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Background: Smoking-induced glycocalyx significantly contributes to the pathogenesis of chronic obstructive pulmonary disease
(COPD). Forkhead box protein 1 (Foxpl) reduces the expression of matrix metalloproteinase 9 (MMP9), thereby preventing
glycocalyx injury. Therefore, we hypothesized that Foxpl may maintain the integrity of the glycocalyx by inhibiting MMP9,
thereby alleviating COPD.

Methods: We established COPD mouse models and intervened with Adeno-associated virus 9 (AAV9)-Foxpl. The mean lin-
ear intercept (MLI) and apoptosis of the lung tissue were analyzed using histological staining. Human pulmonary microvascular
endothelial cells (hPMVECs) were transfected with Foxp1 plasmid and or MMP9 plasmid and then exposed to cigarette smoke ex-
tract (CSE) to establish in vitro cellular model. The expressions of glycocalyx-related proteins (Versican, syndecan-1 and MMP9)
and Foxpl were assessed using Western blotting and quantitative reverse transcription polymerase chain reaction (QRT-PCR)
analysis. Cellular viability, apoptosis, endothelial permeability, and tube formation capabilities were determined using the cell
counting Kit-8 (CCK-8) assay, flow cytometry, transwell assay, and tube formation assay, respectively.

Results: In vivo, AAV9-Foxpl treatment significantly reduced MLI and endothelial apoptosis in COPD mice (p < 0.05). It
also suppressed MMP9 expression while increasing Versican and syndecan-1 levels, indicating glycocalyx protection (p < 0.05).
In vitro, Foxp1 overexpression counteracted CSE-induced damage by enhancing cell viability, reducing apoptosis, improving
endothelial barrier function, and promoting tube formation (p < 0.05). Furthermore, Foxpl upregulation restored glycocalyx
integrity by increasing syndecan-1 and decreasing MMP9 expression. However, these protective effects were abolished when
MMP9 was overexpressed simultaneously, confirming that Foxp1 acts through the inhibition of MMP9 (p < 0.05).

Conclusion: Foxpl protects glycocalyx from injury to relieve COPD by downregulating MMP9, highlighting its potential as a

promising therapeutic target.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
progressive respiratory disease characterized by persistent
respiratory symptoms and is a leading cause of death world-
wide, with its prevalence increasing annually [1]. The hall-
mark pathological feature of COPD is emphysema, which
involves damage to lung tissue and enlargement of the alve-
oli, leading to impaired oxygen exchange and ultimately
dyspnea. While progression of COPD can be prevented by
reducing exposure to risk factors such as tobacco smoke,
current therapeutic approaches primarily focus on symptom
management using bronchodilators and anti-inflammatory
agents [2]. Despite these management strategies, COPD re-
mains a severe public health concern due to difficulties in
early diagnosis, limited therapeutic options, and likelihood
of disease progression [3]. Therefore, it is crucial to explore

the underlying pathogenesis of COPD and develop novel
therapeutic strategies.

Endothelial cells play a pivotal role in the pathogene-
sis of COPD-associated emphysema. Loss and apoptosis of
endothelial cells are typical features of COPD, and the re-
covery of these cells has been reported to reverse emphyse-
matous alterations [4]. Notably, the endothelial glycocalyx,
a polysaccharide-protein complex covering the surface of
vascular endothelial cells, offers vascular protection and is
critical for regulating vascular permeability, inflammatory
responses, and shear stress stability [5]. However, various
factors such as smoking, oxidative stress, and trauma can
result in degradation or shedding of the glycocalyx, disrupt-
ing its protective functions, and leading to increased vascu-
lar permeability and decreased vascular tension [6]. Tian
Jiang et al. [7] reported that preventing glycocalyx injury
and endothelial cell apoptosis can alleviate COPD progres-
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sion. These observations suggest that maintaining the in-
tegrity of the glycocalyx may represent a novel approach
for the treatment of COPD.

