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Abstract

BACKGROUND

Ferroptosis can induce low retention and engraftment after mesenchymal stem
cell (MSC) delivery, which is considered a major challenge to the effectiveness of
MSC-based pulmonary arterial hypertension (PAH) therapy. Interestingly, the
cystathionine y-lyase (CSE)/hydrogen sulfide (H,S) pathway may contribute to
mediating ferroptosis. However, the influence of the CSE/H,S pathway on
ferroptosis in human umbilical cord MSCs (HUCMSCs) remains unclear.

AIM

To clarify whether the effect of HUCMSCs on vascular remodelling in PAH mice
is affected by CSE/H,S pathway-mediated ferroptosis, and to investigate the
functions of the CSE/H,S pathway in ferroptosis in HUCMSCs and the under-
lying mechanisms.

METHODS

Erastin and ferrostatin-1 (Fer-1) were used to induce and inhibit ferroptosis,
respectively. HUCMSCs were transfected with a vector to overexpress or inhibit
expression of CSE. A PAH mouse model was established using 4-wk-old male
BALB/c nude mice under hypoxic conditions, and pulmonary pressure and
vascular remodelling were measured. The survival of HUCMSCs after delivery
was observed by in vivo bioluminescence imaging. Cell viability, iron accumu-
lation, reactive oxygen species production, cystine uptake, and lipid peroxidation
in HUCMSCs were tested. Ferroptosis-related proteins and S-sulfhydrated Kelch-
like ECH-associating protein 1 (Keapl) were detected by western blot analysis.

RESULTS
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In vivo, CSE overexpression improved cell survival after erastin-treated HUCMSC delivery in mice with hypoxia-
induced PAH. In vitro, CSE overexpression improved H,S production and ferroptosis-related indexes, such as cell
viability, iron level, reactive oxygen species production, cystine uptake, lipid peroxidation, mitochondrial
membrane density, and ferroptosis-related protein expression, in erastin-treated HUCMSCs. In contrast, in vivo,
CSE inhibition decreased cell survival after Fer-1-treated HUCMSC delivery and aggravated vascular remodelling
in PAH mice. In vitro, CSE inhibition decreased H,S levels and restored ferroptosis in Fer-1-treated HUCMSCs.
Interestingly, upregulation of the CSE/H,S pathway induced Keap1 S-sulfhydration, which contributed to the
inhibition of ferroptosis.

CONCLUSION

Regulation of the CSE/H,S pathway in HUCMSCs contributes to the inhibition of ferroptosis and improves the
suppressive effect on vascular remodelling in mice with hypoxia-induced PAH. Moreover, the protective effect of
the CSE/H,S pathway against ferroptosis in HUCMSCs is mediated via S-sulfhydrated Keapl/nuclear factor
erythroid 2-related factor 2 signalling. The present study may provide a novel therapeutic avenue for improving
the protective capacity of transplanted MSCs in PAH.

Key Words: Human umbilical cord mesenchymal stem cells; Cystathionine y-lyase/hydrogen sulfide pathway; Ferroptosis;
Pulmonary arterial hypertension; S-sulfhydration

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Regulation of the cystathionine y-lyase (CSE)/hydrogen sulfide (H,S) pathway in human umbilical cord
mesenchymal stem cells (HUCMSCs) contributes to the inhibition of ferroptosis and improves the suppressive effect of
HUCMSCs on vascular remodelling in hypoxia-induced pulmonary arterial hypertension (PAH) mice. Moreover, the
protective effect of the CSE/H,S pathway against ferroptosis in HUCMSCs was mediated via S-sulfhydrated Kelch-like
ECH-associating protein 1/nuclear factor erythroid 2-related factor 2 signalling. The present study may provide a novel
therapeutic avenue for improving the protective capacity of transplanted MSCs in PAH.
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INTRODUCTION

Mesenchymal stem cells (MSCs), derived from placenta, bone marrow, adipose, or other tissues, have emerged as a new
regenerative therapy for pulmonary arterial hypertension (PAH) over the last decade[1]. MSC delivery significantly
inhibits pulmonary artery remodelling, resulting in the reduced progression of PAH. However, low cell retention and
engraftment after cell delivery are considered major challenges to the effectiveness of MSC-based therapy|[2].
Interestingly, increasing evidence indicates that programmed cell death (PCD) is closely linked to the low engraftment
and survival rates of transplanted MSCs[3].

Ferroptosis is a novel type of PCD with distinct properties. Ferroptosis essentially consists of polyunsaturated fatty
acid-containing phospholipid synthesis and peroxidation, iron metabolism, and mitochondrial metabolism, which result
in oxidative stress and lipid peroxidation, triggering cell death[4]. Studies have shown a relationship between ferroptosis
and MSCs; ferroptosis can be induced by erastin in MSCs[5,6]. Inhibiting ferroptosis maintained the viability and differ-
entiation of MSCs[7,8]. Moreover, suppressing ferroptosis worsened MSC fate and enhanced the exposure and efficacy of
transplanted MSCs in live disease[9]. However, few studies have directly evaluated the effect of ferroptosis on MSC
delivery in PAH.

Decreased antioxidative stress can cause ferroptosis[10]. In addition, the mediation of antioxidative stress-related
proteins, such as nuclear factor erythroid 2-related factor 2 (Nrf2), can inhibit ferroptosis[11]. Thus, understanding the
signalling pathways that maintain redox balance will provide new approaches for inhibiting ferroptosis. The novel
gaseous mediator hydrogen sulfide (H,S) has been shown to exert protective effects, including its antioxidant properties
[12]. Therefore, the impact of H,S on the contribution of antioxidative stress to decreased ferroptosis is worth exploring.
In mammalian cells, cystathionine y-lyase (CSE) is predominantly responsible for endogenous H,S production in the
cardiovascular system[13]. However, the effect of CSE on the ferroptosis of MSCs remains unclear.

Hence, the present study aimed to clarify whether ferroptosis is involved in the therapeutic effect of human umbilical
cord MSCs (HUCMSCs) in PAH mice. Furthermore, we investigated the role of the CSE/H,S pathway in ferroptosis in
HUCMSCs.
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MATERIALS AND METHODS

Cell culture

Primary HUCMSCs were purchased from ScienCell Research Laboratories, Inc. HUCMSCs were cultured in MSC
medium (7501, ScienCell Research Laboratories, United States) containing 5% foetal bovine serum, 1% penicillin/
streptomycin, and 1% MSC growth supplement at 37 °C in a 5% CO, atmosphere. HUCMSCs at passages three to five
were used in this study.

