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Introduction
Acute lung injury (ALI) is a life-threatening medical 
condition associated with high morbidity and mortal-
ity rates [1], which always characterized by widespread 
lung inflammation and loss of endothelial integrity [2, 3]. 
Unfortunately, there is currently no effective pharmaco-
logical treatment for ALI. Lipopolysaccharide (LPS) is 
commonly used to induce an immune response in endo-
thelial cells and is widely employed in mouse models 
to induce ALI [4, 5]. The development of acute pulmo-
nary inflammation is closely tied to the activation of the 
mitogen-activated protein kinase (MAPK) and nuclear 
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Abstract
Background Acute lung injury (ALI) is a devastating clinical disorder with a high mortality rate, and there is an urgent 
need for more effective therapies. Fibroblast growth factor 18 (FGF18) has potent anti-inflammatory properties and 
therefore has become a focus of research for the treatment of lung injury. However, the precise role of FGF18 in the 
pathological process of ALI and the underlying mechanisms have not been fully elucidated.

Methods A mouse model of ALI and human umbilical vein endothelial cells (HUVEC) stimulated with 
lipopolysaccharide (LPS) was established in vivo and in vitro. AAV-FGF18 and FGF18 proteins were used in C57BL/6J 
mice and HUVEC, respectively. Vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-
1), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and p65 protein levels were determined by western 
blotting or immunofluorescent staining. Afterward, related inhibitors were used to explore the potential mechanism 
by which FGF18 relieves inflammation.

Results In this study, we found that FGF18 was significantly upregulated in LPS-induced ALI mouse lung tissues and 
LPS-stimulated HUVECs. Furthermore, our studies demonstrated that overexpressing FGF18 in the lung or HUVEC 
could significantly alleviate LPS-induced lung injury and inhibit vascular leakage.

Conclusions Mechanically, FGF18 treatment dramatically inhibited the NF-κB signaling pathway both in vivo and in 
vitro. In conclusion, these results indicate that FGF18 attenuates lung injury, at least partially, via the NF-κB signaling 
pathway and therefore may be a potential therapeutic target for ALI.
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transcription factor-kappa B (NF-κB) signaling pathways 
[6, 7]. Abnormal NF-κB activation is a defining feature of 
ALI [8, 9], while MAPK kinases (p38, JNK, ERK1/2) play 
crucial roles in cellular responses to inflammation [10, 
11].

The fibroblast growth factor family consists of 23 mem-
bers, many of which have the ability to reduce cellular 
inflammation [12, 13]. FGF18, in particular, plays a vital 
role in skeletal growth and limb development [14, 15]. 
Several studies have shown that FGF18 can effectively 
alleviate cellular inflammation. For instance, X-G Li et al. 
discovered that FGF18 can reduce inflammation levels in 
alveolar epithelial cells II caused by hyperoxia [16] and 
K-Q Sun et al. found that FGF18 is involved in the pro-
tective effects of vasoactive intestinal peptide on inflam-
mation induced nucleus pulposus cell degeneration [17]. 
In addition, FGF18 participates in alveolar develop-
ment during late embryonic lung development and pro-
motes elastogenesis of pulmonary myofibroblasts [18]. 
However, the role of FGF18 in the lung, particularly in 
response to ALI, has not been fully elucidated.

In our current study, we investigated the expression of 
FGF18 in LPS-treated mice compared to sham controls, 
and found that FGF18 was upregulated in LPS-treated 
mice. Furthermore, we examined the therapeutic poten-
tial of FGF18 and revealed that FGF18 can alleviate cell 
inflammation by restraining p65 activation. Moreover, 
we explored the effects of FGF18 on the expression of 
pro-inflammatory mediators and cell adhesion molecules 
after LPS stimulation. The results of this study are of sig-
nificant value for the treatment of ALI in humans.

Methods
Materials
FGF18 (Z03011) was purchased from GenScript (New 
Jersey USA) and was stored in powder form at − 80℃. 
JSH-23 (CAS: 749886-87-1), SP600125 (CAS: 129-56-
6) and SB203580 (CAS: 152121-47-6) were purchased 
from Selleck Chemicals (Houston USA). U0126 (CAS: 
HY-12,031) and Bay11-7082 (CAS: 19542-67-7) was pur-
chased from Med Chem Express (New Jersey USA). Si-
Erk (sc-29,307) was purchased from Santa Cruz (Texas 
USA). LPS (L8880) and Tamoxifen (IT0030) were pur-
chased from Solarbio (Beijing CHINA).

Cell culture experiments
HUVECs were purchased from Lonza and cultured in 
DMEM (Gibco, C11995500BT) supplemented with 10% 
FBS (Gibco, 16000-044) and 1% penicillin/streptomy-
cin in an incubator containing 95% air and 5% CO2 at 
37℃. Before starting the experimental procedures, the 
medium was removed and replaced with phenol red-free 
low-glucose DMEM (Gibco, 11,054,020) supplemented 
with 1% FBS for 12  h, then HUVECs were treated with 

LPS (100 ng/mL) in the presence of FGF18 (10 ng/mL) 
for 6  h. HUVECs were treated with SP600125 (10 µM) 
/ SB203580 (10 µM) / si-Erk in the presence of LPS and 
FGF18. Then cells were harvested for western blotting 
analysis and immunofluorescent staining.

