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Abstract. Raf kinase inhibitor protein (RKIP) is an inflam‑
mation‑inhibiting mediator that is involved in several diseases; 
however, the potential mechanism of action of RKIP on the 
inflammatory response induced by influenza A virus (IAV) 
remains unclear. The present study aimed to investigate 
whether RKIP regulated the inflammatory response via 
the ERK/MAPK pathway. The present study detected the 
expression levels of RKIP and alterations in the inflammatory 
response in human normal bronchial epithelial BEAS‑2B 
cells, diseased human bronchial epithelial cells and primary 
human bronchial epithelial cells infected with IAV. Cells were 
treated with locostatin to inhibit the expression of RKIP. RKIP 
was overexpressed by lentivirus transduction and the small 
molecule inhibitor SCH772984 was applied to specifically 

inhibit activation of the ERK/MAPK pathway. In addition, 
C57BL/6 mice were infected with IAV to further confirm 
the role of RKIP in regulation of the inflammatory response 
via ERK/MAPK in vivo. Western blotting, reverse transcrip‑
tion‑quantitative PCR, ELISA, 5‑ethynyl‑2'‑deoxyuridine 
assay, immunofluorescence staining, Cell Counting Kit‑8, 
cell cycle assay, hematoxylin and eosin staining, and immu‑
nohistochemistry were used to detect all of the changes. 
Notably, RKIP attenuated the inflammatory response that was 
triggered by IAV infection in airway epithelial cells, which 
was characterized by augmented inflammatory cytokines and 
cell cycle arrest. Furthermore, the ERK/MAPK pathway was 
revealed to be activated by IAV infection and downregula‑
tion of RKIP aggravated the airway inflammatory response. 
By contrast, overexpression of RKIP effectively ameliorated 
the airway inflammatory response induced by IAV. These 
findings demonstrated that RKIP may serve a protective 
role in airway epithelial cells by combating inflammation 
via the ERK/MAPK pathway. Collectively, the present find‑
ings suggested that RKIP may negatively regulate airway 
inflammation and thus may constitute a promising therapeutic 
strategy for airway inflammatory‑related diseases that are 
induced by IAV.

Introduction

Influenza A virus (IAV) is a principal pathogen of infectious 
respiratory diseases (1) and a common trigger for a number of 
other respiratory diseases, such as acute exacerbation of chronic 
obstructive pulmonary disease (AECOPD) (2). Severe IAV 
infection contributes significantly to substantial morbidity and 
mortality, and is responsible for health and economic burdens 
experienced worldwide (3,4). Numerous airway inflamma‑
tory responses are induced by respiratory viruses, leading 
to increased proinflammatory cytokines and the consequent 
development of cytokine storms (5). It is well known that the 
proinflammatory agents TNF‑α and nitric oxide can interfere 
with cell cycle progression in different somatic cells, and it 
has been reported that TNF‑α‑generated oxidative stress can 
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reduce cellular proliferation and induce cell cycle arrest (6,7). 
Notably, the effect of TNF‑α on L‑cells is cytostatic, which 
manifests as cell cycle arrest in the G2 stage, thus indicating 
that the cell cycle is dependent upon TNF cytotoxicity (8). 
While such data indicate that inflammation and the cell 
cycle may be linked, the molecular mechanisms that mediate 
IAV‑induced airway inflammatory responses remain unclear.

Raf kinase inhibitor protein (RKIP) is a member of 
the phosphatidylethanolamine‑binding protein (PEBP) 
family, and is a highly conserved small molecule protein 
that is primarily located in the cytoplasm and plasma 
membrane  (9). By binding specifically to Raf‑1 kinase, 
RKIP modulates crucial intracellular signaling networks that 
include the Raf/MEK/ERK, NF‑κB and GSK‑3β signaling 
cascades (1,3,10‑12). Several studies have revealed that RKIP 
participates in the regulation of a variety of physiological and 
pathological processes, such as cellular differentiation, cell 
cycle progression, apoptosis  (11,13‑15), autophagy, ferrop‑
tosis (16,17) and inflammation (18,19). The expression of RKIP 
has been reported to be enhanced by didymin, which results in 
inhibition of the MAPK and NF‑κB pathways, and contributes 
to the anti‑inflammatory effects of RKIP (20). It has been 
demonstrated that RKIP serves a negative role in regulating 
NLR family pyrin domain‑containing (NLRP)1, NLRP3 and 
NLR family CARD domain‑containing 4 inflammasome 
activation, and that it is a potential therapeutic target for the 
treatment of inflammasome‑related diseases (21). It has also 
been reported that RKIP occupies a critical role in the cell 
cycle of numerous types of cancer (22). Although there are 
a considerable number of published reports linking RKIP to 
various intracellular signaling networks that control cellular 
growth (23‑26), the effects exerted by RKIP on inflammation 
and cell cycle progression in airway epithelial cells following 
IAV infection have not yet been reported.

The present study investigated the detailed mechanisms 
underlying RKIP action in IAV‑induced airway inflammation 
by adopting primary human bronchial epithelial (pNHBE) 
cells, cell lines and mouse models.

Materials and methods

Reagents and materials. Locostatin (cat.  no.  T8823) was 
purchased from Shanghai Topscience Co., Ltd. SCH772984 
(cat. no. S7101) was purchased from Selleck Chemicals. RKIP 
(cat. no. ab76582) and β‑actin (cat. no. ab8227) antibodies 
were purchased from Abcam. NLRP3 (cat. no. WL02635), 
ERK1/2 (cat. no. WL01864) and phosphorylated (p)‑ERK1/2 
(Thr202/Tyr204; cat.  no.  WLP1512) antibodies were 
purchased from Wanleibio Co., Ltd. CDK4 antibody 
(D9G3E; cat. no. 12790) was obtained from Cell Signaling 
Technology, Inc.

