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Summary 
Selenium deficiency is implicated in pulmonary arterial 
hypertension (PAH). This study investigated the effects of sodium 
selenite (SSE) on PAH and its underlying mechanisms. In 
a monocrotaline-induced PAH rat model, SSE treatment 
significantly improved right ventricular systolic pressure (RVSP), 
mean pulmonary arterial pressure (mPAP), and vascular 
remodeling. It reduced collagen deposition and partially restored 
the expression of Collagen 1 and SM22α. SSE upregulated 
glutathione peroxidase 3 (GPX3) expression and attenuated 
oxidative stress, as evidenced by enhanced SOD activity and 
decreased MDA levels. In vitro, SSE inhibited H₂O₂ and 
angiotensin II-induced proliferation, oxidative stress, and 
phenotypic switching in pulmonary artery smooth muscle cells 
(PASMCs), while upregulating GPX3 at both mRNA and protein 
levels. These findings demonstrate that SSE alleviates PAH by 
enhancing GPX3-mediated antioxidant defense and suppressing 
vascular remodeling, supporting its potential as a therapeutic 
strategy for PAH. 
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Introduction 
 

Pulmonary arterial hypertension (PAH) remains 
a devastating cardiovascular disorder characterized by 
progressive pulmonary vascular remodeling, elevated 
pulmonary vascular resistance, and eventual right heart 
failure [1–3]. Pulmonary vascular remodeling is 
characterized by abnormal proliferation of pulmonary 
artery smooth muscle cells (PASMCs), which is 
considered to be the major cause for the development of 
PAH [4,5]. Despite advances in targeted therapies such as 
endothelin receptor antagonists and phosphodiesterase-5 
inhibitors, the long-term prognosis for PAH patients 
remains poor, with a 5-year survival rate of 
approximately 60 % [6–9]. This underscores the urgent 
need to explore therapeutic strategies. 

Oxidative stress has emerged as a central driver 
in PAH pathogenesis, contributing to endothelial 
dysfunction, vascular smooth muscle cell hyperplasia, 
and extracellular matrix deposition [10–12]. Excessive 
reactive oxygen species (ROS) production disrupts redox 
signaling, thereby promoting vascular smooth muscle cell 
proliferation, migration, and resistance to apoptosis—key 
hallmarks of pulmonary vascular remodeling [13]. While 
antioxidant-based therapies (e.g., superoxide dismutases, 
tocopherols, and flavonoids) have shown promise in 
preclinical PAH studies, their clinical efficacy remains 
inconsistent [11,14]. This inconsistency likely stems from 
the complex pathophysiology of PAH and the significant 
heterogeneity among patients. Consequently, targeting 
oxidative stress pathways continues to be an actively 
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explored therapeutic frontier for PAH. 

Selenium, an essential trace element, serves as  
a critical component of key antioxidant enzymes and plays 
a central role in maintaining redox homeostasis [15,16]. In 
recent years, growing attention has been drawn to the 
association between selenium deficiency and the 
pathogenesis of PAH [17]. Epidemiological studies have 
consistently shown that serum selenium levels are 
significantly decreased in PAH patients and inversely 
correlate with disease severity [18,19]. These observations 
suggest that selenium may influence the pathogenesis of 
PAH by modulating the activity of antioxidant enzymes. 
The selenoprotein family serves as the primary vehicle for 
selenium's antioxidant functions in biological systems, 
with the glutathione peroxidase (GPX) family being 
particularly important [20]. Among the GPX family, 
glutathione peroxidase 3 (GPX3)—the only extracellular 
secreted isoform—acts as a vital scavenger of ROS  
[21–24] and is strongly implicated in vascular oxidative 
stress and endothelial dysfunction [25]. Given its pivotal 
role in antioxidant defense, modulating the expression of 
GPX3 may offer a novel strategy for alleviating oxidative 
stress and ameliorating pathological features in PAH. 

Sodium selenite (SSE), a common bioavailable 
form of selenium supplementation, has been shown to 
enhance the expression and activity of selenoproteins.  
A previous study has suggested that SSE ameliorates 
pulmonary vascular remodeling and right ventricular 
dysfunction in PAH rats [26]. Exploring the regulatory 
effect of SSE on GPX3 expression and its potential 
therapeutic application in PAH is therefore of significant 
interest. 

This research explores the impact of SSE on 
PAH and elucidates its underlying mechanisms. In vivo, 
we systematically assessed the effects of SSE on 
hemodynamics, vascular remodeling, oxidative stress and 
GPX3 distribution in a monocrotaline (MCT)-induced 
PAH rat model. In vitro, we explored how SSE regulates 
GPX3 expression and its anti-proliferative and 
antioxidant effects in PASMCs exposed to H₂O₂ and 
angiotensin II (Ang Ⅱ). The study aim to provide 
experimental evidence supporting the potential 
therapeutic application of selenium in PAH. 