Animals
Male C57BL/6J mice were purchased from Shanghai 
SLAC Laboratory Animal Co. Ltd. FGF18 (1 × 1011) over-
expression vector (AAV9-FGF18) and control vector 
(AAV9-LacZ) were intratracheally delivered to the mice 
and stably expressed for 2 weeks. Then to induce ALI, 
LPS (5 mL/kg) was injected into the mice by intratracheal 
instillation under isoflurane anesthesia and sacrificed 
12 h later. AAV-LacZ and AAV-FGF18 (contract number: 
HYKY-230,510,005-YAAV) were constructed and pur-
chased from OBiO Technology (Shanghai) Corp., Ltd.

FGF18-CreERT2 mice (C57BL/6J background) 
were bred with ROSA26-td Tomato mice to gener-
ate FGF18-CreERT2-ROSA26-td Tomato mice. For 
FGF18-CreERT2-ROSA26-td Tomato mice, tamoxifen 
(Santa Cruz Biotechnology, sc-208,414) was adminis-
tered at the dose of 75 mg/kg/day for 5 consecutive days 
by intraperitoneal (i.p.) injection. After the injection, 
mice were kept for a 14-day waiting period to get the effi-
cient gene knockout. After 12 h of the LPS challenge, the 
FGF18-CreERT2-ROSA26-td Tomato mice were eutha-
nized and lung tissue were taking out. All experimental 
procedures for animal studies were carried out conform-
ing to the guide for the care and use of laboratory animals 
and were approved by the Animal Policy and Welfare 
Committee of Wenzhou Medical University, Wenzhou, 
Zhejiang Province, CHINA.

The FGF18 heterozygous (FGF18+/−) mice on C57BL/6J 
background were a generous gift from Professor Shen of 
Wenzhou University. FGF18+/− mice primer sequences 
are shown in Supplementary Table 1. All animals were 
kept in a standard laboratory condition of 12  h light/
darkness cycles, with water and food available ad libitum. 
All animals received humane care according to the crite-
ria outlined in the Guide for the Care and Use of Labora-
tory Animals.

RNA extraction and real-time quantitative RT-PCR
Total RNA from lung tissues or HUVECs was extracted 
by Trizol reagent (Takara Bro Inc, 9108) according to the 
manufacturer’s instructions. 1 ng total RNA was reverse 
transcribed to generate cDNA by the Hiscript ® III 
Reverse Transcriptase kit (Vazyme). The cDNA was then 
subjected to RT-PCR analysis. The GAPDH gene was 
used as a control to target gene expression. The specific 
primer sequences are shown in Supplementary Table 1.
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Fig. 1 (See legend on next page.)
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Nuclear/cytoplasmic fractionation
HUVECs were subjected to nuclear and cytosolic frac-
tionation using the Nuclear/Cytosol Fractionation Kit 
(Abcam, ab289882), following the protocol recom-
mended by the manufacturer.

Western blotting analysis
The supernatants from lung tissues or cells were 
extracted by lysis buffer and protein concentration were 
determined using Pierce BCA Protein Assay Reagent 
(Thermo Fisher Scientific, 23,228). 30 µg protein extracts 
were loaded and separated by SDS-PAGE and transferred 
to PVDF membranes (Merck Millipore, IPVH00010). 
Membranes were blocked with 5% bovine serum albumin 
in Tris-buffered saline containing 0.1% Tween 20 (TBST) 
and incubated with specific primary antibodies over-
night at 4℃. Primary antibodies were as follows: FGF18 
(Santa Cruz, sc-393,471), p65 (HUABIO, ET1603-12), 
p-p65 (HUABIO, ET1604-27), IκBα (Proteintech, 10268-
1-AP), p-IκBα (CST, 2859  S), ICAM-1 (Proteintech, 
16174-1-AP), VCAM-1 (Affinity, DF6082), IL-6 (HUA-
BIO, HA601051), TNF-α (HUABIO, ER65189), β-actin 
(ABclonal, AC026), GAPDH (HUABIO, ET1601-4), 
Lamin B (HUABIO, ET1606-27). Membranes incubated 
with either goat-anti-mouse HRP (Abcam, ab6789) or 
goat-anti-rabbit HRP (Abcam, ab6721) for 2  h at room 
temperature. Proteins were visualized using Amersham 
Imager 680 (GE Healthcare) system. The expression of 
specific antigens was quantified using Image J software.