The forkhead box protein 1 (Foxpl) gene is highly
expressed in vascular endothelial cells and can inhibit the
expression of matrix metalloproteinase 9 (MMP9) [8], a
key enzyme involved in the degradation of glycocalyx [9].
Moreover, the Foxpl gene is implicated in the regulation of
lung development and lung function. Silencing of Foxp1 in
lung epithelial cells has been reported to upregulate the ex-
pression of MMPs and inflammatory factors in response to
cigarette smoke extract (CSE), indicating a protective role
of Foxpl in tobacco-related lung diseases [10]. Based on
these observations, we assume that Foxpl may protect the
endothelial glycocalyx and reduce COPD by downregulat-
ing MMP9.

Materials and Methods

Experimental Animals

Male C57BL/6J mice (n = 24), weighing 20-23 g and
aged 6-8 week, were obtained from Hangzhou Medical
College (China), and were housed under specific pathogen-
free (SPF) conditions with a 12-hour light/dark cycle, a tem-
perature of 22 £ 2 °C, a humidity of 50 £ 10%, and had free
access to food and water. All experimental procedures in-
volving animals were approved by the Institutional Animal
Care and Use Committee, Zhejiang Center of Laboratory
Animals (ZJCA) (ZJCLA-IACUC-20011026).

Mice were randomly divided into four groups (n = 6
per group): control (Con), COPD, adeno-associated virus 9
(AAV9)-vector, and AAV9-Foxpl. The COPD model was
established as previously described [7]. Briefly, mice were
placed in a smoking exposure chamber (PAB-S200, Beijing
Biolaunching Technologies Co., Ltd., Beijing, China) and
exposed to smoke from 10 filter-tip cigarettes twice a day,
five days per week, over a period of three months. The pri-
mary airflow was maintained at 1.0 L/minute, and the dilu-
tion airflow was 6.0 L/minute. Each smoke exposure lasted
for 1 hour, with a minimum interval of 4 hours between ex-
posures. Mice in the Con group were exposed to filtered air
under identical conditions.

On days 10 and 21 after the initial cigarette exposure,
mice in the AAV9-Foxpl group received intratracheal in-
jection of AAV9 particles (1.0 x 10'° viral genomes in 60
uL saline, lc-bio, Hangzhou, China) expressing Foxpl, as
previously described [11]. This strategy was used to en-
sure effective expression and sustained activity of Foxpl
during the critical period of model establishment. Mice in
the AAV9-vector group were administered an equal dose of
empty AAV9-vectors as controls.

All mice were then euthanized through intraperitoneal
injection of an overdose of sodium pentobarbital (150
mg/kg, P3761, Sigma-Aldrich, St. Louis, MO, USA). Fi-
nally, lung tissues were collected for subsequent molecular
and histological analyses.
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Hematoxylin and Eosin (H&E) Staining

Lung tissues from mice were embedded in paraf-
fin and then sectioned into 5-pum slices. Tissue sections
were deparaffinized in xylene, rehydrated through gradient
ethanol (100%, 90%, 80%, and 70%), washed with distilled
water, and stained with hematoxylin and eosin using the
H&E staining kit (BA4025, Baso, Zhuhai, China). After
staining, the slices were dehydrated with gradient ethanol
(70%, 80%, 95%, and 100%), cleared with xylene, mounted
with neutral balsam (I1711, Bioswamp, Wuhan, China),
and observed under a microscope (NIB910, minghuikj,
Guangzhou, China). As previously described [7], the mean
linear intercept (MLI) was determined by selecting regions
devoid of airways and blood vessels and counting the num-
ber of intersections of virtual lines of known length with
alveolar septa. The MLI was calculated by dividing the total
line length by the number of interceptions, with increased
MLI indicating alveolar enlargement.