 
Methods  

 
Ethical approval and animal care 

This study was conducted in accordance with the 
ethical guidelines for the care and use of laboratory 
animals. The protocol was approved by the Laboratory 
Animal Ethics Committee of Xuzhou Medical University 

(Approval No. 202403T012). Male Sprague-Dawley rats 
(180–220 g) from the Laboratory Animal Center of 
Xuzhou Medical University (Breeding License No. SCXK 
(Su) 2020-0011) were housed under controlled conditions 
(temperature: 20–26 °C; humidity: 50±5 %; 12-hour 
light/dark cycle) with free access to food and water. 

  
Materials and Instruments 
 

Materials: MCT (Macklin C804263); Sodium 
Selenite (MCE HY-W686381); Ang Ⅱ (MCE HY-
13948); GPX3 (Proteintech 13947-1-AP); Collagen I 
(COL1) (Biodragon BD-PM3764); SM22α (Proteintech 
10493-1-AP); β-actin (Proteintech 66009-1-Ig); GPX3 
ELISA Kit (Jonlnbio JL34429-96T); HRP-conjugated 
Goat Anti-Rabbit IgG (Wanleibio WLA023a);  
HRP-conjugated Rabbit Anti-Mouse IgG (Wanleibio 
WLA024a); iFluor™ 488 Conjugated Goat anti-rabbit 
IgG polyclonal Antibody (HUABIO HA1121); iFluor™ 
594 Conjugated Goat anti-mouse IgG polyclonal 
Antibody (HUABIO HA1126); superoxide dismutase 
(SOD) Activity Assay Kit (Solarbio BC5165); 
malondialdehyde (MDA) Content Assay Kit (Solarbio 
BC0025); Reactive Oxygen Species Assay Kit (Solarbio 
CA1410); Reverse Transcription Kit (Vazyme R223-01); 
SYBR Green PCR Kit (Vazyme Q711-02). Pressure 
transducer and multi-channel physiological recorder 
(Power Lab System, ADInstruments). 

 
PAH rat model and treatment procedures 

The PAH rat model was established by a single 
intraperitoneal injection of monocrotaline (MCT,  
60 mg/kg), following an established protocol that reliably 
induces hemodynamic alterations characteristic and 
pulmonary vascular remodeling of PAH within 3-4 weeks 
in our previous study [27]. Rats in the SSE treatment group 
received daily SSE treatment at 0.2 mg/kg via intragastric 
administration (gavage) starting from day 3 post-MCT 
injection for 28 days [17,26,28]. The control and PAH 
groups received an equivalent volume of normal saline via 
the same route. After right heart and pulmonary function 
assessments, the rats were euthanized on day 28, and 
samples were collected for further analysis. 

 
Cell culture 

Rat PASMCs were purchased from Haixing 
Biotechnology Co., Ltd. and cultured in DMEM 
supplemented with 10 % fetal bovine serum at 37 °C in  
a humidified 5 % CO₂ incubator. Cells were seeded at 
approximately 70-80 % confluence and allowed to adhere 
for 24 hours prior to treatment for 36 hours. Model 
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groups were treated with 100 nM H₂O₂ or 1 μM Ang II. 
Treatment groups were co-treated with 100 nM H₂O₂ and 
2 μM SSE or 1 μM Ang II and 2 μM SSE. 

 
Right heart catheterization and pulmonary artery 
pressure measurement 

Rats were anesthetized with 1 % tribromoethanol 
(200 mg/kg, i.p.). Right ventricular function was assessed 
by cannulating the right ventricle via the right external 
jugular vein. Pulmonary artery function was evaluated after 
successful intubation. All data were acquired and analyzed 
using the Power Lab system. 

 
Hematoxylin and Eosin (HE) staining 

Tissue samples were fixed in 4 % formaldehyde, 
dehydrated, cleared, paraffin-infiltrated, embedded, and 
sectioned. Sections were dewaxed and stained with HE. 
Pulmonary artery wall thickness was measured directly 
using ImageJ software. For intrapulmonary arterioles, 
wall thickness percentage (WT %) was calculated as 
(wall thickness/external diameter) × 100 %, and wall area 
percentage (WA %) was calculated as (wall area/total 
vessel area) × 100 %. 

 
Masson’s trichrome staining  

Tissue sections were dewaxed, stained with 
Masson's trichrome, and sealed with neutral resin.  
Six random fields per section were examined under  
a light microscope for quantitative analysis. The degree 
of myocardial and vascular fibrosis was assessed using 
ImageJ Pro Plus 6.0, with collagen volume fraction 
(CVF %) calculated as (collagen fiber area / total tissue 
area) × 100 %. 

 
Immunohistochemical staining 

Sections were dewaxed, rehydrated, and treated 
with 3 % H₂O₂ to block endogenous peroxidase activity. 
After blocking, sections were incubated overnight at 4 °C 
with primary antibodies against GPX3 (1:300), COL1 
(1:200), and SM22α (1:200). Following incubation with 
secondary antibodies, antigen detection was performed 
using DAB chromogen, and sections were counterstained 
with hematoxylin, dehydrated, cleared, and mounted. Six 
random fields per section were imaged, and positive 
staining was quantified using ImageJ Pro Plus 6.0. The 
average optical density (AOD) was calculated as the ratio 
of positive area optical density to total tissue area. 

