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Abstract
Hepatocarcinoma-intestine-pancreas/pancreatitis-associated protein (HIP/PAP), a 
C-type lectin, exerts anti-oxidative, anti-inflammatory, bactericidal, anti-apoptotic, 
and mitogenic functions in several cell types and tissues. In this study, we explored 
the role of HIP/PAP in pulmonary fibrosis (PF). Expression of HIP/PAP and its mu-
rine counterpart, Reg3B, was markedly increased in fibrotic human and mouse lung 
tissues. Adenovirus-mediated HIP/PAP expression markedly alleviated bleomycin 
(BLM)-induced lung injury, inflammation, and fibrosis in mice. Adenovirus-mediated 
HIP/PAP expression alleviated oxidative injury and lessened the decrease in pulmo-
nary superoxide dismutase (SOD) activity in BLM-treated mice, increased pulmonary 
SOD expression in normal mice, and HIP/PAP upregulated SOD expression in cultured 
human alveolar epithelial cells (A549) and human lung fibroblasts (HLF-1). Moreover, 
in vitro experiments showed that HIP/PAP suppressed the growth of HLF-1 and 
ameliorated the H2O2-induced apoptosis of human alveolar epithelial cells (A549 and 
HPAEpiC) and human pulmonary microvascular endothelial cells (HPMVEC). In HLF-
1, A549, HPAEpiC, and HPMVEC cells, HIP/PAP did not affect the basal levels, but 
alleviated the TGF-β1-induced down-regulation of the epithelial/endothelial mark-
ers E-cadherin and vE-cadherin and the over-expression of mesenchymal markers, 
such as α-SMA and vimentin. In conclusion, HIP/PAP was found to serve as a potent 
protective factor in lung injury, inflammation, and fibrosis by attenuating oxidative 
injury, promoting the regeneration of alveolar epithelial cells, and antagonizing the 
pro-fibrotic actions of the TGF-β1/Smad signaling pathway.
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1  | INTRODUC TION

Pulmonary fibrosis (PF) is a progressive pathological process 
characterized by epithelial damage, aberrant proliferation of 
mesenchymal cells, and the formation of fibrotic foci and is a 
common outcome of various pulmonary diseases. Numerous 
factors are involved in its development, including dust, smoking, 
drugs, infection, auto-immunity, and radiation. A population of 
patients with connective tissue diseases was characterized by 
PF.1 Oxidative/antioxidative imbalance2-6 and the excessive pro-
duction of pro-inflammatory and pro-fibrotic cytokines2,3,7-11 are 
critically involved in the pathogenesis of PF. Accumulation of my-
ofibroblasts (MFBs) is well recognized as the pivotal event in the 
PF pathogenesis.1 To date, few therapeutic measures have been 
developed to resolve established PF or hinder PF progression to 
respiratory failure.12 Thus, efforts are required to uncover the 
mechanisms underlying PF and further explore novel therapeutic 
targets for this disease.

Hepatocarcinoma-intestine-pancreas/pancreatitis-associated 
protein (HIP/PAP) is a 16-kD C-type lectin that is a member of the 
regenerating (Reg) protein family. Reg family proteins are classified 
into four subclasses: types I, II, III, and IV based on their primary 
structures. HIP/PAP, as well as its counterparts, pancreatitis-as-
sociated protein I (PAP I) in rats and Reg3B in mice, are members 
of the type III class of the Reg protein family.13,14 HIP/PAP shares 
52.7% homology in nucleic acid sequence and 70% homology in 
amino acid sequence with Reg3B. Under physiological conditions, 
HIP/PAP is secreted by some epithelial cells and certain cells in the 
pancreas, small intestine, liver, kidney, bladder, pituitary, ovary, and 
uterus.13-16 HIP/PAP expression was found to be upregulated in 
inflammatory (pancreatitis, colitis, and hepatitis) and tumor (hepa-
tocellular carcinoma, pancreatic adenocarcinoma, bladder and col-
orectal carcinoma) tissues.13-16 HIP/PAP has potent mitogenic,17,18 
bactericidal,19 anti-inflammatory,17,18,20-22 anti-oxidative,17,18,20-22 
and anti-apoptosis21,22 functions; thus, it plays extensive and im-
portant roles in tissue homeostasis.