Cell transfection

HUCMSCs were transduced with a lentiviral vector expressing firefly luciferase (HBLV-LUC-BSD, Hanbio, China) in
serum-free medium containing 3 pg/mL blasticidin (SBR00022, Sigma-Aldrich, United States) at a multiplicity of
infection of 100. Transduction was analysed by luciferase imaging 72 h after transfection. The expression of LUC was
confirmed by measuring luciferase activity [in vivo imaging system (IVIS) Lumina imaging station, Caliper Life Sciences].
Surface markers and the differentiation of HUCMSCs-LUC into osteoblasts and adipocytes were evaluated as previously
described[14]. The antibodies that were used are shown in Supplementary Table 1.

Short hairpin RNAs targeting CSE were designed, cloned, and inserted into a modified pLKO.1-TRC vector by
GenePharma Co. Ltd. (Shanghai, CHN). To genetically engineer cells to overexpress CSE, the open reading frame of
human CSE was cloned and inserted into the vector pLVX-IRES-Puro by GenePharma Co. Ltd. (Shanghai, CHN).
HUCMSCs-LUC were transfected with the PLKO.1-sh-CSE vector (HUCMSC/sh-CSE), negative control vector
(HUCMSCs/sh-NC), PLVX-CSE-Puro vector (HUCMSCs/CSE), or PLVX-empty-Puro vector (HUCMSCs/NC) using
Lipofectamine 2000 (11668019, Invitrogen, United States). After 48 h, the transfection efficacy was determined using
western blot and real-time polymerase chain reaction (RT-PCR) (Supplementary Figure 1).

Drug treatments

Erastin (57242), ferrostatin-1 (Fer-1, S7243), and the Nrf2 inhibitor brusatol (S7956, 10 nM, 6 h) were purchased from
Selleck Chemicals (Houston, United States) and initially dissolved in DMSO before being diluted in the culture medium
to their final concentration.

Quantification of cell viability

Cell Counting Kit-8 (CCK8, 96992, Sigma-Aldrich, United States) was used to examine cell viability according to the
manufacturer’s instructions. Briefly, cells were seeded at a density of 5000 cells/well in 96-well plates in three replicates
and incubated overnight. At the end of the different treatments, CCK8 reagent was added to each well and incubated for
2 h. The optical density (OD) values at 450 nm were measured using a plate reader (Bio-Rad).

Lactase dehydrogenase release assay

Lactate dehydrogenase (LDH) release was measured using an LDH cytotoxicity detection kit (CK12, Dojindo Laboratory,
JPN) in accordance with the manufacturer’s instructions to evaluate cell membrane integrity. In brief, cells were seeded at
a density of 5000 cells/well in 96-well plates. At the end of the different treatments, 100 pL of fresh reaction mixture was
added to each well and incubated for 30 min, and the OD values at 490 nm were measured using a microplate reader.

Animal experiments

Animal procedures were performed in compliance with the Institutional Animal Care and Use Committee of Wuhan
Servicebio Technology Co., Ltd., China (No. 2022231). Four-week-old male mice (BALB/c nude mice) were used to
establish a hypoxia-induced PAH mouse model. The mice were obtained from Wuhan Servicebio Technology Co., Ltd.
(Wuhan, China) and cared for in strict accordance with the Guidelines for the Care and Use of Laboratory Animals of the
National Institutes of Health. All animals were housed in the same specific pathogen-free room under a constant
temperature and humidity on a 12-h light and 12-h dark cycle, and the animals were fed sterile food and water ad libitum.
Each animal was considered one experimental unit. Researchers who analysed the data were blinded to the group
allocation until all the statistical results were finally obtained.

The mice (totally 42) were numbered and divided into the following seven groups based on a table of random
numbers: Control group: The mice received phosphate buffered saline (PBS) (n = 6); hypoxia group: The mice were
exposed to hypoxia under 10% O, for 4 wk (n = 6); HUCMSCs group: After 2 wk of exposure to hypoxia, the mice were
injected with 1.5 x 10° HUCMSCs-LUC per mouse via the tail vein and then housed under hypoxia for 2 wk (n = 6);
HUCMSCs + erastin group: After 2 wk of exposure to hypoxia, the mice were infected with 1.5 x 10° HUCMSCs-LUC that
were treated with erastin (4 pM, 6 h) per mouse via the tail vein and then housed under hypoxia for 2 wk (n = 6);
HUCMSCs/CSE + erastin group: After 2 wk of exposure to hypoxia, the mice were injected with 1.5 x 10° HUCMSCs-
LUC/CSE that were treated with erastin (4 pM, 6 h) per mouse via the tail vein and then housed under hypoxia for 2 wk (
n = 6); HUCMSCs + Fer-1 group: After 2 wk of exposure to hypoxia, the mice were injected with 1.5 x 10° HUCMSCs-
LUC that were treated with Fer-1 (4 uM, 6 h) per mouse via the tail vein and then housed under hypoxia for 2 wk (n = 6);
and HUCMSCs/sh-CSE + Fer-1 group: After 2 wk of exposure to hypoxia, the mice were injected with 1.5 x 10°
HUCMSCs-LUC/sh-CSE that were treated with Fer-1 (4 pM, 6 h) per mouse via the tail vein and then housed under
hypoxia for 2 wk (n = 6).

One day and seven days after intravenous injection via the tail, mice were anaesthetized using isoflurane and placed in
an IVIS Lumina imaging station. Images of regions of interest were collected 10 min after the intraperitoneal injection of
D-luciferin (L6152, Sigma-Aldrich, United States), the luciferase substrate, at 3.75 mg per 25 g mouse weight.
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Measurement of pulmonary artery pressure and right ventricular hypertrophy

After 4 wk, the mice were anaesthetized using isoflurane for haemodynamic assessment. Briefly, a Miler catheter was
used to obtain the right ventricular systolic pressure (RVSP) via insertion into the right external jugular vein. After
exsanguination and collection of the blood, the cardiopulmonary tissues were removed. The right ventricle (RV) free wall
and the left ventricle plus septum (LV + S) were weighed separately. The degree of right ventricular hypertrophy was
determined by the ratio RV/(LV +S).

Assessment of pulmonary vascular morphometry

After the lung tissue was embedded in paraffin and cut into slices with a thickness of 5 pm, the slices were dewaxed,
rehydrated, and stained with haematoxylin and eosin staining. Then, the ratio of the vascular medial cross-sectional area
to the total arterial cross-sectional area was calculated as a measurement of distant small pulmonary artery (50-100 pm)
remodelling.

