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Abstract: Loss of Smad3 and the consequent activation of myocardin-related transcription factor
(MRTF) are associated with vascular pathologies. This study aimed to examine the impact of per-
sistent hypoxia with intermittent aggravation (PI hypoxia) on cellular senescence and pulmonary
arterial remodeling mediated by the Smad3/MRTF imbalance. We examined the effects of PI hypoxia
on the Smad3/MRTF pathway and cellular senescence using human pulmonary artery endothelial
cells (HPAECs) and in vivo studies in rats. The senescent degree was evaluated using β-galactosidase
staining, p16 quantitation and the measurement of senescence-associated secretory phenotype. Struc-
tural data in the pathological analysis of pulmonary artery remodeling were collected. Compared to
the control, HPAECs and pulmonary tissue from rats exposed to PI hypoxia showed a significantly
higher senescent degree, lower expression of Smad3, and higher MRTF levels. The overexpression
of Smad3 significantly mitigated HPAECs senescence in vitro. Further, treatment with CCG-203971,
which inhibits MRTF, increased Smad3 levels and reduced β-galactosidase positive cells in rat lung
tissue. This intervention also alleviated PI hypoxia-induced pathological changes, including remodel-
ing indices of pulmonary arterial thickening, muscularization, and collagen formation. In conclusion,
imbalanced Smad3/MRTF signaling is linked to PI hypoxia-induced senescence and pulmonary
arterial remodeling, making it a potential therapeutic target for patients with sleep apnea and chronic
obstructive pulmonary disease.

Keywords: myocardin-related transcription factor; PI hypoxia; remodeling; senescence; Smad3

1. Introduction

Overlap syndrome (OS) is characterized by the co-occurrence of obstructive sleep
apnea (OSA) and chronic obstructive pulmonary disease (COPD). The overall prevalence
of OSA-COPD OS ranges from 1 to 3.6% in the general population [1], whereas in patients
with moderate-to-severe COPD, the prevalence of OS has been reported to be as high as
65.9% [2]. Patients with advanced OS may present with persistent hypoxia due to impaired
ventilatory capacity and intermittent hypoxia (IH) caused by recurrent obstruction of
the upper airway during sleep. This leads to a unique form of hypoxia, referred to as
persistent hypoxia with intermittent aggravation (PI hypoxia), which generates significant
hypoxaemia. Studies have suggested that PI hypoxia is closely linked to the development of
pulmonary arterial diseases [3,4]. To better understand the pathophysiology of pulmonary
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hypertension and develop more effective treatments, it is crucial to explore the mechanisms
underlying pulmonary remodeling caused by PI hypoxia. Despite the widespread use of
current therapeutic strategies for pulmonary hypertension, including endothelin receptor
antagonists and phosphodiesterase type 5 inhibitors, a considerable proportion of patients
experience disease progression. This highlights the need for alternative approaches and
novel targets to enhance treatment efficacy and improve patient outcomes.

Senescence is a biological process in which cellular functions deteriorate, resulting
in a decline in cellular proliferation and differentiation. The dynamic balance between
senescence and rejuvenation is critical for maintaining the health of an organism. However,
excessive senescence is associated with pathological impairments such as atherosclero-
sis [5]. Studies in both animals and humans have shown that the senescence of pulmonary
artery endothelial cells is strongly connected to the development of irreversible pulmonary
hypertension [6,7]. Continuous hypoxia and chronic IH, both of which are crucial factors in
mediating pulmonary arterial damage, have been demonstrated to induce senescence [8,9].
For example, our previous study revealed that IH, which mimics the hypoxic state of OSA,
induced a high expression of senescence-associated β-galactosidase (SA-β-gal) in human
adipose precursor cells [8]. Currently, there is a lack of research on the relationship between
PI hypoxia and respiratory senescence, as well as its role in the structural impairment of
the pulmonary artery.

