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Abstract 

Background: Chronic obstructive pulmonary disease (COPD) is a progressive disease characterized by chronic 
inflammation and airway remodeling. Human epididymis protein 4 (HE4) plays a critical role in various inflammatory 
or fibrotic diseases. However, the role of HE4 in COPD remains unidentified.

Methods: HE4 expression was determined in the lung tissues from COPD patients and cigarette smoke (CS)-exposed 
mice using immunohistochemical staining, qPCR, or western blot. The plasma level of HE4 was detected by ELISA. 
The regulations of HE4 in the expressions of CS extract (CSE)-induced inflammatory cytokines in human bronchial 
epithelial cells (HBE) were investigated through knockdown or overexpression of HE4. The role of secretory HE4 (sHE4) 
in the differentiation and proliferation in human pulmonary fibroblast cells (HPF) was explored via qPCR, western blot, 
CCK8 assay or 5-ethynyl-2′-deoxyuridine (EdU) staining. The probe of related mechanism in CSE-induced HE4 increase 
in HBE was conducted by administrating N-acetylcysteine (NAC).

Results: HE4 was up-regulated in both the lung tissue and plasma of COPD patients relative to controls, and the 
plasma HE4 was negatively associated with lung function in COPD patients. The same enhanced HE4 expression was 
verified in CS-exposed mice and CSE-induced HBE, but CSE failed to increase HE4 expression in HPF. In vitro experi-
ments showed that reducing HE4 expression in HBE alleviated CSE-induced IL-6 release while overexpressing HE4 
facilitated IL-6 expression, mechanistically through affecting phosphorylation of NFκB-p65, whereas intervening HE4 
expression had no distinctive influence on IL-8 secretion. Furthermore, we confirmed that sHE4 promoted fibroblast-
myofibroblast transition, as indicated by promoting the expression of fibronectin, collagen I and α-SMA via phospho-
rylation of Smad2. EdU staining and CCK-8 assay demonstrated the pro-proliferative role of sHE4 in HPF, which was 
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Background
Chronic obstructive pulmonary disease (COPD) is the 
most prevalent respiratory disease of great threaten to 
health, and meanwhile is the third leading cause of death 
worldwide with substantial socioeconomic and medi-
cal burden [1]. As a progressive disease associated with 
destruction of the lung parenchyma and small airway 
lesion, COPD is clinically characterized by persistent 
airflow limitation and impaired pulmonary function [2]. 
Tobacco smoking remains the major risk factor account-
ing for COPD morbidity and death [3], and multiple 
studies established the associations between other envi-
ronmental contributors and COPD pathogenesis, such 
as indoor air pollution from solid fuels and ambient 
fine particulate matters [4, 5]. Moreover, several pro-
cesses have been indicated to potentially involved in the 
pathogenesis of COPD, including the overexpression of 
inflammatory mediators and cytokines, the activation of 
inflammatory signaling pathways, the protease/anti-pro-
tease imbalance, and the oxidation–antioxidation imbal-
ance [6]. However, as of now, there is limited detailed 
insight into the cellular and molecular mechanism under-
lying the pathophysiology of COPD.

Oxidative stress is conceived as a critical mechanism 
for COPD pathogenesis. COPD patients suffer from oxi-
dative stress caused by the inhalation of cigarette smoke 
(CS), which leads to excessive production of reactive oxy-
gen species (ROS) [7], and thereafter results in airway 
epithelium injury and accumulation of various inflamma-
tory mediators, aggravating the development of COPD 
[8, 9]. Meanwhile, an increasing body of evidence indi-
cates that airway remodeling, another hallmark feature 
of COPD pathological change, is subjected to multiple 
events including epithelial abnormalities [10], fibroblast 
differentiation and proliferation [11], airway smooth 
muscle hypertrophy and hyperplasia [12]. The bronchial 
epithelium cells, as the first defensive barrier in response 
to CS, can trigger immune and inflammatory pro-
cesses by secreting various mediators such as cytokines, 
chemokines, growth factors, lipid mediators and other 
bioactive particles [13, 14]. In addition, some secretory 
factors released from the epithelial cells, like TGF-β 

and IL-6, can impact the function of fibroblast contain-
ing differentiation to myofibroblast, proliferation and 
extracellular matrix deposition [15, 16]. Taken together, 
bronchial epithelial cell injury and fibroblast function 
changes play pivotal roles in promoting the development 
of COPD, and some cross-talk may exist between these 
two types of cells. But the concrete mechanism there into 
needs to be confirmed by more researches.

Human epididymis protein 4 (HE4), also known as 
WAP four-disulfide core domain protein 2, has been 
investigated in various tumorous and fibrotic diseases 
[17–20]. Also, recent studies have revealed that HE4 
served as a crucial molecule/factor in immune-modu-
lation and host defense [21, 22]. Lin and his colleagues 
have shown that serum HE4 was associated with cardio-
vascular events of COPD patients [23]. However, the role 
and related action mechanism of HE4 in COPD remain 
obscure.

In the present study, we aimed to explore the role of 
HE4 in airway inflammation and remodeling for COPD. 
Specifically, we successively measured the expression lev-
els of HE4 in the lung tissue and peripheral blood plasma 
of COPD patients. The association between plasma HE4 
level and lung function was evaluated. Moreover, the 
changes in HE4 expression was further confirmed in CS-
exposed mice and CS extract (CSE)-treated bronchial 
epithelial cells (HBE). In in vitro experiments, we inves-
tigated the effects of HE4 on inflammatory cytokines and 
related regulation mechanisms in CSE-exposed HBE, and 
probed whether the secretory HE4 protein from HBE 
impacted fibroblast differentiation and proliferation, 
participating in airway remodeling. We believe the find-
ings above will be of great value to further elucidation for 
COPD pathogenesis.

