased RV fibrosis.

At the molecular level, sEH-P inactivation was associated with 
upregulation of SIRT3, a key regulator of mitochondrial func-
tion and cellular stress responses implicated in cardiovascular 
diseases (Cao et  al.  2022). SIRT3 deficiency has been linked to 
mitochondrial dysfunction and exacerbation of PH, emphasiz-
ing the importance of its modulation in disease management 
(Paulin et al. 2014). While yeast two-hybrid assays did not con-
firm a direct interaction between sEH and SIRT3 in pulmonary 
tissue, the findings suggest an indirect regulatory pathway po-
tentially mediated by lipid phosphates metabolized by sEH-P 

FIGURE 5    |    Increased levels of FoxO1 and decreased anti-apoptotic BCL2 protein in sEH-P KI rat lungs. (A) Western blot analysis showing the 
expression levels of FoxO1 in WT and sEH-P KI rats. (B) Immunofluorescent staining of lung sections showing FoxO1 (red), α-SMA (green), and 
nuclei (DAPI, blue) in WT and sEH-P KI rats. (C) Western blot analysis representing the expression levels of BCL2 and Bax in WT and sEH-P KI rats 
under control conditions and in the MCT and SuHx models. Scale bar = 100 μm. Inset shows magnification of vascular wall. Data are presented as 
mean ± SEM with individual values (biological replicates). Statistical significance was determined using non-parametric unpaired Mann–Whitney 
test or one-way ANOVA with Tukey's post hoc tests. **p < 0.01 versus WT.
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or its products (Morisseau and Hammock  2013; Kramer and 
Proschak 2017; Leuillier, Duflot, et al. 2023; Morisseau et al. 2012; 
Oguro and Imaoka 2012), providing novel insights into the com-
plex biochemical interactions underlying PH pathogenesis. This 
interpretation is further supported by previous studies reporting 
that pharmacological inhibition of sEH-H did not significantly 
affect PH progression in hypoxia-exposed mice and rats (Keserü 
et al. 2010; Leuillier, Platel, et al. 2023). In contrast, in the pres-
ent study, the pharmacological inhibition of sEH-P with SWE101 
reduced PA-SMC proliferation, although it did not reproduce the 
decreased sEH expression or the upregulation of SIRT3 observed 
in vivo in the CRISPR sEH-P knock-in rats. These findings indi-
cate that the antiproliferative effects of sEH-P inhibition can occur 
independently of SIRT3 activation, while the in vivo genetic in-
activation of sEH-P may modulate mitochondrial and metabolic 
pathways, which could in turn contribute to the reduction in pul-
monary pressure and improvement of RV function.

In addition to the upregulation of SIRT3, sEH-P inactivation led 
to increased expression of FoxO1 and an altered BCL2/Bax ratio, 
favoring apoptosis over proliferation in PA-SMCs. The interplay 
between these pathways is critical, as excessive PA-SMC pro-
liferation and resistance to apoptosis are hallmark features of 
PH (Li et al. 2024). FoxO1 has been shown to inhibit PA-SMC 
proliferation by modulating key cell-cycle regulators (Savai 
et al. 2014), and its upregulation in sEH-P knock-in rats further 
supports the role of this axis in attenuating vascular remodeling.

The in  vitro experiments with human PA-SMCs corroborated 
the in  vivo findings, demonstrating reduced proliferation and 
altered expression of apoptosis-related proteins upon inhibition 
of sEH-P. These results provide translational relevance and sug-
gest that pharmacological inhibition of sEH-P could be explored 
as a novel therapeutic approach in humans. The potential to mit-
igate RV dysfunction and vascular remodeling via a single target 
represents a significant advancement in PH management, given 
the limited efficacy of current vasoreactive treatments.

Despite these promising findings, the study has limitations that 
warrant consideration. While the CRISPR/Cas9-mediated sEH-P 
inactivation model offers specificity, it does not fully replicate 
the potential off-target effects or pharmacokinetics of pharmaco-
logical inhibitors in a clinical setting. At present, only a limited 
number of pharmacological sEH-P inhibitors are available, and 
the existing compounds, including SWE101, display substantial 
off-target effects and unfavorable pharmacokinetic properties 
that hinder their chronic in vivo use. Furthermore, this study pri-
marily focused on male rats that showed a more pronounced car-
diometabolic phenotype compared to females (Leuillier, Duflot, 
et al. 2023). This may not fully capture the sex-specific differences 
in PH pathogenesis and response to treatment (Lahm et al. 2019). 
Furthermore, the indirect regulation of SIRT3 by sEH-P remains 
incompletely understood, highlighting the need for further stud-
ies to identify the precise molecular intermediates and pathways 
involved. We cannot fully exclude that non-enzymatic functions 
of sEH, such as protein scaffolding resulting from decreased sEH 
expression, may contribute to the beneficial effects observed in PH 
models. Lastly, the decreased muscularization of pulmonary ar-
teries in sEH-P KI rats may result from decreased cell migration in 
addition to the demonstrated reduction in cell proliferation.

In conclusion, this study underscores the contribution of sEH-P 
in PH development and its potential as a novel therapeutic target. 
The ability of sEH-P inactivation to reduce PA-SMC prolifera-
tion, enhance apoptosis, and improve pulmonary hemodynamic 
and structural parameters in experimental models highlights its 
significance. Future research addressing the study's limitations, 
including development of specific and selective sEH-P inhibi-
tors, detailed molecular pathway investigations, and validation 
in diverse models, will be essential to advance sEH-P-based 
therapies for clinical application.
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