RNA interference
HUVECs were transfected with FGF18 small interfer-
ing RNA (si-FGF18; Santa Cruz, sc-39,478) or si RNA 
scrambled (negative) control (si scramble; Santa Cruz, 
sc-37,007) by using Lipofectamine 2000 (Thermo Fisher 
Scientific, 11,668,019) for 6  h in Opti-MEM (Thermo 
Fisher Scientific, 31985-070). After transfected with si-
FGF18, HUVECs were treated with LPS in the presence 
or absence FGF18 for 6 h.

Immunofluorescent staining
For lung tissues, frozen lung sections were used. For 
HUVECs, cells cultured on glass coverslips were fixed in 
4% paraformaldehyde for 20  min. Frozen lung sections 

or cells permeabilized in PBS with 0.5% Triton X-100 
for 15 min at room temperature. Blocked as above, and 
then incubated with anti-FGF18 antibody (Santa Cruz, 
sc-393,471), anti-p65 antibody (Santa Cruz, sc-8008), 
anti-ICAM-1 antibody (Affinity, DF7413), anti-VCAM-1 
antibody (Affinity, DF6082), anti-CD34 (Abcam, 
ab81289), anti-Aquaporin 5 (Abcam, ab78486), anti-
Prosurfactant Protein C (Abcam, ab211326), anti-CD34 
(Abcam, ab81289), anti-VE-cadherin (Abcam, ab33168), 
anti-F4/80 (CST, 30,325  S), anti-CD3 (Proteintech, 
17617-1-AP) at 4℃ overnight. And then it was incubated 
with a secondary antibody of Alexa Fluor 488-conjugated 
anti-mouse IgG (1:200) (Abcam, ab150113) or Alexa 
Fluor 647-conjugated anti-rabbit IgG secondary anti-
body (1:200) (Abcam, ab150075). Finally, the nuclei were 
stained with DAPI. Images were captured with a Nikon 
C2si Confocal microscope (Nikon, Japan).

Statistical analysis
Data were expressed as the means ± SEM. Differences of 
samples were performed using an unpaired two-tailed 
t-test or analysis of variance (ANOVA). Statistical analy-
sis between multiple groups was performed by one-way 
ANOVA. P < 0.05 was considered statistically significant. 
Statistical analysis was performed by GraphPad Prism 
9.4.1.

Results
FGF18 expression is increased in ALI mice and LPS-treated 
HUVECs
As mice treated with 5 mg/kg of LPS for 12 h significantly 
showed collapsed alveolar structure and infiltration of 
inflammatory cells. Compared with the control mice, the 
12-hour LPS stimulation group showed significant lung 
injury, therefore this treatment was used in subsequent in 
vivo experiments (Fig. 1A, B). To determine the involve-
ment of FGF18 in intratracheal LPS-induced ALI in mice, 
we examined its expression in the lungs of mice intratra-
cheally injected with LPS for 6 h, 12 h, and 24 h. West-
ern blotting and quantitative RT-PCR showed a marked 
increase in FGF18 expression in the ALI mice at both the 
mRNA and protein levels, respectively (Fig.  1C, D). In 
addition, immunofluorescent staining confirmed the sig-
nificant upregulation of FGF18 expression in lung tissues 

(See figure on previous page.)
Fig. 1 FGF18 expression is increased in ALI mice and LPS-treated HUVECs. (A) Schematic diagram demonstrates the animal experiment design. (B) He-
matoxylin–eosin staining in lung tissues of C57BL/6J mice after PBS or LPS injection for 6 h, 12 h, and 24 h. (n = 5 per group, Scale bar = 50 μm). (C) Western 
blotting was performed and quantitatively analyzed to determine the protein levels of FGF18 in the lungs from LPS and PBS-treated controls. (n = 4 per 
group). (D) qRT-PCR analysis of the mRNA levels of FGF18 in the lungs of ALI or sham. (n = 3 per group). (E) Representative immunofluorescent staining 
analysis of FGF18 proteins in the lung tissues from ALI and sham. (n = 5 per group, Scale bar = 150 μm) (F) FGF18-CreERT2-ROSA26-td Tomato mice were 
intraperitoneally injected with 75 mg/kg of tamoxifen dissolved in corn oil for 2 weeks, followed by LPS tracheal infusion. (G) Immunofluorescent staining 
of CD34 (green), td Tomato (red), and DAPI (blue) in FGF18-CreERT2-ROSA26-td Tomato mice were detected. (Scale bar = 50 μm). (H) Immunofluorescent 
staining of CD34 (green), FGF18 (red), and DAPI (blue) in C57BL/6J mice were detected. (Scale bar = 50 μm). (I) Western blotting was performed and 
quantitatively analyzed to determine the protein levels of FGF18 in HUVECs. (n = 4 per group). (J) qRT-PCR analysis of the mRNA levels of FGF18 in HUVECs. 
(n = 4 per group). (K) Immunofluorescent staining of FGF18 (red) and DAPI (blue) in HUVECs were detected. (Scale bar = 50 μm)
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Fig. 2 (See legend on next page.)
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(Fig. 1E). To further explore the function of FGF18 in ALI 
mice, ROSA26-td Tomato mice were bred with FGF18-
Cre mice to generate FGF18-CreERT2-ROSA26-td 
Tomato mice (Fig.  1F). Interestingly, we observed that 
CD34, a marker of endothelial cells, could be co-located 
with cells secreting FGF18 protein (Fig.  1G). Moreover, 
the co-localization of FGF18 with other cell markers in 
C57BL/6J mice with ALI were also detected. We found 
that FGF18 was co-localized with endothelial cells, epi-
thelial cells and macrophages etc. (Fig.  1H, Supplemen-
tary Fig. 5A), and in the present study we focused on the 
endothelial cell. As for the role of FGF18 in other cells, 
further studies are needed. The in vitro results are con-
sistent with the findings from quantitative RT-PCR, west-
ern blotting, and immunofluorescence analysis, which 
showed that FGF18 was upregulated at both mRNA and 
protein levels in LPS-treated HUVECs (Fig. 1I-K). Thus, 
these findings suggest a potential correlation between 
FGF18 and ALI, as FGF18 expression is consistently 
increased in the ALI.