In this study, we first measured the expression of HIP/PAP and 
its mouse counterpart, Reg3B, in human and mouse fibrotic lung 
tissues. Then, we investigated the effects of recombinant adenovi-
rus-mediated HIP/PAP expression on bleomycin (BLM)-induced lung 
injury, inflammation, and fibrosis in mice and explored the possible 
underlying mechanisms.

2  | MATERIAL S AND METHODS

2.1 | Ethics

This study was conducted in accordance with the ethical guide-
lines of the Helsinki Declaration for experiments involving humans 
and was approved by the Ethics Committee of the First Affiliated 
Hospital of Xi'an Jiaotong University (Xi'an, China). All animal 

experiment protocols were approved by the Institutional Animal 
Ethics Committee of Xi'an Jiaotong University.

2.2 | Human specimens

Surgically resected, paraffin-embedded human fibrotic lung tissue 
specimens (10 cases) and pathologically normal para-tumor lung tis-
sue specimens (10 cases) were obtained from the Department of 
Pathology, the First Affiliated Hospital of Xi'an Jiaotong University, 
with the approval of the Institutional Review Board. The clinical 
information of the human specimens is listed in Supplementary 
Table S1.

2.3 | Animal experiments

2.3.1 | Animals

Specific pathogen-free, 6-week-old male ICR mice, weighing 25-30 g 
were provided by the Experimental Animal Center, School of Medicine, 
Xi'an Jiaotong University. The mice were housed under pathogen-free 
conditions under a 12 hours light/dark cycle at constant temperature 
(22 ± 2°C) and humidity, with free access to water and standard labo-
ratory chow. All mice were acclimatized to the abovementioned con-
ditions for one week before initiating experiments. All efforts were 
undertaken to minimize the suffering of the mice.

2.3.2 | Verification of adenovirus transduction

Replication-incompetent adenoviruses carrying HIP/PAP (AdHIP/
PAP) and green fluorescence protein (AdGFP) were prepared as 
described previously18 using the AdEasy adenovirus vector system 
(Stratagene, La Jolla, CA, USA). Plaque assays using HEK293 cells 
were performed to determine the titers of transduced adenoviruses, 
expressed as plaque-forming units per milliliter (pfu/mL).

To verify the transduction efficiency of repeated intraperi-
toneal (i.p.) adenovirus injection, twelve mice were equally as-
signed to the AdGFP and AdHIP/PAP groups. Mice of each group 
were given an i.p. injection of AdGFP (5 × 109 pfu) or AdHIP/PAP 
(5 × 109 pfu) on day 0. Two mice from each group were randomly 
euthanized on day 7 and day 14, respectively. The remaining 
mice were injected again with AdGFP (5 × 109 pfu) or AdHIP/PAP 
(5 × 109 pfu) on day 14 and were sacrificed on day 21. Another 
two mice were set aside as controls administered an i.p. injection 
of normal saline (NS) and were euthanized on day 0. The lungs of 
euthanized mice were harvested for further examination.