For immunofluorescence staining of the lung tissue, after deparaffinization and washing with PBST, lung tissue slides
were heated for 20 min at 95 °C in a Tris-EdTA solution for antigen retrieval and then blocked with 3% H,O, for 15 min to
block endogenous peroxidase activity and 5% goat serum for 1 h to eliminate nonspecific staining. These slides were
incubated with VEcadherin rabbit polyclonal antibody (1:100, ab205336, Abcam) and alpha-smooth muscle actin rabbit
monoclonal antibody (1:100, 19245S, CST) at 4 °C overnight and then incubated with the secondary antibody: Antirabbit
immunoglobulin G (IgG) (1:500, 4413s, CST) or antirabbit IgG (1:500, 4412S, CST). Nuclei were counterstained with DAPI
(D9542, Sigma-Aldrich, United States) at room temperature for another 2 min. Immunofluorescence was visualized under
a microscope.

Analysis of cell apoptosis

After treatment, the cells were washed, trypsinized, resuspended, and stained with 5 pL of Annexin V/FITC (331200,
Invitrogen, United States) and 5 pL of propidium iodide (PI, P1304MP, Invitrogen, United States) at room temperature for
15 min. Then, cell apoptosis was evaluated by flow cytometry.

Iron assays

Two different methods were used to measure the levels of intracellular ferrous iron. For a colorimetric method using the
Iron Assay Kit (ab83366, Abcam, United Kingdom), cells were collected, homogenized (in cold iron assay buffer), and
centrifuged. After adding 5 pL of iron reducer to each sample, the supernatant was incubated for 30 min at 37 °C. Next,
100 pL of iron probe was added to each sample and incubated for 60 min at 37 °C in the dark. The absorbance at 593 nm
was measured using a microplate reader. For FeRhoNox-1 staining, cells were incubated away from light in a 37 °C, 5%
CO, incubator for 40 min after the addition of 5 pM FeRhoNox-1 (MX4558, MKbio, CHN). Then, the cells were washed
with PBS three times and imaged by fluorescence microscopy.

Reactive oxygen species assay

Intracellular reactive oxygen species (ROS) levels were measured by applying DCFH-DA (50033, Beyotime, CHN).
Briefly, after treatment, the cells were washed with PBS three times and treated with 10 pM DCFH-DA for 30 min away
from light. Then, the cells were washed with PBS and observed under a fluorescence microscope.

Lipid peroxide measurement

Cells were labelled with BODIPY™ 581 /591 C11 (D3861, Thermo Fisher Scientific, United States) at a final concentration
of 2 pM for 20 min at 37 °C. After trypsinization and resuspension in PBS, lipid peroxidation was analysed using a flow
cytometer. A lipid peroxidation [malonaldehyde (MDA)] assay (ab118970, Abcam, United Kingdom) was used according
to the manufacturer’s protocol to quantify the MDA concentration. The results were quantified colorimetrically (OD = 532
nm). The reduced glutathione/oxidized glutathione disulfide (GSH/GSSG) ratio in cells was determined using the GSH/
GSSG Ratio Detection Assay Kit (ab205811, Abcam, United Kingdom) following the manufacturer’s instructions.

Cystine uptake

Cystine uptake was measured with BioTracker Cystine-FITC Live Cell Dye (SCT047, Sigma-Aldrich, United States). The
pretreated cells were incubated with complete medium containing 5 pM cystine-FITC in the dark for 30 min. Then, the
cells were washed with PBS and harvested by trypsinization. The cells were resuspended in PBS and assessed by flow
cytometry.

Transmission electron microscopy
Cells were fixed, postfixed, dehydrated, cut, and stained as previously described[15]. The cells were viewed under a
transmission electron microscope (JEM1200, Tokyo, Japan), and images were taken.

Measurement of the H,S concentration

The dye 7-azido-4-methylcoumarin (AzMC) was used to measure the H,S concentration in vitro. Cells were plated at a
density of 10000 cells per well in 96-well plates. After treatment, cells were loaded with the fluorogenic dye AzMC
(802409, Sigma-Aldrich, United States) at 10 pM for 30 min. Then, the cells were washed three times with PBS and
measured on a SpectraMax M5 plate reader.
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Nrf2 activity assay

Nuclear lysates were isolated following extraction using NE-PER Nuclear and Cytoplasmic Extraction Reagents (78835,
Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. Nrf2 transcriptional activity was
then measured by ELISA using an Nrf2 Transcription Factor Assay Kit (ab207223, Abcam, United Kingdom) in
accordance with the manufacturer’s guidelines.

S-sulfhydration assay

Kelch-like ECH-associating protein 1 (Keap1) S-sulfhydration was detected with standard procedures using the “tag-
switch” method[16]. The Keapl protein was pulled down by immunoprecipitation. The proteins were dissolved in
solution buffer, purified with streptavidin-agarose beads, and subjected to western blotting with anti-Keap1 (sc-365626,
Santa Cruz Biotechnology, United States). Cells were treated with 1 mmol/L 1,4-dithio-DL-threitol (DTT, 43815, Sigma-
Aldrich, United States) for 3 h as a negative control group.

Quantitative real-time polymerase chain reaction

qPCR was performed as previously described[15,17]. Human GAPDH expression was used for normalization. Fold
changes were calculated using the comparative Ct method (AACt). The sequences of the primers used are as follows: CSE:
Forward: GGCCTGGTGTCTGTTAATTGT and reverse: GCCATTCCGTTTTTGAAATGCT; GAPDH: forward:
GACATCAAGAAGGTGGTGAAGCAGG and reverse: GTGTCGCTGTTGAAGTCAGAGGAGA.

Western blot analysis

Whole-cell, cytosolic, and nuclear proteins were extracted using RIPA Lysis and Extraction Buffer (89900, Thermo Fisher
Scientific, United States) or NE-PER Nuclear and Cytoplasmic Extraction Reagents (78835, Thermo Fisher Scientific,
United States). The extractions were performed as previously described[17]. Primary antibodies against the following
were used: Glutathione peroxidase 4 (GPX4, 1:1000, 59735S, CST), intracellular ferritin heavy chain 1 (FTH1, 1:1000,
4393S, CST), nuclear receptor coactivator 4 (NOCA4, 1:1000, 66849S, CST), Fe**-bound transferrin receptor 1 (TFRC1,
1:1000, ab214039, Abcam), 4-hydroxynonenal (4-HNE, 1:1000, ab46545, Abcam), SLC7A11 (1:1000, ab175186, Abcam),
Nrf2 (1:1000, ab62352, Abcam), Keap1 (sc-365626, Santa Cruz Biotechnology), CSE (1:1000, 19689S, CST), GAPDH (1:1000,
5174S, CST), and Histone H3 (1:1000, ab1791, Abcam). The intensity of the resulting bands was analysed with Image]
software.