FGF18 alleviates lung injury in the ALI mouse model
FGF18 has been reported to play a crucial role in cellu-
lar inflammation. However, its function in ALI remains 
unclear. In order to explore this, we conducted a study 
using mice that were genetically modified to specifically 
overexpress FGF18 in the lung through the use of adeno-
associated virus (AAV) 9-FGF18. For comparison, control 
mice were injected with an equal number of AAV-LacZ 
particles (Fig.  2A). After a period of 2 weeks, during 
which stable expression of FGF18 protein was achieved 
in vivo, the overexpression was confirmed through west-
ern blotting analysis (Fig. 2B). The transfection efficiency 
of AAV was determined using immunofluorescence anal-
ysis (Fig.  2C). As anticipated, hematoxylin-eosin (HE) 
staining revealed that the overexpression of FGF18 led to 
an improvement in lung injury, as indicated by reduced 
infiltration of inflammatory cells compared to the control 
ALI mice (Fig. 2D).

To further investigate the relationship between FGF18 
and inflammation, lung sections were subjected to 
western blotting and immunofluorescent staining. As 
expected, western blotting showed a decrease in the pro-
tein levels of VCAM-1, ICAM-1, IL-6, and TNF-α after 
treatment with FGF18 (Fig.  2E). Additionally, fewer cell 
adhesion molecules and an increase in VE-cadherin 
were observed in mice treated with AAV-FGF18 (Fig. 2F, 

Supplementary Fig. 2C). These findings collectively sug-
gest that FGF18 effectively ameliorated lung injury in 
mice with LPS-induced ALI.

FGF18 contributes to the repair of HUVECs
Impaired pulmonary vascular endothelial barrier func-
tion is a typical pathological feature of ALI. To investi-
gate the effect of FGF18 on endothelial impairment in 
vitro, we conducted a series of experiments. Firstly, we 
determined several time points for LPS treatment and 
found that the damage was most severe after 6 h (Supple-
mentary Fig.  1A-F, 1I). Then, we treated HUVECs with 
human recombinant FGF18 in the presence of LPS, and 
found that treatment with 10 ng/mL FGF18 significantly 
relived the injury of HUVECs contributed by LPS. Thus, 
we used this concentration for subsequent in vitro exper-
iments (Supplementary Fig.  1J). Next, western blotting 
analysis revealed that FGF18 markedly reduced the LPS-
induced expression of proteins, such as VCAM-1, ICAM-
1, IL-6, and TNF-α, which are the important biomarkers 
of HUVEC damage (Fig.  3A). These findings were con-
sistent with the immunofluorescent staining results of 
ICAM-1 and VCAM-1 (Fig. 3C, D). Moreover, it is well 
known that reduced expression of VE-cadherin is a 
marker of endothelial cell damage. Thus, also detected 
the fluorescence intensity change of VE-cadherin (Sup-
plementary Fig.  2A) and found that FGF18 could sig-
nificantly alleviate the decline of VE-cadherin induced 
by LPS. Furthermore, the damage of the HUVECs and 
the mRNA expression of inflammatory factors bearing 
FGF18 were improved. (Fig. 3B, Supplementary Fig. 6A). 
Taken together, these results suggest that FGF18 reduces 
the injury of HUVECs.