Genomic DNA (gDNA) was extracted from lung tissues using a 
DNeasy Kit (Qiagen, Valencia, CA, USA). One microgram (μg) of the 
extracted gDNA was used to determine the abundance of the viral 
vector CMV promoter in lung tissues by PCR amplification.
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2.3.3 | Adenovirus-mediated HIP/PAP 
expression upon bleomycin (BLM)-induced lung 
injury and fibrosis

To observe the expression of Reg3B in mouse lung after BLM treat-
ment, thirty mice were equally divided into normal saline (NS, n = 5) 
and bleomycin (BLM, n = 25) groups. At day 0, the mice were in-
tratracheally (i.t.) instilled with BLM (50 μL, 2.4 mg/mL) or an equal 
volume of NS as described previously.23 Five mice from the BLM 

group were euthanized on days 3, 7, 14, 21, and 28, while all the mice 
in the NS group were euthanized on day 3. Mouse lungs were col-
lected for haemotoxylin and eosin (H&E) and picrosirius red staining, 
western blotting, and other experiments.

To investigate the effects of HIP/PAP on acute lung injury 
and fibrosis, eighty mice were equally assigned into four groups 
(n = 20): NS, NS + BLM, AdGFP + BLM, and AdHIP/PAP + BLM. 
Mice in the two Ad groups were i.p. administered the correspond-
ing recombinant adenovirus (AdGFP or AdHIP/PAP, 5 × 109 pfu in 

F I G U R E  1   HIP/PAP (Reg3B) expression is elevated in human and mouse fibrotic lung tissues. Immunohistochemistry showed that type II 
alveolar epithelial cells were positively stained with anti-HIP/PAP antibody in normal human lung tissues. HIP/PAP expression was drastically 
elevated in fibrotic human lung tissues, with the majority of the HIP/PAP-positive signals found in seemingly hyperplastic alveolar epithelial 
cells (A). Expression of Reg3B in mouse lung tissues was upregulated at both the mRNA (B) and protein (C) levels from day 3 post-BLM 
installation and increased steadily until day 28. Immunohistochemical staining showed that the expression patterns of Reg3B in normal and 
fibrotic mouse lung tissues are similar to those in the normal and fibrotic human lung tissues (D). Error bars indicate SD. Scale bars = 100 μm
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0.25 mL) for the first time, while mice in the other two groups were 
dosed with an equal volume of NS. Two days later (Day 0), the mice 
were i.t. instilled with NS or BLM. Ten mice in each group were 
sacrificed on day 3. The remaining mice received the second i.p. 
administration of adenoviruses or NS on day 12 (two weeks after 
the first adenovirus administration) and were sacrificed on day 28, 
when the lungs and serum were harvested for subsequent exper-
iments. The mice were weighed during BLM modeling, and their 
lung coefficient was calculated (lung coefficient = lung wet weight/
body weight × 100).

2.3.4 | HIP/PAP on SOD expression in mouse lungs

To test the effect of adenovirus-mediated HIP/PAP expression on 
SOD expression in mouse lungs, fifteen mice were equally allocated 
into normal saline (NS), AdGFP, and AdHIP/PAP groups and treated 
as described above. Seven days later, all mice were euthanized and 
their lungs were collected. See Section 2.5 for a description of the 
measurement of SOD expression.

2.4 | Bronchoalveolar lavage (BAL)

BAL was carried out on day 3 following BLM administration. 
Immediately after the mice were sacrificed, their lungs and trachea 
were extracted en bloc, and a 20G intravenous catheter was in-
serted into their trachea. One milliliter of PBS was instilled into the 
lungs and withdrawn three times via the catheter. More than 85% 
of the fluid was recovered as bronchoalveolar lavage fluid (BALF), 
which was then centrifuged at 1000 rpm for 10 minutes at 4°C. The 
supernatants were collected and stored at −80°C for protein quan-
tification and ELISA. The precipitate was washed with red blood cell 
lysis buffer (eBioscience, San Diego, CA, USA) and resuspended in 
500 µL of PBS for counting total white blood cells.