Statistical analysis

All experimental data are presented as the mean + SEM. Statistical significance was analysed with GraphPad Prism
version 5.01 (San Diego, CA, United States) using one-way analysis of variance (ANOVA). Differences at P < 0.05 were
considered statistically significant. All experiments were performed with at least three independent replicates.

RESULTS

In vitro assessment of HUCMSCs

HUCMSCs-LUC were analysed in vitro by bioluminescence imaging (BLI), cell morphology assessment, flow cytometry,
and differentiation potential determination to confirm the properties typical of HUCMSCs. A linear relationship between
the number of cells and the bioluminescent signal was observed (Figure 1A). Cells displayed a spindle-like shape and
were arranged in radial concentric circles (Figure 1B). Adipogenic and osteogenic differentiation confirmed the multipo-
tentiality and differentiation capacity of the HUCMSCs-LUC (Figure 1B). Flow cytometry confirmed the presence of the
following stem cell-specific molecules on the cell surface: CD90 in 94.25% of the cells, CD73 in 83.35%, CD105 in 90.18%,
CD44 in 82.16%, CD34 in 0.21%, CD45 in 0.45%, and HLA-DR in 1.36% (Figure 1C).

Ferroptosis could be induced in HUCMSCs

To verify whether ferroptosis could be induced in HUCMSCs and to ascertain the optimal concentration and time,
HUCMSCs were exposed to increasing doses (1 pM, 2 pM, 3 pM, 4 pM, and 5 pM) of erastin, a ferroptosis inducer, for
three different durations (12 h, 24 h, and 48 h). As shown in Figures 2A-C, the CCK-8 assay illustrated that compared to
that in untreated cells, cellular viability was notably reduced to 50% by erastin treatment at concentrations greater than 3
M for less than 24 h of exposure. In addition, because cell membrane structures can be destroyed by ferroptosis, which
leads to the release of LDH from the cytoplasm into the culture medium[18], the levels of LDH in the supernatant were
monitored after treatment with increasing erastin concentrations for 12 h, 24 h, and 48 h (Figures 2E-G). The results
showed that LDH release increased in a time- and dose-dependent manner. Similarly, treatment with erastin at a concen-
tration greater than 3 uM for 24 h significantly increased LDH release to about 50% compared with that of the untreated
HUCMSCs. Thus, HUCMSCs were treated with erastin at a concentration of 3 pM for 24 h in subsequent experiments.

Fer-1 was used to determine whether ferroptosis inhibition could protect HUCMSCs from erastin-induced cell death.
Erastin-treated HUCMSCs were cotreated with Fer-1 at concentrations of 0, 2, 4, 6, and 8 pM for 24 h. As shown in
Figures 2D and H, Fer-1 above 4 pM had a significant protective effect over treatment without Fer-1.
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Figure 1 Characteristics of human umbilical cord mesenchymal stem cells expressing firefly luciferase gene. A: Luciferase activity of human
umbilical cord mesenchymal stem cells expressing firefly luciferase gene (HUCMSCs-LUC). Representative luciferase imaging is shown using in vivo imaging
system; B: Morphologies of HUCMSCs-LUC. HUCMSCs-LUC differentiated into adipocytes (stained with oil red O for lipid droplets) and osteocytes (stained with
alizaline red for mineral deposition); C: Surface marker expression of HUCMSCs-LUC in flow cytometry analysis. HUCMSCS: Human umbilical cord mesenchymal
stem cells; HUCMSCs-LUC: Human umbilical cord mesenchymal stem cells expressing firefly luciferase gene; PE: Phycoerythrin; FITC: Fluorescein isothiocyanate.

Longitudinal in vivo BLI of HUCMSC grafts

After 1.5 x 10° HUCMSCs-LUC were grafted in each mouse, longitudinal in vivo BLI was performed on day 1 post-
implantation. For quantitative analysis of the observed BLI signals, cell graft-specific BLI signals from fixed regions on the
mouse chest and the mean background BLI signals from fixed control regions on the mouse head were plotted vs time
post-implantation (Figure 3A). The BLI signal was decreased in the HUCMSCs + erastin group and increased in the
HUCMSCs + Fer-1 group compared to the HUCMSCs group (Figure 3B). In addition, the signal was further increased in
the HUCMSCs/ CSE + erastin group but decreased in the HUCMSCs/sh-CSE + Fer-1 group (Figure 3B).

