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Fibroblast growth factor 10 attenuates 
chronic obstructive pulmonary disease 
by protecting against glycocalyx impairment 
and endothelial apoptosis
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Abstract 

Background:  The defects and imbalance in lung repair and structural maintenance contribute to the pathogenesis 
of chronic obstructive pulmonary diseases (COPD), yet the molecular mechanisms that regulate lung repair process 
are so far incompletely understood. We hypothesized that cigarette smoking causes glycocalyx impairment and 
endothelial apoptosis in COPD, which could be repaired by the stimulation of fibroblast growth factor 10 (FGF10)/FGF 
receptor 1 (FGFR1) signaling.

Methods:  We used immunostaining (immunohistochemical [IHC] and immunofluorescence [IF]) and enzyme-linked 
immunosorbent assay (ELISA) to detect the levels of glycocalyx components and endothelial apoptosis in animal 
models and in patients with COPD. We used the murine emphysema model and in vitro studies to determine the 
protective and reparative role of FGF10/FGFR1.

Results:  Exposure to cigarette smoke caused endothelial glycocalyx impairment and emphysematous changes in 
murine models and human specimens. Pretreatment of FGF10 attenuated the development of emphysema and 
the shedding of glycocalyx components induced by CSE in vivo. However, FGF10 did not attenuate the emphysema 
induced by endothelial-specific killing peptide CGSPGWVRC-GG-D(KLAKLAK)2. Mechanistically, FGF10 alleviated 
smoke-induced endothelial apoptosis and glycocalyx repair through FGFR1/ERK/SOX9/HS6ST1 signaling in vitro. 
FGF10 was shown to repair pulmonary glycocalyx injury and endothelial apoptosis, and attenuate smoke-induced 
COPD through FGFR1 signaling.

Conclusions:  Our results suggest that FGF10 may serve as a potential therapeutic strategy against COPD via 
endothelial repair and glycocalyx reconstitution.
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Introduction
Chronic obstructive pulmonary diseases (COPD), 
comprised of chronic bronchitis, structural pulmo-
nary alternations, and emphysema, is a progressive 
life-threatening clinical syndrome with an enormous 
global burden [1]. The majority of patients with COPD 
have little therapeutic options at present; therefore, 
it is imperative to identify and understand the patho-
physiology of COPD, which may represent the first 
step toward the development of novel therapies. The 
pathological phenotype of COPD and its most impor-
tant phenotype emphysema, are featured by lung tis-
sue destruction and ensuing alveolar enlargement. On 
the one hand, pulmonary endothelial apoptosis is criti-
cal and maybe prequal to COPD [2], as direct induc-
tion of apoptosis in pulmonary endothelial cells causes 
emphysematous changes [3]. On the other hand, COPD 
(mostly emphysema) is also considered a disease which 
is caused by the defects in lung development/repair and 
structural maintenance [4–6]. Therefore, elucidation of 
the pathogenetic mechanism underlying impaired lung 
repair process is key to unravel novel therapeutic target 
for COPD.

The endothelial glycocalyx is an extracellular layer lin-
ing the luminal surface of endothelial cells of the ves-
sels, which maintains vascular homeostasis, regulates 
vascular barrier permeability, and inhibits intravascular 
thrombosis [7, 8]. The endothelial glycocalyx is mainly 
composed of glycoproteins, glycosaminoglycans (hep-
aran sulphate [HS] and chondroitin sulphate [CS]), and 
syndecan family (syndecan-1 and syndecan-4) [9]. Recent 
works have highlighted a critical role of endothelial gly-
cocalyx in lung repair, as (1) the endothelial glycocalyx 
was degraded, releasing highly-sulfate heparin sulfate 
octa-saccharides into the circulation during indirect lung 
injury [10]; (2) the cremasteric endothelial glycocalyx 
thickness recovered after 72 h of acute degradation of the 
glycocalyx with TNF-α injection [11]; (3) enhancing the 
sepsis-inhibitory glycocalyx-repairing signal was a poten-
tial approach to reconstitute the glycocalyx layer and 
recover its function [12].