Immunofluorescence Staining

After conventional dewaxing and rehydration, the
paraffin-embedded slices were subjected to antigen re-
trieval in ethylenediaminetetraacetic acid (EDTA) buffer
(pH 9.0, BL617A, Biosharp, China) using a microwave.
Subsequently, the sections were fixed in 4% paraformalde-
hyde (BL539A, Biosharp, Hefei, China) and blocked
with blocking buffer (BL736A, Biosharp, China) for
1 hour. After washing with phosphate-buffered saline
(PBS, SNB-001, Sunncell, Wuhan, China), the sections
were incubated with primary antibody CD31 (1:200, 14-
0311-82, ThermoFisher, Waltham, MA, USA). Then,
secondary antibody Goat anti-Rat I1gG (A-21434, 1
pg/mL, ThermoFisher, Waltham, MA, USA), Termi-
nal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate (dUTP) nick end labeling (TUNEL, FITC,
BL645A, Biosharp, Hefei, China) and 4°,6-Diamidino-2’-
phenylindole (DAPI) (BL120A, Biosharp, Hefei, China)
were applied to label apoptotic nuclei and total nuclei, re-
spectively. Finally, fluorescence signals were observed us-
ing a fluorescence microscope (BZ-X800E, KEYENCE,
Shanghai, China). The relative CD31TTUNEL™ area (%)
was calculated as follows: CD31TTUNEL™ area (%) =
(Area_CD31TTUNEL™ / Total Area) x 100%.

Cell Culture and Transfection

Human pulmonary microvascular endothelial cells
(hPMVECs, IMP-H037, Immocell, Xiamen, China) were
cultured in APMVECs-specific medium (IMP-H037-1, Im-
mocell, Xiamen, China) and incubated at 37 °C in humidi-
fied conditions with 5% CO5. Cell identity was confirmed
by STR profiling, and cultures were confirmed to be free of
mycoplasma contamination. Foxpl and MMP9 overexpres-
sion plasmids (oe-Foxpl/oe-MMP9; G107468/G115084)
and their corresponding negative control (NC; pDONR223
vector) were obtained from Youbio (Changsha, China). Se-
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quence details for Foxpl, MMP9, and the pDONR223 vec-
tor are given in Supplementary File 1. Cells were seeded
into six-well plates at a density of approximately 5 x 10°
cells per well one day before transfection. Opti-MEM
Medium (31985062; ThermoFisher, Waltham, MA, USA)
was employed to dilute the transfection reagents and plas-
mids. After thorough blending, the plasmid-lipid com-
plexes were added to the six-well plates and incubated for
48 hours. Finally, transfection efficiency was assessed us-
ing quantitative reverse transcription polymerase chain re-
action (QRT-PCR).

Cell Grouping

The cellular experiments were divided into two parts.
In the first part, cells were divided into four groups: control,
CSE, NC, and Foxpl. Cells in the control group were in-
cubated under normal culture conditions, whereas the other
three groups were exposed to 2% CSE. However, cells in
the NC and Foxpl groups were transfected with NC or oe-
Foxpl for 48 hours before CSE exposure.

CSE was prepared as previously described with slight
modifications [7]. Briefly, smoke from five cigarettes
(Dagianmen, China), each containing 11 mg tar and 0.8
mg nicotine, was bubbled through 10 mL of hPMVECs-
specific medium. The resulting medium was filtered
through a 0.22 pm filter, designated as 100% CSE, and then
diluted to 2% using fresh hPMVEC medium before use.

In the second part, cells were divided into four groups:
CSE+NC, Foxpl, Foxpl+NC, and Foxpl+MMP9. All
these four groups were exposed to 2% CSE; however, cells
were first transfected with NC, oe-Foxpl1, or co-transfected
with oe-Foxpl and NC/oe-MMP9, as appropriate, before
CSE exposure.

Relative Gene Expression Analysis

Total RNA was isolated from the cells using TRI-
zol reagent (PMKO0833; BIOPRIMACY, Wuhan, China),
and complementary DNA (cDNA) was synthesized us-
ing a reverse transcription kit (PMK0832, BIOPRIMACY,
Wuhan, China). Thereafter, qPCR was conducted on
a Real-Time PCR System (RTQ-960, Acon, Hangzhou,
China) using qPCR MasterMix (Q411-02, Vazyme, Nan-
jing, China). Gene expression levels were normalized
to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and relative expression was calculated using the 2~ 24CT
method. Primers used in qPCR are listed in Table 1.