Pulmonary artery remodelling in each group

In PAH, pulmonary artery remodelling results in progressively elevated pulmonary arterial pressure, which ultimately
leads to right heart failure[19]. As shown in Figures 3C, F, G, and I, the administration of HUCMSCs or HUCMSCs + Fer-
1 decreased the RVSP and RV/(LV + S) ratio in mice with hypoxia-induced PAH (P < 0.01). Interestingly, compared to
those in the HUCMSCs group, the RVSP and RV/(LV + S) decreased to a greater extent in the HUCMSCs + Fer-1 group
(17.000 + 2.215 vs 22.280 + 3.115, 23.376 + 0.537 vs 28.781 + 2.311, both P < 0.01) and increased in the HUCMSCs + erastin
group (34.363 + 4.065 vs 22.280 + 3.115, 39.158 + 0.809 vs 28.781 + 2.311, both P < 0.01). Moreover, compared to those in the
HUCMSCs + erastin group, the RVSP and RV/(LV + S) were decreased in the HUCMSCs/CSE + erastin group (25.817
2.843 vs 34.363 + 4.065, 33.082 + 2.405 vs 39.158 * 0.809, both P < 0.01). Furthermore, the RVSP and RV/(LV + S) were
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Figure 2 Ferroptosis exists in human umbilical cord mesenchymal stem cells. A-C: Cell viability was assessed after exposure to different
concentrations of erastin for different times (12 h, 24 h, and 48 h); D: Cell viability was assessed after exposure to 3 uM erastin and different concentrations of
ferrostatin-1 (Fer-1). Cell viability was measured with Cell Counting Kit-8 kit; E-G: Lactic dehydrogenase (LDH) release was assessed after exposure to different
concentrations of erastin for different times (12 h, 24 h, and 48 h); H: LDH release was assessed after exposure to 3 pM erastin and different concentrations of Fer-1.
LDH release was measured with LDH cytotoxicity detection kit. The data were from at least three independent experiments. Data were quantified for cells subjected
to erastin (0 uM), and values are represented as the mean + SD. Fer-1: Ferrostatin-1; LDH: Lactic dehydrogenase. °P < 0.01.
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Figure 3 Change of pulmonary arterial remodeling. A: In vivo bioluminescence imaging (BLI). Representative time course image showing in vivo BLI of
mice grafted with living human umbilical cord mesenchymal stem cells expressing firefly luciferase gene in the lungs. Images were acquired at 24 h and 7 d post-
implantation. Regions of interest are drawn on the mouse lung and on the mouse shoulder, considered as background signal; B: In vivo BLI. Quantitative analysis of
in vivo BLI at days 1 and 7 post-implantation; C-H: Representing pulmonary arterial pressure (C, F, and G). Representative haematoxylin and eosin-stained lung
sections and quantification of the ratio of the medial wall area to the total vessel cross sectional area of the distal pulmonary artery sections (D and H).
Immunofluorescent staining (E). Green fluorescence represents VEcadherin, red fluorescence represents alpha-smooth muscle actin, and blue fluorescence indicates
4’ 6-diamidino-2-phenylindole nuclear staining; I: Right ventricle/left ventricle plus septum. Data are expressed as the mean + SEM (n = 6/group). HUCMSCS: Human
umbilical cord mesenchymal stem cells; Fer-1: Ferrostatin-1; CSE: Cystathionine y-lyase; RV/(LV + S): Right ventricle/(left ventricle plus septum). °P < 0.01.
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Figure 4 Effect of cystathionine y-lyase overexpression on ferroptosis in human umbilical cord mesenchymal stem cells. A and B: Cell
apoptosis was analyzed by Annexin V-fluorescein isothiocyanate (FITC)/propidine iodide staining using flow cytometry analysis (n = 3), and quantified on the basis of
apoptosis rate (n = 3); C and D: Iron level was detected by FeRhoNox-1 staining (C) and iron assay kit (D); E and F: Immunofluorescent staining of total reactive
oxygen species; G and H: Level of lipid peroxidation detected by flow cytometry analysis after staining with C11-BODIPY; I: Intracellular cystine-FITC levels
measured by flow cytometry. Results represent three independent experiments; J: Malonaldehyde level; K: Ratio of reduced glutathione/oxidized glutathione disulfide;
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L: Mitochondrial morphological changes detected by transmission electron microscopy; M: Western blot analysis of expression of the glutathione-dependent
antioxidant enzyme glutathione peroxidase, ferritin heavy chain 1, nuclear receptor coactivator 4, Fe>*-bound transferrin receptor 1, 4-hydroxynonenal, and SLC7A11
protein. Glyceraldehyde-3-phosphate dehydrogenase was used for normalization for protein (n = 3). Fer-1: Ferrostatin-1; Annexin V-FITC/PI: Annexin V-fluorescein
isothiocyanate/propidine iodide; ROS: Reactive oxygen species; sh-CSE: Short hairpin RNA targeting cystathionine y-lyase; MDA: Malonaldehyde; GSH/GSSG:
Reduced glutathione/oxidized glutathione disulfide; GPX4: Glutathione-dependent antioxidant enzyme glutathione peroxidase; FTH1: Ferritin heavy chain 1; NCOA4:
Nuclear receptor coactivator 4; TFRC1: Fe**-bound transferrin receptor 1; 4-HNE: 4-hydroxynonenal; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. 2P <
0.05,°P<0.01.

increased in the HUCMSCs/sh-CSE + Fer-1 group compared with those in the HUCMSCs + Fer-1 group (29.232 £ 2.333 vs
17.000 # 2.215, 29.820 + 1.526 vs 23.376 + 0.537, both P < 0.01).

Endothelial to mesenchymal transition (EnMT) has been causally linked to pulmonary arterial remodelling in PAH[20,
21]. EnMT is a form of cellular plasticity described as a phenotypic conversion whereby endothelial cells lose endothelial
characteristics (CD31 expression) and acquire mesenchymal characteristics (VE-cadherin expression)[22]. Here, as shown
in Figures 3D, E and H, histological and immunofluorescence staining showed slight pulmonary artery stenosis and
EnMT in the groups exposed to hypoxia, and these effects were largely attenuated by treatment with HUCMSCs and
HUCMSCs + Fer-1 (P < 0.01). Interestingly, the inhibitory effect of HUCMSCs + Fer-1 on small pulmonary artery stenosis
and EnMT was stronger than that of HUCMSCs. In addition, compared to those in the HUCMSCs + erastin group, small
pulmonary artery stenosis and EnMT were alleviated in the HUCMSCs/CSE + erastin group (P < 0.01). Meanwhile, small
pulmonary artery stenosis and EnMT were aggravated in the HUCMSCs/sh-CSE group compared with the HUCMSCs/
Fer-1 group (P < 0.05).

CSE inhibition exacerbates Fer-1-mediated suppression of ferroptosis in HUCMSCs

We observed ferroptosis-related changes in erastin-treated HUCMSCs. As shown in Figure 4, cell apoptosis; the levels of
Fe*, ROS, lipid peroxidation, and MDA; and the expression of 4-HNE, TFRC1, and NOCA4 were significantly increased,
while the GSH/GSSG ratio; cystine uptake; and GPX4, FTH1, and SLC7A11 expression were decreased in the erastin
group compared with the control group (all P < 0.05). Consistent with these results, transmission electron microscopy
(TEM) also showed an increased mitochondrial membrane density and shorter mitochondrial cristae in the erastin group
(Figure 4L). Moreover, the above changes in erastin-treated HUCMSCs were reversed by Fer-1 administration (all P <
0.05). Interestingly, the inhibitory effect of Fer-1 on ferroptosis was aggravated by CSE inhibition (all P < 0.05).

CSE overexpression negatively regulates erastin-induced ferroptosis in HUCMSCs

As shown in Figure 5, there was a significant decrease in cell apoptosis; the levels of Fe*", ROS, lipid peroxidation, and
MDA,; and the expression of 4-HNE, TFRC1, and NOCA4, whereas there was an increase in the GSH/GSSG ratio; cystine
uptake; and the expression of GPX4, FTH1, and SLC7A11 in the erastin + CSE group compared to the erastin group (all P
< 0.05). Consistent with these results, TEM also showed that the mitochondrial membrane was intact and that the
mitochondria were narrower with an increased number of cristae in the erastin + CSE group (Figure 5L). In addition, the
inhibitory effect of CSE overexpression on ferroptosis was abolished by brusatol, an Nrf2 inhibitor (all P < 0.05).