Smads (small body size [aC. elegans protein] mothers against decapentaplegic [a
Drosophila protein family]) are a class of vital proteins that transmit transforming growth
factor-β signals from cell surface receptors into the nucleus. However, unphosphorylated
Smad3 can also enter the nucleus to exert biological effects [10]. Furthermore, intracellular
Smad3 protein not only causes tissue damage via the classical transmit transforming
growth factor-β/Smads pathway but also exerts protective effects on cellular growth,
differentiation, and immune regulation [11,12]. Functionally, Smad3 plays an indispensable
role in protecting the vascular system [12–14], likely because it inhibits the activation of
the myocardin-related transcription factor (MRTF) [13], a mediator of vascular injuries. In
monocrotaline or hypoxia-induced models, Smad3 expression is reduced in the pulmonary
arteries, along with its decreased inhibitory effect on MRTF [13]. Moreover, in hypoxia-
exposed rats, the inhibition of MRTF has been shown to attenuate vascular remodeling [13],
a significant pathological basis for the development of pulmonary hypertension. To our
knowledge, no studies have investigated the impact of Smad3/MRTF imbalance on the
senescence of pulmonary vascular cells. Given the involvement of Smad3 and MRTF in
hypoxia-induced pulmonary artery injury, we aim to explore the relationship between
Smad3/MRTF imbalance and the degree of senescence in the respiratory system. This
investigation could provide valuable insights into the pathogenesis of pulmonary arterial
remodeling and identify potential therapeutic targets. Therefore, we constructed PI hypoxia
models to verify our hypothesis that the loss of Smad3 and unleashed MRTF mediate
senescence and pulmonary arterial remodeling, which can be targeted for alleviation.

2. Materials and Methods
2.1. Cell Culture and Treatment

Human pulmonary artery endothelial cells (HPAECs) (Beina Chuanglian Biotechnol-
ogy Research Institute, Beijing, China) were cultured in 1640 medium (Biological Industries,
Israel) with 10% fetal bovine serum (Gibco, Billings, MT, USA) for 72 h in a cell culture
incubator (SANYO, Osaka, Japan), which provided a continuous supply of 5% carbon
dioxide. Changes in the oxygen concentration (FiO2) in the incubator were achieved by
filling it with nitrogen (Thermo Fisher Scientific, Waltham, MA, USA).

The PI hypoxia model was designed based on previous cell models of IH [15] and
persistent hypoxia [16]. To achieve the hypoxic conditions required for the cellular study,
the cells were subjected to cyclically alternating 4 h of PI hypoxia with 4 h of continuous
hypoxia. The PI hypoxia program was administered as follows: first, the FiO2 in the
incubator was rapidly reduced from 21% to 15% to establish the basic environment. Then,
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hypoxia aggravation (60 events/h) was initiated to reduce FiO2 from 15% to 5% within
30 s, followed by restoring FiO2 from 5% to 15% in the next 30 s. The FiO2 of 15% was
maintained during the interval of hypoxia aggravation. All the above processes, including
normoxia, continuous hypoxia, and intermittent aggravation of hypoxia, were controlled
using a preset computerized program.

The goal of these in vitro studies was to (1) examine the effects of PI hypoxia and
(2) evaluate the role of Smad3/MRTF in mediating the effects of PI hypoxia. Therefore,
four subgroups were created for all the outcomes: (1) normoxia (control), (2) PI hypoxia
(PI), (3) Smad3 overexpression in PI hypoxia (PI + Smad3-OE), and (4) CCG-203971 (MRTF
inhibitor, 5 mmol/L, Selleck Chemicals; Houston, TX, USA) treatment in PI hypoxia
(PI + CCG-203971). The Smad3 overexpression was achieved using a specific lentivirus
construct as described below [17].

2.2. Animals

Male rats aged 6–8 w were purchased from Weitong Lihua and were raised in a
hypoxic chamber (AIPUINS Instruments; Hangzhou; China). The rats were provided with
normal chow and were kept in a 12–12 h light–dark cycle environment with a temperature
of 20–24 ◦C and a humidity of 50–60%. After 2 d of adaptive feeding with normoxia,
the rats were randomly divided into 3 subgroups: (1) normoxia, (2) PI hypoxia (PI), and
(3) CCG-203971 treatment in PI hypoxia (PI + CCG-203971). The last group was given daily
intraperitoneal injections of CCG-203971 (0.15 mg/kg) during PI hypoxia feeding, while
the other groups were injected with an equal volume of 0.9% sodium chloride. Approval
for this animal study (ks2019020) was obtained from the Institutional Review Board of
Beijing Anzhen Hospital.