Animal experiments. C57BL/6 mice (female; age, 6 weeks; 
weight, 20‑25  g; n=24) were purchased from the Animal 
Service Unit of Anhui Medical University. Mice were main‑
tained at a controlled temperature (22‑25˚C) and humidity 
(50‑60%), under a 12‑h light/dark cycle, and provided with 
free access to water and food. In the present study, mice were 
challenged with IAV to induce airway inflammation and 
treated with locostatin. Mice were randomly allocated to the 

following four groups (n=6/group): i) The negative control 
(NC) group: IAV(‑) + locostatin(‑); ii) IAV(+) + locostatin(‑) 
group; iii) IAV(‑) + locostatin(+) group; and iv) IAV(+) + 
locostatin(+) group. Locostatin (10 mg/kg) pretreatment was 
conducted for 4 h via intraperitoneal injection before 100 PFU 
of IAV was administered in 100 µl through oropharyngeal 
aspiration and the NC group was treated with 0.9% saline. 
After 7  days, mice were anesthetized with pentobarbital 
(70 mg/kg), and after euthanizing the mice, the serum, BALF 
and lung tissues were collected for further analysis. Blood was 
drawn by enucleation of the eyeball, followed by centrifuga‑
tion at 3,000 x g for 5 min at 4˚C, and the serum was collected 
for subsequent experiments. To collect BALF, a needle was 
inserted into the trachea and fixed. The lungs were lavaged 
with 1 ml cold PBS three times to collect the BALF, followed 
by centrifugation at 500 x g for 10 min at 4˚C; the supernatants 
were collected for subsequent experiments. Mice health and 
behavior were monitored daily. During the experiment, any 
mice that were unable to drink or eat, had difficulty breathing 
or had lost 20% of their body weight were regarded as having 
reached the humane endpoints and were immediately eutha‑
nized. None of the mice reached the aforementioned endpoints 
in this experiment and thus none were euthanized before the 
end of the experiment. Every effort was made to minimize 
discomfort, distress, pain or injury to the mice. The total dura‑
tion of the experiment was 7 days. After the experiment, all 
remaining animals were euthanized by cervical dislocation 
and death was verified by respiratory arrest, cardiac arrest and 
dilated pupils. All protocols were reviewed and approved by 
the Animal Ethics Committee of Anhui Medical University.

Cell isolation and culture. The pNHBE cells were isolated 
from the normal bronchial tissues of patients with lung 
carcinoma in situ (n=3; 2 women, 1 man; age, 48‑52 years) 
as determined by senior pathologists. The bronchial tissues 
were cut at a site >3 cm distant from the edge of the lung 
carcinoma according to methods modified from previous 
studies (27‑30) between August 2020 and January 2021, and 
were cultured in bronchial epithelial cell growth  medium 
(Lonza Group, Ltd.). The present study was approved by the 
Biomedical Ethics Committee of Anhui Medical University 
(approval no. 20200070; Hefei, China). All of the participants 
were informed of the purpose of the study and provided 
written informed consent in accordance with the ethical 
requirements. Human airway epithelial BEAS‑2B cells 
were purchased from Shanghai Fuheng Biotechnology Co., 
Ltd. (cat. no. FH0319) and cultured in RPMI‑1640 medium 
(Hyclone; Cytiva) supplemented with 10% fetal bovine serum 
(cat. no. A6901FBS‑500; Invigentech, Inc.), 100 U/ml peni‑
cillin and 100 ng/ml streptomycin (Absin Bioscience, Inc.) 
at 37˚C in a humidified atmosphere containing 5% CO2/95% 
air. Diseased human bronchial epithelial (DHBE) cells, which 
are immortalized cells from the bronchial tube of a patient 
with chronic obstructive pulmonary disease, were purchased 
from Otwo Biotech (Shenzhen), Inc. (cat. no. HTX2551) and 
were cultured identically to BEAS‑2B cells. Subsequently, 
BEAS‑2B, DHBE and pNHBE cells were infected with IAV 
[H3N2; strain was kindly provided by Professor Yan Liu 
(Department of Microbiology, Anhui Medical University, 
Hefei, China), multiplicity of infection (MOI), 2] for 48 h at 



INTERNATIONAL JOURNAL OF MOlecular medicine  51:  1,  2023 3

37˚C prior to subsequent experiments. Locostatin (50 nM) or 
SCH772984 (1 µM) was used to pretreat DHBE cells 4 h prior 
to infection with IAV at 37˚C.

Western blotting. Proteins from cells or the right lung 
tissues of mice were harvested using RIPA lysis buffer 
(cat.  no.  P0013B; Beyotime Institute of Biotechnology) 
and the BCA kit (cat.  no.  P0010; Beyotime Institute of 
Biotechnology) was used to determine the protein concen‑
tration. Equal amounts of protein (20 µg) were separated by 
SDS‑PAGE on 12.5% gels (cat. no. PG113, Shanghai Epizyme 
Biomedical Technology Co., Ltd.) and transferred to 0.45 µm 
PVDF membranes (cat. no.  IPVH00010; MilliporeSigma). 
Subsequently, 5% skim milk powder (cat. no. BS102‑500 g; 
Biosharp Life Sciences) was used to block the membranes for 
1 h at room temperature and 1X TBS‑0.05% Tween 20 (TBST; 
cat. no. 9005‑64‑5; neoFroxx GmbH) was used to wash the 
membranes three times (10  min/wash). Subsequently, the 
membranes were incubated with primary anti‑RKIP (1:1,000), 
anti‑CDK4 (1:1,000), anti‑NLRP3 (1:1,500), anti‑ERK1/2 
(1:500), anti‑p‑ERK1/2 (1:300) and anti‑β‑actin (1:3,000) anti‑
bodies at 4˚C overnight. After washing with 1X TBST three 
times (10 min/wash), the membranes were incubated with a 
secondary anti‑rabbit IgG, HRP‑linked antibody (1:2,500; 
cat. no. 7074; Cell Signaling Technology, Inc.) for 1 h at room 
temperature. Signals were detected using the Omni‑ECL™ 
Femto Light Chemiluminescence Kit (cat. no. SQ201; Shangh
ai Epizyme Biomedical Technology Co., Ltd.) and Tanon 5200 
Multi Chemiluminescent Imaging System (Tanon Science and 
Technology Co., Ltd.). Densitometric analysis was performed 
using ImageJ 1.53e software (National Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). RNA 
was extracted from the cells and mice right lung tissues 
using Total RNA Isolation Reagent (cat. no. YY101; Shangh
ai Epizyme Biomedical Technology Co., Ltd.) and reversed 
transcribed to cDNA using the Hifair® Ⅲ 1st Strand cDNA 
Synthesis SuperMix for qPCR (gDNA digester plus) kit 
(cat. no. 11141ES60; Shanghai Yeasen Biotechnology Co., 
Ltd.) according to the manufacturer's protocol. qPCR 
was performed using 2X S6 Universal SYBR qPCR Mix 
(cat. no. Q204; EnzyArtisan) under the following conditions: 
95˚C for 30 sec, followed by 45 cycles at 95˚C for 10 sec and 
60˚C for 30 sec. The primer sequences are listed in Table I. 
The expression levels of target mRNA were calculated using 
the 2‑ΔΔCq method (31) relative to the reference gene (β‑actin).