 
 Cell viability assay  

Cells were seeded in a 96-well plate and 
incubated overnight at 37 °C in a 5 % CO₂ atmosphere. 

Following attachment, cells were treated with test agents, 
including appropriate controls. After 36 hours of 
treatment, 10 μL of CCK-8 reagent was added to each 
well, and the plate was incubated for an additional  
2 hours at 37 °C. Absorbance was measured at 450 nm 
using a microplate reader. Cell viability was expressed as 
a percentage relative to untreated controls. 

 
Cell proliferation assay  

Cells were fixed with 4 % paraformaldehyde and 
permeabilized with 0.1 % Triton X-100. According to the 
manufacturer’s instructions, cells were labeled with EdU, 
counterstained with Hoechst, and imaged by fluorescence 
microscopy. Six random fields were captured, and the 
percentage of EdU-positive cells was quantified using 
ImageJ Pro Plus 6.0. The proportion of EdU-positive 
cells was calculated as an indicator of proliferative 
activity. The average of the six fields was used as the 
representative value for each experimental group. 

 
Immunofluorescence 

Cells were fixed with 4 % paraformaldehyde, 
permeabilized with 0.1 % Triton X-100, and blocked with 
5 % BSA. Primary antibodies (SM22α 1:100, COL1 1:100, 
GPX3 1:300) were incubated overnight at 4 °C. After 
washing, cells were incubated with secondary antibodies 
and DAPI for nuclei staining. Images from six random 
fields per sample were captured on a fluorescence 
microscope and quantified using ImageJ Pro Plus 6.0. 

 
Western blotting 

Proteins were extracted, quantified, and 
separated by SDS-PAGE. They were transferred to  
a PVDF membrane, blocked, and incubated with GPX3 
primary antibody (1:1000) overnight at 4 °C. After 
secondary antibody incubation, the blots were imaged 
with a Tanon-4200 system and analyzed using ImageJ 
Pro Plus 6.0. 

 
ELISA for serum GPX3 

GPX3 protein levels in rat serum were 
determined using a commercial Rat GPX3 ELISA Kit 
(Jonlnbio JL34429-96T) according to the manufacturer's 
instructions. The assay was performed by incubating 
samples and reagents as directed, and absorbance was 
measured at 450 nm. GPX3 concentrations were 
interpolated from the standard curve. 
 
Real-time quantitative PCR (RT-qPCR) 

Total RNA extracted from cells using Trizol 
reagent was quantified and assessed for purity via 
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spectrophotometry. cDNA was synthesized from 1 µg 
RNA using HiScript III RT SuperMix for qPCR (Vazyme 
R223-01) with a Reverse Transcription Kit. qPCR was 
conducted using a SYBR Green PCR Kit on a real-time 
PCR system, with GPX3 expression normalized to the 
housekeeping gene β-actin. Primers used were: GPX3 
forward 5'-GGCATACCAATTATGCGCTGG-3' and 
reverse 5'-GTGGGGTAGGGCATCAGTT-3'; β-actin 
forward 5'-TGAGAGGGAAATCGTGCGTGAC-3' and 
reverse 5'-GCTCGTTGCCAATAGTGATGACC-3'. 
Relative expression levels were determined by the  
2^(-ΔΔCt) method. 

 
Measurement of oxidative stress index 

SOD activity and MDA content were determined 
according to the manufacturer's instructions. For ROS 
detection, cells were incubated with 10 µM DCFH-DA at 
37 °C for 30 minutes, followed by washing with PBS. Six 
random fields per sample were imaged and quantified 
using a fluorescence microscope and ImageJ Pro Plus 6.0. 

Statistical analysis 
Data were analyzed using GraphPad Prism 

(version 9.0). Quantitative data are presented as mean ± 
SEM. One-way analysis of variance (ANOVA) was used 
for comparisons among multiple groups, and post hoc 
analysis was done using Tukey's multiple comparisons 
test. A p-value of less than 0.05 was considered 
statistically significant. 

 
Results 

 
Sodium selenite improves hemodynamics in PAH rats 

In the PAH group, right ventricular systolic 
pressure (RVSP), end-diastolic pressure (RVEDP), 
pulmonary arterial systolic pressure (PASP), and mean 
pulmonary arterial pressure (mPAP) were significantly 
elevated compared to controls (Fig. 1A-H). Treatment 
with SSE significantly reduced the elevated pressures 
 (Fig. 1A-H). 

