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Abstract. Excessive lung inflammation caused by endotoxins, 
including lipopolysaccharide (LPS), mediates the detrimental 
effects of acute lung injury (ALI), as evidenced by severe 
alveolar epithelial cell injury. CD40, a member of the tumor 
necrosis factor receptor superfamily, serves as a central 
activator in triggering and transducing a series of severe 
inflammatory events during the pathological processes of 
ALI. Ginkgolide C (GC) is an efficient and specific inhibitor 
of CD40. Therefore, the present study aimed to investigate 
whether GC alleviated LPS‑induced ALI, as well as the 
potential underlying mechanisms. LPS‑injured wild‑type 
and CD40 gene conditional knockout mice, and primary 
cultured alveolar epithelial cells isolated from these mice 
served as in vivo and in vitro ALI models, respectively. In 
the present study, histopathological assessment, polymor‑
phonuclear neutrophil (PMN) infiltration, lung injury score, 
myeloperoxidase activity, wet‑to‑dry (W/D) weight ratio and 
hydroxyproline (Hyp) activity were assessed to evaluate lung 
injury. In addition, immunohistochemistry was performed to 
evaluate intracellular adhesion molecule‑1, vascular cell adhe‑
sion molecule‑1 and inducible nitric oxide synthase expression 
levels, and TNF‑α, IL‑1β, IL‑6 ELISAs and western blotting 
were conducted to elucidate the signaling pathway. The results 
demonstrated that GC alleviated LPS‑induced lung injury, as 
evidenced by improvements in ultrastructural characteristics 
and histopathological alterations of lung tissue, inhibited PMN 
infiltration, as well as reduced lung injury score, W/D weight 
ratio and hydroxyproline content. In LPS‑injured alveolar 
epithelial cells, GC significantly reduced IκBα phosphoryla‑
tion, IKKβ activity and NF‑κB p65 subunit translocation 

via downregulating CD40, leading to a significant decrease 
in downstream inflammatory cytokine levels and protein 
expression levels. In conclusion, the results of the present 
study demonstrated that GC displayed a protective effect 
against LPS‑induced ALI via inhibition of the CD40/NF‑κB 
signaling pathway; therefore, the present study suggested that 
the CD40/NF‑κB signaling pathway might serve as a potential 
therapeutic target for ALI.

Introduction

Acute lung injury (ALI) is the pulmonary manifestations of 
an acute systemic inflammatory process that is characterized 
by pulmonary infiltrates, hypoxemia and edema, frequently 
resulting in significant morbidity and mortality  (1,2). At 
present, the mechanism underlying ALI by driving an acute 
inflammatory response is not completely understood. Over the 
last few decades, although a large number of ongoing studies 
are evaluating the value of several new drugs, no effective 
drug has been identified (3). Therefore, understanding the 
exact mechanism and implicated factors may aid with iden‑
tifying novel targets and strategies for the clinical prevention 
and treatment of ALI.

CD40 belongs to the tumor necrosis factor receptor 
(TNFR) family and is involved in the onset and maintenance 
of inflammation (4,5). CD40 is present in a variety of cell 
types, including endothelial cells, vascular smooth muscle 
cells, fibroblasts, macrophages and monocytes (6,7). Ligation 
of CD40 (CD40L) leads to activation of several inflammatory 
signaling pathways, including PI3K, MAPK, ERK1/2, IKK 
and NF‑κB, eventually manifesting as enhanced expression of 
primarily proinflammatory genes and adhesion molecules (8). 
Therefore, CD40 may mediate the transcriptional regulatory 
genes encoding inflammatory factors via activation of NF‑κB.

It was previously demonstrated that acute inflammation 
caused by NF‑κB activation was associated with ALI, whereas 
lung injury was alleviated by NF‑κB inhibition (9,10). The 
IKK complex, a crucial activator of NF‑κB, consists of three 
proteins: i) IKK‑α; ii) IKK‑β; and iii) IKK‑γ. The complex 
can be activated via IκB‑α phosphorylation and subsequent 
degradation. The activated IKK complex phosphorylates 
the IκB protein, which results in proteasomal degradation. 
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Subsequently, the NF‑κB subunits translocate from the cyto‑
plasm to the nucleus to regulate the transcription of target 
genes (11,12). Eventually, various inflammatory cytokines and 
proteins are stimulated, including IL‑1β, TNF‑α, IL‑6 and cell 
adhesion molecules, such as intracellular adhesion molecule‑1 
(ICAM‑1), vascular cell adhesion molecule‑1 (VCAM‑1) and 
inducible nitric oxide synthase (iNOS), which can exacerbate 
the inflammatory damage to varying degrees (13,14).

In addition, another important pathological feature of 
ALI is infiltration and accumulation of polymorphonuclear 
neutrophils (PMNs) in the interstitial and alveolar spaces of 
the lung, which impairs respiratory function (15). Persistent 
and extreme PMN infiltration may cause additional injury 
to the lung by promoting the release of several toxic factors, 
including reactive oxygen species (ROS), proinflammatory 
cytokines and procoagulant molecules, further aggravating 
ALI (16). Therefore, suppressing PMN infiltration may signifi‑
cantly decrease inflammation‑induced damage and provide 
protection against ALI.

Ginkgo biloba is a traditional Chinese medicine that has 
been used for thousands of years, and its leaf extracts have been 
reported to display various biological properties, including 
cardioprotective, antineurovascular insult and anticancer activ‑
ities (17). Our previous study reported that Ginkgolide C (GC), 
a flavonoid monomer extracted from Ginkgo biloba leaf with 
a range of biological activities, may protect against myocar‑
dial ischemia/reperfusion injury via inhibiting CD40/NF‑κB 
signaling and late inflammatory responses (18). However, the 
current understanding of the association between GC and ALI 
is limited and requires further investigation.