Western Blot Analysis

Total proteins were isolated from tissues and cells
using RIPA buffer (PMK0213, BIOPRIMACY, Wuhan,
China) and quantified using a BCA kit (PMK0442, BIO-
PRIMACY, Wuhan, China). Proteins were resolved by
SDS-PAGE (PHO0331, PHYGENE, Fuzhou, China), and
then transferred onto nitrocellulose membranes. After
being blocked with Western blocking buffer (BL535A,

Table 1. A list of primers and their sequences used in this

study.
Gene 5—> 3/
Foxpl (human) Forward GCAGTGTGCGAAGATTTCCAA
Foxpl (human) Reverse TCACATGCAGGTGGGTCATC

MMP9 (human) Forward ~ GCCACTACTGTGCCTTTGAGTC
MMP9 (human) Reverse =~ CCCTCAGAGAATCGCCAGTACT
GAPDH (human) Forward CGACAGCAGCCGCATCTT
GAPDH (human) Reverse =~ CCAATACGACCAAATCCGTTG

Foxpl, forkhead box protein 1; MMP9, matrix metalloproteinase
9; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Biosharp, Hefei, China), membranes underwent overnight
incubation at 4 °C with protein-specific primary antibodies
(Table 2). The following day, membranes were washed and
incubated with corresponding secondary antibodies (Ta-
ble 2) for 1 hour at room temperature. Protein bands
were visualized using an imaging system (JY04S-3, Bei-
jing JUNYT Electrophoresis Co., Ltd., Beijing, China) with
ECL Kit (BL520A, Biosharp, Hefei, China). Relative pro-
tein expression was determined as the ratio of the gray value
of the target protein to that of the internal reference protein.
GAPDH levels were normalized to the mean value of the
Con or CSE+NC group.

Cell Viability and Apoptosis

Cell viability was evaluated using the cell count-
ing kit-8 (CCK-8, PH1759, PHYGENE, Fuzhou, China).
Briefly, cells were inoculated in 96-well plates and then re-
ceived the indicated treatments. CCK-8 reagent was then
added to each well, and the plates were incubated for 2
hours at 37 °C. OD was measured at 450 nm using a mi-
croplate reader (HBS-ScanX, DeTiebio, China). Relative
cell viability (%) was calculated as follows: Relative cell vi-
ablhty (%) = (ODexperiment - ODblank) / (ODcomrol - ODblank)
x 100%. Cellular apoptosis was assessed using the An-
nexin V-FITC/PI Apoptosis Detection Kit (C9102, Warbio,
Nanjing, China). Cells were re-suspended in the binding
buffer and then stained with Annexin V-FITC and PI in the
dark. After washing with PBS, the apoptotic rate was evalu-
ated using a flow cytometer (Attune CytPix, ThermoFisher,
Waltham, MA, USA).

Assessment of Endothelial Permeability

Endothelial permeability was determined as previ-
ously described [12]. In short, cells were cultured in the
Transwell inserts and then received the indicated treat-
ments. FITC-dextran (FD40, Merck, Darmstadt, Germany)
was added to the upper chamber of the inserts and incu-
bated for 1 hour. After that, the fluorescence intensity of
FITC in the lower chamber was then assessed using a lumi-
nometer (SpectraMax Gemini EM, MD, Shenzhen, China)
with an excitation wavelength of 490 nm and an emission
wavelength of 530 nm.
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Table 2. Primary and secondary antibodies used in Western blotting.

Antibody Catalog Molecular weight ~ Dilution =~ Manufacturer
Anti-SDC-1 ab128936 32 kDa 1/1000 Abcam, UK
Anti-Foxp1 ab134055 75 kDa 1/1000 Abcam, UK
Anti-MMP9 ab283575 78 kDa 1/1000 Abcam, UK
Anti-VCAN ab270445 373 kDa 1/1000 Abcam, UK
Anti-GAPDH #2118 37 kDa 1/1000 CST, USA
Goat anti rabbit  ab205718 1/2000 Abcam, UK
SDC-1, syndecan-1; VCAN, versican.
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Fig. 1. Effects of AAV9-Foxp1 on lung tissue lesion in COPD mice. Male C57BL/6J mice administered with AAV9-vector AAV9-
foxpl were exposed to cigarette smoke to establish the COPD model. (A,B) The lung tissue injuries among all four groups of mice were
assessed using H&E staining (magnification, 100x). Bar: 100 pm. Alveolar size was measured by mean linear intercept (MLI) (n = 6).
999} < 0.001 vs. the control group. p < 0.001 vs. the AAV9-Vector group. Data were presented as mean = standard deviation from

at least three independent experiments. AAV, adeno-associated virus; COPD, chronic obstructive pulmonary disease; H&E, hematoxylin

and eosin; NC, negative control; Foxp1, forkhead box protein 1.