Materials and methods
Clinical subjects
All subjects including peripheral blood plasma and lung 
tissues in this study were recruited from Tongji Hospi-
tal, Wuhan, China, between 2019 and 2021. Thereinto, 
the lung specimens were collected from patients who 
underwent surgical resection for pulmonary lump in the 

further confirmed by enhanced expression of survivin and PCNA. Pretreatment of NAC in CSE or  H2O2-induced HBE 
mitigated HE4 expression.

Conclusions: Our study indicates that HE4 may participate in airway inflammation and remodeling of COPD. Ciga-
rette smoke enhances HE4 expression and secretion in bronchial epithelium mediated by oxidative stress. Increased 
HE4 promotes IL-6 release in HBE via phosphorylation of NFκB-p65, and sHE4 promotes fibroblastic differentiation and 
proliferation.
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Chronic obstructive pulmonary disease



Page 3 of 14Zhan et al. Respiratory Research          (2022) 23:120  

department of thoracic surgery. All participants were 
stratified into three groups based on the smoking history 
and lung function, namely non-smokers, smokers and 
COPD. COPD was diagnosed according to the Global 
Initiative for Chronic Obstructive Lung Disease (GOLD) 
2020 criteria. Patients with a post-bronchodilator forced 
expiratory volume in 1  s  (FEV1)/forced vital capacity 
ratio of less than 70% were enrolled. Age- and gender-
matched non-smokers and smokers without COPD 
were also recruited as control subjects. Patients were 
excluded if they suffered from asthma, severe lung infec-
tions, or other obstructive lung diseases. This study was 
approved by the Ethics Committees of the Tongji Hospi-
tal (TJ-IRB20210346) and written informed consent was 
obtained from all subjects.

Sample collection and deposal
The lung tissues were collected at least 5 cm away from 
the lesion and fixed with formalin, then embedded in 
paraffin, or were homogenized and stored at − 80  °C. 
Plasma was separated from blood cells by centrifugation 
at 3000 rounds per minute (rpm) for 8 min and stored at 
− 80 °C until detection.

Preparation of cigarette smoke extract
Cigarette smoke extract (CSE) was prepared by bubbling 
the smoke from two burning cigarettes (3R4F, Univer-
sity of Kentucky) at a rate of 1 cigarette/5 min to a 50 ml 
centrifuge tube containing 20 ml of RPMI-1640 medium. 
The pH was adjusted to 7.4. The solution was then fil-
tered through a 0.22 μm filter to eliminate bacteria.

Cell culture and treatment
Human lung bronchial epithelial cell line (HBE) was 
obtained from the Boster Biotech Co., Ltd (Wuhan, 
China). Cells were cultured in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum and 1% penicil-
lin/streptomycin in a humidified incubator under 5% 
 CO2 at 37  °C. Human pulmonary fibroblast (HPF) was 
purchased from ScienCell Research Laboratories, Inc 
(Nanjing, China). Cells were maintained in fibroblast 
medium supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin in the same environment as 
HBE culture.

HBEs were treated with CSE at different concentrations 
for 24 h. In experiments of HE4 knockdown, HBEs were 
transfected with 50  nM small interfering RNA (siRNA) 
targeting HE4 (5′-CCC AGG TGA ACA TTA ACT T-3′) or 
negative control sequence (RiboBio, Guangzhou, China) 
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
United States) according to the manufacturer’s instruc-
tions. In experiments of HE4 overexpression, HBEs 
were infected with lentiviral vector (Negative Control or 

HE4-overexpressing) purchased from the OBiO Biotech-
nology (Shanghai, China) following the manufacturer’s 
instructions. The efficiency of knockdown or overexpres-
sion was determined using real-time qPCR and Western 
blot assay. In pharmacological experiment, HBEs were 
pretreated with 3 mM N-Acetylcysteine (Sigma-Aldrich, 
St. Louis, MO, United States) for 1  h before the 24-h 
stimulation of CSE or  H2O2. And various concentra-
tions of Bay 11-7821 (MedChemExpress, United States) 
were delivered to HBEs. Moreover, HPFs were treated by 
recombinant human HE4 protein (rHE4) (Absin, Shang-
hai, China) at different concentrations.

Animal sample
All animal samples including mouse lung tissue sec-
tions, RNA and protein were obtained from our research 
team. The animal models were introduced as described 
previously [24]. Briefly, Male C57BL/6  J wild-type mice, 
10–12  weeks old, were exposed to cigarette smoke in a 
chamber using a modified method of 10 cigarettes for 
two separate 2-h periods per day, 5  days per week con-
tinuously for 6  months. Thereinto, the mice in ciga-
rette smoke-exposed group and air control group were 
detected for HE4 expression. Animal experiments were 
approved by the ethics committee of Tongji Hospital, 
Huazhong University of Science and Technology.