The rats were initially raised in a normoxic environment for 2 d before being trans-
ferred to a hypoxic chamber for 21 d. The FiO2 was set to 15 ± 1% for continuous hypoxia
and 8–15% for IH aggravation. Since the maximum FiO2 was not higher than 15% during
both IH and persistent hypoxia, the rats were in PI hypoxia. The concentration of CO2 in
the hypoxic chamber was maintained at normal levels by absorbing excessive CO2 using
calcium oxide and calcium hydroxide. The chamber was opened every 3 d at 12 pm for
cleaning and to supply food and water, with each opening not exceeding 30 min. The
circadian rhythm of daytime and nighttime alternated every 12 h. Moderate or severe
hypoxaemia was confirmed via arterial blood gas analysis. Rats in the control group were
placed in an air environment with the same temperature and humidity.

The PI hypoxia strategies in animal studies were as follows: the chamber was filled
with nitrogen to control the FiO2 at 15 ± 1% to maintain continuous hypoxia from 9 pm
to 9 a.m., while IH aggregation was implemented from 9 a.m. to 9 p.m. In each cycle of
hypoxia aggravation, the FiO2 in the chamber was decreased to 8% in 80 s and gradually
recovered to 15% in 20 s. FiO2 of 15% was maintained for 20 s until the beginning of the
next cycle of hypoxia aggravation. The main control board regulated the conversion of
nitrogen and compressed air in the cabin to maintain a simulated OSA rate of 30 events/h
on the basis of moderate-to-severe COPD.

2.3. Smad3 Overexpression

Lentivirus overexpressing Smad3 was purchased from Yi Berry (Shanghai, China).
HPAECs were seeded into six-well plates at a density of 5 × 104 per well and then trans-
fected with lentivirus overexpressing Smad3 using Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA). The cells were first cultured using a complete medium for 72 h and then
replaced with a medium containing puromycin (0.5 µg/mL) to screen the HPAECs sta-
bly expressing Smad3 for 7 d. The transfection efficiency was examined via quantitative
real-time polymerase chain reaction (qRT-PCR), which is shown in Supplementary File S1:
Figure S1.



Biomedicines 2023, 11, 2351 4 of 16

2.4. Senescence Assessed by SA-β-gal

SA-β-gal was one of the most commonly used methods to assess cellular or tissue
senescence and adapted from previously published protocols [18–20]. Briefly, the senescent
status of HPAECs and lung tissue cells was determined using an SA-β-gal staining kit (Cell
Signaling Technology, Danvers, MA, USA). SA-β-gal staining fixative was added to each
2 × 104 cell or lung tissue slide for 15 min at room temperature and washed with phosphate
buffer solution. Then, SA-β-gal staining solution was added to the cells or lung tissue
slides and incubated overnight at 37 ◦C. After removing the SA-β-gal staining solution, the
cells were covered with 70% glycerin gelatine and incubated at 4 ◦C. Senescent cells that
appeared in blue were observed using a microscope (Nikon, Tokyo, Japan). We counted
the number of stained cells (blue staining in vitro and in vivo) per 106 um2 to assess cell
senescence.

2.5. Flow Cytometry Assay for Cell Apoptosis

The Annexin V-APC/PI apoptosis detection kit (Southern Biotech, Birmingham, AL,
USA) was used to assess the cellular apoptosis according to the manufacturer’s instructions.
HPAECs were digested by trypsinization, centrifuged at 1300 rpm for 3 min and washed
with phosphate-buffered solution. The cells were suspended in an annexin V binding
buffer. An APC-labeled Annexin V and propidium iodide were added to the cells, followed
by 15 min incubation in the dark. The mixture was centrifuged at 1500 rpm for 3 min to
remove the supernatant and 1000 µL diluted 1 × binding buffer was added. The cells
were tested via MM high-pass flow cytometer (Millipore, Burlington, MA, USA), with
a percentage of apoptotic cells analyzed using FlowJo software version 10.8.1 (Treestar,
Ashland, OR, USA).