FGF18 deletion exacerbates LPS-induced lung injury
FGF18 primarily signals to mesenchymal tissue dur-
ing embryonic development in developing lungs, and 
FGF18 germline KO mice (FGF18−/−) die shortly after 
birth. To further explore the regulatory role of FGF18 
in LPS-induced lung injury, FGF18 heterozygous mice 
(FGF18+/− mice) were used to evaluate the impact of 
FGF18 on ALI mice. We measured that FGF18 was signif-
icantly decreased in FGF18+/− mice compared with WT 
mice (Fig.  4A, B). RT-PCR further verified the success 
of FGF18 knockout. (Supplementary Fig.  4B). WT and 
FGF18+/− mice were subject to LPS administration for 
12 h and then euthanized to get lung tissues. In addition, 

(See figure on previous page.)
Fig. 2 FGF18 alleviates lung injury in the ALI mouse model. (A) Schematic diagram demonstrates the animal experiment design. (B) Western blotting 
was performed and quantitatively analyzed to determine the protein levels of FGF18 in the lungs from AAV-FGF18 and AAV-LacZ-treated controls. (n = 5 
per group). (C) Immunofluorescent staining of FGF18 (red) and DAPI (blue) in AAV-FGF18 or AAV-LacZ-treated mice were detected. (Scale bar = 150 μm). 
(D) HE staining in lung tissues of AAV-FGF18 and AAV-LacZ-treated mice after PBS or LPS injection for 12 h. (n = 6 per group, Scale bar = 50 μm). (E) Western 
blotting was performed and quantitatively analyzed to determine the protein levels of VCAM-1, ICAM-1, IL-6, and TNF-α in the lungs from AAV-FGF18 
and AAV-LacZ-treated controls. (n = 6 per group). (F) Immunofluorescent staining of ICAM-1/VCAM-1 (red) and DAPI (blue) in AAV-FGF18 and AAV-LacZ-
treated mice were detected. (n = 6 per group, Scale bar = 150 μm)
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Fig. 3 FGF18 contributes to the repair of HUVECs. (A) HUVECs were subjected to western blotting analysis. The expression of VCAM-1, ICAM-1, IL-6, and 
TNF-α was detected. (n = 5 per group). (B) In vitro, scratch assay showing the changes in migration potential of HUVECs stimulated with LPS in the pres-
ence of FGF18. (n = 3 per group, Scale bar = 25 μm). (C) Immunofluorescent staining of ICAM-1 (red) and DAPI (blue) in HUVECs were detected. (n = 3 
per group, Scale bar = 150 μm). (D) Immunofluorescent staining of VCAM-1 (red) and DAPI (blue) in HUVECs were detected. (n = 3 per group, Scale bar 
= 150 μm)
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Fig. 4 FGF18 deletion exacerbates LPS-induced lung injury. (A) FGF18+/+ and FGF18+/− mice were subjected to western blotting analysis. The expression 
of FGF18 was detected. (n = 5 per group). (B) Immunofluorescent staining of FGF18 (red) and DAPI (blue) in FGF18+/+ and FGF18+/− mice were detected. 
(n = 5 per group, Scale bar = 150 μm). (C) HE staining in lung tissues of FGF18+/+ and FGF18+/− mice after PBS or LPS injection for 12 h (n = 5 per group). 
(D) Western blotting was performed and quantitatively analyzed to determine the protein levels of VCAM-1, ICAM-1, IL-6, and TNF-α in the lungs from 
FGF18+/+ and FGF18+/− mice in the presence of LPS (n = 5 per group). (E) Immunofluorescent staining of ICAM-1/VCAM-1 (red) and DAPI (blue) in FGF18+/+ 
and FGF18+/− mice were detected. (n = 5 per group, Scale bar = 150 μm)
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we found that the deletion of FGF18 exacerbated lung 
injury and inflammatory cell recruitment (Fig.  4C). 
Moreover, FGF18 deficiency significantly aggravated the 
elevated levels of VCAM-1, ICAM-1, IL-6, and TNF-α, 
compared to levels in WT LPS-treated mice (Fig.  4D). 
Meanwhile, more cell adhesion molecules with less VE-
cadherin were also observed in FGF18+/− mice (Fig. 4E, 
Supplementary Fig.  3B). Taken together, these results 
indicate that FGF18 ablation aggravates LPS-induced 
lung inflammation and injury.

The knockdown of FGF18 exacerbates LPS-induced HUVEC 
injury
To further verify the function of FGF18 in LPS treated 
HUVEC, western blotting analysis showed that FGF18 
was significantly decreased after treated with si-FGF18 
(Fig.  5A, Supplementary Fig.  4A). To explore the func-
tion of FGF18 in vitro, we found that the protein 
level of VCAM-1, ICAM-1, IL-6, and TNF-α was fur-
ther increased in HUVECs transfected with si-FGF18 
(Fig. 5B), and the mRNA level of ICAM-1 and IL-6 was 
also increased (Supplementary Fig.  1G, H), suggesting 
that deletion of FGF18 could exacerbate LPS-induced 
HUVEC damage. Moreover, we found that the elevated 
level of ICAM-1 and VCAM-1 (Fig. 5C, D) and decreased 
level of VE-cadherin (Supplementary Fig. 2B) under LPS 
conditions were further increased or decreased by si-
FGF18 treatment as measured by immunofluorescent 
staining, respectively. Collectively, these data provide 
further evidence that knocking down FGF18 could aggra-
vate LPS-induced HUVEC injury.