The CSE/H,S pathway induces Keap1 S-sulfhydration and nuclear translocation of Nrf2

We examined whether Nrf2 is involved in the protective effect of the CSE/H,S pathway against the ferroptosis of
HUCMSC:s. First, we found that CSE inhibition decreased H,S production (Figure 6A), while CSE overexpression
increased H,S levels in HUCMSCs (Figure 6B). In addition, CSE inhibition further downregulated Fer-1-induced Nrf2
activation (Figure 6C), while CSE overexpression further upregulated erastin-induced Nrf2 inactivation (Figure 6D).

Then, the expression of Nrf2 was examined. Western blot analysis revealed that erastin treatment significantly
inhibited Nrf2 nuclear translocation, and this effect was markedly enhanced when erastin treatment was combined with
Fer-1 treatment (Figure 6E). Moreover, CSE inhibition upregulated Nrf2 expression in the cytoplasm and downregulated
Nrf2 expression in the nucleus (Figure 6E). In contrast, CSE overexpression increased nuclear Nrf2 expression and
decreased cytoplasmic Nrf2 expression (Figure 6F).

Next, we found that CSE overexpression-induced ferroptosis inhibition was successfully abolished by treatment with
10 nM brusatol, an Nrf2 inhibitor, for 6 h in HUCSMCs (Figure 6F). We also found no difference in the expression of
Keapl among the groups (Figures 6E and F).

Finally, with the “tag-switch” assay, the S-sulfhydration of Keapl was tested. S-sulfhydration is a novel posttransla-
tional modification involving H,S. However, S-sulfhydration, a covalent modification, can be reversed by DDT. Increased
S-sulfhydration of Keapl was found in the HUCMSCs/CSE + erastin group than in the HUCMSCs + erastin group, and
decreased S-sulfhydration of Keapl was detected in the HUCMSCs/sh-CSE + Fer-1 group than in the HUCMSCs + Fer-1
group (Figure 6G). Moreover, the S-sulfhydration of Keapl was further decreased after treatment with DTT, which
indicated that Keapl is S-sulfhydrated (Figure 6G). As shown in Figure 6H, S- of Keapl led to decreased nuclear Nrf2
expression, which indicated that the activation of Nrf2 by the CSE/H,S pathway is dependent on Keap1 S-sulfhydration
in HUCMSCs.
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Figure 5 Effect of cystathionine y-lyase inhibition on ferroptosis in human umbilical cord mesenchymal stem cells. A and B: Cell apoptosis
was analyzed by Annexin V-fluorescein isothiocyanate (FITC)/propidine iodide staining using FACS (n = 3), and quantified on the basis of apoptosis rate (n = 3); C
and D: Iron level detected by FeRhoNox-1 staining (C) and iron assay kit (D); E and F: Immunofluorescent staining of total reactive oxygen species; G and H: Level of
lipid peroxidation detected by flow cytometry after staining with C11-BODIPY; I: Intracellular cystine-FITC levels measured by flow cytometry. Results represent three
independent experiments; J: Malonaldehyde level; K: Ratio of reduced glutathione/oxidized glutathione disulfide; L: Mitochondrial morphological changes detected by
transmission electron microscopy; M: Western blot analysis of expression of glutathione-dependent antioxidant enzyme glutathione peroxidase, ferritin heavy chain 1,
nuclear receptor coactivator 4, Fe**-bound transferrin receptor 1, 4-hydroxynonenal, and SLC7A11 protein. Glyceraldehyde-3-phosphate dehydrogenase was used
for normalization for protein (n = 3). Fer-1: Ferrostatin-1; Annexin V-FITC/PI: Annexin V-fluorescein isothiocyanate/propidine iodide; ROS: Reactive oxygen species;
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MDA: Malonaldehyde; CSE: Cystathionine y-lyase; GSH/GSSG: Reduced glutathione/oxidized glutathione disulfide; GPX4: Glutathione-dependent antioxidant
enzyme glutathione peroxidase; FTH1: Ferritin heavy chain 1; NCOA4: Nuclear receptor coactivator 4; TFRC1: Fe*-bound transferrin receptor 1; 4-HNE: 4-
hydroxynonenal; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. °P < 0.01.

DISCUSSION

Ferroptosis has been reported as a form of cell death; however, to date, understanding the potential effects of ferroptosis
on MSC delivery requires further investigation. In the present study, we showed that ferroptosis occurred during
HUCMSC delivery in mice with hypoxia-induced PAH. Moreover, mediation of the CSE/H,S pathway suppressed
ferroptosis in HUCMSCs.

A desirable advantage of MSCs is their ability to home to damaged tissue sites. Evidence has demonstrated that
transplanted MSCs can accumulate in lung tissue, inhibit vascular remodelling, and effectively attenuate pulmonary
hypertension. In the present study, HUCMSCs were chosen because of their many characteristics, which include their
ability to be extracted via a noninvasive procedure and high differentiation potential, the ease of their in vitro expansion,
and their prominent repair properties. To detect transplanted HUCMSCs in vivo, HUCMSCs were labelled with firefly
luciferase by transduction with a lentiviral vector. Furthermore, we determined that the surface markers and differen-
tiation potential of the HUCMSCs were not disrupted after transduction. In this study, we monitored the survival of
HUCMSCs in lung tissue 1 d and 7 d after intravenous injection and found that the HUCMSCs homed to injured lung
tissue. Moreover, our data indicated the protective roles of HUCMSCs against pulmonary artery remodelling in mice
under hypoxia.

Although MSCs can reach impaired sites due to their homing capacity, cell survival in these places is rare. At present,
many potential methods to reduce MSC fate in vivo have been identified, including drug pretreatment, genetic
modification, and preconditioning. However, our study indicated that pretreatment with Fer-1, an inhibitor of ferro-
ptosis, increased HUCMSC survival in the lung, and combined treatment of HUCMSCs with Fer-1 further decreased
vascular remodelling in mice with PAH. Conversely, worse cell survival and decreased therapeutic effects were detected
in PAH mice after the delivery of HUCMSCs pretreated with erastin, which induces ferroptosis. Thus, the results showed
that ferroptosis may have been linked to HUCMSCs survival in mice with hypoxia-induced PAH.