The reparative fibroblast growth factor receptor 
(FGFR) signaling is an evolutionary conserved signaling 
cascade that regulates several basic biologic processes 
in lungs, including embryonic development and tissue 
regeneration [13, 14]. Yang and colleagues investigated 
the endogenous mechanisms underlying homeostatic 
pulmonary glycocalyx reconstitution, and identifies 
FGFR1 as a critical mediator of glycocalyx repair and is 
suppressed during sepsis [10]. In addition, FGF-FGFR1 
axis was reported to play an autocrine role during vas-
cular remodeling in COPD [15]. Fibroblast growth factor 
10 (FGF10) is critical for lung development and renewal 
[16, 17], with its essential role illustrated by the complete 
failure of lung formation and perinatal lethality in FGF10 
deficient mice [17–19], and its reparative capability in 
different types of lung injury and disease of animal mod-
els [20]. Importantly, FGF10 signaling is dysregulated 
in various human lung diseases including COPD [21], 
as heterozygous loss-of-function mutations in FGF10 
causes COPD in human [22]. FGF10 acts as a ligand for 
both FGFR1b and FGFR2b [19]. Given that FGFR1 is the 
predominant receptor of FGF family expressed in pul-
monary endothelial cells [23] and the important role of 
FGF10 in lung tissue repair, we hypothesize that stimu-
lation of FGF10/FGFR1 signaling could repair smoke-
induced pulmonary glycocalyx injury and endothelial 
apoptosis, and attenuate COPD and emphysema.

Methods and materials
Patient samples
Human lung sections were obtained from 10 COPD 
patients and compared to 7 non-COPD donors who 
underwent lung cancer resection at our institute. The 
lung tissue 5  cm away from tumor margin was used in 
our studies. Blood samples from 14 COPD and 25 non-
COPD patients were collected using a serum separa-
tor tube (SST, Becton Dickinson Labware, Franklin 
Lakes, NJ) and immediately centrifuged at 3000g 4  °C 
for 10 min. The serums were subsequently removed and 
stored at − 80 °C for further analysis. All patients did not 
receive radiotherapy, chemotherapy or lung transplant, 

Highlights 

•	 It is the first time to prove the confirm the endothelial glycocalyx impairment in COPD.
•	 FGF10 attenuates the development of emphysema and the shedding of glycocalyx induced by CSE in vivo.
•	 FGF10 alleviates smoke-induced endothelial apoptosis and glycocalyx repair through FGFR1/ERK/SOX9/

HS6ST1 signaling.

Keywords:  Chronic obstructive pulmonary diseases (COPD), Fibroblast growth factor 10 (FGF10), Fibroblast growth 
factor receptor 1 (FGFR1), Glycocalyx, Endothelial apoptosis



Page 3 of 15Jiang et al. Respiratory Research          (2022) 23:269 	

and did not have any other confoundable medical condi-
tions. Lung function tests were conducted in all subjects 
by standardized methods according to the American 
Thoracic Society guidelines [24]. COPD was defined 
based on the revised GOLD 2017 COPD categorization 
[25]. Spirometry parameters (FEV1/FVC and FEV1% pre-
dicted) and other patient characteristics were collected 
and summarized in Additional file 1: Table S1. The study 
protocol conforms to the principles of the Declaration of 
Helsinki and was conducted with approval from the Eth-
ics Committee of Zhongshan Hospital at Fudan Univer-
sity in Shanghai, China. All patients signed an informed 
consent form.

Animal models
All animals were purchased from the Shanghai SLAC 
laboratory animal Co. Ltd. (Shanghai, China), and ani-
mal experimental protocols were approved by the Eth-
ics Committee of Fudan University, and all experiments 
were performed in accordance with the “Guide for the 
Care and Use of Laboratory Animals” (Institute of Labo-
ratory Animal Resources, 7th edition 1996).

We set several animal experiments as follows: (1) Ciga-
rette smoke-induced mouse COPD model: To establish 
the cigarette smoke-induced COPD model, the male 
C57BL/6J mice (6–8  weeks; ~ 20  g) were exposed to 
the cigarette smoke or air using a whole-body smoking 
exposure apparatus (Data Sciences International Co., 
USA). For the cigarette smoke group, mice were placed 
in the smoking exposure apparatus and exposed to 10 
filter-tipped cigarettes twice a day, 5  days per week, for 
1  month or 3  months. Each cigarette smoke exposure 
duration lasted 1  h with an interval time between two 
exposures more than 4 h. (2) Rat emphysema model: To 
induce the emphysema formation in animals, the pan-
vascular endothelial growth factor-receptor (VEGF-R) 
inhibitor SU5416 (20  mg/kg; MedChemExpress) sus-
pended in solution (10% DMF mixed with 90% coin-oil; 
both obtained from MedChemExpress) was injected sub-
cutaneously 3 times per week for 3 weeks. (3) Cigarette 
Smoke Extract (CSE)-induced mouse emphysema model: 
The emphysema mouse model was built according to the 
protocol of the previous study [26]. Male C57BL/6 mice 
(6–8 weeks; ~ 20 g) received 400 μl CSE intraperitoneally 
at Days 1, 8, 15 and 22. FGF10 was administered intra-
venously 24 h before CSE injection (Day 0, 7, 14 and 21). 
All mice were sacrificed at Day 28. The doses of FGF10 
for the emphysema model were selected based on pre-
vious experiments [27–29]. The treatments were as fol-
lows: (1) Control group; (2) CSE group; (3) CSE + FGF10 
10  μg/kg group; (4) CSE + FGF10 100  μg/kg group; (5) 
CSE + FGF10 1  mg/kg; (6) CSE + FGF10 2.5  mg/kg. (4) 
Killing peptide-induced mouse emphysema model: The 