FGF18 promotes lung repair and attenuates HUVEC injury 
by inhibiting the NF-κB pathway
LPS treatment caused significant activation of the NF-κB 
pathway by enhancing the phosphorylation of IκBα and 
NF-κB p65 in HUVECs and reversed by FGF18 treatment 
(Fig. 6A). Meanwhile, western blotting analyses revealed 
that IκBα and NF-κB p65 phosphorylation was signifi-
cantly decreased in the lungs of AAV-FGF18-treated 
mice than in the lungs of control mice (Fig.  6B), and 
higher in FGF18+/− mice than in lungs of WT mice (Sup-
plementary Fig.  3A). Additionally, results from in vitro 
experiments showed that si-FGF18 treatment increased 
the phosphorylation of IκBα and NF-κB p65 (Fig.  6C), 
indicating that FGF18 knockdown enhanced the activa-
tion of the NF-κB signaling pathway. Moreover, a nuclear-
cytoplasmic separation experiment demonstrated that 
FGF18 treatment reduced the entry of NF-κB p65 into 
the nucleus after LPS stimulation, while si-FGF18 treat-
ment increased the nuclear translocation of NF-κB p65 
(Fig.  6D, E). These findings suggest that FGF18 plays 
a direct protective role against LPS-induced endothe-
lial impairment by inhibiting the activation and nuclear 

translocation of NF-κB p65. To clarify whether FGF18 
protects endothelial cell by inhibiting the NF-κB path-
way, we used NF-κB p65 inhibitors JSH-23 and Bay11-
7082, which inhibits the expression of p-p65 [19, 20]. The 
results showed that TNF-α and IL-6 were enriched after 
si-FGF18 treatment, and this phenomenon was alleviated 
by the treatment of JSH-23 and Bay11-7082 (Fig. 7A, B), 
suggesting that FGF18 could suppress the TNF-α and 
IL-6 expression via p65. In addition, JSH-23 and Bay11-
7082 treatment eliminated the ICAM-1 and VCAM-1 
exacerbations induced by si-FGF18 (Fig. 7C, D).

Overall, the data indicate that FGF18 ameliorates 
lung injury in LPS-induced ALI by inhibiting the NF-κB 
signaling pathway and protecting against endothelial 
impairment.

FGF18 is consistent with MAPK kinase inhibitors in 
reducing the activation of NF-κB pathway
MAPK kinases were widely reported to regulate the 
inflammation-related signaling pathway. Because of the 
tight association between the MAPK and NF-κB signal-
ing pathways, a large number of studies have shown that 
MAPK kinase inhibitors could attenuate phosphoryla-
tion of NF-κB p65 [19–21]. In the inhibitors group, mice 
received SB203580 by intraperitoneal injection (Fig. 8A). 
Moreover, the other two groups of mice underwent 
gavage of SP600125 and U0126 (Fig.  8B). HE staining 
revealed that the AAV-FGF18 group and MAPK kinase 
inhibitors could alleviate lung injury and inflamma-
tory cell aggregation (Fig. 8C). In addition, LPS stimula-
tion enhanced the phosphorylation of IκBα and p65, but 
this activation was significantly ameliorated by FGF18 
and MAPK kinase inhibitors treatment, indicating that 
FGF18 inhibited LPS-induced activation consistent with 
MAPK kinase inhibitors in ALI mice (Fig.  8D). Overall, 
these findings confirm that FGF18 exhibits a compara-
ble protective effect against LPS-induced lung injury as 
MAPK kinase inhibitors.

The in vitro experiments conducted in HUVECs dem-
onstrated that FGF18, as well as MAPK kinase inhibi-
tors (SP600125 and SB203580), and si-Erk could alleviate 
the phosphorylation of IκBα and p65 (Supplementary 
Fig.  7A). This indicates that FGF18 and MAPK kinase 
inhibitors have a similar effect in inhibiting the activa-
tion of the NF-κB signaling pathway. Furthermore, west-
ern blotting analysis confirmed that pretreatment with 
FGF18 and the inhibition of MAPK kinases reduced the 
nuclear localization of IκBα and NF-κB p65 induced by 
LPS (Supplementary Fig.  7B). This suggests that FGF18 
and MAPK kinase inhibitors can prevent the translo-
cation of NF-κB p65 into the nucleus. Immunofluo-
rescent staining further supported these findings by 
demonstrating that FGF18 and MAPK kinase inhibitors 
could alleviate the entry of NF-κB p65 into the nucleus 
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(Supplementary Fig. 7C). Intriguingly, the combination of 
FGF18 and MAPK kinase inhibitors could further inhibit 
the NF-κB pathway (Supplementary Fig.  8A). Overall, 
these results provide strong evidence that the therapeutic 
effect of FGF18 is consistent with that of MAPK kinase 
inhibitors in inhibiting the NF-κB signaling pathway. This 

suggests that FGF18 may serve as a novel approach for 
the treatment of acute lung injury.