Tube Formation Assay

Treated cells were seeded into 96-well plates pre-
coated with 100 puL of Matrigel (356231, Corning, Midland,
MI, USA) and incubated at 37 °C for 5 hours. Tube forma-
tion was visualized using a microscope, and the total tube
length was measured with ImagelJ software (v1.6.0, ImageJ
Software Inc., Bethesda, MA, USA).

Statistical Analyses

Statistical analysis was performed using GraphPad
Prism v8.0 (GraphPad software, La Jolla, CA, USA). Data
were represented as mean =+ standard deviation. Multiple-
group comparisons were conducted using one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test. A
p-value of <0.05 was considered statistically significant.

Results

AAV9-Foxpl Ameliorates the Increase in MLI and
Endothelial Apoptosis, Regulates MMP9Y and
Glycocalyx-Associated Protein Levels in COPD Mice

To investigate the role of Foxpl in COPD, we first
evaluated its function in an in vivo model. H&E staining
demonstrated that the MLI in the lung tissue of cigarette
smoke-exposed mice was significantly increased compared
to the control mice, indicating the induction of emphysema-
tous alterations (Fig. 1A,B, p < 0.05). Furthermore, CD31
and TUNEL double fluorescence staining revealed a sub-
stantial increase in endothelial cell apoptosis in the lung tis-
sue of COPD mice (Fig. 2A,B, p < 0.05). However, both
the increased MLI and the number of apoptotic endothelial
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Fig. 2. AAV9-Foxpl inhibits apoptosis in PMVECs among COPD mice. Male C57BL/6J mice administered with AAV9-vector or
AAV9-foxpl were exposed to cigarette smoke to establish the COPD model. (A,B) An immunofluorescence assay was used to detect the
apoptotic PMVECs. Blue represents nuclear staining with DAPI. Gold indicates endothelial cells stained with CD31. Green represents
apoptotic cells stained with TUNEL (magnification, 400x). Bar: 50 um. ?%°p < 0.001 vs. the control group. *'p < 0.001 vs. the
AAV9-Vector group. Data were presented as mean =+ standard deviation from at least three independent experiments. TUNEL, terminal

deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling; PMVECs, pulmonary microvascular endothelial

cells.
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Fig. 3. AAV9-Foxpl suppresses MMP9 expression and promotes the expression of VCAN, SDC-1 and Foxpl1 in the lung tissue
of COPD mice. Male C57BL/6J mice administered with AAV9-vector or AAV9-Foxpl were exposed to cigarette smoke to establish
the COPD model. (A—C) The expressions of glycocalyx-related proteins (VCAN and SDC-1) were determined using Western blotting.
GAPDH served as an internal control. (D-F) The expressions of Foxpl and MMP9 were determined using Western blotting. GAPDH

served as an internal control. ?9¢

= standard deviation from at least three independent experiments.

cells in the lung tissue of COPD mice were effectively re-
duced after AAV9-Foxpl treatment (Fig. 1A,B and Fig. 2,
p < 0.05).

Additionally, Western blotting revealed that the ex-
pression of Foxpl and glycocalyx-associated proteins
(VCAN and syndecan-1 (SDC-1)) was decreased in the
lung tissue of cigarette smoke-exposed mice, whereas
MMP9 expression was increased (Fig. 3A-F, p < 0.05).
However, treatment with AAV9-Foxpl effectively restored
the expression of VCAN, SDC-1, and Foxp1, while attenu-
ating MMP9 levels (Fig. 3A-F, p < 0.05).