2.6. Histopathological and Immunohistochemistry Staining

For the histopathological analysis, the lung tissue from rats was fixed in 4% paraformalde-
hyde, processed and embedded in paraffin, cut into 4 µm sections, and stained with
hematoxylin and eosin (H&E) or Masson trichrome (Baso, Zhuhai, China). For immunohis-
tochemistry of the smooth muscle proliferation, the lung tissue sections were subjected to
induced antigen retrieval and subsequently labelled with the antibody of anti-alpha-smooth
muscle actin (α-SMA) protein at 4 ◦C overnight and then incubated with HRP-conjugated
secondary antibody. The sections were captured using a microscope (Olympus, Tokyo,
Japan), and visualized via the CaseViewer (version 2.4, 3DHISTECH, Budapest, Hungary)
software to select pulmonary arterioles with a blood vessel diameter of 80–150 µm. The
results were analyzed using Image J software version 1.53 [21].

2.7. Right Ventricular Hypotrophy Index (RVHI)

For determining the RVHI, the cardiac atrium was carefully excised, followed by the
separation of the right ventricle (RV), left ventricle and interventricular septum (LV + S)
along the ventricular septum. The RV and LV + S were weighed and RVHI was calculated
using the formula RVHI = RV/(LV + S) [22].

2.8. Further Applied Methods

Additional qRT-PCR, Western Blot, enzyme-linked immunosorbent assay (ELISA)
and cell counting kit-8 proliferation assay (CCK8) are further described in Supplementary
File S2.

2.9. Statistical Analysis

All experiments were performed with at least three independent biological experi-
ments. Continuous data were presented as mean and standard deviation. Student’s t-test or
one-way ANOVA was used to compare whether there were statistical differences between
two or more groups, and Bonferroni or Dunnet method was used for post hoc testing.
Pearson correlation analysis was conducted to measure the strength and direction of the re-
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lationship between two continuous variables. Statistical analysis was conducted using JMP
software, Version 16.1 (SAS Institute, Cary, NC, USA) and GraphPad software, Version 9.0
(San Diego, CA, USA) with a significance level of two-sided p < 0.05.

3. Results
3.1. Smad3 Loss Mediates Senescence Induced by PI Hypoxia

Compared to normoxia, 72 h PI hypoxia exposure in cultured HPAECs decreased
Smad3 expression (Figure 1A) and increased the presence of senescent cells (Figure 1B).
The consequent decrease in cellular proliferation (Figure 1C) and increase in apoptosis
(Figure 1D) were also observed with PI hypoxia treatment. The expression of p16INK4a

(Figure 1E) and senescence-associated secretory phenotypes (SASP) factor concentration of
interleukin-1 (IL-1), tumor necrosis factor alpha (TNF-α), and monocyte chemoattractant
protein-1 (MCP1) (Figure 1F–H) were increased after PI hypoxia. Notably, the detrimental
effects of PI hypoxia on HPAECs were reversed with Smad3 overexpression.
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poxia in vitro. (A) Representative Western Blot and graph of the relative protein levels of Smad3 in 
Figure 1. Overexpression of Smad3 mitigates HPAECs senescence and apoptosis induced via PI
hypoxia in vitro. (A) Representative Western Blot and graph of the relative protein levels of Smad3
in HPAECs. (B) Representative image and statistical result of SA-β-gal+ (blue staining) HPAECs
abundance per area in each group. (C) CCK-8 results for the ability of proliferation in HPAECs.
(D) Representative image of flow cytometry and statistical result for the apoptotic HPAECs and
percentages. (E) qPCR analysis of p16INK4A gene expression. ELISA analysis of SASP factor concen-
tration of (F) IL-1, (G) TNF-α, and (H) MCP1. Data presented are mean ± SD of three independent
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Similar to our in vitro findings, rats exposed to PI hypoxia for 21 d showed significant
Smad3 loss in their lung tissue (Figure 2A). Senescence assessed via SA-β-gal staining
was seen in the lung tissue of rats exposed to PI hypoxia (Figure 2B), and p16INK4A gene
expression and SASP factor concentration of IL-1, TNF-α, and MCP1were confirmed to be
upregulated in the peripheral blood of rats after PI hypoxia exposure (Figure 2C–F).
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Figure 2. PI hypoxia induces senescence in vivo, which is mitigated via MRTF inhibition. (A) Rep-
resentative Western Blot and graph of the relative protein levels of Smad3 and MRTF in tissue.
Histological image and the statistical result of (B) SA-β-gal+ (blue staining) cells abundance per area
in each group. (C) qPCR analysis of p16INK4A gene expression. ELISA analysis of SASP factor concen-
tration of (D) IL-1, (E) TNF-α, and (F) MCP1. Data presented are mean ± SD of three independent
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001. ns: not significant
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3.2. PI Hypoxia Activates MRTF, Causing Senescence and Pulmonary Arterial Remodeling