Transduction with RKIP lentivirus. A lentiviral vector 
overexpressing the RKIP gene (LV5‑PEBP1) and its empty 
vector (LV5NC) were commercially constructed and 
provided by Shanghai GenePharma Co., Ltd. (3rd generation; 
cat. no. LV2021‑7006). The sequence (Fig. S1) and the shuttle 
plasmid (Fig. S2) were synthesized by Shanghai GenePharma 
Co., Ltd. Briefly, 5 µg overexpression vector and the packing 
vectors, 3  µg PG‑P1‑VSVG, 2  µg PG‑P2‑REV and 6  µg 
PG‑P3‑RRE, were mixed for 20 min at room temperature to 
form the transfection mixture and were then co‑transfected 
into 293T cells (80% confluence; cat. no. SCSP‑502; Cell 
Bank of the Chinese Academy of Sciences) using RNAi‑Mate 
(cat. no. G04001; Shanghai GenePharma Co., Ltd.) at 37˚C for 

6 h. Subsequently, the transfection complex was removed and 
fresh medium was added to the cells. The viral supernatant 
was harvested after 72 h and centrifuged at 20,000 x g for 
2 h at 4˚C. The titer of lentivirus was determined by counting 
GFP‑positive cells to determine successfully infected 293T 
cells. The NC lentivirus was constructed using the same 
method. Subsequently, BEAS‑2B cells were transduced with 
lentivirus (MOI, 10) and polybrene (5  µg/ml) for 24  h at 
37˚C in a humidified atmosphere containing 5% CO2/95% 
air, after which, fresh medium was added to the cells. After 
3  days, transduction efficiency was observed. The time 
interval between transfection and subsequent experiments was 
≥10 days. BEAS‑2B cells infected with the lentivirus were 
selected with 2  µg/ml puromycin (cat.  no.  GCD0289949; 
Shanghai GeneChem Co., Ltd.).

Immunofluorescence staining. Cells were plated in 24‑well 
culture plates after 48 h of IAV infection. The cells were 
then washed with cold phosphate‑buffered saline, fixed 
with 4% paraformaldehyde for 20  min at room tempera‑
ture and permeabilized with 0.1% Triton X‑100 for 15 min 
at room temperature. After being blocked with 5% BSA 
(cat. no. 9048‑46‑8; neoFroxx GmbH) at room temperature for 
30 min, the cells were incubated with RKIP antibody (1:100) 
overnight at 4˚C and were then incubated with Alexa Fluor® 

594 goat anti‑rabbit IgG H&L (1:500; cat.  no.  ab150080; 
Abcam) for 1 h at room temperature. DAPI (cat. no. C1002; 
Beyotime Institute of Biotechnology) was applied for 15 min 
in the dark at room temperature to visualize the nuclei, and 
the cells were detected under a laser confocal microscope 
(Zeiss LSM880; Carl Zeiss AG).

ELISA. The levels of inflammatory cytokines IL‑1β and 
IL‑18 in cellular supernatants were examined using IL‑1β 
(cat. no. ml058059) and IL‑18 (cat. no. ml058055) ELISA kits 

Table I. Primers used for reverse transcription‑quantitative 
PCR.

Primer	 Sequence, 5'‑3'

RKIP (human) F	 GCTCTACACCTTGGTCCTGACA
RKIP (human) R	 AATCGGAGAGGACTGTGCCACT
IL‑1β (human) F	 CCACAGACCTTCCAGGAGAATG
IL‑1β (human) R	 GTGCAGTTCAGTGATCGTACAGG
IL‑18 (human) F	 AGCAAGGAATTGTCTCCCAG
IL‑18 (human) R	 GAAGCGATCTGGAAGGTCTG
β‑actin (human) F	 CACCATTGGCAATGAGCGGTTC
β‑actin (human) R	 AGGTCTTTGCGGATGTCCACGT
IL‑1β (mouse) F	 TGGACCTTCCAGGATGAGGACA
IL‑1β (mouse) R	 GTTCATCTCGGAGCCTGTAGTG
IL‑18 (mouse) F	 AGGGTTTGTGTTCCAGAAAGATG
IL‑18 (mouse) R	 AGCCTCGGGTATTCTGTTATGG
β‑actin (mouse) F	 CATTGCTGACAGGATGCAGAAGG
β‑actin (mouse) R	 TGCTGGAAGGTGGACAGTGAGG

F, forward; R, reverse; RFIP, Raf kinase inhibitor protein.
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(all from Shanghai Enzyme‑linked Biotechnology Co., Ltd.). 
The levels of IL‑1β and IL‑18 in the serum and bronchoal‑
veolar lavage fluid (BALF) of mice were measured using 
IL‑1β (cat. no. ml301814) and IL‑18 (cat. no. ml002294) (all 
from Shanghai Enzyme‑linked Biotechnology Co., Ltd.). 
ELISA kits were performed according to the manufacturer's 
protocols.

Cell cycle assay. Cells (1x105/well) were plated in 12‑well 
plates and were fixed in 70% ethanol at 4˚C overnight. The 
cells were then stained with propidium iodide/RNase A 
(cat. no. C1052; Beyotime Institute of Biotechnology) at 37˚C 
for 30 min in the dark. Cell cycle progression was assessed 
using a NovoCyte flow cytometer (Agilent Technologies, Inc.) 
and FlowJo software (FlowJo X 10.0.7r2; FlowJo LLC).

Cell viability assay. Cells were plated at a density of 5x103 in 
96‑well plates. After cells were infected with IAV (MOI, 2) for 
48 h at 37˚C in a humidified atmosphere containing 5% CO2, 
cell viability was assessed using a Cell Counting Kit‑8 (CCK‑8) 
kit (cat.  no.  C0037; Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions. Briefly, 10 µl 
CCK‑8 reagent was added to each well, and the cells were 
incubated at 37˚C for 2 h. Absorbance was measured at 450 nm 
to evaluate cell viability.

5‑Ethynyl‑2'‑deoxyuridine (EdU) assay. Cells (2x104/well) were 
cultured in 24‑well plates after IAV infection for 48 h and an 
EdU kit (cat. no. C0075S; Beyotime Institute of Biotechnology) 
was used to detect the degree of DNA damage according to the 
manufacturer's protocol. Briefly, 10 µM EdU was used to incu‑
bate cells at 37˚C for 2 h to label them. Subsequently, cells were 
fixed in 4% paraformaldehyde at room temperature for 20 min 
and permeabilized with 0.1% Triton X‑100 at room temperature 
for 15 min. Next, cells were dyed with reaction solution for 
30 min at room temperature in the dark and the Hoechst was 
applied for 15 min at room temperature in dark. The results 
were analyzed using a Leica fluorescence microscope (Leica 
DM6B; Leica Microsystems, Inc.). 