endothelial cell (EC)-specific killing peptide CGSPG-
WVRC-GG-D(KLAKLAK)2 (hereinafter called the 
‘KLAKLAK2’) was synthesized commercially (Sangon 
Biotech, Shanghai) and served as positive controls [30]. 
Male C57BL/6 mice (6–8  weeks; ~ 20  g) were adminis-
tered standard saline solution, or 240 μg of KLAKLAK2 
intraperitoneally at Days 1, 8, 15 and 22, and FGF10 
intravenously 24  h prior to each injection of CSE at 
Day 0, 7, 14 and 21. According to the results of emphy-
sema mouse model, mice were randomly divided into 
four groups (n = 8–10 each), and the treatments were 
as follows: (1) Control group; (2) KLAKLAK2 group; (3) 
KLAKLAK2 + FGF10 1  mg/kg; (4) KLAKLAK2 + FGF10 
2.5 mg/kg.

Cell culture
Human pulmonary microvascular endothelial cells 
(hPMVECs, passages 4–6, Cat #C-12281, PromoCell, 
Heidelberg, Germany) were used in this study. Cells 
were treated with different concentrations of cigarette 
smoke extract (CSE) (Additional file 1: Figure S1), FGF10 
(R&D Systems, Minneapolis, MN), and FGFR1 inhibitor 
AZD4547 (MedChemExpress).

Statistical analysis
Data are expressed as the mean ± standard deviation 
(SD) and were compared by Mann–Whitney U-test and 
Kruskal–Wallis test. Correlation between two groups 
was analyzed using Pearson correlation test. Statistical 
significance was assumed at p < 0.05. SPSS (Version 24.0; 
IBM, Armonk, NY, USA) was used to analyze the data. 
The number of experiments or animals of each group is 
reported in the figure legend.

Methods are described in detail in Additional file  1: 
Methods.

Results
Exposure to smoking cigarette causes endothelial 
apoptosis, glycocalyx impairment and emphysematous 
changes in animal models
To investigate whether cigarette smoke exposure causes 
endothelial apoptosis and glycocalyx impairment, we 
first established the cigarette smoke-induced mouse 
COPD model. Mice were exposed to cigarette smoke for 
1  month or 3  months. As compared to controls, mice 
exposed to cigarette smoke developed marked emphyse-
matous changes as indicated by an increase in mean lin-
ear intercept (MLI) (Fig.  1A) and endothelial apoptosis 
(Fig. 1B). These effects were associated with the accumu-
lation of endothelial glycocalyx impairment, evident as a 
decrease in endothelial glycocalyx components of lungs 
(Fig. 1C and D).
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Fig. 1  Exposure to cigarette smoke causes endothelial apoptosis, glycocalyx impairment and emphysema in mouse. Mice were exposed to air or 
cigarette smoke for 1 month or 3 months. A Representative haematoxylin and eosin (H&E) staining images of airspace. Alveolar size was measured 
by mean linear intercept (MLI) (n = 6). Scale bar = 100 μm. B Representative immunofluorescence staining images of cleaved caspase-3 in mice 
lungs. Nuclei were visualized with 4ʹ,6-diamidino-2-phenylindole (DAPI). White arrowheads indicate the apoptotic endothelial cells. Quantitative 
analysis of percentage of apoptotic endothelial cells was performed (n = 6). Scale bar = 20 μm. C Representative immunofluorescence staining 
images of mouse lung sections. Chondroitin sulfate and syndecan-1 antibodies were used as glycocalyx specific antigens, and CD31 was used 
as the mark of endothelial cell. Nuclei were visualized with DAPI. Scale bar = 20 μm. D Quantitative analysis of fluorescence intensity for heparan 
sulfate, chondroitin sulfate, syndecan-1 and syndecan-4 (n = 6). *P < 0.05, **P < 0.01. n.s., not significant
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In order to test the specific role of endothelial cell 
apoptosis in glycocalyx injury and emphysema forma-
tion, we next treated rats with the synthetic VEGF-R 
antagonist SU5416, which blocks both VEGF-R1 and R2 
[31]. SU5416 has been previously demonstrated to cause 
direct damage of endothelial cells and enlargement of the 
air spaces [3], a finding that could be replicated in the 
present study (Fig. 2A and B). Importantly, chronic treat-
ment with SU5416 caused endothelial glycocalyx impair-
ment, as illustrated by immunofluorescence images of 
decreased intensities of endothelial glycocalyx compo-
nents (Fig.  2C), concomitantly with increased shedding 
of glycocalyx components both into circulation and into 
alveolar airspace (Fig. 2D), and mild dysfunction in alve-
olar-capillary barrier and lung permeability, as indicated 
by a mild but not significant increase in BALF total cell 
count and wet-to-dry ratio (Additional file 1: Figure S2). 
Together, these results suggest that the cigarette smoke-
exposure induced endothelial glycocalyx impairment and 
emphysematous changes in animal models.