Therefore, the present study aimed to investigate the 
protective effects of GC against ALI in vivo and in vitro, and 
to elucidate the potential underlying mechanism. The results 
of the present study may indicate novel therapeutic strategies 
and interventions for ALI. For example, the results indicated 
that CD40 might serve as a valuable therapeutic target for ALI.

Materials and methods

Materials and reagents. GC (PubChem CID: 161120) 
and lipopolysaccharide (LPS) were purchased from 
Sigma‑Aldrich (Merck KGaA). TNF‑α, IL‑1β, IL‑6 ELISA 
kits and anti‑IKK‑β antibody were purchased from Abcam. 
Anti‑CD40, anti‑ICAM‑1, anti‑VCAM‑1, anti‑iNOS, 
anti‑NF‑κB p65, anti‑phosphorylated (p)‑IκB‑α, anti‑IκB‑α, 
anti‑β‑actin, anti‑histone and goat anti‑mouse IgG‑HRP anti‑
bodies were purchased from Santa Cruz Biotechnology, Inc. 
Phenylmethanesulfonyl fluoride and RIPA lysis buffer were 
purchased from Abcam. PVDF membranes, the BCA protein 
concentration assay kit and the SDS‑PAGE gel preparation kit 
were obtained from Beyotime Institute of Biotechnology. The 
ECL plus kit was purchased from Cusabio Technology LLC.

Animals. A total of 48 male wild‑type (WT) C57BL/6J mice 
(age, 8‑10  weeks; weight, 18‑22  g; specific‑pathogen‑free 
grade) were provided by the Experimental Animal Center 
of Shandong First Medical University. A total of 32 CD40 
gene conditional knockout (CD40‑cKO) male mice (age, 
8‑10 weeks; weight, 18‑22 g; specific‑pathogen‑free grade) 
were provided by Biocytogen. All animals were housed 

at 20‑25˚C with 40‑60% humidity, 12‑h light/dark cycles, and 
free access to fresh water and food. Following lung tissue and 
blood collection, animals were sacrificed via cervical disloca‑
tion. The present study was approved by the Ethics Committee 
of Shandong Provincial Hospital Affiliated to Shandong First 
Medical University (grant no. 2020‑464).

ALI induction in WT and CD40‑cKO mice. A total of 40 mice 
were divided into five groups (n=8 per group; Table  I) as 
follows: i)  Control group, received PBS; ii)  LPS group; 
iii) 12 mg/kg GC group, LPS mice received 12 mg/kg GC; 
iv) 24 mg/kg GC group, LPS mice received 24 mg/kg GC; and 
v) 48 mg/kg GC group, LPS mice received 48 mg/kg GC) (18). 
As previously described (19), mice were anaesthetized by the 
intraperitoneal injection of pentobarbital sodium (50 mg/kg), 
orally intubated with a sterile plastic catheter and subsequently 
intratracheally administered LPS (5 mg/kg). At 24 h post‑LPS 
treatment, mice were sacrificed. Control mice were intra‑
tracheally administered 50 µl PBS. In the GC groups, mice 
were intraperitoneally administered with GC for 7 days prior 
to LPS treatment. Prior to sacrifice, blood samples and lung 
tissues were collected under anesthesia.

Histopathological assessment and PMN infiltration analysis. 
Following fixation in 10% neutral‑buffered formalin, lung tissues 
were embedded in paraffin using an automated processor. After 
paraffin embedding, lung tissues were treated with a series of 
graded alcohols and xylene at 45˚C for 10 min. Sections (6‑µm 
thick) were stained with hematoxylin and eosin at 37˚C for 
15 min. Histopathological examination was performed using 
a BX51 light microscope (Olympus Corporation; magnifica‑
tion, x200). The mean number of PMNs was recorded in three 
randomly selected high‑power fields.

Evaluation of lung injury. The severity of lung injury was 
scored according to the alveolar wall thickness, the amount 
of cellular infiltration and the level of hemorrhaging, as previ‑
ously described with minor modifications (20). Lung injury 
scores were graded on a scale of 0‑8 as follows: 0, no damage; 
2, mild damage; 4, moderate damage; 6, severe damage; and 8, 
extremely severe damage.

Determination of myeloperoxidase (MPO) activity. MPO 
activity in lung tissues was measured using an MPO kit 
(cat. no. 20190618; Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's protocol. MPO activity was 
expressed as U/g of protein.

Transmission electron microscopy. Lung tissues were fixed 
with glutaraldehyde buffered fixative (3%; pH 7.2) at 25˚C for 
2‑3 days. Tissues were embedded in Spon 812 (SPI‑Chem, Inc.; 
Structure Probe, Inc.) at 60˚C for 48 h. Sections (thickness, 
60‑80 nm) were stained with 2% uranium acetate at 25˚C for 
10 min and lead citrate at 25˚C for 5 min. Following washing 
with PBS, sections were analyzed using a JEM‑2000EX 
transmission electron microscope (JEOL, Ltd.; magnification, 
x17,000) in three randomly selected fields of view.

Measurement of lung wet‑to‑dry (W/D) weight ratio. Lung 
W/D weight ratio was calculated to assess the extent of lung 
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edema/water accumulation. The wet lung weight was measured 
immediately after isolation from the mice. Following drying 
at 60˚C for 24 h, the dry lung weight was measured.

Hydroxyproline (Hyp) assay. Hyp activity was determined 
using a Hyp Colorimetric Assay kit (BioVision, Inc.) according 
to the manufacturer's protocol.