Hematoxylin and eosin (H&E) staining. Lung tissues 
harvested in animal experiments were fixed in 4% paraformal‑
dehyde at room temperature for 48 h, embedded in paraffin, 
cut into 5‑µm sections and stained using a H&E stain kit 
(cat. no. G1120; Beijing Solarbio Science & Technology Co., 
Ltd.). Briefly, the sections were stained with hematoxylin solu‑
tion for 10 min at room temperature and washed in running 
tap water for 5 min, after which, differentiation solution was 
added for 10  sec at room temperature. The sections were 
subsequently stained with eosin solution for 10 sec at room 
temperature, dehydrated in alcohol (75, 85, 95 and 100%; each 
for 2‑3 sec at room temperature) and rinsed in 100% alcohol 
for 1 min at room temperature. After clearing with xylene 
and sealing with neutral balsam, the sections were scanned 
using a Pannoramic  Whole Slide Scanner (Pannoramic 
Desk; 3DHISTECH Kft.) and viewed with Caseviewer 2.2 
(3DHISTECH Kft.). Histological scores of inflammation in 
the lungs of IAV‑induced mice were semi‑quantified using 
the following scoring system: 0, no inflammation; 1, only 
moderate peribronchial inflammation; 2, <10% inflamed lung 

tissue; 3, 10‑25% inflamed lung tissue; 4, 26‑50% inflamed 
lung tissue; 5, >50% inflamed lung tissue (32). Scoring was 
performed independently by two investigators, whose scores 
were averaged.

Immunohistochemistry (IHC). Briefly, lung tissues were fixed, 
embedded and sectioned as performed prior to H&E staining. 
The sections were then deparaffinized in xylene, rehydrated 
in a graded series of alcohol and subjected to antigen retrieval 
by microwaving (650 W) for 12 min in sodium citrate buffer 
(pH 6.0). The endogenous peroxidase activity was quenched 
by incubating the sections in 3% H2O2 for 15 min at room 
temperature. Subsequently, the lung tissue sections were 
blocked with 5% BSA for 30 min at room temperature and then 
incubated with RKIP primary antibody (1:250) at 4˚C overnight, 
after which they were incubated with a goat anti‑rabbit IgG 
H&L (HRP) secondary antibody (1:1,000; cat. no. ab97051; 
Abcam) at room temperature for 1 h. After DAB staining for 
25 sec at room temperature, the sections were counterstained 
with hematoxylin and dyed in 1% ammonia solution for 
30 sec at room temperature. The sections were scanned using 
a Pannoramic Whole Slide Scanner (Pannoramic Desk) and 
viewed with Caseviewer 2.2.

Statistical analysis. For in vitro experiments, each measure‑
ment was obtained by three independent experiments. The 
data are presented as the mean ± SEM and statistical analyses 
were conducted using SPSS 23.0 (IBM, Corp.). Differences 
between two groups were analyzed using unpaired Student's 
t‑test, whereas differences among three or more groups were 
assessed by one‑way ANOVA and Tukey's post hoc test. The 
histological score was presented as median and IQR, and was 
statistically analyzed using Kruskal‑Wallis and Dunn's post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of IAV infection on the expression of RKIP in 
BEAS‑2B, DHBE and pNHBE cells. BEAS‑2B and DHBE 
cells were exposed to IAV (MOI, 2) for 48 h and the expres‑
sion levels of RKIP were detected. Notably, the expression 
levels of RKIP were significantly decreased following IAV 
infection in both BEAS‑2B cells (P=0.0083; Fig. 1A and B) 
and DHBE cells (P<0.0001; Fig. 1E and F), as assessed by 
western blotting. Subsequently, inflammatory cytokines were 
assessed using RT‑qPCR and ELISA; the results revealed that 
IL‑1β and IL‑18 were significantly increased in response to 
IAV (MOI, 2) infection for 48 h in BEAS‑2B cells, as deter‑
mined by RT‑qPCR (P<0.0001 for IL‑1β, P=0.0081 for IL‑18; 
Fig. 1C) and ELISA (P<0.0001 for IL‑1β, P=0.0035 for IL‑18; 
Fig. 1D). Similarly, IL‑1β and IL‑18 levels were elevated in 
DHBE cells in response to IAV, as determined using RT‑qPCR 
(P=0.0010 for IL‑1β, P=0.0029 for IL‑18; Fig. 1G) and ELISA 
(P=0.0016 for IL‑1β, P=0.0005 for IL‑18; Fig. 1H). To further 
confirm this result, pNHBE cells were employed to detect 
the levels of RKIP and inflammatory cytokines. As shown in 
Fig. 1I and J (P=0.0100), RKIP was significantly reduced in 
pNHBE cells after IAV infection (MOI, 2), as determined by 
western blotting; by contrast, IL‑1β and IL‑18 were increased, 
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as revealed by RT‑qPCR (P=0.0015 for IL‑1β, P=0.0004 for 
IL‑18; Fig. 1K) and ELISA (P=0.0005 for IL‑1β, P=0.0034 
for IL‑18; Fig. 1L). These results indicated that IAV infection 
significantly attenuated RKIP expression in BEAS‑2B, DHBE 
and pNHBE cells, and that the airway inflammatory cyto‑
kines, IL‑1β and IL‑18, were significantly elevated in response 
to IAV infection.

RKIP inhibition by locostatin augments inflammatory 
responses induced by IAV in airway epithelial cells. To 
investigate whether airway inflammation induced by IAV 
was regulated by RKIP, the DHBE cells were pretreated 
for 4 h before IAV infection with locostatin. Locostatin is a 
small molecule that covalently binds RKIP, which results 
in a protein‑protein interaction where locostatin inhibits 