Discussion
ALI and ARDS are the two main causes of acute lung 
failure, which is characterized by high morbidity and 
mortality and for which effective therapeutic strategies 

Fig. 5 The knockdown of FGF18 exacerbates LPS-induced HUVEC injury. (A) Western blotting of FGF18 in HUVECs was detected. (n = 5 per group). (B) 
HUVECs were subjected to western blotting analysis. The expression of VCAM-1, ICAM-1, IL-6, and TNF-α were detected. (n = 5 per group). (C) Immuno-
fluorescent staining of ICAM-1 (red) and DAPI (blue) in HUVECs were detected. (n = 3 per group, Scale bar = 50 μm). (D) Immunofluorescent staining of 
VCAM-1 (red) and DAPI (blue) in HUVECs were detected. (n = 3 per group, Scale bar = 50 μm)
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Fig. 6 FGF18 promotes lung repair and attenuates HUVEC injury by inhibiting the NF-κB pathway. (A) HUVECs were subjected to western blotting 
analysis. The expression of p-p65, p65, p-IκBα, and IκBα were detected. (n = 5 per group). (B) C57BL/6J mice were treated with AAV-FGF18 and AAV-LacZ 
in the presence of LPS and then subjected to western blotting analysis. (n = 5 per group). (C) HUVECs were subjected to western blotting analysis. The 
expression of p-p65, p65, p-IκBα, and IκBα were detected. (n = 5 per group). (D) Immunofluorescent staining of p65 (red) and DAPI (blue) in HUVECs were 
detected. (n = 5 per group, Scale bar = 50 μm). (E) Immunofluorescent staining of p65 (red) and DAPI (blue) in HUVECs were detected. (n = 5 per group, 
Scale bar = 50 μm)
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Fig. 7 FGF18 promotes HUVECs repair by inhibiting NF-κB p65 activation. (A) HUVECs transfected with si-FGF18 were then treated with JSH-23 (20 µM) for 
3 h, HUVECs were subjected to western blotting analysis. The expression of TNF-α and IL-6 were detected. (n = 5 per group). (B) HUVECs transfected with 
si-FGF18 were then treated with Bay11-7082 (10 µM) for 3 h, HUVECs were subjected to western blotting analysis. The expression of TNF-α and IL-6 were 
detected. (n = 5 per group). (C) Immunofluorescent staining of ICAM-1/VCAM-1 (red) and DAPI (blue) in HUVECs were detected. (n = 3 per group, Scale 
bar = 50 μm). (D) Immunofluorescent staining of ICAM-1/VCAM-1 (red) and DAPI (blue) in HUVECs were detected. (n = 3 per group, Scale bar = 50 μm)
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are lacking. Thus, identifying novel treatments for ALI is 
urgently needed. Several lines of evidence show that FGFs 
play a central role in pulmonary inflammation. Dhlamini, 
Q et al. found that FGF1 alleviates LPS-induced ALI via 
suppression of inflammation and oxidative stress [22]. 
Tichelaar JW et al. confirmed that FGF7 improved sur-
vival during ALI in adult mouse lungs after short-term 

expression [23]. Wang Q et al. demonstrated that the 
anti-inflammatory effect of FGF10 on NF-κB signaling 
was mediated through the regulation of oxidative stress 
[24].

It is well-realized that FGF18 is released by inter-
stitial cells and possibly endothelial cells in the lung 
and is known to drive cell migration [25], especially 

Fig. 8 FGF18 inhibits NF-κB pathway activation in ALI mice in line with MAPK kinase inhibitors. (A, B) A schematic diagram demonstrates the animal 
experiment design. (C) HE staining in lung tissues of MAPK kinase inhibitors-treated mice in the presence of AAV-FGF18 after LPS injection for 12 h. (n = 5 
per group, Scale bar = 50 μm). (D) C57BL/6J mice were treated with AAV-FGF18 and MAPK kinase inhibitors in the presence of LPS and then subjected to 
western blotting analysis. (n = 5 per group)
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for endothelial cells [26]. FGF18 transgene induction 
also enhanced the expression of other genes that may 
be involved in angiogenesis, including endothelial cell 
growth and differentiation factor Wnt2 [27]. Interest-
ingly, previous findings identified FGF18 as a likely 
important player in the control of alveolar angiogenesis 
[18], an event that is an absolute requirement for alveo-
larization and is compromised in bronchopulmonary 
dysplasia. However, the role of FGF18 in the pathological 
development of ALI has not been reported. In this study, 
we revealed that FGF18 protects against pulmonary 
injury by inhibiting the NF-κB pathway both in vivo and 
in vitro (Fig. 6). FGF18 inhibits nuclear accumulation of 
NF-κB p65 and thereby, alleviates cellular inflammation 
and pulmonary repair. These findings provide new clues 
and ideas for developing potential methods to treat ALI 
and promote pulmonary repair.