  

 
 
Fig. 1. Sodium selenite improves hemodynamics in PAH rats. (A) Representative pressure traces from right heart catheterization.  
(B) Right ventricular systolic pressure (RVSP). (C) Right ventricular end-diastolic pressure (RVEDP). (D) Maximal rate of pressure rise 
(+dP/dt). (E) Maximal rate of pressure decline (-dP/dt). (F) Pulmonary artery systolic pressure (PASP). (G) Mean pulmonary artery 
pressure (mPAP). (H) Pulse pressure (PP). Data are presented as the mean ± SEM; n=6. *p < 0.05, **p < 0.01, *** p < 0.001,  
****p < 0.0001 indicate significant differences. Con, control; PAH, pulmonary arterial hypertension; Se, sodium selenite. 
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SSE attenuates pulmonary vascular remodeling and 
fibrosis in PAH rats 

In the PAH rat model, severe vascular structural 
disruption and collagen deposition were observed. The 
wall thickness of pulmonary arteries increased, and the 
WT % and WA % of intrapulmonary arterioles were 

elevated. The CVF % also significantly increased  
(Fig. 2A-D, E-F). Additionally, the expression of COL1 
was upregulated, while that of SM22α was 
downregulated in the pulmonary vessels (Fig. 2G-I). 
These pathological changes were significantly mitigated 
by SSE treatment. 

 
 

 
 

Fig. 2. SSE attenuates pulmonary vascular remodeling and fibrosis in PAH rats. (A) Representative images of Hematoxylin and Eosin 
(HE) and Masson's trichrome staining of pulmonary arteries and intrapulmonary arterioles. Scale bars, 200 μm. (B) Wall thickness of 
pulmonary arteries. (C) Wall thickness percentage (WT%) of intrapulmonary arterioles. (D) Wall area percentage (WA%) of 
intrapulmonary arterioles. (E) Collagen volume fraction (CVF%) in pulmonary arteries. (F) CVF% in intrapulmonary arterioles.  
(G) Representative immunohistochemical staining images for COL1 and SM22α in pulmonary arteries. Brown color indicates positive 
staining. Scale bar, 200 μm. (H) Quantification of COL1 expression (mean optical density, AOD). (I) Quantification of SM22α expression 
(AOD). Data are presented as the mean ± SEM; n=6. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 indicate significant 
differences. Con, control; PAH, pulmonary arterial hypertension; Se, sodium selenite. 
 
 
SSE upregulates GPX3 expression and alleviates 
oxidative stress 

In the PAH rat model, GPX3 expression was 
significantly downregulated in pulmonary arteries and 
intrapulmonary arterioles, as evidenced by reduced 
immunostaining intensity (Fig. 3A-C) and decreased 
protein levels in pulmonary artery tissues (Fig. 3D). 
Consistently, GPX3 concentration in serum was 
significantly decreased in PAH rats as measured by 
ELISA, and SSE treatment significantly increased serum 
GPX3 concentration (Fig. 3E). Additionally, PAH rats 

exhibited decreased SOD activity and increased MDA 
content, which were significantly improved by SSE 
treatment (Fig. 3F-G). 

 
SSE inhibits abnormal proliferation and phenotypic 
switching of PASMCs 

H₂O₂ and Ang II induce abnormal proliferation 
in PASMCs, as evidenced by increased EdU 
incorporation (Fig. 4A, B) and enhanced cell viability 
(Fig. 4E). Additionally, H₂O₂ and Ang II trigger 
phenotypic switching in PASMCs, characterized by
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Fig. 3. SSE upregulates GPX3 expression and alleviates oxidative stress in PAH rats. (A) Representative immunohistochemical staining 
for GPX3 in pulmonary arteries and intrapulmonary arterioles. Brown areas indicate positive staining. Scale bar, 200 μm.  
(B) Quantification of GPX3 expression (mean optical density, AOD) in pulmonary arteries. (C) Quantification of GPX3 expression (AOD) 
in intrapulmonary arterioles. (D) Western blot analysis of GPX3 protein levels in pulmonary artery tissues (loading control: β-actin). 
Quantification is shown below the blots. (E) GPX3 concentration in serum as determined by ELISA. (F) SOD activity in lung tissues.  
(G) MDA content in lung tissues. Data are presented as the mean ± SEM; n=6. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
indicate significant differences. Con, control; PAH, pulmonary arterial hypertension; Se, sodium selenite. 

 

 
 

Fig. 4. SSE inhibits abnormal proliferation and phenotypic switching of PASMCs in vitro. (A) Representative immunofluorescence 
images. For EdU assay: Red, EdU; Blue, Hoechst (nuclei). For protein staining (COL1 and SM22α): Green/Red, target protein; Blue, 
DAPI (nuclei). Scale bars, 200 μm. (B) Percentage of EdU-positive cells. (C) Fluorescence intensity of COL1. (D) Fluorescence intensity 
of SM22α. (E) Cell viability percentage measured by CCK-8 assay. Data are presented as the mean ± SEM; n=4. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 indicate significant differences. Con, control; H₂O₂, Hydrogen Peroxide; Ang II, Angiotensin II; Se, 
sodium selenite. 
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upregulation of the synthetic phenotype marker COL1 
and downregulation of the contractile marker SM22α 
(Fig. 4A, Cand D), indicating an abnormal shift towards  
a synthetic phenotype. These changes are significantly 
mitigated by SSE treatment. 
 