Figure 1. Effects of IAV infection (multiplicity of infection, 2) for 48 h on BEAS‑2B, DHBE and pNHBE cells. (A and B) Protein expression levels of RKIP 
in BEAS‑2B cells. (C) mRNA expression levels of IL‑1β and IL‑18 in BEAS‑2B cells were detected by RT‑qPCR. (D) Levels of IL‑1β and IL‑18 in BEAS‑2B 
cells were detected by ELISA. (E and F) Protein expression levels of RKIP in DHBE cells. (G) mRNA expression levels of IL‑1β and IL‑18 in DHBE cells. 
(H) Levels of IL‑1β and IL‑18 in DHBE cells were detected by ELISA. (I and J) Protein expression levels of RKIP in pNHBE cells were detected by western 
blotting. (K) mRNA expression levels of IL‑1β and IL‑18 in pNHBE cells were detected by RT‑qPCR. (L) Levels of IL‑1β and IL‑18 in pNHBE cells were 
detected by ELISA. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. NC. DHBE, diseased human bronchial epithelial; IAV, influenza A virus; NC, negative 
control; pNHBE, primary human bronchial epithelial; RKIP, Raf kinase inhibitor protein; RT‑qPCR, reverse transcription‑quantitative PCR.
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and abrogates the ability of RKIP to bind; locostatin also 
inhibits Raf‑1 kinase specifically to inhibit the expression of 
RKIP (33,34). The present study ascertained that the expression 
of RKIP was significantly reduced in the IAV(+) + locostatin(+) 
group compared with in the IAV(+) + locostatin(‑) group, as 
determined using western blotting (P=0.0003; Fig. 2A and B) 
and immunofluorescence (Fig. 2J). In addition, the mRNA 
expression levels of the inflammatory cytokines IL‑1β and 
IL‑18 were detected by RT‑qPCR and the cellular supernatant 
levels were detected by ELISA. As shown in Fig. 2F and G, 
the mRNA expression levels of the cytokines were elevated 
in the IAV(+) + locostatin(‑) group compared with in the NC 
group (P=0.0107 for IL‑1β, P=0.0016 for IL‑18) and were 
more markedly increased in the IAV(+) + locostatin(+) group 
compared with in the IAV(+) + locostatin(‑) group (P=0.0004 
for IL‑1β, P=0.0046 for IL‑18). As shown in Fig. 2H and I, 
ELISA exhibited similar trends to RT‑qPCR; IL‑1β and 
IL‑18 were significantly elevated in the IAV(+) + locostatin(‑) 
group compared with in the NC group (P=0.0002 for IL‑1β, 
P=0.0002 for IL‑18) and were more markedly increased in the 
IAV(+) + locostatin(+) group compared with in the IAV(+) + 
locostatin(‑) group (P=0.0010 for IL‑1β, P=0.0198 for IL‑18). 
Furthermore, the protein expression levels of NLRP3 also 
exhibited a similar trend, as determined using western blot‑
ting [P=0.0002 for IAV(+) + locostatin(‑) group vs. IAV(‑) 
+ locostatin(‑) group; P=0.0094 for IAV(+) + locostatin(+) 
group vs. IAV(+) + locostatin(‑) group; Fig. 2A and C). To 
further confirm the effect of RKIP on cell cycle progression 
in DHBE cells, western blotting was performed and revealed 
that CDK4 was downregulated after IAV infection compared 
with in the NC group (P=0.0489), and the same trend was 
observed in the IAV(+) + locostatin(+) group compared with in 
the IAV(+) + locostatin(‑) group (P=0.0052) (Fig. 2A and D). 
Additionally, the EdU (Fig. 2K and L) and CCK‑8 (Fig. 2M) 
assays confirmed that there was enhanced DNA damage and 
reduced cell viability in the IAV(+) + locostatin(+) group 
compared with in the IAV(+) + locostatin(‑) group (P=0.0351 
for EdU, P<0.0001 for CCK‑8) and the IAV(+) + locostatin(‑) 
group compared with in the NC group (P=0.0021 for EdU, 
P=0.0007 for CCK‑8). Furthermore, the cell cycle was 
analyzed using flow cytometry. As shown in Fig. 2N and O, 
there was a significant inhibition in the number of cells at S 
phase in the IAV(+) + locostatin(‑) group compared with in 
the NC group (P=0.0004). Furthermore, the G1 phase of cell 
cycle was arrested (P=0.0488) and the ratio of S phase was 
decreased in the IAV(+) + locostatin(+) group compared with 
in the IAV(+) + locostatin(‑) group (P=0.0021). Furthermore, 
the protein expression levels of ERK1/2 and p‑ERK1/2 were 
detected using western blotting (Fig. 2A and E). The results 
suggested that the ratio of pERK1/2/ERK1/2 was increased 
when comparing the IAV(+) + locostatin(‑) group with the NC 
group (P=0.0106), and the IAV(+) + locostatin(+) group with 
the IAV(+) + locostatin(‑) group (P=0.0224). These results 
suggested that the inhibition of RKIP by locostatin may 
increase the inflammatory response and suppress cell cycle 
progression during the inflammatory response induced by IAV.

RKIP alleviates the inflammatory response in BEAS‑2B cells 
after IAV infection. To further confirm that RKIP regulated 
inflammation and cell cycle progression after IAV infection, 

RKIP overexpression (RKIP‑OE) was induced in BEAS‑2B 
cells by lentiviral transduction. As shown in Fig. 3B, the mRNA 
expression levels of RKIP were significantly upregulated after 
transduction, as determined by RT‑qPCR (P=0.0021). As 
shown in Fig. 3A, C and K, the expression levels of RKIP were 
markedly reduced after IAV infection, as detected by western 
blotting (P=0.0037) and immunofluorescence. Furthermore, 
changes in the inflammatory protein NLRP3 were deter‑
mined through western blotting and it was demonstrated that 
RKIP‑OE significantly alleviated the inflammatory response 
after IAV infection (P=0.0323; Fig. 3A and D). Furthermore, 
the inflammatory cytokines, IL‑1β and IL‑18, were assessed 
and it was revealed that their levels were significantly increased 
in the IAV(+) + RKIP‑OE(‑) group compared with in the NC 
group by RT‑qPCR (P=0.0057 for IL‑1β, P=0.0061 for IL‑18; 
Fig. 3G and H) and ELISA (P=0.0008 for IL‑1β, P=0.0009 
for IL‑18; Fig. 3I and J). By contrast, the levels of IL‑1β and 
IL‑18 were significantly inhibited in the IAV(+) + RKIP‑OE(+) 
group compared with in the IAV(+) + RKIP‑OE(‑) group, 
as determined by RT‑qPCR (P=0.0337 for IL‑1β, P=0.0287 
for IL‑18; Fig. 3G and H) and ELISA (P=0.0110 for IL‑1β, 
P=0.0006 for IL‑18; Fig. 3I and J). The present study also 
assessed CDK4 expression, as it is related to the cell cycle; 
the western blotting results revealed that CDK4 was upregu‑
lated when RKIP was overexpressed after IAV infection 
(P=0.0212; Fig. 3A and E). In addition, cell cycle progression 
was impaired after IAV infection in BEAS‑2B cells; however, 
RKIP‑OE reversed this effect, as reflected by the results of EdU 
(P=0.0236; Fig. 3L and M) and CCK‑8 (P=0.0090; Fig. 3N) 
assays. Flow cytometry of cell cycle kinetics suggested that 
the G1 phase of cell cycle was arrested (P=0.0011) and the ratio 
of S stage was decreased in the IAV(+) + RKIP‑OE(‑) group 
compared with in the NC group (P<0.0001; Fig. 3O and P), 
and that the percentage of cells in S phase that was reduced 
after IAV infection was restored when RKIP was overex‑
pressed (P=0.0048; Fig. 3O and P). RKIP‑OE significantly 
mitigated the production of inflammatory cytokines and 
provided recovery from cell cycle arrest in BEAS‑2B cells 
following IAV infection. Furthermore, overexpression of 
RKIP decreased the ratio of p‑ERK1/2/ERK1/2 induced by 
IAV infection, as determined by western blotting (P=0.0403; 
Fig. 3A and F). All of these results revealed that OE of RKIP 
alleviated the inflammatory response and restored cell cycle 
progression in BEAS‑2B cells infected with IAV.