2.5 | Measurement of myeloperoxidase 
(MPO) and superoxide dismutase (SOD) activities and 
malondialdehyde (MDA) content

MDA content and MPO and SOD activities in mouse lung tissue 
and/or cell lysates were determined using commercially available 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in 
accordance with the manufacturer's protocols. The MDA content 
was expressed as nmol per milligram protein (nmol/mg prot). MPO 
activity was expressed as units per gram wet tissue (U/g). SOD ac-
tivity was expressed as units per milligram protein (U/mg prot). In 
addition, the possible SOD-like activities of HIP/PAP and Reg3B 
were tested by replacing cell lysates with various amounts (3, 6, 
and 12 ng/well) of recombinant HIP/PAP (rHIP/PAP) and recombi-
nant Reg3B (rReg3B) (both from Sino biological Inc, Beijing, China), 
respectively.

2.6 | Measurement of hydroxyproline content

Pulmonary hydroxyproline content was determined using a com-
mercially available kit (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) in accordance with the manufacturer's protocols and 
expressed as milligrams per gram tissue (mg/gram).

2.7 | Enzyme-linked immunosorbent assay (ELISA)

BALF HMGB1, TNF-α, IL-1β, and IL-6 levels were determined 
by ELISA using commercially available kits (HMGB1 ELISA kit, 
Chondrex, Redmond, WA, USA; TNF-α ELISA kit, R&D Systems, 
Minneapolis, MN, USA; IL-1β and IL-6 ELISA kits, eBioscience, San 
Diego, CA, USA) in accordance with the manufacturer's instructions.

2.8 | Cell culture and in vitro experiments

2.8.1 | Cell lines and culture

A549 (human alveolar epithelial carcinoma cells) and HLF-1 (human 
lung fibroblast cells) were purchased from the American Type 
Culture Collection (ATCC, Rockville, MD, USA), HPAEpiC (human 
pulmonary alveolar epithelial cells) and HPMVEC (human pulmo-
nary microvascular endothelial cells) was purchased from ScienCell 
Research Laboratories (ScienCell, CA, USA). A549, HPAEpiC, and 
HPMVEC were cultured in DMEM medium (Gibco, Grand Island, NY, 
USA), while HLF-1 was cultured with F-12K medium (Gibco, Grand 
Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco) 
at 37°C and 5% CO2. Three biological replicates and three technical 
replicates were set for each experiment.

2.8.2 | Cell proliferation assay

Cells were inoculated into 96-well plates at 500 cells per well and 
allowed to adhere for 24 hours. Then, the complete medium was 
replaced with DMEM or F-12K containing 2% FBS and various concen-
trations of rHIP/PAP (final concentrations of 0, 125, and 250 ng/mL), 
and cells were cultured for 72 hours. Cell viability was assessed using 
the cell counting kit-8 (CCK-8, Dojindo, Kyushu, Japan) assay at 24, 
48, and 72 hours, in accordance with the manufacturer's instructions.

2.8.3 | H2O2-induced cell injury

A newly opened bottle of H2O2 solution (10 mol/L) was diluted to 
0.1 mol/L with distilled water and added to the culture medium 
(DMEM or F-12K containing 2% FBS) to achieve the desired work-
ing concentration (0, 200, 400, and 800 μmol/L). Cells were treated 
with different concentrations of H2O2 for 12 hours and were then 
subjected to the CCK-8 assay.
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To test the protective effects of HIP/PAP against H2O2-induced in-
jury in lung alveolar epithelial cells and pulmonary microvascular endo-
thelial cells, A549, HPAEpiC, and HPMVEC inoculated into 6-well plates 
were assigned to blank control, rHIP/PAP, H2O2 and rHIP/PAP + H2O2 
groups, and treated accordingly. Cells in the rHIP/PAP and HIP/

PAP + H2O2 groups were pretreated with rHIP/PAP (125 ng/mL) for 
2 hours. Then, cells in the two H2O2 groups were challenged with H2O2 
(200 μmol/L) for 12 hours. Finally, the cells were collected, stained with 
Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) 
(Merck Millipore, Germany), and analyzed by flow cytometry.