SSE reduces oxidative stress in PASMCs 

In PASMCs stimulated by H₂O₂ and Ang II, 

ROS fluorescence intensity was significantly increased 
(Fig. 5B), indicating heightened oxidative stress. SSE co-
treatment markedly reduced this increase (Fig. 5B). 
Consistent with in vivo findings, SSE increased SOD 
activity (Fig. 5C) and decreased MDA content (Fig. 5D) 
in PASMCs under these stress conditions, demonstrating 
its antioxidant efficacy at the cellular level. 
 

 
 
Fig. 5. SSE reduces oxidative 
stress in PASMCs. (A) represent-
tative immunofluorescence images 
showing intracellular ROS (green) 
and Hoechst nuclear staining 
(blue). (B) Quantification of ROS 
fluorescence intensity. (C) SOD 
activity. (D) MDA content. Data 
are presented as the mean ± 
SEM; n=4. *p < 0.05, **p < 0.01,  
***p < 0.001, ****p < 0.0001 
indicate significant differences. 
Con, control; H₂O₂, Hydrogen 
Peroxide; Ang II, Angiotensin II; 
Se, sodium selenite. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
SSE Upregulates GPX3 Expression in PASMCs 

GPX3 expression was decreased in PASMCs 
treated with H₂O₂ and Ang II, as shown by reduced 
fluorescence intensity and quantitative analysis (Fig. 6A, 
B). SSE treatment significantly elevated GPX3 
expression. Consistent with these findings, GPX3 mRNA 
expression was downregulated under oxidative stress and 
upregulated by SSE treatment (Fig. 6C). 
 
Discussion 

 
This study demonstrates that SSE alleviates 

experimental PAH by targeting oxidative stress and 
vascular remodeling, with GPX3 identified as a key 
mechanistic mediator. In an MCT-induced rat model, 
treatment with SSE (0.2 mg/kg/day) significantly 
improved hemodynamics—reducing RVSP and mPAP—
and attenuated structural pathology, including pulmonary 
arterial wall thickening and collagen deposition. At the 

cellular level, SSE inhibited oxidative stress, prevented 
the pathological phenotypic switching of PASMCs, and 
suppressed their aberrant proliferation, effects 
consistently associated with the upregulation of GPX3. 
These findings not only confirm the therapeutic potential 
of SSE but also delineate a specific GPX3-centered 
pathway. It is noteworthy that while epidemiological 
studies have linked low selenium levels to PAH severity 
[18,19], the causal direction—whether deficiency drives 
pathology or results from it—has been unclear. Our 
interventional evidence that SSE ameliorates 
experimental PAH supports a contributory role of 
selenium deficiency in disease progression. 

This study confirms that the therapeutic efficacy 
of SSE against PAH likely stems from its modulation of 
the selenoprotein system. Given that the biological 
functions of selenium are primarily mediated through its 
incorporation into the selenoprotein family [29,30], our 
research naturally focused on identifying the key effector 
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Fig. 6. SSE upregulates GPX3 
expression in PASMCs under 
oxidative stress. (A) Representa-
tive immunofluorescence images 
showing GPX3 (green), DAPI 
(blue), and merged channels. 
Scale bars, 200 μm. (B) Quantifi-
cation of GPX3 fluorescence in-
tensity. (C) Relative GPX3 mRNA 
expression levels normalized to  
β-actin. Data are presented as the 
mean ± SEM; n=4. *p < 0.05,  
**p < 0.01, ***p < 0.001,  
****p < 0.0001 indicate signifi-
cant differences. Con, control; 
H₂O₂, Hydrogen Peroxide; Ang II, 
Angiotensin II; Se, sodium 
selenite. 
 

 
 
 
 
 
 
 

 
molecule within this system. Complementing this line of 
inquiry, a recent study by Liang et al. showed that 
selenomethionine (an organic form) alleviated PAH by 
upregulating SELENBP1, primarily affecting fibroblast 
activation [17]. Our experimental data consistently 
pointed to GPX3—a crucial secreted antioxidant enzyme 
in vascular oxidative stress[31,32]. Here, we identify  
a distinct mechanism for the inorganic compound SSE, 
previously shown to mitigate vascular remodeling [26], 
demonstrating that its beneficial effects are mediated 
through the prominent upregulation of GPX3. The results 
indicate that different selenium species can exert their 
effects by regulating selenoproteins. The therapeutic 
differences among various selenium species require 
further investigation. 