Smad3 is known to regulate the expression of MRTF [23]; therefore, we next evaluated
the effects of PI-hypoxia on MRTF expression and activity. The expression of MRTF was
higher in the PI group than in the control group, which was reduced via MRTF inhibitor
(CCG-203971) treatment and Smad3 overexpression (Figure 3A,B). The administration of
CCG-203971 decreased cell counts with positive SA-β-gal staining (Figure 1B). Similarly, the
treatment of CCG-203971 attenuated the increase of p16INK4A gene expression and SASP
factor concentration of IL-1, TNF-α, and MCP1 induced via PI hypoxia (Figure 1E–H),
suggesting the ability of MRTF inhibitor to curtail senescence in cultured HPAECs exposed
to 72 h PI hypoxia. Meanwhile, the PI + CCG-203971 group exhibited significantly improved
HPAEC proliferation (Figure 1C) and a reduced proportion of apoptotic cells (Figure 1D)
than the PI group.
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Figure 3. MRTF expression is upregulated in HPAECs after PI hypoxia in vitro. (A) Representative
Western Blot of MRTF in HPAECs after PI hypoxia exposure. (B) Quantification for relative protein
levels of MRTF via densitometric analysis in each group. Data presented are mean ± SD of three
independent experiments. * p < 0.05; ** p < 0.01.

Compared with the control group, MRTF expression in the lung tissue of PI hypoxia
animals was significantly higher (Figure 2A). MRTF was slightly inhibited along with sig-
nificant restoration of Smad3 expression when therapeutic CCG-203971 was administered.
Meanwhile, CCG-203971 treatment could not only mitigate PI hypoxia-induced senescence
(evaluated via SA-β-gal staining) (Figure 2B), but also downregulated the level of p16INK4A

gene expression and SASP factor concentration of IL-1, TNF-α, and MCP1 (Figure 2B–E).
There was no significant improvement in the value of RVHI (Figure 4A). As the patho-
logical results showed, treatment with CCG-203971 resulted in a structural improvement
of PI hypoxia-induced damage, such as thinner pulmonary arterioles wall (Figure 4B),
reduced deposition of collagen fibers (Figure 4C), and decreased muscularization assessed
via α-SMA expression (Figure 4D) in the PI + CCG-203971 group as compared with the
PI group.
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Figure 4. PI hypoxia induces pulmonary artery remodeling in vivo, which is mitigated via MRTF
inhibition. (A) RVHI of each group using the anatomical method. Histological image and statistical
result of (B) thickness of pulmonary arterial vessel wall in lung tissue via H&E staining, (C) relative
level of collagen fiber via Masson staining, and (D) proliferation of smooth muscle via relative
expression for α-SMA by IHC. Data presented are mean ± SD of three independent experiments.
** p < 0.01; *** p < 0.001. ns: not significant
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3.3. Smad3/MRTF Imbalance Associates with Senescence and Vascular Remodeling