F I G U R E  2   AdHIP/PAP alleviates BLM-induced lung injury and inflammation in mice. Mice in the AdHIP/PAP + BLM group lost less 
body weight than those in the other two BLM groups. *P < 0.05 vs the NS + BLM or AdGFP + BLM groups and P < 0.01, vs the NS group 
(A). Similarly, AdHIP/PAP significantly alleviated the increase in the mouse lung coefficient on both day 3 and day 28 after BLM installation 
(B). Adenovirus-mediated HIP/PAP expression obviously mitigated lung injury and inflammation, as indicated by H&E staining of mouse 
lungs (C), BALF protein concentration determination (D), and cell counting (E) on day 3 after BLM instillation consistently showed that the 
anti-inflammatory action of HIP/PAP is substantiated by the decreased expression of CD45 in mouse lung, as indicated by qRT-PCR and 
immunohistochemistry results (F, G). Error bars indicate SD. Scale bars = 100 μm
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2.8.4 | SOD expression

A549 and HLF-1 cells were seeded into 6-well plates at a density of 
5 × 104 cells per well and allowed to adhere for 24 hours; then, the 
medium was replaced with serum-free medium supplemented with 
rHIP/PAP (125 ng/mL). Seventy-two hours later, the cells were har-
vested, lysed with normal saline for assessing SOD activity or with 
TRIzol for assessing RNA extraction for qRT-PCR. The culture me-
dium was also used for the determination of SOD activity.

2.8.5 | Cell transformation

HLF-1, A549, HPAEpiC, and HPMVEC cells were seeded into 6-well 
plates at a density of 5 × 104 cells per well, allowed to adhere for 
24 hours, and divided into the following groups: blank control, rHIP/

PAP, rhTGF-β1, and rhTGF-β1 + rHIP/PAP. Then, the complete media 
were replaced with DMEM (for A549, HPAEpiC and HPMVEC) and 
F-12K (for HLF-1) supplemented with 2% FBS. Cells were treated 
with rHIP/PAP (125 ng/mL) and/or rhTGF-β1 (5 ng/mL) for 48 hours 
and then harvested for RNA and protein extraction. Cells grown on 
coverslips were subjected to immunofluorescence staining.

2.9 | Quantitative real-time polymerase chain 
reaction (qRT-PCR)

Total RNA was extracted from cultured cells and mouse lung 
tissues using the TRIzol reagent (Thermo, Life Technologies, 
Carlsbad, CA, USA). Reverse transcription was performed using 
the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, 
Rockford, AL, USA). The relative abundance of mRNA in each 

 Time
NS
(n = 10)

NS + BLM
(n = 10)

AdGFP + BLM
(n = 10)

AdHIP/PAP + BLM
(n = 10)

MDA (nmol/
mg prot.)

Day 3 0.65 ± 0.67 1.38 ± 0.11 1.44 ± 0.33 0.90 ± 0.19*

Day 28 0.72 ± 0.33 1.66 ± 0.46 1.58 ± 0.32 1.14 ± 0.28*

MPO (U/g) Day 3 0.41 ± 0.43 0.87 ± 0.21 0.92 ± 0.34 0.50 ± 0.15*

Day 28 0.58 ± 0.21 1.03 ± 0.27 0.97 ± 0.13 0.72 ± 0.15*

*P < 0.05 vs the NS + BLM or AdGFP + BLM group. 

TA B L E  1   AdHIP/PAP alleviates the 
increases in MDA content and MPO 
activity in mouse lung tissue after BLM 
treatment (Mean ± SD)

 
NS
(n = 10)

NS + BLM
(n = 10)

AdGFP + BLM
(n = 10)

AdHIP/PAP + BLM
(n = 10)

mRNA levels 
(relative fold 
changes)

    