In our experimental model, SSE treatment 
reversed the downregulation of GPX3 in pulmonary 
arteries and elevated its concentration in the serum. This 
restoration of GPX3, a secreted selenoprotein crucial for 
scavenging extracellular ROS and protecting vascular 
integrity [25,33], was accompanied by enhanced systemic 
antioxidant capacity (increased SOD activity, decreased 
MDA levels). Thus, GPX3 upregulation represents  
a pivotal mechanism through which SSE counteracts 
oxidative stress, a central driver of PAH pathogenesis 
[11]. It is important to note that selenium exhibits  
a U-shaped dose-response relationship [34]. The dose 
used here (0.2 mg/kg/day) was based on previous 

preclinical studies showing efficacy without toxicity 
[17,26,28]; however, the optimal therapeutic window for 
PAH warrants further definition. 

The alleviation of oxidative stress via GPX3 
upregulation contributes to the inhibition of pathogenic 
vascular cell processes, which underlies the observed 
amelioration of vascular remodeling. Critically, our in 
vitro experiments demonstrated that SSE treatment 
effectively suppressed the aberrant proliferation of 
PASMCs induced by H₂O₂ and Ang II, as measured by 
EdU incorporation and CCK-8 assay. More importantly, 
SSE prevented the pathological phenotypic switch of 
PASMCs: it reversed the downregulation of the 
contractile marker SM22α and suppressed the 
upregulation of the synthetic/pro-fibrotic marker collagen 
I (COL1) triggered by oxidative and pro-inflammatory 
stimuli. These cellular actions were consistently 
associated with a marked SSE-induced upregulation of 
GPX3 expression at both the mRNA and protein levels in 
stressed PASMCs. Thus, by boosting GPX3, SSE 
mitigates the oxidative milieu that activates pathological 
PASMC behavior—specifically, hyperproliferation and 
the loss of contractile phenotype—thereby addressing  
a fundamental cellular driver of vascular remodeling.  

In summary, our results confirm that SSE is  
an effective selenium form for mitigating experimental 
PAH, primarily through a mechanism involving the 
upregulation of GPX3. This pathway connects the 
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correction of selenium deficiency to the amelioration of 
oxidative stress and the subsequent inhibition of 
pathological vascular remodeling. These insights 
strengthen the rationale for considering selenium status 
and selenoprotein-targeted strategies in PAH 
management. While GPX3 is a key mediator identified 
here, as an efficient selenium donor, SSE may also 
influence the activity of other selenoproteins within the 
biological network, a possibility that merits future 
investigation.  

 
Limitations and Future Directions 

 
While our study identifies GPX3 upregulation as 

a central mechanism for SSE's benefits in experimental 
PAH, several limitations and future directions warrant 
consideration to advance its translational potential. First, 
the therapeutic window of SSE requires precise 
definition. Selenium exhibits a U-shaped dose-response 
relationship, wherein both deficiency and excess are 
harmful [34]. Although the dose used here  
(0.2 mg/kg/day) was effective and safe in our rodent 
model, determining the optimal dosage and treatment 
duration for potential human application necessitates 
systematic dose-ranging and long-term toxicity studies. 
Second, the translational efficacy of different selenium 
forms merits direct comparison. This study focused on 
the inorganic compound SSE, while other work has 
employed organic forms like selenomethionine [17]. 
Future preclinical studies should directly compare the 
efficacy, safety, and pharmacokinetic profiles of various 

selenium formulations (e.g., SSE, selenomethionine, 
selenium-enriched yeast) in PAH models to inform the 
choice of agent for clinical trials Third, the role of 
selenoproteins beyond GPX3 should be explored. 
Selenium's biological effects are mediated by a network 
of selenoproteins. Although GPX3 emerged as a key 
mediator in our setting, it remains possible that SSE's 
benefits involve the modulation of other selenoproteins. 
Future investigations using proteomic or genetic 
approaches could elucidate the broader selenoprotein 
landscape influenced by SSE in PAH. Fourth, the 
potential interplay between SSE/GPX3 and established 
pathogenic pathways needs examination. Given the 
central role of pathways such as TGF-β/SMAD signaling 
in PAH-associated vascular remodeling [35,36], it would 
be valuable to investigate whether and how  
SSE-mediated GPX3 upregulation and oxidative stress 
mitigation interact with these critical signaling cascades. 

 
Conflict of Interest 
There is no conflict of interest. 
 
Acknowledgements 
This work was supported by a grant from the Medical 
New Technology Project of Affiliated Hospital of 
Xuzhou Medical University (2019301003), the Key 
Research and Development Plan (Social Development), 
Project of Xuzhou City - Medical and Health Services 
(Grant No. KC22129); and the Priority Academic 
Program Development of Jiangsu Higher Education 
Institutions (PAPD). 