Immunohistochemical analysis
Immunohistochemical assay was performed with HE4 
antibody (1:200, ABclonal Technology, Wuhan, China) 
in human and mouse lung tissue sections. Formalin 
(10%)-fixed, paraffin-embedded lung tissue sections were 
deparaffinized using xylene and rehydrated in a graded 
ethanol series. Heat-induced antigen retrieval was per-
formed using a microwave. After cooling with running 
tap water, sections were incubated with 3% hydrogen per-
oxide to block endogenous peroxidase activity, followed 
by 1-h incubation in 5% BSA-phosphate-buffered saline 
solution at room temperature to avoid non-specific back-
ground. Then, slides were incubated with HE4 antibody 
at 4  °C overnight in a humidified chamber. After wash-
ing, sections were incubated with a peroxidase-conju-
gated goat anti-rabbit secondary antibody for 1 h at room 
temperature. The reactions were developed using a DAB 
substrate kit with hematoxylin as a counterstain. A Nikon 
Spot image system (United States) was used for image 
acquisition.

Real‑time qPCR
Total RNA was extracted using Trizol (Takara, Japan) 
and reversely transcribed to cDNA using the cDNA 
RT-PCR Kit (Takara, Japan). The mRNA expression was 
assessed by real-time quantitative polymerase chain 
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reaction (RT-qPCR) using TB GreenR Premix Ex TaqTM 
II (Takara, Japan) on BioRad CFX384 (Bio-Rad, CA, 
United States). The parameters were as follows: 40 cycles 
at 95 °C for 10 s, 59 °C for 20 s, and 72 °C for 30 s. Data 
were analyzed using the  2−ΔΔCt method with β-actin as 
control. The detailed information of all primers was 
shown in Table 1.

Western blot
Total proteins were prepared using RIPA lysis buffer 
containing phosphatase inhibitors. The concentration 
was determined by BCA assay (Bioyear Biotechnology, 
Wuhan, China). Equal amounts of protein were subjected 
to 10% SDS-PAGE and transferred to polyvinylidene flu-
oride (PVDF) membranes. The membranes were blocked 
with 5% non-fat milk and incubated with the appropriate 
primary antibodies: anti-HE4 (1:1000, ABclonal Technol-
ogy, Wuhan, China), anti-β-actin (1:4000, Proteintech, 
Wuhan, China), anti-p-p65 (1:1000, Cell Signal Technol-
ogy, MA, USA), anti-p65 (1:4000, Cell Signal Technology, 
MA, USA), anti-Flag (1:4000, Sigma-Aldrich, St. Louis, 
MO, United States), anti-Fibronectin (1:1000, Protein-
tech, Wuhan, China), anti-collagen I (1:1000, Protein-
tech, Wuhan, China), anti-α-SMA (1:1000, Cell Signal 
Technology, MA, USA), anti-p-Smad2 (1:1000, Boster 
Biotech, Wuhan, China), anti-Smad2 (1:2000, Cell Signal 
Technology, MA, USA), anti-Survivin (1:2000, Protein-
tech, Wuhan, China), anti-PCNA (1:4000, Proteintech, 
Wuhan, China), anti-GAPDH (1:4000, Proteintech, 
Wuhan, China). After washing with Tris-buffered saline 

(TBS) containing 0.1% Tween-20, blots were incubated 
with secondary antibody conjugated to horseradish 
peroxidase (HRP; 1:4000, Proteintech, Hubei, People’s 
Republic of China). The intensity of individual bands was 
quantified using ImageJ.

Enzyme‑linked immunosorbent assay (ELISA)
Concentration of secretory HE4 (sHE4) in human 
peripheral blood plasma and then the concentrations 
of sHE4, interleukin-6 (IL-6) and interleukin-8 (IL-8) in 
cell-culture supernatants were determined using Human 
HE4, IL-6 and IL-8 DuoSet ELISA kits (R&D Systems, 
Minneapolis, MN, United States) according to the manu-
facturer’s instructions. The minimum doses of detection 
for the HE4, IL-6 and IL-8 ELISA kits were 62.5 pg/mL, 
9.38 pg/mL and 31.3 pg/mL, respectively.

Proliferation detection
Proliferation was assessed by CCK8 assay and 5-ethynyl-
2′-deoxyuridine (EdU) staining according to the manu-
facturer’s instructions. Briefly, cells were seeded in a 
96-well plate (Corning, MA, USA) and treated with dif-
ferent concentrations of rHE4 for different time. After 
treatment, 5 mg/mL CCK 8 solution was added, and cells 
were incubated at 37  °C for 2 h according to the manu-
facturer’s instructions (Dojindo Laboratories, Tokyo, 
Japan). Optical density (OD) values were measured at the 
wavelength of 450 nm using the Microplate Reader (Bio-
Tek Instruments, VT, USA). For EdU staining, the cells 
were washed with PBS and then incubated with culture 
medium containing 50 μM EdU (RiboBio, Wuhan, China) 
for 2 h. The cells were fixed and then subjected to Apollo 
staining and DNA staining. Images were acquired with a 
fluorescence microscope (Olympus, Shinjuku, Japan).

Statistical analysis
All data were expressed as mean ± SEM unless otherwise 
specified. Statistical significance was determined using 
Student’s t-test for two groups, or one-way ANOVA with 
Newman–Keuls post hoc test for multiple comparisons. 
The correlations were analyzed by Pearson correlation. 
The GraphPad Prism 8 Software (GraphPad Software, 
San Diego, CA, United States) was used for all statistical 
analysis and graphic generation. P-value < 0.05 was con-
sidered to be statistically significant.