RKIP regulates the inf lammatory response via the 
ERK/MAPK pathway. To investigate whether RKIP regulated 
the inflammatory response via the ERK/MAPK pathway, the 
specific ERK/MAPK‑pathway inhibitor SCH772984 was used 
to treat cells after challenging them with or without IAV. The 
protein expression levels of RKIP, ERK1/2 and p‑ERK1/2 
were determined by western blotting, and the results suggested 
that SCH772984 significantly inhibited the ERK/MAPK 
pathway as p‑ERK1/2/ERK1/2 was reduced in response to the 
IAV(‑) + SCH772984(+) + locostatin(‑) group compared with 
the IAV(‑) + SCH772984(‑) + locostatin(‑) group (P=0.0416; 
Fig. 4A and C). In addition, SCH772984 reversed activation of 
the ERK/MAPK pathway induced by IAV and RKIP inhibition, 
as determined by comparing the IAV(+) + SCH772984(+) 
+ locostatin(+) group with the IAV(+) + SCH772984(‑) + 
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locostatin(+) group (P=0.0182; Fig. 4A and C). Following 
IAV infection, IL‑1β and IL‑18 levels were elevated compared 

with in the control group (P=0.0297 for IL‑1β, P=0.0093 
for IL‑18), and their levels were significantly increased in 

Figure 2. RKIP inhibition by locostatin (50 nM) augments inflammatory responses induced by IAV infection (multiplicity of infection, 2) for 48 h in DHBE 
cells. (A) Protein expression levels of RKIP, ERK1/2, p‑ERK1/2, CDK4 and NLRP3 were detected by western blotting. Densitometric analysis of (B) RKIP, 
(C) NLRP3, (D) CDK4 and (E) p‑ERK1/2 normalized to ERK1/2 in the different groups. (F and G) mRNA expression levels of the inflammatory cytokines 
IL‑1β and IL‑18 were measured by reverse transcription‑quantitative PCR. (H and I) Levels of the inflammatory cytokines IL‑1β and IL‑18 were measured 
by ELISA. (J) Immunofluorescence staining was performed to detect the expression of RKIP. RKIP (red) and DAPI (blue); scale bars, 20 µm; magnifica‑
tion, x200. (K and L) EdU assay was used to detect cells synthesizing DNA in the S phase of the cell cycle. Scale bar, 50 µm; magnification, x50. (M) Cell 
Counting Kit‑8 was used to detect the viability of DHBE cells. (N and O) Cell cycle was detected by flow cytometry. *P<0.05, **P<0.01 and ***P<0.001 vs. NC; 
#P<0.05, ##P<0.01, ###P<0.001 and ####P<0.0001 vs. IAV(+) + locostatin(‑). DHBE, diseased human bronchial epithelial; EdU, 5‑ethynyl‑2'‑deoxyuridine; IAV, 
influenza A virus; NC, negative control; NLRP3, NLR family pyrin domain‑containing 3; p, phosphorylated; RKIP, Raf kinase inhibitor protein.
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Figure 3. RKIP alleviates the inflammatory response in BEAS‑2B cells after IAV infection. (A) Protein expression levels of RKIP, ERK1/2, p‑ERK1/2, CDK4 
and NLRP3 in BEAS‑2B cells were detected by western blotting. Densitometric analysis of (C) RKIP, (D) NLRP3, (E) CDK4 and (F) p‑ERK1/2 normal‑
ized to ERK1/2 in the different groups. (B) Efficiency of RKIP‑OE lentivirus transduction was verified in BEAS‑2B cells by RT‑qPCR. (G and H) mRNA 
expression levels of the inflammatory cytokines IL‑1β and IL‑18 were measured by RT‑qPCR. (I and J) Levels of the inflammatory cytokines IL‑1β and IL‑18 
were measured by ELISA. (K) Immunofluorescence staining was performed to detect the expression of RKIP. RKIP (red) and DAPI (blue); scale bar, 20 µm; 
magnification, x200. (L and M) EdU assay was used to detect the cells synthesizing DNA in the S‑phase of the cell cycle. Scale bar, 50 µm; magnification, x50. 
(N) Cell Counting Kit‑8 was used to detect the viability of BEAS‑2B cells. (O and P) Cell cycle was detected by flow cytometry. *P<0.05, **P<0.01, ***P<0.001 
and ****P<0.0001 vs. NC; #P<0.05, ##P<0.01 and ###P<0.001 vs. IAV(+) + RKIP‑OE(‑). EdU, 5‑ethynyl‑2'‑deoxyuridine; IAV, influenza A virus; NC, negative 
control; NLRP3, NLR family pyrin domain‑containing 3; OE, overexpression; p, phosphorylated; RKIP, Raf kinase inhibitor protein; RT‑qPCR, reverse 
transcription‑quantitative PCR.
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the IAV(+) + SCH772984(‑) + locostatin(+) group compared 
with in the IAV(+) + SCH772984(‑) + locostatin(‑) group 

(P=0.0122 for IL‑1β, P=0.0033 for IL‑18), as determined using 
RT‑qPCR (Fig. 4D and E). In addition, when the ERK/MAPK 