Researchers have indicated that ferroptosis can be activated by iron overload or the inactivation of GPX4[23-25].
During ferroptosis, following its import through TFRCI, Fe** is catalysed and converted to Fe?* in the cytoplasm, which
then participates in the Fenton reaction, causing ferroptosis. Moreover, Fe*" also binds intracellular FTH1, which can be
transported to lysosomes by NCOA4, leading to intracellular iron overload. However, GPX4 is the major endogenous
factor that reduces lipid peroxidation[26]. Cystine is converted to cysteine by the cystine/glutamate antiporter system
(Xc-), which generates GSH, a cofactor for GPX4[27,28]. In addition, the inhibition of SLC7A11, a key component of
system Xc, initiates ferroptosis[29], and MDA and 4-HNE, which are byproducts of lipid peroxidation, represent stable
markers of oxidative stress that are also associated with ferroptosis[30]. In the present in vitro experiments, after Fer-1
administration, we detected decreased cell death, the rebalancing of intracellular iron homeostasis, and reduced levels of
lipid peroxidation products, indicating that ferroptosis was suppressed by Fer-1 in erastin-treated HUCMSCs. This is
consistent with the ability of Fer-1 and erastin to induce and inhibit ferroptosis, respectively[31].

On the basis of our in vitro and in vivo experimental results, we suggest that the CSE/H,S pathway mediates ferroptosis
in HUCMSCs. Synthesized by CSE in mammalian cells, H,S has been shown to directly scavenge ROS[32], facilitate GSH
production[33], inhibit GPX4 inactivation[34], and enhance the activity of system Xc[35], mitigating ferroptosis. Indeed, in
our study, CSE inhibition decreased endogenous H,S levels and exacerbated ferroptosis in HUCMSCs, while CSE overex-
pression increased intracellular H,S production and inhibited ferroptosis in HUCMSCs. Although emerging evidence has
shown that Nrf2 is among the major cellular defences against ferroptosis as it promotes the translation of antioxidant
genes, such as FTH1[36], GPX4[37], and Xc[38], the effects of the CSE/H,S pathway on Nrf2 activation in HUCMSCs have
not been described. In our investigation, it was apparent that upregulation of the CSE/H,S pathway promoted the
translocation of Nrf2 into the nucleus, which indicated that Nrf2 was activated. In addition, using an Nrf2 inhibitor, we
demonstrated that the inhibitory effects of the CSE/H,S pathway against ferroptosis were mediated through the
activation of Nrf2. Interestingly, we also found that the inactivation of Nrf2, in turn, led to the downregulation of CSE,
which may have been caused by excessive oxidative stress-induced oxidation of CSE.

Keapl is known to bind Nrf2 in the cytoplasm and inhibit it, preventing Nrf2 translocation to the nucleus. Under
oxidative stress, the dissociation of Keapl and Nrf2 results in the entrance of Nrf2 into the nucleus, where it initiates gene
transcription[39]. In this study, we found that the CSE/H,S pathway had little effect on total Keapl protein expression in
HUCMSCs. Thus, to further explore the mechanism underlying the effects of the CSE/H,S pathway on Nrf2 activation,
Keap1 S-sulfhydration was investigated in HUCMSCs. S-sulfhydration is a posttranslational modification induced by H,S
that leads to the attachment of sulfhydryl groups to selective proteins, yielding a hydropersulfide moiety (-SSH)[40].
However, the covalent modification that occurs in sulfhydration is reversable by DTT[40]. Recent publications have
revealed that H,S induces the S-sulfthydration of transcription factors, such as Keap1[41]. In this study, we found that
Keap1 S-sulfhydration was inhibited upon ferroptosis. By comparing the difference in Keapl S-sulfhydration between the
HUCMSCs/CSE and HUCMSCs/sh-CSE groups, we demonstrated the significant role of Keapl S-sulfhydration in the
protective effects of the CSE/H,S pathway against ferroptosis in HUCMSCs.

WJSC | https://www.wjgnet.com 1030 November 26,2023 | Volume15 | Issuell |

Jaishideng®



Hu B et al. Ferroptosis inhibition in HUCMSCs via CSE/H2S pathway

A B C D b
=1.5+ 3 1.5+ b =
5 200 b 1
g b - g b 3 b
8 s} = 5
51.04 b T & § 157 | - S 104
T - = g k) S
3 K > 1.0- z
0 X s 2
= 0.5 T g — B 0.5
o _ g © (.5
e - =
& 0.0- & 0.0- 0.0-
> & N ¢ & S X N ¢ & > N ¢ & ©
&S 8 N (éba} & & L L F S FHF
¢ < \Qx ,\/Xg X‘:;Q G & ,\/x‘9 \,xé(\ é§‘ &Qx <b\°
((:(oé' x((é' é\,\/ Q}& )({(é & (é’b ‘(}’b & X
& &QX § & Ny
N
<& & & Q}'z‘;’ (é’bé
E 9 'Y q\’ .
< ‘<Q§ (\QZ 1 Control [ Erastin = FErastin+Fer-1
0 $ \(‘ N . . ~ . _ ~
(,0‘\ (é,go‘ {(},ga Qﬁb‘\ <<’>’bé ,@ _ 2.0 - Bl Erastin+Fer-14+sh-NC ] Eras;|n+Fer 1+sh-CSE X b
T
CSE [ M - - |02 52 b =l b b2t
83 154 b—2 | N B
Keapl | wmmw s s s v (69 kDa 5 5 i =
b3
Cytoplasm Nrf2 | cows smm® s wwee == | 57 kDa :EE
g g 107
Cytoplasm GAPDH | s M A R MR | 36 kD2 & 3 NC 3
oI NC
Nuclear Nrf2 | - -—--‘| 57 kDa % 8 0.5 'Eln—:_l
HistoneH3l-----|17kDa &E, ﬂﬂﬂ“
00 T T T
GAPDH I----l 36 kDa CSE Keap1l Cytoplasm Nrf2 Nuclear Nrf2
F £ &
N @ ‘Z Q%(/ 3 Control [ Erastin =1 Erastin+ NC
SRS é‘% S & ) )
(Jo‘\ {é,,, ‘é'be} & (\{(gbé' - Bl FErastin+ CSE [ | Erastln:) CSE+ Brusatol
= b
CSE | W s o e | 4402 _ T —b
88 20- T oT1 b
Keap1|---—-|69kDa ] '_Iu—\'ll
CYtoplasti NIT2 | s S s s | 57 KDa 3§ 1.5
= b .
Cytoplasm GAPDH | s s s | 36 kDa 2 £ | b
lear Nif2 1 — — | 57k 53 i | Ng—NEne
Nuclear Ni — — 57kDa ¢TI
= 1 0.5 F
Histone H3 [ | 17k0a 8§ I_l ﬂ “
00 , , ,
GAPDH | - e e == -| 36 kDa Keapl Cytoplasm Nrf2 Nuclear Nrf2
G S —— - - e —
IP:Keapl [ s s - - | Cytoplasm Nrf2 il
i ——— —— —— — —
S-sulfhydrated-Keap1 [ W Histone H3
Input Keapl [ -------J Nuclear Nrf2 [ s co s mm— e w——
GAPDH |mme e e e S0 S o o o - caroH [
pIr 4+ - A -+ - k- DIT + - + + -+ -+ -
Erastin - - + 4+ + + + + + o+ Erastin - R + 4+ o+ o+ o+ o+ o+ 4+
e S S Fer-1 - - - + o+ - -+ o+
Sh-CSE - - - - - - - - o+ ShCSE - - - - - - - - 4+ 4
GE - - - - - -+t CSE - - - - - - 44 -