Endothelial glycocalyx is impaired COPD patients
To confirm the importance of endothelial glycocalyx in 
human COPD, we determined glycocalyx component 
expression in pulmonary endothelium from control sub-
jects (non-COPD donors) or COPD patients applying 
immunofluorescence on human lung tissues. Non-COPD 
donors demonstrated diffuse expression of endothelial 
HS and CS, as demonstrated by HS and CS colocaliza-
tion with endothelial marker CD31 (Fig. 3A). In contrast, 
COPD patients demonstrated a patchy loss of endothe-
lial HS and CS expression. The serums of health donors 
(non-COPD) and patients with COPD were collected 
for measuring concentrations of glycocalyx components 
(Additional file 1: Table S1). In accordance with our find-
ings in animal models, circulating concentrations of 
HS and CS were significantly elevated in patients with 
COPD, compared with non-COPD donors (Fig.  3B). 
Shedding of glycocalyx components in all subjects were 
positively correlated with declined lung function (the 
ratio of FEV1/FVC and FEV1% predicted) (Fig. 3B). How-
ever, we did not detect a trend toward syndecan-1 and 
syndecan-4 impairment in COPD patients (Additional 
file  1: Figure S3). Together, our clinical findings further 
suggest that endothelial glycocalyx is impaired in COPD.

FGF10 attenuates the development of emphysema 
induced by cigarette smoke extract in mice
To explore the protective effects of FGF10, cigarette 
smoke extract-exposed mice were challenged with 
recombinant human FGF10 in a dose-escalation man-
ner. Lung histology assessment showed increased MLI 
in lungs of mice induced by CSE, and exogenous FGF10 

attenuated emphysematous changes when the dose esca-
lated to 1  mg/kg (Fig.  4A). In order to differentiate and 
probe for mechanistic signal pathways in endothelial cell 
apoptosis in COPD caused by either classical apoptosis 
inducer or cigarette smoking, we applied an endothelial-
specific killing peptide KLAKLAK2 as positive controls 
(Additional file  1: Figure S4). The targeted induction 
of KLAKLAK2 caused emphysema-like changes in the 
mouse. However, 1  mg/kg or 2  mg/kg FGF10 did not 
alleviate the degree of emphysema (Fig.  4B). We meas-
ured circulating glycocalyx components of each group to 
determine whether FGF10 reduces endothelial glycocalyx 
shedding and impairment. The ELISA analysis showed 
that FGF10 attenuated HS and syndecan-1 shedding 
induced by CSE, but did not rescue the level of synde-
can-4 (Fig. 4C).

Parallelly, the glycocalyx components (HS, CS and 
syndecan-1) were stained with antibodies in mice lungs 
treated with CSE and FGF10 (Fig. 5). In line with previ-
ous results, CSE treatment caused endothelial glycocalyx 
impairment. Surprisingly, FGF10 increased the intensity 
of HS, CS and syndecan-1 even with a low dose of 10 or 
100 μg/kg (Fig. 5), while FGF10 attenuated emphysema-
tous changes when the dose escalated to at least 1  mg/
kg (Fig.  4A), indicating that glycocalyx repair is a pro-
cess prior to repair of emphysema. The results are also 
consistent with the alternations of circulating HS, CS 
and syndecan-1 (Fig.  4C), which maybe partially due to 
reduced shedding or increased reconstitution induced by 
FGF10.