The ratio of Smad3/MRTF was calculated by dividing the protein level of Smad3 by
the protein level of MRTF. The results showed that the ratio was lower in HPAECs cultured
in PI hypoxia than in normoxia, which can be reversed, respectively, either by Smad3
overexpression or by CCG-203971 (Figure 5A). Furthermore, the results of correlation
analysis showed that the value of Smad3/MRTF was negatively correlated with the level
of SA-β-gal (R2 = 0.434, p < 0.001), cellular apoptosis (R2 = 0.412, p < 0.001), p16INK4A gene
expression (R2 = 0.616, p < 0.001) and SASP of IL-1 (R2 = 0.484, p < 0.001), TNF-α (R2 = 0.558,
p < 0.001), and MCP1 (R2 = 0.610, p < 0.001) (Figure 5B–G).
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Figure 5. Smad3/MRTF imbalance is associated with cellular senescence after PI hypoxia exposure
in vitro. (A) The ratio of Smad3/MRTF was calculated by dividing the protein level of Smad3 by the
protein level of MRTF according to the results of Western Blot in HPAECs. The correlation analysis of
Smad3/MRTF ratio with (B) SA-β-gal+ cell abundance per area, (C) percentage of apoptotic HPAECs,
(D) p16INK4A gene expression, and SASP factor concentration of (E) IL-1, (F) TNF-α, and (G) MCP1
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Similar to the in vitro study, Smad3/MRTF ratio was lower in the lung tissue of rats
exposed to 21 d of PI hypoxia than in normoxia, which was substantially regained by
CCG-203971 treatment (Figure 6A). A negative correlation existed between the value of
Smad3/MRTF and SA-β-gal expression (R2 = 0.764, p < 0.001) (Figure 6B). Smad3/MRTF
was also negatively correlated with p16INK4A gene expression (R2 = 0.492, p = 0.001) and
SASP of IL-1 (R2 = 0.422, p = 0.004), TNF-α (R2 = 0.602, p < 0.001) and MCP1(R2 = 0.263,
p = 0.030) (Figure 6C–F). Further, Smad3/MRTF was found to be negatively correlated with
the remodeling indices of pulmonary arterial thickness (R2 = 0.495, p = 0.001), collagen fiber
amount (R2 = 0.693, p < 0.001) and α-SMA expression (R2 = 0.608, p < 0.001) (Figure 6G–I).
Additionally, we found that SA-β-gal expression was positively correlated with the remod-
eling indices of pulmonary arterial thickness (R2 = 0.562, p < 0.001), collagen fiber amount
(R2 = 0.752, p = 0.002) and α-SMA expression (R2 = 0.634, p < 0.001) (Figure 6J–L).
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Figure 6. Smad3/MRTF imbalance is associated with senescence and pulmonary artery remodeling
after PI hypoxia exposure in vivo. (A) The ratio of Smad3/MRTF was calculated by dividing the
protein level of Smad3 by the protein level of MRTF according to the results of Western Blot in
lung tissue. Correlation analysis of Smad3/MRTF ratio with (B) abundance of SA-β-gal+ cells in
lung tissue, (C) p16INK4A gene expression, and SASP factor concentration of (D) IL-1, (E) TNF-α
and (F) MCP1 in lung tissue. Correlation analysis of Smad3/MRTF ratio with (G) thickness of
pulmonary arterial vessels in lung tissue, (H) relative level of collagen fiber and (I) α-SMA expression.
Further correlation analysis of SA-β-gal level with (J) thickness of pulmonary arterial in lung tissue,
(K) collagen fiber and (L) α-SMA expression. Data presented are mean ± SD of three independent
experiments. *** p < 0.001.

3.4. PI Hypoxia Extends Telomere Length (TL)

Compared with the control, HPAECs in the PI group presented with longer TL
(Figure 7A), although PI hypoxia exposure caused a significant accumulation of senes-
cent and apoptotic cells. Smad3-OE and CCG-203971 group versus the PI group had
relatively shorter TL (Figure 7A). Generally, TL was found to be positively associated with
HPAECs senescence evaluated via the density of SA-β-gal staining (R2 = 0.527, p < 0.001)
and apoptosis (R2 = 0.416, p < 0.001) evaluated via flow cytometry (Figure 7B,C).

Consistent with the in vitro study, lung tissue cells collected from the PI group exhib-
ited longer TL than those from the control (Figure 8A). PI + CCG-203971 group demon-
strated significantly shorter TL compared with the PI group. The positive correlation of TL
with cellular senescence was also verified in vivo studies (R2 = 0.639, p < 0.001) (Figure 8B).
TL was positively associated with the remodeling indices of pulmonary arterial thickness
(R2 = 0.852, p < 0.001), collagen fiber amount (R2 = 0.6713, p < 0.001,) and α-SMA expression
(R2 = 0.807, p < 0.001) (Figure 8C–E).
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Figure 8. TL is prolonged and associated with senescence and pulmonary artery remodeling after
PI hypoxia exposure in vivo. (A) TL evaluated as the ratio of T/S was calculated according to the
results of Western Blot in lung tissue of rats. (B) Correlation analysis of T/S ratio with the abundance
of SA β-Gal+ cells in lung tissue. Further correlation analysis of the T/S ratio with the (C) thickness
of pulmonary arterial vessels, (D) level of collagen fiber and (E) α-SMA expression in lung tissue.
Data presented are mean ± SD of three independent experiments. T/S, telomeres/single copy gene.
*** p < 0.001.