 
References 
 
1. Roh DE, Park NR, Choi BG, Kang Y, Kim J-E, Kim YH. TGFBI regulates pulmonary vascular remodeling 

through endothelial-to-mesenchymal transition in pulmonary arterial hypertension. Biochem Biophys Res 
Commun. 2025;751:151435. https://doi.org/10.1016/j.bbrc.2025.151435 

2. Li W, Quigley K. Bone morphogenetic protein signalling in pulmonary arterial hypertension: revisiting the 
BMPRII connection. Biochem Soc Trans. 2024;52:1515-1528. https://doi.org/10.1042/BST20231547 

3. Wang Y, Dai S, Cheng X, Prado E, Yan L, Hu J, et al. Notch3 signaling activation in smooth muscle cells 
promotes extrauterine growth restriction-induced pulmonary hypertension. Nutr Metab Cardiovasc Dis. 
2019;29:639-651. https://doi.org/10.1016/j.numecd.2019.03.004 

4. Thenappan T, Chan SY, Weir EK. Role of extracellular matrix in the pathogenesis of  
pulmonary arterial hypertension. Am J Physiol Heart Circ Physiol. 2018;315:H1322-H1331. 
https://doi.org/10.1152/ajpheart.00136.2018 

5. Tuder RM. Pulmonary vascular remodeling in pulmonary hypertension. Cell Tissue Res. 2017;367:643-649. 
https://doi.org/10.1007/s00441-016-2539-y 



334   Liu et al. Vol. 75 
 
 
6. D'Alonzo GE, Barst RJ, Ayres SM, Bergofsky EH, Brundage BH, Detre KM, et al. Survival in patients with 

primary pulmonary hypertension. Results from a national prospective registry. Ann Intern Med.  
1991;115:343-349. https://doi.org/10.7326/0003-4819-115-5-343 

7. Humbert M, Sitbon O, Yaïci A, Montani D, O'Callaghan DS, Jaïs X, et al. Survival in incident and  
prevalent cohorts of patients with pulmonary arterial hypertension. Eur Respir J. 2010;36:549-555. 
https://doi.org/10.1183/09031936.00057010 

8. Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF, Brida M, et al. 2022 ESC/ERS  
guidelines for the diagnosis and treatment of pulmonary hypertension. Eur Respir J. 2023;61:2200879. 
https://doi.org/10.1183/13993003.00879-2022 

9. Bousseau S, Sobrano Fais R, Gu S, Frump A, Lahm T. Pathophysiology and new advances in pulmonary 
hypertension. BMJ Med. 2023;2:e000137. https://doi.org/10.1136/bmjmed-2022-000137 

10. Zheng X, Zhao J, Jia X, Pan J, Xu S, Wang D, et al. Fucoxanthin ameliorates vascular remodeling via attenuating 
oxidative stress in hypoxic pulmonary hypertension rats. J Nutr Biochem. 2025;145:110002. 
https://doi.org/10.1016/j.jnutbio.2025.110002 

11. Poyatos P, Gratacós M, Samuel K, Orriols R, Tura-Ceide O. Oxidative stress and antioxidant therapy in 
pulmonary hypertension. Antioxidants (Basel). 2023;12:1006. https://doi.org/10.3390/antiox12051006 

12. Xu D, Hu Y-H, Gou X, Li F-Y, Yang X-Y-C, Li Y-M, et al. Oxidative stress and antioxidative therapy in 
pulmonary arterial hypertension. Molecules. 2022;27:3724. https://doi.org/10.3390/molecules27123724 

13. Cheng X-M, Hu Y-Y, Yang T, Wu N, Wang X-N. Reactive oxygen species and oxidative stress in vascular-related 
diseases. Oxid Med Cell Longev. 2022;2022:7906091. https://doi.org/10.1155/2022/7906091 

14. Suzuki YJ, Steinhorn RH, Gladwin MT. Antioxidant therapy for the treatment of pulmonary hypertension. 
Antioxid Redox Signal. 2013;18:1723-1726. https://doi.org/10.1089/ars.2013.5193 

15. Liampas A, Zis P, Hadjigeorgiou G, Vavougios GD. Selenium, stroke, and infection: a threefold relationship; 
where do we stand and where do we go? Nutrients. 2023;15:1405. https://doi.org/10.3390/nu15061405 

16. Tsutsumi R, Saito Y. Selenoprotein P; P for plasma, prognosis, prophylaxis, and more. Biol Pharm Bull. 
2020;43:366-374. https://doi.org/10.1248/bpb.b19-00837 

17. Liang B, Lin W, Tang Y, Li T, Chen Q, Zhang W, et al. Selenium supplementation elevated  
SELENBP1 to inhibit fibroblast activation in pulmonary arterial hypertension. iScience. 2024;27:111036. 
https://doi.org/10.1016/j.isci.2024.111036 

18. Al‐Mubarak AA, Grote Beverborg N, Suthahar N, Gansevoort RT, Bakker SJL, Touw DJ, et al. High selenium 
levels associate with reduced risk of mortality and new‐onset heart failure: data from PREVEND. Eur J Heart Fail. 
2022;24:299-307. https://doi.org/10.1002/ejhf.2405 

19. Sun Q, Hackler J, Hilger J, Gluschke H, Muric A, Simmons S, et al. Selenium and Copper as  
Biomarkers for Pulmonary Arterial Hypertension in Systemic Sclerosis. Nutrients. 2020;12:1894. 
https://doi.org/10.3390/nu12061894 

20. Baltaci AK, Mogulkoc R, Akil M, Bicer M. Review - Selenium - Its metabolism and relation to exercise.  
Pak J Pharm Sci. 2016;29:1719-1725. 