Immunohistochemistry. To evaluate ICAM‑1, VCAM‑1 and 
iNOS expression in lung tissue, immunohistochemistry was 
performed. Lung tissues were fixed in 4% paraformaldehyde 
at 4˚C for 2 h and embedded in paraffin at 60˚C for 2 h. 
Tissues were then blocked with 10% BSA (Sigma‑Aldrich, 
Inc.) at 25˚C for 30 min. Subsequently, the sections (thickness, 
3‑5 µm) were incubated with anti‑ICAM‑1 (cat. no. p05362), 
anti‑VCAM‑1 (cat. no. p29533) and anti‑iNOS (cat. no. p35228) 
antibodies (all 1:800) overnight at 4˚C. Following primary 
antibody incubation, the samples were incubated with an 
anti‑rabbit IgG secondary antibody (cat. no. 3678s; 1:1,000) 
at 25˚C for 30 min. The sections were stained with 0.05% 
DAB at 25˚C for 5 min. Immunohistological analysis was 
performed using a fluorescence microscope (magnification, 
x1,000). The optical density (OD) of the positively stained 
area was quantified using Image‑Pro Plus software (version 6; 
Media Cybernetics Inc.).

Culture of primary alveolar epithelial cells. Following 
sacrifice, mouse alveolar epithelial cells were separated from 
the lungs of mice in each group. First, 20 ml PBS was used 
to flush blood from the lung vasculature. Subsequently, a 
1‑2‑mm section of lung tissue was excised and cut into 1‑mm3 
pieces on ice. To disperse and culture fresh tissue, tissues were 
cultured in DMEM (3 ml; Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 20% fetal calf serum (Gibco; Thermo 
Fisher Scientific, Inc.) in 25 ml uncoated culture flasks with 
5% CO2 at 37˚C for 48‑52 h. Tissue explants were removed and 
cells were maintained in DMEM (3 ml) supplemented with 
20% fetal calf serum. After monolayers formed, cells were 
purified (1x105/ml) and cultured in DMEM supplemented 
with 10% fetal calf serum. Following culture for 3 days, cells 
were used for subsequent experiments. Alveolar epithelial 
cell morphology and proliferation were observed using an 
inverted light microscope (magnification, x200) to determine 

cell viability and purity (data not shown). Alveolar epithelial 
cell structure was observed by transmission electron micros‑
copy using a JEM‑2000EX transmission electron microscope 
(magnification, x17,000) according to the aforementioned 
protocol.

Experimental protocol in vitro. Cells were randomly divided 
into five groups (n=8 per group; Table I) as follows: i) Control 
group, cells were cultured in DMEM; ii) LPS group, cells 
treated with 1 µg/ml LPS for 4 h; iii) 1 µM GC group, cells 
pre‑incubated with 1 µM GC for 24 h prior to LPS treatment; 
iv) 10 µM GC group, cells pre‑incubated with 10 µM GC for 
24 h prior to LPS treatment; and v) 100 µM GC group, cells 
pre‑incubated with 100 µM GC for 24 h prior to LPS treat‑
ment.

Cell viability assay. MTT colorimetric assays were performed 
to assess alveolar epithelial cell viability. Following treatment 
with 1 µg/ml LPS for 4 h, cells were incubated with 5 mg/ml 
MTT at 37˚C for 4 h. Subsequently, 100 µl DMSO was added 
for 15 min to dissolve the formazan crystals. OD was deter‑
mined at a wavelength of 490 nm using a microplate reader 
(Thermo Fisher Scientific, Inc.). The results are presented as a 
percentage of the OD in the control group.

Determination of cytokines. Blood samples and cell 
medium were collected separately. TNF‑α (cat. no. 208348), 
IL‑1β (cat. no. 197742) and IL‑6 (cat. no. ab222503) levels 
were measured using mouse ELISA kits according to the 
manufacturer's protocol.

Western blotting. Cytoplasmic and nuclear proteins were 
extracted from cells using a Nuclear and Cytoplasmic 
Protein Extraction kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions. Protein concen‑
trations were determined using a BCA assay. Western blotting 
was performed as previously described with minor modifica‑
tions (18). Proteins (50 µg) were separated via 10% SDS‑PAGE 
and transferred to PVDF membranes (20 V; 100 mA) over‑
night. Following blocking with 5% skimmed milk at 37˚C for 
4 h, the membranes were incubated with primary antibodies 
(all 1:1,000) targeted against: CD40 (cat.  no.  sc‑59047), 
ICAM‑1 (cat. no. sc‑8439), VCAM‑1 (cat. no. sc‑13160), iNOS 

Table I. Animal groups included in the present study.

	 Group
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Experiment	 Control	 LPS	 GC (12 mg/kg)	 GC (24 mg/kg)	 GC (48 mg/kg)

LPS‑injured WT mice	 WT mice	 WT mice	 WT mice	 WT mice	 WT mice
LPS‑injured alveolar	 WT mice	 WT mice	 WT mice	 WT mice	 WT mice
epithelial cells of WT mice
LPS‑injured CD40‑cKO mice	 WT mice	 CD40‑cKO mice	 CD40‑cKO mice	 CD40‑cKO mice	 CD40‑cKO mice
LPS‑injured alveolar epithelial	 WT mice	 CD40‑cKO mice	 CD40‑cKO mice	 CD40‑cKO mice	 CD40‑cKO mice 
cells of CD40‑cKO mice