FGF10 attenuates cigarette smoke‑induced endothelial 
apoptosis and glycocalyx repair through FGFR1 signaling
To explore the potential molecular mechanisms of repar-
ative FGF10, we conducted in  vitro experiments using 
hPMVECs. The results showed that FGF10 attenuated 
2% CSE-induced endothelial apoptosis (Fig.  6A). How-
ever, FGF10 did not reduce the EC apoptosis induced by 
TNFα + SM164, which served as a positive control, sug-
gesting the specific protective role of FGF10 in CSE. Pre-
treatment with AZD4547, a high-affinity FGFR inhibitor, 
markedly impaired the protective effect of FGF10 on 2% 
CSE stimulation for hPMVECs, suggesting that FGF10 
may attenuate CSE-induced COPD through FGFR sign-
aling. Considering that only FGFR1 is suppressed dur-
ing COPD (Fig. 6B and Additional file 1: Figure S5) and 
FGFR1 is the predominant FGFR expressed in pulmo-
nary endothelial cells (Fig. 6C), we focused on the FGFR1 
signaling, and found that FGF10 activated the FGFR1 
and its downstream signaling ERK and AKT, which could 
be inhibited by AZD4547 (Fig. 6D and E). However, due 
to the lack of specific FGFR1 inhibitor, we still cannot 
exclude the compensatory role of FGFR2 in endothelial 
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Fig. 2  Endothelial glycocalyx impairment is involved in SU5416-induced rat emphysema model. Male Sprague-Dawley rats (~ 300 g) were treated 
with VEGF-R antagonist SU5416 (20 mg/kg) subcutaneously 3 times per week for 3 weeks. A Representative haematoxylin and eosin (H&E) staining 
images of airspace. Scale bar = 50 μm. Alveolar size was measured by mean linear intercept (MLI) (n = 5). B Cleaved caspase-3 antibody was used as 
the mark of cell apoptosis. Group data of cleaved caspase-3 positive cells per field (n = 5). Scale bar = 50 μm. C Representative immunofluorescence 
staining images of rat lung sections. Heparan sulfate and Chondroitin sulfate antibodies were used as glycocalyx specific antigens, and CD31 was 
used as the mark of endothelial cell. Nuclei were visualized with 4ʹ,6-diamidino-2-phenylindole (DAPI). Scale bar = 20 μm. Quantitative analysis of 
fluorescence intensity for heparan sulfate, chondroitin sulfate and syndecan-1 (n = 5). D ELISA analysis of blood and BALF samples (n = 5). *P < 0.05, 
**P < 0.01, ***P < 0.001. n.s., not significant
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Fig. 3  Endothelial glycocalyx is impaired in COPD patients. A Representative immunofluorescence staining images of heparan sulfate and 
chondroitin sulfate in non-COPD and COPD lungs. Heparan sulfate and chondroitin sulfate antibodies were used as glycocalyx specific antigens, 
and CD31 was used as the mark of endothelial cell. Nuclei were visualized with 4ʹ,6-diamidino-2-phenylindole (DAPI). Scale bar = 50 μm. 
Quantitative analysis of fluorescence intensity was performed (n = 7–10). B Serum heparan sulfate and chondroitin sulfate in subjects detected 
by ELISA analysis (n = 25 in non-COPD, n = 14 in COPD, n = 26 in non-smoker, n = 13 in smoker). Correlations of circulating heparan sulfate and 
chondroitin sulfate levels with lung function parameters (the ratio of FEV1/FVC and FEV1% predicted) in all subjects (n = 39) were analysed using 
Pearson correlation test. *P < 0.05. n.s., not significant
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Fig. 4  FGF10 attenuates the development of emphysema induced by cigarette smoke extract in mice. A Male C57BL/6 mice (6–8 weeks) were 
treated with 400 μl cigarette smoke extract (CSE) intraperitoneally once a week for 4 weeks, with different doses of FGF10 administration (10 μg/kg, 
100 μg/kg, 1 mg/kg, 2.5 mg/kg) intravenously 24 h before CSE injection. All mice were sacrificed at Day 28. Representative haematoxylin and eosin 
(H&E) staining images of airspace. Scale bar = 50 μm. Alveolar size was evaluated by mean linear intercept (MLI) (n = 10). B Mice were administered 
standard saline solution or 240 μg of KLAKLAK2 intraperitoneally once per week for 4 weeks, with different doses of FGF10 administration 
intravenously 24 h prior to CSE injection. Representative H&E staining images of airspace. Scale bar = 50 μm. Alveolar size was evaluated by mean 
linear intercept (MLI), (n = 8–10). C Serum glycocalyx component levels in mice from each group detected by ELISA (n = 6–8). *P < 0.05, **P < 0.01, 
***P < 0.001. n.s., not significant
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Fig. 5  FGF10 increases the intensity of glycocalyx components in murine COPD model. Representative immunofluorescence staining images of 
heparan sulfate (A), chondroitin sulfate (C) and syndecan-1 (E) in mice lungs. Heparan sulfate, chondroitin sulfate and syndecan-1 antibodies were 
used as glycocalyx specific antigens, and CD31 was used as the mark of endothelial cell. Nuclei were visualized with 4ʹ,6-diamidino-2-phenylindole 
(DAPI). Scale bar = 50 μm. B, D, F Quantitative analysis of fluorescence intensity was performed (n = 10). *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not 
significant
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cells in response to smoking (Additional file 1: Figure S6), 
although FGFR2 expression is much lower than FGFR1 in 
ECs. Notably, our results showed that FGF10 treatment 
did not activate the FGFR3 signaling, and that the FGFR3 
signaling was not inhibited by the AZD4547 with a con-
centration of 20 nM (Additional file 1: Figure S7).