TNF-α     

Day 3 1.01 ± 0.08 4.82 ± 0.36#  4.79 ± 0.38#  2.64 ± 0.33*

Day 28 1.00 ± 0.04 2.51 ± 0.31#  2.33 ± 0.39#  1.46 ± 0.23*

IL-1β     

Day 3 1.00 ± 0.03 10.40 ± 0.55#  10.22 ± 0.70#  7.25 ± 0.85*

Day 28 1.00 ± 0.04 3.36 ± 0.14#  3.49 ± 0.26#  2.51 ± 0.31*

IL-6     

Day 3 1.00 ± 0.05 10.56 ± 0.60#  10.89 ± 0.81#  8.07 ± 0.90*

Day 28 1.01 ± 0.04 2.52 ± 0.29#  2.45 ± 0.25#  1.58 ± 0.27*

IL-17A     

Day 3 1.01 ± 0.05 5.23 ± 0.25#  4.93 ± 0.44#  2.86 ± 0.41*

Day 28 1.00 ± 0.06 2.63 ± 0.27#  2.63 ± 0.31#  2.40 ± 0.26

Concentrations in 
BALF (pg/mL)

    

HMGB1 4.10 ± 0.45 7.46 ± 1.07#  7.32 ± 0.86#  5.04 ± 0.71*

TNF-α 6.46 ± 1.87 14.69 ± 1.67#  14.77 ± 1.68#  9.02 ± 1.97*

IL-1β 64.19 ± 1.90 82.04 ± 3.33#  82.05 ± 4.0#  69.68 ± 2.55*

IL-6 75.93 ± 1.25 89.32 ± 7.19#  89.77 ± 6.48#  79.87 ± 3.75*

#P < 0.01 vs the NS group, and 
*P < 0.01 vs the NS + BLM or AdGFP + BLM group. 

TA B L E  2   AdHIP/PAP abates the BLM-
induced upregulation of pro-inflammatory 
factors in mouse lungs



6810  |     ZHENG Et al.

sample was determined by qRT-PCR using the SYBR Premix Ex 
Taq™II kit (TaKaRa, Dalian, China) and specific primers (designed 
and synthesized by TaKaRa, listed in Supplementary Table S2) 

on an iQTM Multicolor Real-time PCR Detection System (Bio-
Rad, Hercules, CA, USA). Data were analyzed using the ΔΔCT 
method and β-actin served as the internal control. The results are 

F I G U R E  3   HIP/PAP increases SOD expression and activity in mouse lung tissue as well as cultured A549 and HLF-1 cells. AdHIP/PAP 
alleviated the BLM-induced decrease in SOD activity in mouse lung tissue (A). Moreover, AdHIP/PAP markedly increased SOD (Cu-Zn 
SOD, Mn-SOD and EC-SOD) mRNA expression (B), resulting in an elevation of total SOD activity in otherwise normal mouse lung tissue (C). 
Likewise, rHIP/PAP (125 ng/mL) elevated Cu-Zn SOD and Mn-SOD mRNA expression in A549 (D) and HLF-1 (E) cells, as well as total SOD 
activity in the cell lysates and culture medium (F, G). Error bars indicate SD
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presented as mean ± SD of triplicate reactions from three separate 
experiments.

2.10 | Western blotting

Total protein was extracted from lung tissues or collected cells, frac-
tionated using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and transferred onto polyvinylidene fluoride 
(PVDF) membranes (Bio-Rad, Hercules, CA, USA). The primary anti-
bodies used were mouse anti-β-actin mAb (Sigma-Aldrich, St. Louis, 
MO, USA), mouse anti-HIP/PAP pAb (a self-prepared polyclonal anti-
body reacts with HIP/PAP, Reg3B and PAPI, as described previously18), 
mouse anti-GFP pAb (self-prepared), mouse anti-SMA mAb (Thermo, 
Lab Vision, Fremont, CA, USA), mouse anti-TGF-β1 mAb (Abcam, 
Cambridge, UK), rabbit anti-phospho-Smad2 pAb (Ser465/467)/

Smad3 (Ser423/425) (Cell Signaling Technology, Danvers, MA, USA), 
and rabbit anti-Smad2/3 (Cell Signaling Technology).