4. Discussion

Our study shows that PI hypoxia causes an imbalance of Smad3/MRTF, specifically
Smad3 loss and MRTF overexpression, which leads to the senescence of HPAECs and is
closely associated with pulmonary arterial remodeling (Figure 9). Treatment targeting
the Smad3/MRTF imbalance by increasing Smad3 expression or inhibiting MRTF has the
potential to alleviate the senescence of HPAECs and the severity of remodeling. This study
provides insight into the treatment of OS-associated pulmonary arterial diseases.
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Figure 9. Schematics of PI hypoxia-induced HPAECs senescence mediated via an imbalance of
Smad3/MRTF in the formation of pulmonary arterial remodeling. On the left (in bright color): PI
hypoxia causes an imbalance of Smad3/MRTF, specifically Smad3 loss and MRTF overexpression,
leading to senescence of HPAECs senescence and pulmonary arterial remodeling. On the right (in
gray color): PI hypoxia activates canonical phosphorylation of Smad3. The P-Smad3,4 complex enters
the nucleus and exerts a fibrogenic effect.

Animal studies have shown that both IH with a trough FiO2 of 4% for 6 w [24] and
chronic hypoxia with a FiO2 of 10% for 4 w [16] can cause pulmonary arterial remodeling
and pulmonary hypertension. To the best of our knowledge, this is the first study to
demonstrate that a shorter duration of hypoxia, involving only 3 w of PI hypoxia with a
trough FiO2 of 8%, can lead to significant pulmonary arterial remodeling as evidenced by
anatomopathological changes. This finding partially explains why patients with moderate-
to-severe OS have a higher prevalence of pulmonary hypertension compared to those with
isolated COPD or OSA. This is because they may experience further nocturnal desaturation
on top of diurnal hypoxia.

MRTF, which drives the α-SMA promoter and mediates hyperplasia and fibrosis,
has been shown to form a stable complex with the Smad3 protein in the nucleus by
binding to its MH2 region [25,26]. Physiologically, the intracellular environment keeps a
stable concentration of Smad3, which maintains a proportionally balanced relationship
with MRTF [23]. Under normal conditions, Smad3 expression prevents excessive MRTF
activation and pathological processes. But in stressful conditions, harmful stimulation can
lead to the disruption of the Smad3-MRTF interaction, resulting in reduced levels of Smad3
and the consequent loss of its ability to inhibit MRTF [13]. To date, there have been few
studies investigating the role of Smad3/MRTF imbalance in the pathogenesis of pulmonary
vascular diseases. Our study unveiled the imbalance of Smad3/MRTF induced by PI
hypoxia and linked it with the genesis of pulmonary arterial remodeling. Our findings are
consistent with those of Zabini et al. [13], who observed that silencing Smad3 expression
led to excessive activation of MRTF, resulting in increased expression of α-SMA and actin
stress fibers in cultured pulmonary artery smooth muscle cells; these unfavorable effects
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were reversed via the stimulation of Smad3 expression. It is worth noting that the activation
of MRTF in conjunction with the loss of Smad3 implies that the interaction between Smad3
and MRTF may be altered during PI hypoxia. In other words, MRTF activation even might
be independent of Smad3 expression in hypoxia. Further investigations are also necessary
to determine the cellular localization of MRTF, particularly under pathological conditions.

Our study has revealed that senescence, along with other pathological processes such
as apoptosis and fibrosis, plays a significant role in the development of pulmonary arterial
remodeling induced by PI hypoxia. This result is consistent with the recent evidence identi-
fying a direct causal role for endothelial senescence in pulmonary hypertension [27,28]. To
the best of our knowledge, our study has revealed for the first time that PI hypoxia-induced
senescence in vivo and in vitro is mediated via Smad3/MRTF imbalance. Primarily, normal
expression of Smad3 is a fundamental protector against senescence, as also shown by the
findings of Yang and colleagues who observed that inhibition of Smad3 led to prema-
ture senescence-like phenotype in human umbilical vein endothelial cells [29], whereas
the inhibition of endogenous miR-216a attenuated the senescent status via promotion of
Smad3 [30]. Additionally, we found that MRTF activation is associated with HPAECs
senescence, and that CCG-203971, an MRTF inhibitor, attenuated senescence in vivo and
prevented hypoxia-associated pulmonary arterial remodeling via MRTF inhibition and
subsequent Smad3 promotion. MRTF antagonism using CCG-203971 represents a promis-
ing novel target for preventing senescence and pulmonary arterial remodeling. This is
particularly significant given the concerns regarding the tumorigenic potential of artificially
overexpressed Smad3. By inhibiting MRTF activity, CCG-203971 may offer a safer and
more effective approach to attenuating senescence and pulmonary arterial remodeling.
Further research is needed to evaluate the anti-senescent competency of other modalities
that maintain the balance of Smad3/MRTF in pathological environments.