DOI: 10.4252/wjsc.v15.i11.1017 Copyright ©The Author(s) 2023.

Figure 6 Effect of cystathionine y-lyase/hydrogen sulfide pathway on nuclear factor erythroid 2-related factor 2 activation and ferroptosis
in human umbilical cord mesenchymal stem cells. A and B: Exogenous hydrogen sulfide (H,S) production; C and D: Nuclear factor erythroid 2-related
factor 2 (Nrf2) activity; E and F: Western blot analysis and quantification of cystathionine y-lyase (CSE) protein, Kelch-like ECH-associating protein 1 (Keap1), and
cytoplasmic and nuclear Nrf2 protein; G: Change of Keap1 S-sulfhydration. 1,4-Dithio-DL-threitol (DTT, 1 mmol/L, 3 h) served as a negative control; H: Effect of DTT
on cytoplasmic and nuclear Nrf2 expression. Histone H3 was used for normalization for nuclear proteins, and glyceraldehyde-3-phosphate dehydrogenase was used
for normalization for whole and cytoplasmic protein (n = 3). CSE: Cystathionine y-lyase; H,S: Hydrogen sulfide; Nrf2: Nuclear factor erythroid 2-related factor 2;
HUCMSCs: Human umbilical cord mesenchymal stem cells; Fer-1: Ferrostatin-1; sh-CSE: Short hairpin RNA targeting cystathionine y-lyase; Keap1: Kelch-like ECH-
associating protein 1; DTT: 1,4-Dithio-DL-threitol; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. °P < 0.01.
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CONCLUSION

In conclusion, the present data provide evidence for the first time that inhibiting ferroptosis improves the survival of
HUCMSC transplanted in mice with hypoxia-induced PAH. Moreover, ferroptosis can be suppressed by regulating the
CSE/H,S pathway via S-sulfhydrated Keap1/Nrf2 signalling in HUCMSCs. Collectively, the ability of CSE to inhibit
ferroptosis suggests that genetic approaches to manipulate CSE expression and H,S production may provide a novel
therapeutic avenue for improving the protective capacity of transplanted MSCs in PAH.

ARTICLE HIGHLIGHTS

Research background

Ferroptosis can decrease retention and engraftment after mesenchymal stem cell (MSC) delivery, which is considered a
major challenge to the effectiveness of MSC-based therapy for pulmonary arterial hypertension (PAH). Interestingly, the
cystathionine y-lyase (CSE)/hydrogen sulfide (H,S) pathway may contribute to mediating ferroptosis.

Research motivation

We aimed to investigate the influence of the CSE/H,S pathway on ferroptosis in human umbilical cord MSCs
(HUCMSCs).

Research objectives

We aimed to clarify whether the effect of HUCMSCs on vascular remodelling in mice with PAH is by CSE/H,S pathway-
mediated ferroptosis. Furthermore, the effect of the CSE/H,S pathway on ferroptosis in HUCMSCs and the underlying
mechanisms were investigated.

Research methods

Erastin and ferrostatin-1 (Fer-1) were used to induce and inhibit ferroptosis, respectively. HUCMSCs were transfected
with a vector that overexpressed or inhibited CSE. A PAH mouse model was established using 4-wk-old male BALB/c
nude mice under hypoxic conditions, and pulmonary pressure and vascular remodelling were measured. The survival of
HUCMSCs after delivery was observed by in vivo bioluminescence imaging. Cell viability, iron accumulation, reactive
oxygen species (ROS) production, cystine uptake, and lipid peroxidation in HUCMSCs were tested. Ferroptosis-related
proteins and S-sulfhydrated Kelch-like ECH-associating protein 1 (Keapl) were detected by western blot analysis.

Research results

In vivo, CSE overexpression improved cell survival after erastin-treated HUCMSCs were delivered to mice with hypoxia-
induced PAH. In vitro, CSE overexpression improved H,S production and ferroptosis-related indexes in erastin-treated
HUCMSCs, such as cell viability, the iron level, ROS production, cystine uptake, lipid peroxidation, mitochondrial
membrane density, and ferroptosis-related protein expression. In contrast, in vivo, CSE inhibition decreased cell survival
after Fer-1-treated HUCMSC delivery and aggravated vascular remodelling in the PAH mice. In vitro, CSE inhibition
decreased H,S levels and restored ferroptosis in Fer-1-treated HUCMSCs. Interestingly, we found that upregulation of the
CSE/H,S pathway induced the S-sulfhydration of Keap1, which contributed to the inhibition of ferroptosis.

Research conclusions

Regulation of the CSE/H,S pathway in HUCMSCs contributes to the inhibition of ferroptosis and improves the effect of
vascular remodelling suppression in hypoxia-induced PAH mice. Moreover, the protective effect of the CSE/H,S
pathway on ferroptosis in HUCMSCs is mediated via S-sulfhydrated Keapl/nuclear factor erythroid 2-related factor 2
(Nrf2) signalling. The present study may provide a novel therapeutic avenue for improving the protective capacity of
transplanted MSCs in PAH.

Research perspectives

Regulation of the CSE/H,S pathway in HUCMSCs contributes to the inhibition of ferroptosis and improves the ability of
HUCMSCs to suppress vascular remodelling in mice with hypoxia-induced PAH. Moreover, the protective effect of the
CSE/H,S pathway on ferroptosis in HUCMSCs is mediated via S-sulfhydrated Keap1/Nrf2 signalling. The present study
may provide a novel therapeutic avenue for improving the protective capacity of transplanted MSCs in PAH.
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