Results
Subject characteristics
The clinical characteristics of all subjects were dis-
played in Table  2. In all, 78 subjects were included in 

Table 1 Primer information

Genes Primer pairs (5′–3′)

Human HE4 AGA ACT GCA CGC AAG AGT G

TTG AGG TTG TCG GCG CAT T

Human β-actin AGA AAA TCT GGC ACC ACA CCT 

GAT AGC ACA GCC TGG ATA GCA 

Human IL-6 CTG CTG CCT TCC CTGCC 

CCT CTT TGC TGC TTT CAC ACAT 

Human IL-8 AAG AAA CCA CCG GAA GGA AC

ACT CCT TGG CAA AAC TGC AC

Human Fibronectin GAG AAT AAG CTG TAC CAT CGCAA 

CGA CCA CAT AGG AAG TCC CAG 

Human Collagen I GAG GGC CAA GAC GAA GAC ATC 

CAG ATC ACG TCA TCG CAC AAC 

Human α-SMA GTG TTG CCC CTG AAG AGC AT

GCT GGG ACA TTG AAA GTC TCA 

Mouse he4 GTT GCT ACT GTT CAC CCC CA

GGT GCC CTG CTT TTC ATT AGG 

Mouse β-actin AGA AAA TCT GGC ACC ACA CCT 

GAT AGC ACA GCC TGG ATA GCA 
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the current study containing 12 non-smokers, 15 smok-
ers without COPD and 51 smokers with COPD. There 
presents no obvious differences by age, sex and body 
mass index (BMI). The smoking history was similar in 
the patients of smokers without COPD and with COPD. 
The patients in COPD group had significantly lower 
 FEV1% of predicted and  FEV1/FVC, compared with 
those in non-smoker group and smoker group. Out of 
the 78 patients, there were 10, 11, and 11 patients in 
non-smoker, smoker and COPD groups respectively, 
who underwent the surgical resection for pulmonary 
lump, and we collected both the lung tissue and periph-
eral blood from them. Whereas only the peripheral 
blood was acquired in the remaining 46 patients.

HE4 expression was upregulated in the lung and peripheral 
blood plasma of COPD
To explore the expression of HE4 in COPD patients, 
we successively examined it in the lung tissues using 
immunohistochemical staining, PCR and western blot, 
and then in the peripheral blood plasma using ELISA. 
As shown in Fig.  1A–C, HE4 expression was mainly 
located in the bronchial epithelium, and relative to 
non-smokers and smokers, the staining intensity of tan 
color was markedly stronger in COPD patients. There-
into, the tan staining was more pronounced in smok-
ers compared to non-smokers. Then, we revealed that 
the intrapulmonary HE4 expression was successively 
up-regulated in non-smokers, smokers and COPD 
patients both at mRNA and protein levels (Fig. 1D–F), 
despite that there presented no statistically difference 
in smoker group and COPD group, which was poten-
tially ascribed to the limited sample size.

It was reported that HE4 could be used as possi-
ble biomarker signifying the extent of disease pro-
gress [25, 26]. Therefore, we measured the HE4 level 
in the peripheral blood plasma via ELISA, and found 
the highest HE4 content in COPD patients, followed 
by the smokers and non-smokers (Fig.  1G). Nagy and 

colleagues have reported HE4 as a novel serum inflam-
matory biomarker in cystic fibrosis [21]. In our study, 
we discovered that in COPD patients, the expression 
level of plasma HE4 was negatively associated with 
 FEV1% predicted (Fig. 1H), which indicated the poten-
tial impact of HE4 on the declined lung function and 
COPD process. The plasma HE4 may serve as a bio-
marker indicating disease severity of COPD patients.

He4 expression was increased in cigarette smoke‑exposed 
mice
The establishment of the passive smoking mouse model 
has been confirmed by the detection of lung function 
and pathological examination [24]. We assessed the He4 
expression in the lung tissues of 10 model mice and 10 
control mice. The immunohistochemical analysis indi-
cated more significant staining against He4 in the bron-
chial epithelium of cigarette smoke (CS)-exposed mice 
relative to controls (Fig.  2A). Furthermore, consistent 
with the results of immunohistochemical staining, the 
mRNA and protein expression of He4 were significantly 
enhanced in CS-exposed mice than air controls as vali-
dated by PCR and western blot (Fig. 2B, C).

CSE enhanced HE4 expression and release in HBEs 
but not in HPFs
Considering the main expression of HE4 in the bron-
chial epithelium, we investigated the effect of CSE on 
HBE cells and HPF cells. HBEs and HPFs were incu-
bated with different concentrations of CSE (0, 2.5%, 
5% and 10%) for 24  h. The cell viability was firstly 
detected by CCK-8 assay, which demonstrated that 
CSE concentration no more than 10% had no influ-
ence on cell viability (Additional file  1: Fig. S1A, B). 
And then the intracellular expression of HE4 was iden-
tified to be significantly elevated both at mRNA and 
protein levels by CSE treatment, especially at 5% CSE 
and 10% CSE (Fig.  3A–C). The secretory HE4 level in 

Table 2 Clinical characteristics of subjects

Data are expressed as median (IQR) or n (%), *P < 0.05 vs Non-smokers, #P < 0.05 vs Smokers

Non‑smokers (n = 12) Smokers (n = 15) COPD (n = 51)

Age (years) 59.00 (53.00–67.50) 61.00 (58.00–67.00) 66.00 (57.00–69.00)

Men, n (%) 11 (91.67) 14 (93.33) 50 (98.04)

BMI (kg/m2) 23.02 (21.09–24.69) 23.00 (20.69–24.80) 22.36 (19.38–23.95)

Smoking (pack-years) 0 39.00 (32.00–47.00)* 45.00 (39.00–60.00)*

FEV1 (% predicted) 93.00 (89.25–109.50) 88.00 (84.00–93.00) 44.00 (37.00–54.00)*#

FEV1/FVC (%) 80.75 (77.11–82.30) 74.30 (72.40–78.25) 47.04 (38.84–60.00)*#
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culture supernatant was also confirmed to be remark-
ably increased at different concentrations of CSE 
(Fig.  3D). Interestingly, CSE had no obvious influence 
on the HE4 expression in HPFs by the detection of 
western blot (Fig. 3E, F).