Genetic risk loci provide new insights into COPD 
pathogenesis, especially for the genetic susceptibility and 
heterogeneity of disease. Sakornsakolpat et al. identified 
82 loci in association with either COPD or population-
based measures of lung function, including 47 previously 
described and 35 new [32]. To further explore potential 
mechanisms in CSE-induced EC apoptosis and glycoca-
lyx repair, we screened overlapping genes related both 
to cell apoptosis pathway and COPD (Fig. 6F). Among 9 
candidates from our screening result (TGFB2, SLC30A10, 
NR4A2, TWIST2, MECOM, HHIP, ITGA1, CFDP1, 
SOX9), Sex Determining Region Y-related HMG-box  9 
(SOX9) was selected since: (1) SOX9 acts downstream 
of FGFR1/ERK signaling [33–35]; (2) SOX9 is essential 
for cell survival, and knockdown or dysfunction of SOX9 
upregulates apoptosis-related genes [36, 37]; (3) SOX9 
is highly related to COPD and is significantly associ-
ated with FEV1/FVC or FEV1 in meta-analysis models 
[32, 38, 39]; (4) Sox9−/− and Sox9+/− mice have severe 
tracheal cartilage malformations and die prematurely 
from respiratory insufficiency [40]; (5) SOX9 serves as a 
transcriptional factor, regulating the expression of hep-
aran sulfate biosynthetic enzymes, which are required 
for the synthesis and function of glycocalyx/HS, lead-
ing to a SOX9/FGF feed-forward loop [33, 41]. Thus, 
we decided to focus on the characterization of SOX9 
in CSE-induced cell apoptosis. Indeed, SOX9 mRNA 
level was significantly increased when hPMVECs were 
treated with FGF10 prior to CSE exposure, compared 
to CSE stimulation (Fig.  6G). We further demonstrated 
that knockdown of SOX9 could attenuate the protective 
effect of FGF10 on endothelial cell apoptosis (Additional 
file 1: Figure S8 and Fig. 6H). We also predicted the com-
bination site of SOX9 on the promoter region of heparan 

sulfate 6-O-sulfotransferase 1 (HS6ST1) (− 2000 to 0 bp), 
which is a heparan sulfate biosynthetic enzyme. In par-
allel with SOX9, pretreatment with FGF10 also upregu-
lated HS6ST1 expression (Fig. 6I), suggesting a potential 
FGF10/FGFR1/ERK/SOX9/HS6ST1/HS loop involved in 
glycocalyx synthesis and repair (Fig. 7).

Discussion
In this study, we first proved the coexistence of endothe-
lial apoptosis and glycocalyx impairment in COPD and 
its most important phenotype emphysema, using animal 
models and clinical samples. Interestingly, in the emphy-
sema model induced by VEGF-R blockade, glycocalyx 
accumulation was decreased in alveoli and glycocalyx 
shedding was elevated both in circulation and alveolar 
space. These findings strongly reinforced the hypothesis 
whereby apoptosis is the primary event that leads to loss 
of alveolar units and emphysema [3, 5, 42]. Importantly, 
administration of FGF10 rescued glycocalyx impairment 
and emphysema in a murine model of COPD, probably 
through a FGFR1/ERK/SOX9/HS6ST1 loop in endothe-
lial cells.