Our previous study demonstrated that FGF18 plays 
a protective role in the liver, especially in liver fibrosis 
and hepatic ischemia-reperfusion [28, 29]. In the pres-
ent study, we found that FGF18 was increased upon LPS 
stimulation, and FGF18 treatment could decrease the 
phosphorylation of IκBα, and this effect was also corre-
lated to a parallel decrease in the nuclear translocation of 
the NF-κB p65 as confirmed by immunofluorescence and 
western blotting analysis. On the contrary, reducing the 
expression of FGF18 in vivo and in vitro exacerbates lung 
injury and endothelial cell damage, respectively (Fig.  4). 
Our work showed that the elevated p-IκBα and p-p65 
expression in LPS-treated HUVECs was largely reversed 
by FGF18 treatment along with alleviated HUVEC injury 
(Fig.  6). This is the first time for us to explore the rela-
tionship between FGF18 and the NF-κB pathway in the 
context of acute lung injury.

Double immunofluorescent staining indicated that 
FGF18 was mainly co-localized with CD34 expression, 
suggesting that endothelial cells are the main source of 
FGF18 in mice lungs. Consistently, FGF18 was upregu-
lated in LPS-treated HUVECs (Fig.  1). Lung vascular 
leakage in response to an unchecked cytokine storm gen-
erated by the activation of innate immune cells is a hall-
mark of sepsis-induced inflammatory injury [30–32]. The 
vascular leakage in the lungs is the result of endothelial 
barrier breakdown and the change level of cell adhesion 
molecules [33, 34]. Endothelial permeability is normally 
tuned by the interaction of VE-cadherin in endothe-
lial monolayers [35, 36]. Multiple studies have demon-
strated that modifications of FGFs are important for the 
structure of endothelial cells [37]. Furthermore, aber-
rant NF-κB activation contributes to the development 
of vascular leakage [38], among other inflammatory dis-
orders, by mediating the transcription of proinflamma-
tory cytokines such as TNF-α, IL-6, and IL-1β, which in 
turn enhance the inflammatory response. Here, FGF18 

pretreatment significantly suppressed LPS-induced phos-
phorylation of IκBα and NF-κB p65 in mice, consistent 
with MAPK kinase inhibitors (Fig. 7).

Hyper-phosphorylation of MAPK molecules can lead 
to the activation of NF-κB and the subsequent produc-
tion of inflammatory molecules [19–21]. The MAPK and 
NF-κB pathways have been identified as important tar-
gets in LPS-induced ALI. In our study, it was observed 
that FGF18 significantly attenuated the phosphorylation 
of NF-κB p65 in a dose-dependent manner, although 
the specific data was not shown. This finding is consis-
tent with previous studies that have shown MAPK kinase 
inhibitors can alleviate p65 phosphorylation [39, 40]. 
Based on these observations, it is reasonable to speculate 
that FGF18 may affect the NF-κB pathway in a similar 
manner to MAPK kinase inhibitors. The potential mech-
anism of FGF18 inhibits p-IκBα and p-p65 may involve 
several aspects. Firstly, FGF18 may interfere with the 
activity of kinases involved in the NF-κB signaling path-
way, such as the IKK complex (IκB kinase), reduces the 
phosphorylation of IκBα, thereby inhibiting the activa-
tion and intranuclear transfer of NF-κB. Secondly, FGF18 
may indirectly affect the NF-κB pathway by affecting the 
upstream signals of NF-κB activation, such as those of 
inflammatory factors (TNF-α or IL-1β). Further inves-
tigation is still required to fully understand the underly-
ing mechanisms and confirm the specific interactions 
between FGF18 and the NF-κB pathway.

It appears that our study demonstrated the beneficial 
effects of FGF18 in alleviating LPS-induced inflammation 
and preventing endothelial cell leakage in the lung. The 
overexpression of FGF18 suppressed NF-κB activation, 
as evidenced by decreased levels of ICAM-1/VCAM-1 
and increased levels of VE-cadherin. On the other hand, 
FGF18 knockdown in mouse models and HUVECs exac-
erbated endothelial cell leakage. These findings highlight 
a previously unknown role of FGF18 in regulating the 
activation of vascular endothelial cells and shed light on 
the role and mechanism of FGF18 in the pathophysiology 
of ALI. Consequently, targeting FGF18 may represent a 
promising therapeutic strategy for the treatment of ALI. 
It is important to note that FGF18 as a therapeutic agent 
for ALI would need to be further investigated in preclini-
cal and clinical studies before it can be considered for 
clinical use.

Conclusion
In conclusion, these data suggest that FGF18 is associ-
ated with ALI and that FGF18 effectively protects against 
ALI by inhibiting NF-κB mediated by p65 activation. 
This study enriched the regulatory mechanism of NF-κB 
in sepsis-associated ALI, suggesting that FGF18 may be 
a therapeutic pathway for ALI. Considering that inflam-
mation is involved in the pathological processes of many 



Page 15 of 16Hu et al. Respiratory Research          (2024) 25:108 

diseases, and that FGF18 effectively inhibits the NF-κB 
pathway in LPS-induced ALI model, we can further 
validate its therapeutic potential in many inflammation-
related diseases.
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