Intervening HE4 expression affected IL‑6 release 
via phosphorylation of NFκB‑p65 in HBEs
Here, we constructed transient-transfected HBE cells 
of HE4 knockdown and stable-infected HBE cells of 
HE4 overexpression through siRNA targeting HE4 and 

lentivirus overexpressing HE4 respectively. The intracel-
lular HE4 mRNA and protein expressions were measured 
to be markedly decreased in siRNA-transfected HBEs 
(Fig.  4A, C), whereas significantly up-regulated in len-
tivirus-infected HBEs (Fig.  4A, D). The secretory levels 
of HE4 in the culture supernatants were determined to 
present the same changes as intracellular levels (Fig. 4B). 
After combining the treatments of 10% CSE for 24 h, the 
effects of siRNA and lentivirus were similarly remarkable.

The effects of HE4 knockdown on inflammatory 
cytokines in HBEs were investigated. As displayed in 

Fig. 1 HE4 expression was up-regulated in the lung tissue and peripheral blood plasma of COPD patients. A–C Representative 
immunohistochemical images of human lung tissues against HE4 are shown. The tan staining was mainly presented in the bronchial epithelium. 
Compared with non-smokers and smokers, the degree and extent of tan staining was more pronounced and extensive in the bronchial epithelium 
of COPD patients. The staining alteration can be clearly observed by the arrowheads. Magnification = × 100. The red-boxed area indicates an area of 
higher magnification. D HE4 mRNA expression was increased in COPD patients. E, F Representative HE4 expression in the lung tissue homogenates 
was detected by Western blot and quantified using ImageJ. Each lane represents a different lung tissue subject. G Increased secretory HE4 was 
determined in the peripheral blood plasma of COPD patients relative to non-smokers and smokers. H Elevated sHE4 expression in plasma of COPD 
patients was negatively related with lung function. Data are expressed as mean ± SEM. For detection for lung tissues, n = 10 for non-smokers, 
n = 11 for smokers, and n = 11 for COPD. For detection for peripheral blood plasma, n = 12 for non-smokers, n = 15 for smokers, and n = 51 for 
COPD. P-values were calculated using one-way ANOVA followed by Newman–Keuls test. *P < 0.05, **P < 0.01, and ***P < 0.001 represent significant 
differences. HE4, human epididymis protein 4; COPD, chronic obstructive pulmonary disease; sHE4, secretory human epididymis protein 4; 
 FEV1%pred, forced expiratory volume in 1 s  (FEV1) % predicted
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Fig. 4E and F, downregulating the HE4 expression could 
alleviate IL-6 mRNA level in HBEs regardless of CSE 
treatment, while only mitigated CSE-induced elevation 
for IL-8 mRNA. Furthermore, reduced HE4 expression 
alleviated IL-6 secretion in HBEs, but had no impact on 
IL-8 release (Fig. 4G, H). Meanwhile, the visibly attenu-
ated phosphorylated levels of NFκB-p65 was observed 
in siRNA-HE4 treated HBEs with or without stimula-
tion of CSE (Fig. 4I, J).

In experiments of HE4 overexpression by lentivirus, 
contrary to the knockdown experiments, upregulat-
ing HE4 facilitated CSE-induced IL-6 expression but 
not IL-8 at mRNA levels (Fig. 4E, F). Meanwhile, IL-6 

release was enhanced by HE4 overexpression, whereas 
IL-8 secretion was not influenced (Fig. 4G, H). Moreo-
ver, overexpressing HE4 promoted phosphorylation of 
NFκB-p65 in HBEs and CSE-exposed HBEs (Fig.  4K, 
L). To further investigate the role of NFκB-p65 in 
HE4-regulated IL-6 increase, we administrated HBEs 
with Bay 11-7821, a selective inhibitor of NFκB path-
way. Results indicated that different concentrations 
of Bay 11-7821 could reduce the phosphorylated 
level of NFκB-p65 (Additional file 2: Fig. S2A, B), and 
that treatment with Bay 11-7821 at 10  μM could sig-
nificantly alleviate IL-6 secretion in HE4-lentivirus 
infected HBE cells (Additional file 2: Fig. S2C).

Fig. 2 Enhanced He4 expression in CS-exposed mice. A Representative immunohistochemical analysis of He4 in the mouse lung sections are 
shown. Compared to controls, the intensity of tan staining indicating He4 expression was significantly increased in bronchial epithelium of 
CS-exposed mice. The staining alteration was clearly marked by the arrowheads. magnification = × 100. The red-boxed area indicates a region 
of higher magnification. B He4 mRNA expression was upregulated in the lung tissues of CS-exposed mice. C Representative image of Western 
blots against He4 was displayed and the band intensity was quantified using ImageJ. Each lane represents a different lung tissue subject. Data 
are presented as mean ± SEM, n = 10 for controls and n = 10 for CS-exposed mice. P-values were calculated using Student’s t-test. *P < 0.05 and 
***P < 0.001 represent significant differences compared to controls. He4, human epididymis protein 4; Con, control mice; CS, cigarette smoke 
exposed mice
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Collectively, two-way intervention experiments on 
HE4 expression in HBEs confirmed the positive regu-
lation of HE4 on IL-6 expression and phosphorylation 
of NFκB-p65. Therefore, we speculated that HE4 pro-
moted IL-6 release in HBEs potentially via phosphoryl-
ation of NFκB-p65.