FGF10 presents an attractive candidate in the protec-
tion and repair of COPD as (1) FGF10 is dysregulated in 
various human lung diseases including COPD, and (2) 
FGF10 haploinsufficiency affects lung function that may 
ultimately lead to the development of COPD [20–22]. 
Here, we demonstrated that intravenous injection of 
FGF10 has a protective effect on CSE-induced glycoca-
lyx impairment and emphysema in a dose-dependent 
manner. In contrast, FGF10 with a dose of 1 or 2 mg/kg 
did not prevent KLAKLAK2-induced emphysema which 
serves as positive controls. We thought it might be due 
to different pathogenic mechanisms between CSE and 
KLAKLAK2. While CSE may disrupt the FGFR1 sign-
aling in endothelial cells, KLAKLAK2 is a chimera lung 
homing peptide specific for lung endothelial cells, which 
disrupts anionic phospholipids present in mitochondria, 
leading to apoptotic endothelial cell death [30]. Consid-
ering the protective effects of FGF10 on epithelial injury 

Fig. 6  FGF10 attenuates cigarette smoke-induced endothelial apoptosis and glycocalyx repair through FGFR1 signaling. A The human pulmonary 
microvascular endothelial cells (hPMVECs) were treated with CSE (24 h, 2%), with or without pretreatment of FGF10 (2 h prior to CSE stimulation, 
50 ng/ml) and the FGFR1 inhibitor, AZD4547 (24 h prior to CSE stimulation, 20 nM). TNF-α + SM-164 serves as positive controls (24 h, 1:500). 
After 24 h stimulation of 2% CSE, hPMVECs were performed for flow cytometry (n = 3). Annexin V/PI-stained cells showing apoptotic rates. FITC, 
fluorescein isothiocyanate; PI, propidium iodide. B Relative FGFR1 mRNA expression in hPMVECs from each group (n = 3). C Relative mRNA 
expression of FGFR1 and FGFR2 in hPMVECs (n = 3). D Representative western blots and corresponding group data showing expression levels of 
the total and phosphorylation of FGFR1. E Representative western blots and corresponding group data showing expression levels of the total and 
phosphorylation of ERK and AKT in hPMVECs. F Venn diagram of overlapping putative genes related both to cell apoptosis pathway and COPD, from 
“GO_Apoptosis_Signaling” (http://​www.​broad​insti​tute.​org/​gsea/​index.​jsp), and “New loci”, “Loci previously described” and “Candidates”. G Relative 
SOX9 mRNA expression in hPMVECs from each group (n = 3). H Endothelial cells were transfected with si-control and si-SOX9 for 48 h, stimulated 
beforehand with FGF10 (100 ng/ml) for 2 h, and then with CSE (2%) for another 24 h. Endothelial cells were performed for flow cytometry (n = 3). 
I Prediction of the combination site of SOX9 on the promoter region of HS6ST1. Relative HS6ST1 mRNA expression in hPMVECs from each group 
(n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant

(See figure on next page.)

http://www.broadinstitute.org/gsea/index.jsp
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Fig. 6  (See legend on previous page.)
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induced by multiple mediators, FGF10 was injected intra-
venously instead of intratracheally in our animal study, to 
focus on the protective role of FGF10 on endothelium. 
To explore the role of FGF10 on epithelial cells, we addi-
tionally cultured two types of epithelial cells BEAS-2B 
and 16HBE, and treated them with FGF10. Our results 
showed that FGF10 treatment did not activate the FGFR1 
signaling and its downstream AKT, but could activate the 
FGFR2/3 in epithelium (Additional file 1: Figures S9 and 
S10). It was proposed that FGF10 acted on endothelial 
cells differently from epithelial cells which through their 
typical receptors.

The cellular mechanism that mediates endothelial sur-
vival and glycocalyx repair depends on FGFR1 signaling 
[10]. In line with previous reports, our findings suggest 
that FGF10 inhibits the CSE-induced endothelial apopto-
sis mainly through FGFR1 signaling as (1) database anal-
ysis revealed that FGFR1, but not FGFR2, is suppressed 
during COPD, (2) FGFR1, but not FGFR2, is the predom-
inant FGFR expressed in pulmonary endothelial cells, and 
(3) FGF10 serves as a ligand binding to FGFR1b, though 

with a relative low affinity compared to FGFR2b [19, 43]. 
However, the compensatory role of FGFR2 in endothelial 
cells still cannot be excluded in response to smoking.