2.11 | Histological staining, 
immunohistochemistry, and immunofluorescence

Formalin-fixed, paraffin-embedded mouse lung tissues were sub-
jected to H&E and picro-sirius red staining to assess pulmonary 
architectural alterations and collagen deposition. Lung fibrosis was 
graded in a blinded fashion using previously established criteria.24

Immunohistochemistry was carried out using the streptavidin/
peroxidase reagent kit (Zymed, San Francisco, CA, USA) in accor-
dance with the manufacturer's protocol. Mouse anti-α-SMA mAb 
(Thermo, Lab Vision, Fremont, CA, USA), mouse anti-HIP/PAP pAb 
(self-prepared), and mouse anti-CD45 mAb (eBioscience, San Diego, 

F I G U R E  4   AdHIP/PAP alleviates BLM-induced lung fibrosis in mice. The AdHIP/PAP-mediated expression of HIP/PAP significantly 
attenuated BLM-induced lung fibrogenesis in mice, as indicated by the decreased Col1A2 (A) and Col3A1 (B) mRNA expression, lower 
pulmonary hydroxyproline content (C), milder lung structure destruction, less picro-sirius red-positive collagen deposition (D) and, 
eventually, lower Ashcroft fibrosis score (E) compared with those of the NS + BLM and AdGFP + BLM groups. Moreover, overexpression 
of HIP/PAP lessened the BLM-induced increases in pulmonary TGF-β1; PDGF-A, -B, and -C; CTGF; and PAI-1 mRNA expression on both 
day 3 (F) and day 28 (G). #P < 0.05 vs the NS group, and *P < 0.05 vs the NS + BLM or AdGFP + BLM groups. Error bars indicate SD. Scale 
bars = 100 μm
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CA, USA) were used as the primary antibodies. Secondary antibody 
alone was used for the control to exclude nonspecific immunostain-
ing. Computer-assisted semi-quantitative analysis using Image-ProPlus 
version 4.5 (Media Cybernetics, Silver Spring, MD) was carried out to 
measure the integrated optical density (IOD) of HIP/PAP- or Reg3B-
positive staining. HIP/PAP or Reg3B immunostaining was expressed as 
an average of the IOD/the total area (excluding empty alveolar cavities 
and other lumens) from 5 × 200 fields in each immunostained section.

For immunofluorescence staining, cells on the coverslips were fixed 
in 4% paraformaldehyde for 20 minutes, washed with PBS and perme-
abilized with 0.1% (v/v) Triton X-100 for 10 minutes at room tempera-
ture, followed by blocking with 10% (v/v) normal goat serum in PBS for 
1 hour. Then, the cells were incubated with mouse anti-α-SMA mAb 
(Thermo, Lab Vision, Fremont, CA, USA), rabbit anti-E-cadherin mAb 
(Abcam, Cambridge, MA, USA), rabbit anti-vE-cadherin mAb (Abcam), 
and mouse anti-vimentin mAb (Abcam) at 4°C overnight. After wash-
ing, the slides were incubated with FITC- or TRITC-conjugated sec-
ondary antibodies (Thermo, Lab Vision, Fremont, CA, USA). The nuclei 
were stained with PI (Sigma-Aldrich, St. Louis, MO, USA) or 4’, 6-di-
amidino-2-phenylindole (DAPI, Roche, Basel, Switzerland).

2.12 | Statistical analysis

Statistical analyses were performed using GraphPad Prism software 
version 6 (GraphPad Software Inc, La Jolla, CA, USA). The data are 

presented as mean ± standard deviation (SD). Differences among groups 
were analyzed using one-way analysis of variance (ANOVA), followed by 
Tukey's post-hoc test. P < 0.05 was considered statistically significant.