LPS, lipopolysaccharide; WT, wild‑type; cKO, conditional knockout; GC, Ginkgolide C.
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(cat. no. sc‑7271), NF‑κB p65 (cat. no. sc‑166748), p‑IκB‑α 
(cat. no. sc‑8404), IκB‑α (cat. no. sc‑1643) and IKK‑β (cat. 
no. ab32135) at 4˚C for 24 h. Subsequently, the membranes 
were incubated with HRP‑conjugated secondary antibodies 
(cat. no. sc‑2005; 1:800) at 25˚C for 12 h. Protein bands were 
visualized using an ECL Plus kit and a Gel Imaging System 
(Thermo Fisher Scientific, Inc.). Protein expression was 
semi‑quantified using Quantity One software (version 4.0; 
Bio‑Rad Laboratories, Inc.). Histone and β‑actin were used 
as the loading controls for nuclear and cytoplasmic proteins, 
respectively.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism software (version 5.0; GraphPad Software, 
Inc.). Data are presented as the mean ± SD of three indepen‑
dent experiments. Comparisons among groups were analyzed 
using one‑way ANOVA followed by Bonferroni's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

GC alleviates histopathological alterations, lung injury 
score, PMN infiltration and MPO activity in LPS‑injured 
WT mice. The control group did not display lung injury, as 

indicated by simple columnar epithelium and cuboidal epithe‑
lium respiratory bronchioles, and normal wall structure in 
the pulmonary alveoli (Fig. 1A‑a). By contrast, severe patho‑
logical alterations were observed in the LPS group, including 
cellular inflammatory infiltration, hemorrhage, pulmonary 
edema and thickening of the alveolar walls with disorganized 
alveolar structure (Fig. 1A‑b). However, pretreatment with 12, 
24 or 48 mg/kg GC notably ameliorated LPS‑induced histo‑
pathological alterations (Fig. 1A‑c‑e). Moreover, pathological 
lung injury scores were significantly increased in the LPS 
group compared with the control group (Fig. 1B). However, 
12, 24 or 48 mg/kg GC significantly reversed LPS‑induced 
high lung injury scores. Additionally, prominent infiltra‑
tion by leukocytes, primarily PMNs, in the interstitial and 
alveolar spaces of the lungs is one of the most important 
pathological hallmarks of ALI (21). In the present study, a 
significant increase in the number of PMNs was observed in 
the LPS group compared with the control group, suggesting 
increased inflammatory infiltration in the lungs (Fig. 1C). 
Furthermore, MPO activity was measured to evaluate the 
level of neutrophilic infiltration (Fig. 1D). MPO activity was 
very low (0.56±0.32 U/g protein) in the control group, but 
was significantly increased to 5.95±0.60 U/g protein in the 
LPS group. The results revealed that pretreatment with GC 
significantly inhibited LPS‑induced MPO activity (12 mg/kg, 

Figure 1. Effects of GC on histopathological alterations, lung injury score, PMN count and MPO activity of lung tissue in LPS‑injured wild‑type mice. 
(A) Histopathological morphology was assessed by performing hematoxylin and eosin staining (magnification, x200) in the (a) control group, (b) LPS group, 
(c) 12 mg/kg GC group, (d) 24 mg/kg GC group and (e) 48 mg/kg GC group. Histological images were captured from three randomly selected fields of view. 
Effects of GC on (B) lung injury score, (C) PMN count and (D) MPO activity. Data are presented as the mean ± SD (n=8). ##P<0.01 vs. control; **P<0.01 vs. LPS. 
GC, Ginkgolide C; PMN, polymorphonuclear neutrophil; MPO, myeloperoxidase; LPS, lipopolysaccharide; HPF, high‑power field.
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4.79±0.43 U/g protein; 24 mg/kg, 2.69±0.43 U/g protein; and 
48 mg/kg, 1.63±0.31 U/g protein, respectively).

GC improves the ultrastructural characteristics of the 
lung and reduces the W/D weight ratio, Hyp activity and 
expression of CD40 in LPS‑injured WT mice. The results 
demonstrated that there was no endothelial cell edema and the 
vascular basement membrane was intact in the control group 
(Fig. 2A‑a). However, pathological alterations were obvious 
in the LPS group (Fig. 2A‑b), including: i) Vacuolization, 
degeneration and necrosis in type I and II alveolar epithelial 
cells; ii) extensive shedding of microvilli and empty lamellar 
bodies; and iii) obvious PMN infiltration, vascular endothelial 
cell edema and basement membrane rupture in the alveolar 
spaces. Pretreatment with 12, 24 or 48 mg/kg GC notably 
reversed LPS‑induced vascular endothelial cell damage and 
PMN infiltration (Fig. 2A‑c‑e). The lung W/D weight ratio 
was calculated to evaluate the degree of pulmonary edema in 
LPS‑induced ALI. The W/D weight ratio in the LPS group 
was significantly higher compared with the control group 
(Fig. 2B). After pretreatment with 12, 24 or 48 mg/kg GC, lung 
permeability was significantly decreased and alveolar epithe‑
lial barrier damage was markedly reversed compared with the 
LPS group (Fig. 2B). Hyp activity in lung tissues reflects the 
proportion of tissue with collagen fibers (22). Hyp content of 
lung tissues in the control group was 0.91±0.34 µg/mg lung, 

which was significantly increased to 1.51±0.05 µg/mg lung in 
the LPS group (Fig. 2C). Hyp content in the 12, 24 and 48 mg/kg 
GC groups was significantly reduced to 2.11±0.13 (P<0.05), 
2.70±0.15 (P<0.01) and 3.26±0.32  µg/mg lung (P<0.01), 
respectively, compared with the LPS group. Subsequently 
the expression of CD40 in lung tissue was measured. 
CD40 expression in the LPS group was significantly higher 
compared with the control group (P<0.01; Fig. 2D). However, 
12, 24 and 48 mg/kg GC significantly reduced LPS‑induced 
CD40 expression levels (P<0.01).