Telomeres are DNA-protein complexes located at the end of chromosomes that pro-
tect the chromosome terminals from fusion and degradation. TL is commonly used to
evaluate senescence since the shortening of chromosomal telomeres occurs at the cellular di-
vision [31]. However, studies on the association of TL with OSA prevalence are limited and
inconsistent. For example, in Judith’s study, patients with severe OSA (AHI > 30 events/h)
had greater leukocyte telomere attrition [32], whereas our previous studies did not find
a shortening of leukocyte TL in patients with OSA nor a relationship of TL with the car-
diovascular prognosis [8]. The inconsistencies between TL and senescence extend to other
populations/stress inducers as well and cellular senescence is not always associated with
telomere shortening [33]. In the current experiment, both cultured HPAECs and lung
tissue exposed to chronic hypoxia exhibited an unexpected increase in TL, despite a high
expression of the specific senescence markers. This phenomenon is consistent with the
results of previous studies on human umbilical vein endothelial cells exposed to consistent
hypoxia (FiO2 10%) [34]. Further, a prior study examining the TL in the small epithelial
cells in the lung of COPD patients also showed increased senescence biomarkers (p16)
without TL attrition [35]. It is also likely that the telomere lengthening in our study may
be an initial adaptive response to hypoxia-related stress, which becomes maladaptive as it
exposes the cell to further DNA damage with continued exposure to hypoxic stress [33].
Further research could be conducted to investigate the correlation between Smad/MRTF
and telomerase activity, DNA damage and senescence in various cell types.

We acknowledge that our study has some limitations. First, although we found that the
overexpression of Smad3 significantly reduced senescence in HPAECs, we did not directly
verify this strategy in vivo. Instead, we discovered that inhibiting MRTF, a protein that
opposes Smad3, can partially restore Smad3/MRTF balance and have an anti-senescent
effect both in vitro and in vivo. Second, we recognize that exposing cells and animals
to hypoxia for 72 h and 21 d, respectively, may not fully replicate the chronic oxygen
deprivation experienced by OS patients. Third, our study primarily focused on the role
of HPAEC senescence in the development of pulmonary arterial remodeling, which is
a complex process involving multiple factors. Further research is needed to explore the
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interplay between senescence and other pathological reactions, such as apoptosis, fibrosis,
and overproliferation in the development of pulmonary arterial diseases. Therefore, it
may be prudent to perform biopsies on appropriate OS patients to better understand the
paradox between senescence and prolonged TL in OSA (hypoxia).

5. Conclusions

In summary, our findings from cytological and animal models suggest that an imbal-
ance between Smad3 and MRTF, specifically the loss of Smad3 and activation of MRTF,
plays a role in PI hypoxia-induced senescence and pulmonary arterial remodeling. Our
in vivo experiments have demonstrated that MRTF inhibition results in a reduction in
senescence and anatomical improvement of pulmonary arteries. This effect is partly at-
tributed to a decrease in the severity of senescence. These findings suggest that MRTF
antagonism probably has potential as a standalone or combination therapy for pulmonary
arterial diseases. The overexpression of Smad3 has shown the potential in restoring the
balance between Smad3 and MRTF, leading to a reduction in senescence in vitro. However,
further studies are needed to verify its anti-senescent and anti-remodeling effects in vivo,
e.g., via MRTF antagonism, while ensuring safety. Further investigation into this approach
could provide critical information regarding its potential as a therapeutic strategy for
pulmonary hypertension.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines11092351/s1, Figure S1: The efficiency of Smad3 overexpression
through lentiviral transfection. Data presented are mean ± SD of three independent experiments;
Table S1: Primer sequences in the experiments.
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