Secretory HE4 promoted fibroblast differentiation 
and proliferation
To explore whether secretory HE4 (sHE4) released from 
CSE-induced HBEs affects fibroblast function, we treated 
HPFs with rHE4 in vitro to investigate the role of sHE4 
on fibroblast-myofibroblast transition (FMT) and fibro-
blastic proliferation, which have been reported to facili-
tate airway remodeling [27–29]. First, we examined the 
expression of typical activation markers of FMT through 
treating HPFs with different concentrations of rHE4 (0, 
5 nM, 10 nM, 20 nM) for 48 h. Interestingly, the results 
showed that compared with the controls, administra-
tion of rHE4 at any concentration substantially enhanced 
the expressions of fibronectin, collagen I and α-SMA, as 
indicated by RT-qPCR (Fig. 5A) and western blot analysis 

(Fig. 5B). To further understand the mechanism by which 
rHE4 promotes FMT, we detected the phosphoryl-
ated level of Smad2, which is considered to be the most 
influential signaling molecule affecting fibroblast differ-
entiation. As expected, different concentration of rHE4 
markedly increased phosphorylation of Smad2 (Fig. 5C). 
Therefore, the data above supported the hypothesis that 
sHE4 promoted the FMT by elevating the phosphoryl-
ated level of Smad2.

In addition, we conducted an EdU staining assay to 
detect the proliferative ability of HPFs treated by rHE4 
for 48 h. The results demonstrated that relative to control 
treatment, the proliferative cells with EdU-positive stain-
ing were prominently increased at various concentration 
of rHE4, especially at 10 nM rHE4 (Fig. 5D). Meanwhile, 
CCK8 proliferation curve also confirmed the pro-pro-
liferative effect of rHE4 in HPFs at different time point 
(Fig.  5E). To further verify the result, we assessed rep-
resentative marker molecules of cell proliferation using 
western blot. Parallel to previous result, stimulating HPFs 
with different concentration of rHE4 could enhance 
the expressions of Survivin and PCNA at protein level 
(Fig. 5F).

Fig. 3 CSE enhanced HE4 expression in HBE cells but not in HPF cells. A Different concentrations of CSE increased HE4 mRNA expression in HBE 
cells (n = 3). B, C The image of western blot was shown and the band intensity was quantified by ImageJ (n = 3). Compared with controls, 5% 
CSE and 10% CSE markedly enhanced HE4 protein expression in HBE cells. D The secretory HE4 levels were detected in collected CSE-exposed 
HBE supernatants using ELISA (n = 4). E, F CSE had no obvious impact on HE4 expression in HPF cells (n = 3). Data are expressed as mean ± SEM. 
P-values were calculated using one-way ANOVA followed by Newman–Keuls test. *P < 0.05, **P < 0.01, and ***P < 0.001 represent significant 
differences relative to controls. CSE, cigarette smoke extract; HE4, human epididymis protein 4; HBE, human bronchial epithelial; HPF, human 
pulmonary fibroblast
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CSE‑induced HE4 increase in HBEs was mediated 
by oxidative stress
To study the potential mechanism involved in the ele-
vated HE4 expression by cigarette smoke in bronchial 
epithelial cells, HBEs were cultured with CSE as an 
in  vitro model. Given that oxidative stress is one of the 
important mechanisms for the impairment of epithe-
lium cell function by cigarette smoke, we administrated 
10% CSE for 24  h and NAC, a ROS scavenger, in HBEs 
to observe the HE4 expression. Result indicated that pre-
treatment with 3  mM NAC in HBEs could remarkably 
alleviate the CSE-induced increase in HE4 expression 
(Fig. 6A). Then, HBEs were stimulated with different con-
centrations of  H2O2 for 24 h, which has been regarded as 
a typical ROS generator. Cell viability was not affected 
by  H2O2 indicated by CCK-8 assay (Additional file  1: 
Fig. S1C). The marked increase in HE4 expression was 
observed at various concentration of  H2O2 (Fig.  6B), 
whereas 3 mM NAC could likewise mitigate the increase 

in HE4 expression induced by 500  μM  H2O2 (Fig.  6C). 
Collectively, these results strongly suggested that ciga-
rette smoke promoted HE4 expression in bronchial epi-
thelial cells, which was mediated by oxidative stress.

Discussion
In the current study, we first found that the HE4 expres-
sion and secretion were increased in the bronchial epi-
thelium and peripheral blood plasma of COPD patients, 
and meanwhile discovered the plasma HE4 was nega-
tively associated with lung function. Moreover, the same 
increase of HE4 expression was observed in CS-exposed 
mice and CSE-treated HBE cells, compared with con-
trols. In in  vitro experiments, we confirmed that ciga-
rette smoke promoted HE4 expression and secretion in 
bronchial epithelial cells, which was partly mediated by 
oxidative stress, and then facilitated IL-6 production 
via elevating phosphorylated level of NFκB-p65 to par-
ticipate in airway inflammation. The increased secretory 