21. Chen X, Zhang J, Li H, Liu W, Xi Y, Liu X. A Comprehensive Comparison of Different Selenium Supplements: 
Mitigation of Heat Stress and Exercise Fatigue-Induced Liver Injury. Front Nutr. 2022;9:917349. 
https://doi.org/10.3389/fnut.2022.917349 

22. Tao L, Liu K, Li J, Zhang Y, Cui L, Dong J, et al. Selenomethionine alleviates NF-κB-mediated inflammation in 
bovine mammary epithelial cells induced by Escherichia coli by enhancing autophagy. Int Immunopharmacol. 
2022;110:108989. https://doi.org/10.1016/j.intimp.2022.108989 

23. Pei J, Tian X, Yu C, Luo J, Hong Y, Zhang J, et al. Transcriptome-based exploration of potential molecular targets 
and mechanisms of selenomethionine in alleviating renal ischemia-reperfusion injury. Clin Sci (Lond). 
2023;137:1477-1498. https://doi.org/10.1042/CS20230818 

24. Pei J, Pan X, Wei G, Hua Y. Research progress of glutathione peroxidase family (GPX) in redoxidation. Front 
Pharmacol. 2023;14:1147414. https://doi.org/10.3389/fphar.2023.1147414 



2026 Sodium Selenite Alleviates PAH via GPX3   335  
 

25. Krishnamurthy HK, Rajavelu I, Pereira M, Jayaraman V, Krishna K, Wang T, et al. Inside the genome: 
understanding genetic influences on oxidative stress. Front Genet. 2024;15:1397352. 
https://doi.org/10.3389/fgene.2024.1397352 

26. Cai C, Wu Y, Yang L, Xiang Y, Zhu N, Zhao H, et al. Sodium selenite attenuates balloon  
injury-induced and monocrotaline-induced vascular remodeling in rats. Front Pharmacol 2021;12:618493. 
https://doi.org/10.3389/fphar.2021.618493 

27. Mprah R, Ma Y, Adzika GK, Ndzie Noah ML, Adekunle AO, Duah M, et al. Metabotropic glutamate receptor 5 
blockade attenuates pathological cardiac remodelling in pulmonary arterial hypertension. Clin Exp Pharmacol 
Physiol. 2022;49:558-566. https://doi.org/10.1111/1440-1681.13633 

28. Du H, Zheng Y, Zhang W, Tang H, Jing B, Li H, et al. Nano-selenium alleviates cadmium-induced acute hepatic 
toxicity by decreasing oxidative stress and activating the Nrf2 pathway in Male kunming mice. Front Vet Sci 
2022;9:942189. https://doi.org/10.3389/fvets.2022.942189 

29. Rayman MP. Selenium and human health. Lancet 2012;379:1256-1268. https://doi.org/10.1016/S0140-
6736(11)61452-9 

30. Labunskyy VM, Hatfield DL, Gladyshev VN. Selenoproteins: molecular pathways and physiological roles. 
Physiol Rev. 2014;94:739-777. https://doi.org/10.1152/physrev.00039.2013 

31. Brigelius-Flohé R, Maiorino M. Glutathione peroxidases. Biochim Biophys Acta. 2013;1830:3289-3303. 
https://doi.org/10.1016/j.bbagen.2012.11.020 

32. Forgione MA, Cap A, Liao R, Moldovan NI, Eberhardt RT, Lim CC, et al. Heterozygous cellular glutathione 
peroxidase deficiency in the mouse: abnormalities in vascular and cardiac function and structure. Circulation. 
2002;106:1154-1158. https://doi.org/10.1161/01.CIR.0000026820.87824.6A 

33. Ottaviano FG, Tang S-S, Handy DE, Loscalzo J. Regulation of the extracellular antioxidant selenoprotein plasma 
glutathione peroxidase (GPx-3) in mammalian cells. Mol Cell Biochem. 2009;327:111-126. 
https://doi.org/10.1007/s11010-009-0049-x 

34. Hu W, Zhao C, Hu H, Yin S. Food sources of selenium and its relationship with chronic diseases. Nutrients. 
2021;13:1739. https://doi.org/10.3390/nu13051739 

35. Rabinovitch M. Molecular pathogenesis of pulmonary arterial hypertension. J Clin Invest. 2012;122:4306-4313. 
https://doi.org/10.1172/JCI60658 

36. Morrell NW, Aldred MA, Chung WK, Elliott CG, Nichols WC, Soubrier F, et al. Genetics and genomics of 
pulmonary arterial hypertension. Eur Respir J. 2019;53:1801899. https://doi.org/10.1183/13993003.01899-2018 

 
 
 
 
 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