Figure 4. RKIP regulates the inflammatory response via the ERK/MAPK pathway. (A) Protein expression levels of RKIP, ERK1/2 and p‑ERK1/2 in DHBE 
cells were detected by western blotting. Densitometric analysis of (B) RKIP and (C) p‑ERK1/2 normalized to ERK1/2 in the different groups. (D and E) mRNA 
expression levels of the inflammatory cytokines IL‑1β and IL‑18 were measured by reverse transcription‑quantitative PCR. (F‑I) Number of cells in S stage, 
G1 stage and G2/M stage of the cell cycle was detected by flow cytometry. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. DHBE, diseased human bronchial 
epithelial; IAV, influenza A virus; ns, not significant (P>0.05); p, phosphorylated; RKIP, Raf kinase inhibitor protein.
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Figure 5. Inhibition of RKIP aggravates the airway inflammatory response in vivo. After locostatin (10 mg/kg) was administered by intraperitoneal injection, 
mice were treated with 0.9% saline or 100 µl IAV in saline via oropharyngeal aspiration. (A) Lung tissues were harvested to detect the protein expression 
levels of RKIP, ERK1/2, p‑ERK1/2, NLRP3 and CDK4 by western blotting. Densitometric analysis of (B) RKIP, (C) NLRP3, (D) CDK4 and (E) p‑ERK1/2 
normalized to ERK1/2 in the different groups. (F and G) Lung tissues were harvested to detect the mRNA expression levels of IL‑1β and IL‑18 by reverse 
transcription‑quantitative PCR. (H and I) BALF and (J and K) serum were harvested to examine the levels of the inflammatory cytokines IL‑1β and IL‑18 by 
ELISA. (L and M) H&E staining was used to evaluate the semi‑quantitative scoring of inflammation in lung tissue. Scale bar, 200 µm for magnification x50; 
50 µm for magnification x200; 20 µm for magnification x400. (N and O) IHC was performed to localize RKIP in bronchial epithelium. Scale bar, 200 µm for 
magnification x50; 50 µm for magnification x200; 20 µm for magnification x400. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. NC; #P<0.05, ##P<0.01 and 
###P<0.001 vs. IAV(+) + locostatin(‑). BALF, bronchoalveolar lavage; H&E, hematoxylin and eosin; IAV, influenza A virus; IHC, immunohistochemistry; IOD, 
integrated optical density; NLRP3, NLR family pyrin domain‑containing 3; p, phosphorylated; RKIP, Raf kinase inhibitor protein.
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pathway was inhibited by SCH772984, inhibiting RKIP 
did not induce a significant change in the inflammatory 
cytokines IL‑1β and IL‑18, as determined by RT‑qPCR 
(Fig. 4D and E). Cells were arrested in G1 phase (P=0.0106; 
Fig. 4H) and the proportion of cells in S phase was decreased 
after IAV infection (P=0.0006; Fig. 4G) when comparing 
the IAV(+) + SCH772984(‑) + locostatin(‑) group with the 
IAV(‑) + SCH772984(‑) + locostatin(‑) group, and locostatin 
aggravated the effects of IAV infection (P<0.0001 for G1 
phase, P=0.0325 for S phase) when comparing the IAV(+) + 
SCH772984(‑)  + locostatin(+) group with the IAV(+)  + 
SCH772984(‑) + locostatin(‑) group. However, there was no 
significant difference in the percentage of cells in S phase in 
the IAV(+) + SCH772984(+) + locostatin(+) group compared 
with in the IAV(+) + SCH772984(‑) + locostatin(+) group, as 
determined using flow cytometry (P>0.05; Fig. 4F and G). 
These results suggested that the percentage of cells in S phase 
were not influenced when SCH772984 was used to inhibit the 
ERK/MAPK pathway, even after inhibiting RKIP. As shown 
in Fig. 4F, H and I, there were significant differences in the 
number of cells at G1 (P=0.0016) and G2/M (P=0.0010) phases 
in the IAV(+) + SCH772984(+) + locostatin(+) group compared 
with in the IAV(+) + SCH772984(‑) + locostatin(+) group. This 
confirmed that RKIP regulated inflammatory cytokine levels 
and the S phase of cell cycle progression via the ERK/MAPK 
signal transduction pathway.

Inhibition of RKIP aggravates the airway inflammatory 
response in  vivo. To further confirm the effects of RKIP 
in vivo, a mouse model infected with IAV was implemented. 
In our previous study (29), a model of airway inflammation 
was established and changes in the inflammatory cytokines 
IL‑1β and IL‑18, related protein expression and histopathology 
were analyzed 7 days after IAV infection. BALF and serum 
were collected to examine the IL‑1β and IL‑18 levels, and 
it was revealed that the levels of these two cytokines were 

significantly increased in the BALF (P=0.0006 for IL‑1β, 
P=0.0009 for IL‑18; Fig. 5H and  I) and serum (P=0.0009 
for IL‑1β, P<0.0001 for IL‑18; Fig. 5J and K) of the IAV(+) + 
locostatin(‑) group compared with in the NC group, as deter‑
mined by ELISA. The levels of IL‑1β and IL‑18 were also 
significantly elevated in the BALF (P=0.0064 for IL‑1β, 
P=0.0042 for IL‑18; Fig. 5H and I) and serum (P=0.0049 for 
IL‑1β, P=0.0003 for IL‑18; Fig. 5J and K) in the IAV(+) + 
locostatin(+) group compared with in the IAV(+) + locostatin(‑) 
group, as determined using ELISA. Furthermore, the mRNA 
expression levels of IL‑1β and IL‑18 were detected in lung 
tissues, and it was revealed that trends in IL‑1β and IL‑18 lung 
tissue expression were similar to those in BALF and serum 
(Fig. 5F and G). These findings indicated that the expression 
levels of IL‑1β and IL‑18 were augmented after IAV infection 
(P=0.0100 for IL‑1β, P=0.0179 for IL‑18), and that the inhibition 
of RKIP exacerbated the production of IL‑1β and IL‑18 after 
IAV infection (P=0.0134 for IL‑1β, P=0.0006 for IL‑18). In 
addition, the protein expression levels of NLRP3 were detected 
using western blotting. As shown in Fig. 5A and C, IAV infec‑
tion increased the expression levels of NLRP3 (P=0.0004) and 
locostatin exacerbated this increase (P=0.0360). IAV‑induced 
histopathological changes in the lung were also assessed. As 
shown in Fig. 5L and M, more severe infiltration of inflam‑
mation was observed in IAV‑infected mice compared with 
in the control group (P=0.0113). Furthermore, locostatin 
increased the pulmonary inflammation of mice infected with 
IAV (P=0.048). To further determine the expression of RKIP 
in lung tissues from C57BL/6 mice, the expression levels of 
RIKP were assessed by western blotting and IHC. As shown 
in Fig. 5A, B, N and O, RKIP was significantly attenuated in 
response to IAV (P<0.0001 for western blotting, P=0.0026 for 
IHC) and locostatin (P=0.0169 for western blotting, P=0.0057 
for IHC) further decreased RKIP expression. ERK1/2 and 
p‑ERK1/2 expression levels were also detected, in order to 
determine whether the ERK/MAPK pathway was activated, and 
CDK4 expression was measured to assess the cell cycle, using 
western blotting (Fig. 5A, D and E); notably, IAV activated the 
ERK/MAPK pathway (P=0.0017) and the expression of CDK4 
was significantly decreased (P=0.0374) compared with in the 
control group. Furthermore, RKIP inhibition by locostatin 
aggravated these effects (P=0.0464 for p‑ERK1/2/ERK1/2, 
P=0.0090 for CDK4/β‑actin), thus suggesting that RKIP may 
be a negative regulator of IAV‑induced airway inflammatory 
responses.