Fig. 4 HE4 affected IL-6 release in HBE cells through phosphorylation of NFκB-p65. A–C The transfection of siRNA in HBE cells significantly 
lowered HE4 mRNA expression (n = 3), secretory level (n = 3) and intracellular protein expression (n = 4). A, B, D Infecting lentivirus expressing 
HE4 markedly enhanced HE4 mRNA expression (n = 3), secretory level (n = 4) and intracellular protein expression (n = 4). The western blot images 
were shown and quantified by ImageJ. E, G HE4 knockdown mitigated IL-6 expression while HE4 overexpression augmented IL-6 expression in HBE 
cells both in mRNA level (n = 3) and secretory protein level (n = 4). F, H Intervening HE4 expression had no significant impact on IL-8 expression, 
although reducing HE4 expression can alleviate CSE-induced IL-8 elevation at mRNA level (n = 3–4). I, J Knockdown of HE4 expression reduced 
phosphorylation of NFκB-p65 relative to the expression of p65 (n = 4). K, L Overexpression of HE4 increased phosphorylation of NFκB-p65 (n = 5). 
Data are expressed as mean ± SEM. P-values were calculated using one-way ANOVA followed by Newman–Keuls test. *P < 0.05, **P < 0.01, and 
***P < 0.001 represent significant differences. HE4, human epididymis protein 4; si, small interfering RNA; NC, negative control; Lv-GFP, lentivirus with 
empty vector carrying green fluorescent protein; Lv-HE4, lentivirus expressing HE4; CSE, cigarette smoke extract; HBE, human bronchial epithelial; 
IL-6, interleukin-6; IL-8, interleukin-8
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HE4 derived from bronchial epithelial cells prompted 
fibroblast to myofibroblast differentiation and fibroblastic 
proliferation to act in airway remodeling (Fig.  7). These 
findings indicated the fundamental role of HE4 in airway 
inflammation and remodeling associated with COPD.

COPD is one of the most noticeable public health chal-
lenges, with high prevalence, disability and mortality, and 
cigarette smoke remains the predominantly attributable 
risk factor [3]. Previous studies have reported that higher 
ROS content was discovered in the lung tissue of smok-
ers with or without COPD than healthy controls [30], and 
CSE could provoke ROS production, which may further 

promote inflammatory gene expression through activat-
ing oxidative stress-related signaling pathway [31]. Here, 
we verified that pretreatment with NAC, a ROS scaven-
ger, could alleviate the increased HE4 expression in CSE-
exposed or  H2O2-treated HBE cells, which suggested 
the regulation role of oxidative stress in HE4 expression. 
More, Bordin et al. found that in erythrocytes from endo-
metriosis patients, the HE4 level was inversely correlated 
with glutathione level [32], an important antioxidant in 
the body, likewise indicating the possible association 
between HE4 and oxidative stress.

Fig. 5 Recombinant HE4 promoted fibroblast-myofibroblast transition and fibroblastic proliferation. A, B Different concentrations of rHE4 facilitated 
fibronectin, collagen I and α-SMA expression both in mRNA level (n = 3) and protein level (n = 4). The representative western blot images were 
shown and the band intensity was quantified by ImageJ. C Treatment with rHE4 in HPF cells enhanced phosphorylation of Smad2 (n = 4). D Typical 
images of EdU-staining HPFs followed by rHE4 treatment for 48 h and the quantitative graph were shown (n = 3). magnification = × 200. E CCK8 
proliferation curve signified the pro-proliferative effect of rHE4 (n = 4). HPF was stimulated by rHE4 for 0 h, 24 h, 48 h and 72 h. F Representative 
western blot images of PCNA and Survivin were displayed and quantified by ImageJ (n = 3). Data are presented as mean ± SEM. P-values were 
calculated using one-way ANOVA followed by Newman–Keuls test. *P < 0.05, **P < 0.01, and ***P < 0.001 represent significant differences. rHE4, 
recombinant human epididymis protein 4; EdU, 5-ethynyl-2′-deoxyuridine; CCK8, Cell Counting Kit-8; PCNA, proliferating cell nuclear antigen; HPF, 
human pulmonary fibroblast
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Fig. 6 Elevated HE4 expression in CSE-exposed HBE cells was mediated by oxidative stress. A Pretreatment of NAC overtly alleviated CSE-induced 
HE4 increase (n = 3). B Different concentrations of  H2O2 promoted HE4 expression (n = 3). C Pretreating NAC significantly mitigated  H2O2-induced 
HE4 up-regulation (n = 3). Data are expressed as mean ± SEM. P-values were calculated using one-way ANOVA followed by Newman–Keuls test. 
*P < 0.05 and **P < 0.01 represent significant differences. HE4, human epididymis protein 4; CSE, cigarette smoke extract; HBE, human bronchial 
epithelial; DMSO, dimethyl sulfoxide; NAC, N-acetylcysteine

Fig. 7 The diagram of mechanism underlying HE4 regulation in COPD. Cigarette smoke promotes HE4 expression and secretion in bronchial 
epithelial cells partly through oxidative stress, and then mediated IL-6 production via the phosphorylation of NFκB-p65 to participate in airway 
inflammation. The elevated HE4 release from bronchial epithelial cells facilitates fibroblast to myofibroblast differentiation and fibroblastic 
proliferation to aggravate airway remodeling. HE4, human epididymis protein 4; ROS, reactive oxygen species; IL-6, interleukin-6; COPD, chronic 
obstructive pulmonary disease
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Chronic inflammation, as a hallmark feature for COPD, 
predominantly affecting the lung parenchyma and 
peripheral airways, can take place in various types of cell 
involving both immune and structural cells, like alveolar 
macrophages and bronchial epithelial cells [14, 33]. In 
response to chronic CS exposure, the bronchial epithe-
lial cells serving as the first defense barrier are activated 
and secret a mass of proinflammatory mediators includ-
ing IL-6 and IL-8 [13]. Previous studies have shown that 
IL-6 and IL-8 were increased in COPD patients, and pre-
sented strong associations with airway obstruction and 
lung function [34–36]. In our research, we confirmed 
that HE4 expression was up-regulated in the lung tissue 
and peripheral blood plasma of COPD patients relative 
to healthy controls, and plasma HE4 presented distinct 
negative association with lung function, indirectly sug-
gesting the possible role of HE4 in COPD pathogenesis 
and inflammation. Meanwhile, we substantiated that HE4 
promoted IL-6 release in in vitro experiments. HE4 was 
reported to positively regulate inflammatory cytokines 
including IL-6 in cystic fibrosis [37], which supported our 
result to some extent. Furthermore, exposure of bron-
chial epithelium to CS results in the activation of numer-
ous redox-associated intracellular signaling pathways 
including mitogen-activated protein kinases (MAPK) and 
nuclear factor kappa-light-chain-enhancer of activated B 
cells (NFκB), which thereafter trigger inflammation [38]. 
Here, we displayed that HE4-regulated IL-6 increase was 
mediated by phosphorylation of NFκB-p65, which was 
consistent with previous studies [20, 39].