GC prevents ICAM‑1, VCAM‑1 and iNOS upregulation, and 
lowers inflammatory cytokine serum levels in LPS‑injured 
WT mice. ICAM‑1, VCAM‑1 and iNOS expression levels in 
the LPS group were significantly increased by 1.90‑, 2.58‑ 
and 2.29‑fold, respectively, compared with the control group 
(P<0.01; Fig. 3). Moreover, the levels of TNF‑α, IL‑1β and IL‑6 
were significantly increased by 4.73‑, 6.57‑ and 138.08‑fold, 
respectively, in the LPS group compared with the control 
group (P<0.01; Table II). However, 12, 24 and 48 mg/kg GC 
significantly downregulated ICAM‑1, VCAM‑1 and iNOS 
expression levels, and the levels of TNF‑α, IL‑1β and IL‑6 
compared with the LPS group (P<0.01).

GC protects against cell injury, downregulates inflammatory 
factor expression and inhibits activation of the NF‑κB signaling 

Figure 2. Effects of GC on ultrastructural characteristics, W/D weight ratio, Hyp activity and CD40 expression of lung tissue in LPS‑injured wild‑type mice. 
(A) Representative transmission electron microscopy observation (magnification, x17,000) of lung injury in the (a) control group, (b) LPS group, (c) 12 mg/kg GC 
group, (d) 24 mg/kg GC group and (e) 48 mg/kg GC group. Effects of GC on (B) W/D weight ratio, (C) Hyp activity and (D) CD40 expression. Data are presented 
as the mean ± SD (n=8). ##P<0.01 vs. control; *P<0.05 and **P<0.01 vs. LPS. GC, Ginkgolide C; W/D, wet‑to‑dry; Hyp, hydroxyproline; LPS, lipopolysaccharide.
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pathway in LPS‑injured alveolar epithelial cells of WT mice. 
Compared with the control group, cell viability in the LPS group 
was significantly reduced to 58.71±4.78% (P<0.01; Fig. 4A). 
Treatment with 1, 10 or 100 µM GC significantly increased cell 
viability in LPS‑treated alveolar epithelial cells (73.11±5.94, 
80.04±3.84 and 86.44±2.29%, respectively; all P<0.01). CD40 
expression was low in the control group, but LPS treatment 
significantly increased the expression of CD40 compared with 
the control group (P<0.01; Fig. 4B). In addition, treatment with 
LPS significantly increased the expression levels of ICAM‑1 
(8.50‑fold), VCAM‑1 (13.82‑fold) and iNOS (16.94‑fold) 
compared with the control group (P<0.01; Fig.  4C‑E). 
Pretreatment with 1, 10 or 100 µM GC significantly decreased 
the expression levels of CD40 (by 27.46, 61.70 and 71.53%, 
respectively), ICAM‑1 (by 28.15, 53.78 and 76.89%, respec‑
tively), VCAM‑1 (by 23.83, 56.60 and 78.72%, respectively) 

and iNOS (by 11.07, 49.82 and 76.38%, respectively) compared 
with the LPS group (all P<0.01). No significant differences in 
the expression levels of total IκB‑α were observed among the 
groups (Fig. 4F). However, compared with the control group, 
the expression levels of p‑IκB‑α were significantly increased 
by 5.02‑fold in the LPS group (P<0.01). Compared with the 
control group, IKK‑β expression was significantly increased by 
7.78‑fold in the LPS group (P<0.01), which was significantly 
reversed by pretreatment with 1, 10 or 100 µM GC (P<0.01; 
Fig. 4G). Moreover, the results demonstrated that the level of 
NF‑κB p65 was relatively high in the cytoplasm but low the in 
nucleus in the control group (Fig. 4H and I). However, the trans‑
location of p65 from the cytosol into the nucleus was significant 
in the LPS group compared with the control group (P<0.01). 
LPS‑induced effects on NF‑κB p65 were significantly reversed 
by pretreatment with 1, 10 or 100 µM GC (P<0.01). The levels of 
TNF‑α, IL‑1β and IL‑6 in the control group were 13.65±2.48, 
34.85±2.30 and 50.28±7.87 pg/ml, respectively  (Table  III). 
The levels of TNF‑α, IL‑1β and IL‑6 in the LPS group were 
significantly increased to 89.61±7.04  pg/ml (6.56‑fold), 
709.67±56.24  pg/ml (20.36‑fold) and 655.95±19.12  pg/ml 
(13.05‑fold), respectively, compared with the control group (all 
P<0.01). Pretreatment with 1, 10 or 100 µM GC significantly 
decreased the levels of TNF‑α, IL‑1β and IL‑6 compared with 
the LPS group (P<0.01).

GC does not improve LPS‑induced injury or inhibit the expres‑
sion of inflammatory factors in LPS‑injured CD40‑cKO mice. 
To further verify the key roles of CD40 in the anti‑ALI effects 
of GC, CD40‑cKO mice were employed to establish an in vivo 
LPS‑induced ALI mouse model. Compared with the control 
group, LPS treatment markedly aggravated histopathological 
alterations (Fig. 5A‑2), lung injury scores (Fig. 5B), PMN 
infiltration (Fig. 5C) and MPO activity (Fig. 5D), destroyed 
the ultrastructural characteristics of lung tissue (Fig. 6A‑2), 
elevated the W/D weight ratio (Fig. 6B) and Hyp activity 
(Fig. 6C). Moreover, the results presented in Fig. 6D demon‑
strated that CD40 gene was successfully and stably silenced in 
the lung tissues of mice, except in the control group. Moreover, 
LPS treatment significantly induced inflammatory reactions in 
CD40‑cKO mice compared with the control group (Fig. 7 and 
Table IV). Notably, 12, 24 and 48 mg/kg GC failed to amelio‑
rate LPS‑induced alterations following CD40 gene silencing.