Discussion

The present study demonstrated that RKIP functions as 
an inhibitory mediator of IAV‑induced airway inflamma‑
tory response, and that it acts via the ERK/MAPK pathway. 
RKIP‑OE significantly mitigated the production of inflam‑
matory cytokines and reversed the cell cycle arrest triggered 
by IAV infection. To the best of our knowledge, the present 
study is the first to demonstrate that the RKIP‑mediated, 
IAV‑induced airway inflammatory response is conducted via 
the ERK/MAPK pathway in vitro and in vivo.

While RKIP has been reported to be involved in numerous 
disease processes (17,21,35), the role of RKIP in the airway 
inflammatory response induced by IAV remains to be 

Figure 6. Schematic elucidation of the possible mechanism of RKIP in 
IAV‑induced airway inflammatory response via the ERK/MAPK pathway. 
IAV, influenza A virus; NLRP3, NLR family pyrin domain‑containing 3; 
p, phosphorylated; RKIP, Raf kinase inhibitor protein.
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elucidated. The present study ascertained that the expression 
of RKIP was downregulated in BEAS‑2B, DHBE and pNHBE 
cells following IAV infection, whereas the levels of the inflam‑
matory cytokines IL‑1β and IL‑18 were elevated. These results 
suggested that RKIP was critical to the airway inflammatory 
response following IAV infection.

The present study further investigated the role of RKIP 
in airway inflammatory responses following IAV infection; 
notably, it was observed that the expression of RKIP was 
specifically downregulated by locostatin and that this then 
exacerbated airway inflammation. The viability and prolifera‑
tion of cells also slowed with the inhibition of RKIP expression 
suggesting that RKIP was involved in cell cycle progression. 
Furthermore, the percentage of cells in S phase of cell cycle 
was significantly decreased after IAV infection and inhibition 
of RKIP expression further diminished the proportion of cells 
in the S phase. Previous reports have also demonstrated the 
involvement of RKIP in cell cycle progression (36) and have 
shown that cell cycle arrest occurs following influenza virus 
infection (37). For example, similar to the aforementioned 
findings, airway inflammation was worsened and the cell cycle 
was arrested after influenza virus infection in these previous 
studies. Inhibiting the expression of RKIP also aggravated the 
inflammatory response. The present study further strengthened 
the hypothesis that RKIP was indeed protective against the 
production of cytokines and recovered cell cycle progression. 
Such data may greatly enhance the search for drugs that can 
potentially ameliorate IAV‑induced inflammatory diseases.

The present results additionally revealed that airway 
inflammation was significantly suppressed and that cell cycle 
arrest was reversed with RKIP‑OE in vitro. Congruent with 
our previous study, a mouse model of airway inflammation 
induced by IAV was successfully constructed  (29,38), and 
revealed that inhibition of RKIP enhanced the production of 
cytokines and the expression of CDK4, which is closely to 
cell cycle progression, thus suggesting that downregulation of 
RKIP arrested the cell cycle after IAV infection in vivo. These 
results were similar to the in vitro outcomes of the present 
study.

It has previously been reported that reducing RKIP expres‑
sion may alleviate liver fibrosis (39), and that inhibition of 
RKIP could lead to an improvement in hepatic fibrosis (40). 
These previous studies suggested that RKIP may have different 
roles in different organs. Although the role of RKIP is contro‑
versial with respect to different organs and organ systems, the 
present study confirmed that RKIP serves a protective role in 
airway inflammation and cell cycle progression following IAV 
infection.

Emerging evidence has suggested that the ERK/MAPK 
pathway is critically involved in numerous pathophysiological 
processes, including cell proliferation, stress, inflammatory 
responses, differentiation and apoptosis (18,41,42). However, 
whether RKIP mediates the IAV‑induced airway inflam‑
matory response via the ERK/MAPK signal transduction 
pathway remains unclear. The present study demonstrated that 
this pathway was activated following IAV infection; notably, 
in DHBE cells, RKIP inhibition did not further increase the 
production of IL‑1β and IL‑18 and cell cycle arrest when the 
ERK/MAPK pathway was inhibited by SCH772984 after IAV 
infection. These findings indicated that RKIP could protect 

airway epithelial cells against an inflammatory response 
induced by IAV via the ERK/MAPK pathway, and suggested 
that ERK/MAPK may be a potential pathway that mediates 
the anti‑viral effect of RKIP. In addition, it has been consis‑
tently reported that RKIP functions as an anti‑viral agent in 
innate immunity (43). These findings collectively reveal that 
RKIP constitutes a promising target for anti‑viral treatment 
modalities, with IAV the principal pathogen in emerging respi‑
ratory infectious diseases that lack an effective therapy. The 
present results might therefore be of relevance in the future 
development of targeted treatment approaches in IAV‑induced 
inflammatory diseases.

It has previously been demonstrated that airway inflamma‑
tion is exacerbated and the cell cycle blocked after influenza 
virus infection (37,44), and a previous study reported that cell 
cycle arrest promoted viral replication to increase inflamma‑
tion (44). The present study elucidated the role of RKIP in 
promoting recovery of the cell cycle after its arrest to alleviate 
the inflammatory responses induced by IAV in airway epithe‑
lial cells. Collectively, these findings suggested that the cell 
cycle is tightly linked to inflammatory diseases. Moreover, it 
has been indicated that inflammation is a critical component 
of tumor progression (45), and it is well known that the cell 
cycle is accelerated in tumor progression. Therefore, it was 
hypothesized that the cell cycle changes dynamically during 
the progression of inflammation‑related diseases. With the 
development of inflammatory‑related diseases, inflammation 
could progress from acute to chronic, and chronic inflamma‑
tion could lead to cancer. During this progression, the cell cycle 
may be initially arrested followed by its acceleration. It may be 
hypothesized that this approach could constitute a mechanism 
underlying inflammation in cancer transformation.

The present study investigated the airway inflammatory 
response induced by IAV. It is well known that IAV infec‑
tion can induce several inflammatory cytokines, including 
IL‑1β (46), IL‑18 (47), TNF‑α (48), IL‑6 (49), IL‑8 (50) and 
IL‑10 (51). The present study mainly measured the levels of 
inflammation by IL‑1β and IL‑18; however, the other inflam‑
matory cytokines were not assessed. In future studies, we 
aim to further explore the pathways related to other inflam‑
matory cytokines and the potential molecular mechanism of 
IAV‑induced AECOPD.

In conclusion, the present study demonstrated that the 
expression of RKIP was significantly diminished following 
IAV infection, and that RKIP served a protective role in the 
alleviation of airway inflammation and in the recovery of 
the cell cycle after IAV infection through the activities of the 
ERK/MAPK pathway (Fig. 6). These actions may constitute 
a novel treatment option for respiratory diseases that involve 
IAV infection.
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