SOX9 was identified using bioinformatic analysis 
to explore potential mechanisms in CSE-induced EC 
apoptosis and glycocalyx repair. SOX9 acts downstream 
of FGFR1/ERK pathway [33–35] and relates to both 
cell apoptosis [36, 37] and COPD [32, 38, 39]. In turn, 
SOX9 regulates the expression of heparan sulfate bio-
synthetic enzyme HS6ST1, which is required for syn-
thesis and function of heparan sulfate [33, 41]. HS6ST1 
is considered to be essential in lung development, and 
HS6ST1-deficiency in mice exhibit airspace enlarge-
ment during postnatal period associated with abnormal 
elastin deposition [44]. In this study, pretreatment with 
FGF10 significantly increased the SOX9 mRNA expres-
sion in endothelial cells treated with CSE, and FGF10 
up-regulated the expression of HS6ST1 in parallel with 
SOX9. We further demonstrated that knockdown of 
SOX9 could attenuate the protective effect of FGF10 on 
endothelial cell apoptosis, suggesting a FGF10/FGFR1/

Fig. 7  Schematic concept of the FGF10/FGFR1/ERK/SOX9/HS6ST1/HS loop in glycocalyx synthesis and lung repair. A model could be 
suggested in which cigarette smoke impairs endothelial glycocalyx and FGFR1 signaling, while FGF10 attenuates the development of emphysema 
and the shedding of glycocalyx induced by CSE in animal models. Mechanistically, FGF10 alleviates smoke-induced endothelial apoptosis and 
glycocalyx repair through a FGFR1/ERK/SOX9/HS6ST1 loop
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ERK/SOX9/HS6ST1/HS loop involved in glycocalyx 
repair and endothelial apoptosis.

When anchored to proteoglycans on cell surface, HS 
may function as an activating coreceptor for growth 
factor ligand–receptor interaction [45]. The biological 
activities of FGF10 can be modulated by HS structures 
with specific sulfate patterns and density [46]. Yang’s 
work highlights the importance of endothelial surface 
layer (ESL)-derived HS fragments in promoting FGFR1 
signaling. HS degradation of sufficient size and appro-
priate N-sulfation during sepsis can bind to FGF2, acti-
vating and augmenting FGF2-FGFR1 signaling [10]. In 
contrast, LaRivière and colleagues suggest that heparan 
sulfate shed into the airspace after injury may directly 
impair lung repair, by binding to hepatocyte growth fac-
tor (HGF) and attenuates growth factor signaling [47]. 
Therefore, determination of HS or other glycocalyx 
shedding and patterns of interaction with FGF10 during 
COPD, is required in the future. Integrating the HS into 
our picture of the FGF10 also provides attractive thera-
peutic perspectives by adding HS to exogenous FGF10 
preparations.

Some limitations should be clarified. First, we used 
three different animal models of COPD and emphysema. 
Animal model of smoke-induced COPD is the primary 
testing methodology for drug therapies and studies on 
pathogenic mechanisms of COPD/emphysema [48]. 
Apart from this classic model, VEGF-R antagonist 
SU5416 was also used in this study to investigate the spe-
cific role of endothelial apoptosis in emphysema forma-
tion. To evaluate the protective effect of FGF10, we did 
not apply cigarette smoke exposure models, but used 
intraperitoneal administration of CSE instead for the fol-
lowing reasons: (1) the pathological emphysematous phe-
notype rather than an inflammatory phenotype is more 
viable induced by sterile CSE injection intraperitoneally, 
compared to whole-body or nose cigarette smoking 
exposure [26, 49]; (2) cigarette smoking exposure directly 
targets epithelial cells, while cigarette smoke extract 
injected intraperitoneally directly targets endothelial 
cells; and (3) endothelial-specific killing peptide served 
as a positive control is also injected intraperitoneally [30]. 
Second, our study suggests that cigarette smoke exposure 
caused the loss of FGFR1 expression and impairment of 
FGFR1 signaling, and that FGF10 attenuates cigarette 
smoke-induced COPD through FGFR1 signaling; further 
confirmatory studies, including the use of FGFR1 knock-
out mice, are necessary to fully elucidate the precise asso-
ciated mechanisms. Third, cigarette smoking exposure 
could cause excessive endothelial apoptosis and emphy-
sema through other signaling pathways involving down-
regulation of vascular endothelial growth factor (VEGF), 
focal adhesion kinase (FAK), α-1-antitrypsin (AAT), and 

upregulation of ceramide, p38, and p53 [50]. FGF10 was 
reported to effectively inhibit apoptosis and maintain 
endothelial barrier function through phosphoinositide 
3-kinase (PI3K) or epidermal growth factor receptor 
(EGFR) signal pathways [28]. Therefore, further studies 
are needed to clarify the crosstalk between these recep-
tors, and to explore whether FGF10 attenuates endothe-
lial apoptosis and emphysema through pathways other 
than FGFR1.

Conclusions
FGF10 treatment was shown to repair pulmonary gly-
cocalyx injury and endothelial apoptosis, and attenuate 
smoke-induced COPD through FGFR1 signaling. Since 
FGF10 is currently used in the clinical setting, it may 
serve as a potential therapeutic strategy against COPD 
via endothelial repair and glycocalyx reconstitution.
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