GC exerts no effect on cell injury, expression of inflammatory 
factors or activation of the NF‑κB signaling pathway in 

Figure 3. Effects of GC on ICAM‑1, VCAM‑1 and iNOS expression in 
LPS‑injured wild‑type mice. Immunohistochemistry was performed to eval‑
uate ICAM‑1, VCAM‑1 and iNOS expression in lung tissue. Magnification, 
x1,000. ##P<0.01 vs. control; **P<0.01 vs. LPS. GC, Ginkgolide C; ICAM‑1, 
intracellular adhesion molecule‑1; VCAM‑1, vascular cell adhesion mole‑
cule‑1; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide.

Table II. Effects of GC on serum inflammatory cytokines in LPS‑injured wild‑type mice.

Group	 TNF‑α (pg/ml)	 IL‑1β (pg/ml)	 IL‑6 (pg/ml)

Control	 10.74±3.24	 3.20±0.59	 0.57±0.25
LPS	 50.82±6.55a	 20.99±2.48a	 78.93±5.85a

GC (12 mg/kg)	 36.70±6.09b	 14.51±0.65b	 55.10±4.30b

GC (24 mg/kg)	 31.84±4.13b	 9.98±1.35b	 41.54±3.92b

GC (48 mg/kg)	 17.18±5.08b	 7.48±1.63b	 30.41±6.85b 

Data are presented as the mean ± SD (n=8). aP<0.01 vs. control; bP<0.01 vs. LPS. GC, Ginkgolide C; LPS, lipopolysaccharide.
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LPS‑injured alveolar epithelial cells of CD40‑cKO mice. 
CD40 was not expressed following CD40 gene conditional 
knockout, except in the control group (Fig. 8B). Following 
CD40 gene silencing, cell viability was significantly reduced, 
and the expression levels of CD40, ICAM‑1, VCAM‑1, iNOS 

and IKK‑β, the phosphorylation of IκB‑α, the translocation of 
NF‑κB and the levels of inflammatory cytokines were signifi‑
cantly enhanced in the LPS group compared with the control 
group (P<0.01; Fig. 8 and Table V). As expected, the in vitro 
results were similar to the in vivo results; GC did not alter the 

Figure 4. Effects of GC on cell viability and CD40, ICAM‑1, VCAM‑1, iNOS, p‑IκB‑α, IKK‑β and NF‑κB p65 expression levels in LPS‑injured alveolar 
epithelial cells of wild‑type mice. (A) Effects of GC on cell viability. Effects of GC on the protein expression levels of (B) CD40, (C) ICAM‑1, (D) VCAM‑1, 
(E) iNOS, (F) p‑IκB‑α/total IκB‑α, (G) IKK‑β, (H) cytoplasmic NF‑κB p65 and (I) nuclear NF‑κB p65. Data are presented as the mean ± SD of three inde‑
pendent experiments. ##P<0.01, vs. control; **P<0.01 vs. LPS. GC, Ginkgolide C; ICAM‑1, intracellular adhesion molecule‑1; VCAM‑1, vascular cell adhesion 
molecule‑1; iNOS, inducible nitric oxide synthase; p, phosphorylated; LPS, lipopolysaccharide.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4895
https://www.spandidos-publications.com/10.3892/ijmm.2021.4895
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viability or reverse injury in LPS‑treated alveolar epithelial 
cells following CD40 gene silencing.

Discussion

LPS‑induced excessive lung inflammation and destruction 
of the structure and function of alveolar epithelial cells are 
important pathological processes of ALI, which commonly 
result in significant morbidity or even death (23). Augmentation 

of inflammatory responses in the lung tissue stimulates the 
production of numerous cytotoxic substances, including various 
proinflammatory cytokines, ROS and granular enzymes, thereby 
affecting the development and severity of LPS‑induced ALI (24). 
Therefore, inhibiting inflammation may serve as a promising 
and effective therapy for ALI. To the best of our knowledge, the 
present study was the first to suggest the key role of GC in the 
inflammatory pathological process of ALI via inhibition of the 
CD40/NF‑κB signaling pathway in vivo and in vitro.

Figure 5. Effects of GC on histopathological alterations, lung injury score, PMN count and MPO activity of lung tissue in LPS‑injured CD40‑cKO mice. 
(A) Histopathological morphology was assessed by performing hematoxylin and eosin staining (magnification, x200) in the (a) control group, (b) LPS group, 
(c) 12 mg/kg GC group, (d) 24 mg/kg GC group and (e) 48 mg/kg GC group. Histological images were captured from three randomly selected fields of 
view. Effects of GC on (B) lung injury score, (C) PMN count and (D) MPO activity. Wild‑type mice were used as the control group. Data are presented as 
the mean ± SD (n=8). ##P<0.01 vs. control. GC, Ginkgolide C; PMN, polymorphonuclear neutrophil; MPO, myeloperoxidase; cKO, conditional knockout; 
LPS, lipopolysaccharide; HPF, high‑power field; NS, not significant.

Table III. Effects of GC on inflammatory cytokines levels in the cell medium of LPS‑injured alveolar epithelial cells of wild‑type 
mice.