Foxpl Overexpression Ameliorates CSE-induced
Functional Impairment of hPMVECs and Regulates
Glycocalyx Stability in a MMP9-Dependent Manner

To further investigate the role of Foxpl in COPD, we
performed in vitro experiments using hPMVECs and first
confirmed efficient transfection of oe-Foxpl (Fig. 4A, p <
0.05). Exposure to CSE substantially decreased cell viabil-
ity (Fig. 4B, p < 0.05), increased apoptosis (Fig. 4C,D, p

'p < 0.001 vs. the control group. ~'p < 0.001 vs. the AAV9-Vector group. Data were presented as mean

< 0.05), enhanced endothelial cell permeability (Fig. 4E,
p < 0.05), and diminished relative tube length (Fig. 4F,G,
p < 0.05). All these changes were effectively reversed by
oe-Foxpl treatment (Fig. 4B-G, p < 0.05). At the molec-
ular level, CSE downregulated Foxpl and SDC-1 and up-
regulated MMP9 in hPMVECs (Fig. 4H,1, p < 0.05), which
were reversed upon oe-Foxpl treatment (Fig. 4H,I, p <
0.05).

First, successful transfection was confirmed through
increased MMP9 expression in the MMP9 group (Fig. 5A,
p < 0.05). Then, to determine whether the protective ef-
fects of oe-Foxpl in CSE-treated hPMVECs are attributed
to MMP9 suppression, we co-overexpressed MMP9 and
Foxpl in these cells. Notably, MMP9 counteracted the pro-
tective effects of Foxp1 on cell viability (Fig. 5B, p < 0.05),
apoptosis (Fig. 5C,D, p < 0.05), endothelial permeability
(Fig. 5E, p < 0.05), and tube formation ability (Fig. 5SF,G,
p < 0.05). Furthermore, co-expression of MMP9 signif-
icantly reversed the oe-Foxpl-induced downregulation of
MMP9 and upregulation of SDC-1 (Fig. SH,I, p < 0.05).
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Fig. 4. Effects of Foxp1 overexpression on CSE-treated hPMVECs.
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determined using the CCK-8 assay. (C,D) The apoptosis of hPMVECs in all four groups was determined using flow cytometry. (E)
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and SDC-1 were assessed using Western blotting. GAPDH served as an internal contro
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human pulmonary microvascular endothelial cells; CSE, cigarette smoke extract; qRT-PCR, quantitative reverse transcription polymerase

chain reaction; CCK-8, cell counting kit-8.
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Fig. 5. MMP9 overexpression reverses the effects of Foxpl overexpression on CSE-treated hPMVECs. (A) The transfection
efficiency of the MMP9 overexpression plasmid was determined using qRT-PCR. GAPDH served as internal control. (B) The viability
of hPMVEC:s in all four groups was determined using the CCK-8 assay. (C,D) Apoptosis of hPMVECs in all four groups was evaluated
using flow cytometry. (E) The endothelial permeability was examined through dextran-conjugated FITC. (F,G) The tube formation
ability of hPMVECs in all four groups was determined through the tube formation assay (magnification, 100x). Bar: 50 um. (H,I) The
expressions of Foxpl, MMP9 and SDC-1 were determined using Western blotting. GAPDH served as an internal control. “““p < 0.001

vs. the NC group. TTp < 0.01, ¥+*p < 0.001 vs. the sShNC group. *p < 0.05, ***p < 0.001 vs. the Foxpl+NC group. Data were
presented as mean + standard deviation from at least three independent experiments.

This study emphasizes the crucial role of pulmonary
microvascular endothelial cells (PMVECs) in COPD patho-
It reveals that Foxpl can improve COPD by

genesis.

Discussion

preventing endothelial glycocalyx injury and reducing
PMVECs apoptosis, suggesting a promising therapeutic tar-
get for managing COPD.