Remodeled airways in COPD are characterized by an 
alteration in the epithelial injury, goblet cell hyperplasia, 
airway smooth muscle proliferation, activation and prolif-
eration of myofibroblast, collagen deposition and reticular 
basement membrane thickening [40, 41]. Airway remod-
eling contributes to progressive and irreversible airflow 
limitation [42]. During this process, fibroblasts originat-
ing from the respiratory tracts contribute to the formation 
of airway fibrosis, manifesting as the promotions of myo-
fibroblast differentiation, collagen release, and cell prolif-
eration [16, 43]. The fibroblast-to-myofibroblast transition 
(FMT) was reported to stimulate the epithelium to release 
more inflammatory factors [44], and meanwhile the 
cytokines like IL-6 released from epithelium in return 
promote the fibroblastic differentiation and collagen dep-
osition [16], which may form a vicious cycle between air-
way inflammation and remodeling. In the current study, 
we verified that CSE-induced HE4 increase enhanced IL-6 
expression and release in bronchial epithelial cells, which 
can be reasonably speculated to further promote the 
fibroblastic differentiation. In bronchial epithelial cells, 
CSE simultaneously facilitated the secretion of HE4 to the 

outside of cells besides the release of IL-6. Whether the 
secreted HE4 induces FMT was investigated in our study.

HE4 has been deemed as a crucial fibrosis-associated 
molecule, participating in various fibrotic disorders, 
and was expected to be a promising therapeutic target. 
During the cardiac fibrosis in dilated cardiomyopathy, 
HE4 functions as a secretory factor, activating cardiac 
fibroblasts, thereby inducing cardiac interstitial fibrosis 
[25].  In kidney fibrosis, HE4 was confirmed to inhibit 
the capacity to degrade type I collagen by targeting two 
serine proteases, Prss35 and Prss23 [45]. Moreover, in 
patients with cystic fibrosis, the concentration of serum 
HE4 was positively correlated with overall disease sever-
ity [21]. However, to date, there presents minor evidence 
indicating the role of HE4 in fibrosis-associated respira-
tory diseases. Although Raghu et  al. reported the mod-
erate correlation between HE4 and diffusing capacity 
of the lung for carbon monoxide in patients with idi-
opathic pulmonary fibrosis [46], many questions about 
what cell HE4 exerts the specific function in and what 
mechanism HE4 acts by remained unidentified. Here, 
we demonstrated that the secretory HE4 played a criti-
cal role in promoting FMT and collagen deposition, as 
indicated by the enhanced expression in α-SMA, colla-
gen I and fibronectin via increasing the phosphorylated 
level of Smad2. In addition, we unexpectedly found the 
pro-proliferative role of sHE4 in fibroblasts. Accordingly, 
the CS-induced sHE4 secreted from bronchial epithelial 
cells may aggravate airway remodeling in COPD through 
directly facilitating fibroblastic differentiation and prolif-
eration, as well as collagen deposition.

There remain some limitations in this study. First of all, 
we verified the expression level of HE4 in the lung tissue 
in CS-exposed mice, while the mechanism investigations 
in in  vivo experiments haven’t been conducted using 
genetic intervention mice targeting HE4. In addition, 
although we eliminated the gender interference in HE4 
expression levels between COPD patients or CS-exposed 
mice and controls by ensuring the ratio of male to female 
with no difference, whether different genders have an 
effect on the expression of HE4 in the airway of COPD 
patients and whether it is related to the level of estrogen 
remains to be investigated. Furthermore, to explore the 
effect of sHE4 secreted by HBE on fibroblast, it is ideal to 
collect the supernatant of CSE-treated HBEs and culture 
with HPF medium in a certain ratio. But due to the lack 
of HE4 neutralizing antibodies, there is no way to deter-
mine whether the changes of fibroblastic function are 
subjected to sHE4. Therefore, we here used recombinant 
HE4 protein instead to explore the function of sHE4 on 
HPF and it’s unknown whether the findings of rHE4 can 
be extrapolated to sHE4. Finally, the specific receptor in 
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fibroblast to which sHE4 directly binds requires further 
research in the future.

Conclusion
We highlighted the role of HE4 in COPD pathogenesis, 
and demonstrated that HE4 promoted airway inflamma-
tion and remodeling through facilitating the release of 
inflammatory cytokine IL-6 in bronchial epithelial cells 
and myo-differentiation and proliferation in fibroblasts. 
These results indicated the potentially diagnostic and 
therapeutic value of HE4 in COPD.
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