Group	 TNF‑α (pg/ml)	 IL‑1β (pg/ml)	 IL‑6 (pg/ml)

Control	 13.65±2.48	 34.85±2.30	 50.28±7.87
LPS	 89.61±7.04a	 709.67±56.24a	 655.95±19.12a

GC (1 µM)	 61.76±4.68b	 278.99±37.31b	 389.36±55.80b

GC (10 µM)	 40.56±6.32b	 232.06±35.37b	 292.07±42.87b

GC (100 µM)	 34.89±3.21b	 182.19±27.55b	 209.68±15.26b

Data are presented as the mean ± SD (n=8). aP<0.01 vs. control; bP<0.01 vs. LPS. GC, Ginkgolide C; LPS, lipopolysaccharide.
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GC, a terpene lactone component of Ginkgo biloba leaves, 
displays a broad range of biological and pharmacological 
functions against various diseases, including memory loss and 
cognitive disorders, arrhythmias and ischemic heart disease, 
cancer, diabetes and thromboses (25,26). Our previous study 
focused on the cardioprotective effects of GC via suppression of 
CD40‑NF‑κB signaling pathway‑activated inflammation (18); 
however, whether GC exerts a beneficial effect in ALI is not 
completely understood. To the best of our knowledge, the 
present study demonstrated for the first time that pretreatment 

with GC at 12, 24 or 48 mg/kg (per day for 7 days) mark‑
edly alleviated LPS‑induced ALI, as evidenced by notable 
improvements in histopathological alterations, reductions in 
lung injury scores and restored lung ultrastructure. The signifi‑
cant alterations induced by GC may be partially explained by 
the fact that GC exerted a prominent protective effect against 
LPS‑induced ALI.

It was previously reported that activated PMNs were a key 
event in the development of inflammation during ALI (27). 
These communications include paracrine cross talk between 

Figure 6. Effects of GC on ultrastructural characteristics, W/D weight ratio, Hyp activity and CD40 expression of lung tissue in LPS‑injured CD40‑cKO mice. 
(A) Representative transmission electron microscopy observation (magnification, x17,000) of lung injury in the (a) control group, (b) LPS group, (c) 12 mg/kg 
GC group, (d) 24 mg/kg GC group and (e) 48 mg/kg GC group. Effects of GC on (B) W/D weight ratio, (C) Hyp activity and (D) CD40 expression. Wild‑type 
mice were used as the control group. Data are presented as the mean ± SD (n=8). ##P<0.01 vs. control. GC, Ginkgolide C; W/D, wet‑to‑dry; Hyp, hydroxypro‑
line; cKO, conditional knockout; LPS, lipopolysaccharide; NS, not significant.

Table IV. Effects of GC on serum inflammatory cytokines in LPS‑injured CD40‑cKO mice.

Group	 TNF‑α (pg/ml)	 IL‑1β (pg/ml)	 IL‑6 (pg/ml)

Control	 8.99±0.70	 3.86±0.52	 0.44±0.28
LPS	 50.14±9.31a	 20.96±2.00a	 58.19±6.01a

GC (12 mg/kg)	 54.23±6.39	 19.56±1.62	 62.24±5.64
GC (24 mg/kg)	 45.05±5.80	 19.91±2.26	 61.87±5.76
GC (48 mg/kg)	 48.30±7.22	 21.13±2.31	 53.08±4.10

Data are presented as the mean ± SD (n=8). aP<0.01 vs. control. GC, Ginkgolide C; LPS, lipopolysaccharide; cKO, conditional knockout.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4895
https://www.spandidos-publications.com/10.3892/ijmm.2021.4895
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PMNs and alveolar epithelial cells. In the present study, LPS 
treatment results in widespread PMN infiltration, interstitial 
edema in the alveolar space and septum, notable thickening of 
the alveolar membrane and disruption of the normal alveolar 
structure. MPO, which is also considered as a specific marker 
of ALI and a risk factor for long‑term mortality, is secreted 
by PMNs (28). The present study demonstrated that admin‑
istration of 12, 24 or 48 mg/kg GC to WT mice significantly 
alleviated LPS‑induced PMN infiltration and MPO activity. In 
addition, compared with the control group, significantly higher 
W/D weight ratios of the lung and Hyp content levels were 
observed in the LPS group, suggesting gradual aggravation 
of lung fluid leakage during the acute phase of lung injury. 

However, the W/D weight ratio and Hyp content were signifi‑
cantly decreased following treatment with 12, 24 and 48 mg/kg 
GC compared with the LPS group.

CD40 belongs to the TNFR superfamily and is universally 
expressed on the surface of resting and activated vascular 
endothelial cells and platelets  (29). CD40L serves as a 
CD40 ligand and is primarily expressed on endothelial and 
epithelial cells, B cells, neutrophils and macrophages. The 
CD40‑CD40L system serves a key role in various clinical 
settings, including inflammation, thrombosis, cancer and auto‑
immune diseases (30). More importantly, PMNs can express 
CD40, and CD40‑CD40L binding rapidly primes PMNs, 
ultimately inducing PMN‑mediated toxicity against alveolar 
epithelial cells (31). Although it is clear that CD40 induction of 
proinflammatory activity contributes to chronic inflammation 
in various clinical settings, the signaling pathway mediating its 
effects in ALI has only been partially described. In the present 
study, compared with the control group, CD40 expression in 
WT mice was significantly increased following LPS exposure, 
and GC pretreatment significantly downregulated CD40 
expression in a concentration‑dependent manner. Therefore, 
suppressing CD40 expression by GC may alleviate inflamma‑
tion, thereby attenuating the severity of ALI.