Cigarette smoke is a well-established risk factor for
COPD; hence, we established a COPD model by expos-


https://www.discovmed.com/

2368

ing mice to cigarette smoke, a widely accepted approach
[13]. Increased apoptosis of endothelial cells in COPD pa-
tients causes significant lung tissue destruction and emphy-
sema development, and cigarette smoke has been shown to
induce apoptosis in PMVECs [14]. Therefore, preventing
apoptosis in PMVECs has emerged as a promising strategy
for the prevention and treatment of COPD. In our study,
COPD mice treated with AAV9-Foxpl showed reduced
MLI and decreased endothelial apoptosis compared to un-
treated COPD mice, whereas oe-Foxp1 effectively reversed
CSE-induced apoptosis of hPMVECs in vitro. Low Foxpl
expression has been linked to airflow obstruction and em-
physema [15], and Foxpl has been reported to cooperate
with histone deacetylase 2 to regulate lung epithelial injury
[16]. Collectively, these observations facilitate a protective
role of Foxpl in alleviating cigarette smoke-induced em-
physema and endothelial cell apoptosis.

Besides promoting endothelial cell apoptosis,
cigarette smoke impairs endothelial cell angiogenesis and
increases endothelial permeability [17,18]. A growing
body of evidence suggests that disrupted angiogenesis
hinders lung repair in COPD patients and increases the
incidence of hypoxemia and pulmonary hypertension [19].
Foxpl has been widely reported to stimulate angiogen-
esis; for example, Dinghui Wang et al. [20] reported
that Foxpl enhances endothelial cell proliferation and
tube formation in adult rats after myocardial infarction,
underscoring its potential as a therapeutic target for cardiac
angiogenesis. In contrast, the absence of Foxpl decreases
neovascularization [21]. On the other hand, increased
endothelial cell permeability induced by cigarette smoke
also promotes emphysema progression [18]. However, the
role of Foxpl in modulating PMVECs permeability has
not been previously investigated. In this study, we found
that oe-Foxpl increased cell viability and tube-forming
capability while reducing endothelial permeability in CSE-
exposed hPMVECs, suggesting a potential supportive role
in endothelial function. However, further investigation is
required to fully establish its pro-angiogenic effects in the
context of COPD.

Our study focuses on the regulatory effect of Foxpl
on the endothelial glycocalyx. As a key component of the
endothelial barrier, the glycocalyx modulates vascular per-
meability and protects endothelial cells, making it a poten-
tial therapeutic target for various diseases [22]. SDC-1 and
VCAN, key components of glycocalyx, show reduced ex-
pression in the distal lung parenchyma [23] and serum [24]
of patients with COPD. Previous research has reported that
miR-143 induces endothelial injury by targeting SDCs and
VCAN [25]. Overall, these results suggest that reduced
SDC-1 and VCAN levels in the glycocalyx may contribute
to endothelial injury and the pathogenesis of COPD.

In our study, Foxpl reversed the CSE-induced down-
regulation of SDC-1 and VCAN expression, indicating that
Foxpl may protect endothelial cells by maintaining the sta-

bility of glycocalyx. More importantly, this protective ef-
fect underscores Foxpl as a promising therapeutic target for
COPD, suggesting that strategies aimed at enhancing its ex-
pression or activity could help preserve endothelial barrier
function and mitigate disease progression. Additionally,
previous studies have reported that MMP9 is involved in the
degradation of SDC-1 and VCAN, thereby promoting pul-
monary edema [9,26]. Conversely, Foxpl can support en-
dothelial repair by reducing MMP9 expression [8]. Consis-
tently, we found that the impact of Foxpl on hPMVECs vi-
ability, tube formation, apoptosis, endothelial permeability,
and glycocalyx-related protein expression was all reversed
by oe-MMP9, indicating that Foxpl prevents endothelial
cell injury primarily by inhibiting MMP9 expression.

Collectively, these findings demonstrate a novel
mechanism by which Foxpl protects against COPD-
associated endothelial dysfunction, preserving glycocalyx
integrity via MMP9 inhibition, and offer valuable insights
for developing targeted therapies for COPD.

Conclusion

In conclusion, this study reports for the first time that
the Foxpl/MMP9 axis plays a crucial role in COPD pro-
gression by regulating endothelial glycocalyx integrity and
hPMVECs apoptosis. These findings underscore the po-
tential for targeting Foxpl as a therapeutic approach for
COPD, indicating that the Foxp1 agonists could be devel-
oped to maintain endothelial function and alleviate disease
progression.
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