CD40 signaling is closely associated with the non‑canon‑
ical NF‑κB signaling pathway, followed by strongly triggered 
downstream signaling events (32,33). Under normal conditions, 
CD40‑induced NF‑κB activation involves the phosphorylation 
of IκB, which results in proteasome‑mediated degradation. 
After the ubiquitylation and degradation of phosphorylated 
IκB, nuclear translocation of NF‑κB is observed, which regu‑
lates the transcription of target genes (34). The present study 
demonstrated that compared with the control group, LPS 
exposure in alveolar epithelial cells from WT mice signifi‑
cantly increased the phosphorylation of IκB and translocation 
of NF‑κB p65, indicating increased transcription of NF‑κB 
and strict regulation of NF‑κB signaling at the level of IκB 
phosphorylation. The IKK complex (IKK‑α,  ‑β and  ‑γ) is 
activated by phosphorylation (primarily of IKK‑α or IKK‑β) 
within their activation loops, either by upstream kinases or via 
autophosphorylation. Then, phosphorylated IκB‑α combines 
with the activated complex, causing its ubiquitin‑mediated 
degradation and release of the NF‑κB subunits (35,36). The 
present study demonstrated that IKK‑β expression was signifi‑
cantly increased by LPS exposure compared with the control 
group. Moreover, the results indicated that IKK‑β expression 

Table V. Effects of GC on inflammatory cytokine levels in the cell medium of LPS‑injured alveolar epithelial cells of CD40‑cKO 
mice.

Group	 TNF‑α (pg/ml)	 IL‑1β (pg/ml)	 IL‑6 (pg/ml)

Control	 13.84±2.55	 30.38±6.04	 60.02±14.72
LPS	 85.56±9.57a	 709.65±72.75a	 741.05±104.58a

GC (1 µM)	 81.91±7.44	 729.46±59.26	 655.20±96.86
GC (10 µM)	 82.22±8.90	 680.37±69.73	 616.25±88.45
GC (100 µM)	 87.30±10.30	 725.60±67.53	 691.05±108.84

Data are presented as the mean ± SD (n=8). aP<0.01 vs. control. GC, Ginkgolide C; LPS, lipopolysaccharide; cKO, conditional knockout.

Figure 7. Effects of GC on ICAM‑1, VCAM‑1 and iNOS expression in 
LPS‑injured CD40‑cKO mice. Immunohistochemistry was performed to eval‑
uate ICAM‑1, VCAM‑1 and iNOS expression in lung tissue. Magnification, 
x1,000. Wild‑type mice were used as the control group. ##P<0.01 vs. control. 
GC, Ginkgolide C; ICAM‑1, intracellular adhesion molecule‑1; VCAM‑1, 
vascular cell adhesion molecule‑1; iNOS, inducible nitric oxide synthase; 
LPS, lipopolysaccharide; cKO, conditional knockout; NS., not significant.



INTERNATIONAL JOURNAL OF MOlecular medicine  47:  62,  2021 11

was significantly downregulation by GC in LPS‑induced 
alveolar epithelial cells. Therefore, the CD40/IKK/NF‑κB 

signaling pathway may serve as an inflammatory target in 
LPS‑induced ALI.

Figure 8. Effects of GC on cell viability and CD40, ICAM‑1, VCAM‑1, iNOS, p‑IκB‑α, IKK‑β and NF‑κB p65 expression levels in LPS‑injured alveolar 
epithelial cells of CD40‑cKO mice. (A) Effects of GC on cell viability. Effects of GC on the protein expression levels of (B) CD40, (C) ICAM‑1, (D) VCAM‑1, 
(E) iNOS, (F) p‑IκB‑α/total IκB‑α, (G) IKK‑β, (H) cytoplasmic NF‑κB p65 and (I) nuclear NF‑κB p65. Alveolar epithelial cells from wild‑type mice were used 
as the control group. Data are presented as the mean ± SD of three independent experiments. ##P<0.01 vs. control. GC, Ginkgolide C; ICAM‑1, intracellular 
adhesion molecule‑1; VCAM‑1, vascular cell adhesion molecule‑1; iNOS, inducible nitric oxide synthase; p, phosphorylated; LPS, lipopolysaccharide; cKO, 
conditional knockout; NS, not significant.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4895
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A previous study indicated that activation of NF‑κB occurs 
during the very early stages of ALI, and then sequentially regu‑
lates the expression of downstream inflammatory factors (37). 
Accordingly, immunostaining assays, ELISAs and western 
blotting were performed in the present study to verify whether 
LPS triggered a severe inflammatory reaction induced by 
NF‑κB‑dependent gene transcription. The results demon‑
strated that LPS aggravated ALI by promoting the production 
of proinflammatory factors (TNF‑α, IL‑1β and IL‑6) and 
the expression of inflammatory proteins (ICAM‑1, VCAM‑1 
and iNOS) via an NF‑κB‑dependent signaling pathway, both 
in vivo and in vitro. However, pretreatment with GC effec‑
tively reversed LPS‑induced effects. The results suggested 
that GC served a protective role against LPS‑induced ALI via 
inhibiting inflammation induced by activation of the NF‑κB 
signaling pathway.

Based on the aforementioned results, it was inferred 
that CD40 served a key role in stimulating LPS‑induced 
inflammation in ALI. Therefore, CD40‑cKO mice and their 
alveolar epithelial cells were further examined to investigate 
this hypothesis in vivo and in vitro. The protective effects 
of GC against LPS‑induced ALI were no longer observed 
following CD40 silencing, confirming that GC improved 
LPS‑induced ALI by inhibiting the NF‑κB signaling pathway 
via CD40 (Fig. 9). Therefore, further elucidating how CD40 

regulates LPS‑induced inflammation may identify promising 
intervention targets for ALI.

Taken together, the results of the present study demon‑
strated that GC exerted a protective effect against LPS‑induced 
ALI via inhibiting CD40/NF‑κB signaling pathway‑dependent 
inflammation. Therefore, GC may serve as an effective thera‑
peutic agent for of ALI, and CD40 may be considered as a 
novel potential therapeutic target for ALI.
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