3  | RESULTS

3.1 | HIP/PAP (Reg3B) expression was elevated in 
human and mouse fibrotic lung tissues

Immunohistochemical staining showed that in normal human lung tis-
sues, only a few type II alveolar epithelial cells were positively stained 
with the anti-HIP/PAP antibody. Contrarily, in fibrotic human lung tis-
sues, a marked increase in HIP/PAP-positive cell numbers, the majority 
of which were seemingly hyperplastic alveolar epithelial cells, led to a 
significant increase in the average IOD compared with that in normal 
tissues (Figure 1A). In BLM-treated mice, qRT-PCR and western blotting 
consistently demonstrated that the lung expression of Reg3B was mark-
edly elevated starting from day 7 after BLM treatment and increased 
thereafter (Figure 1B,C). The increased Reg3B expression in fibrotic 
mouse lung tissue was also confirmed by immunohistochemistry, which 
showed that type II alveolar epithelial cells were weakly or moderately 
immunostained with the anti-HIP/PAP antibody in normal mouse lung 
tissues, while numerous hyperplastic epithelial cells were strongly im-
munostained with the anti-HIP/PAP antibody in fibrotic mouse lung tis-
sues (Figure 1D). In addition, we tested the effect of TGF-β1, the pivotal 

F I G U R E  5   AdHIP/PAP inhibits BLM-induced MFB activation in the mouse lung. AdHIP/PAP markedly alleviated the BLM-induced excess 
expression of α-SMA in the mouse lung tissue, as revealed by qRT-PCR (A), western blotting (B) and immunohistochemistry (C), compared 
with those in the other two BLM groups (A-C), indicating that HIP/PAP suppresses BLM-induced MFB activation in mice. Error bars indicate 
SD. Scale bars = 100 μm
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pro-fibrotic cytokine, on the expression of HIP/PAP in A549 and HLF-1 
cells. TGF-β1 (5 ng/mL) suppressed HIP/PAP expression at the mRNA 
level, while HIP/PAP (125 ng/mL) alleviated the TGF-β1-induced de-
crease in HIP/PAP expression in both cell lines (Figure S1).

3.2 | Intraperitoneal (i.p.) administration of 
adenovirus efficiently transduced mouse lung tissue

To verify the transduction of recombinant adenoviruses in mouse 
lungs, the CMV-IE sequence was detected using PCR. The CMV-IE 
sequence was found to be amplified in the lung tissues of AdGFP and 
AdHIP/PAP mice (Figure S2A). Moreover, western blotting showed 
that expression levels of HIP/PAP and GFP following the second injec-
tion of the recombinant adenoviruses were comparable to those ob-
served following the first injection (Figure S2B). These results clearly 
indicated that realizing prolonged ectopic expression by repeated 
i.p. injection of recombinant adenoviruses was feasible. In addition, 

histological examination, BALF protein concentration determination 
and cell counting, and lung tissue MPO activity measurement did not 
reveal any obvious lung injury after either the first or the second ad-
ministration of the recombinant adenoviruses (data not shown).

3.3 | HIP/PAP protected mice from BLM-induced 
lung injury and inflammation

The body weights of mice continuously decreased and their lung 
coefficient was markedly increased after BLM treatment; AdHIP/
PAP significantly attenuated these changes (Figure 2A,B). In 
agreement with previous reports,17,18,21,22 HIP/PAP exhibited anti-
oxidative potency, as indicated by lower tissue MDA content in 
the AdHIP/PAP group than that in the NS + BLM or AdGFP + BLM 
groups, both on day 3 and day 28 (Table 1). Three days after 
BLM instillation, histological examination revealed extensive 
lung injury and inflammation characterized by interstitial edema, 

 Blank rHIP/PAP rhTGF-β1
rhTGF-β1 + rHIP/
PAP

HFL-1     

TGF-β1 1.01 ± 0.05 0.95 ± 0.08 3.01 ± 0.31#  1.83 ± 0.12*

CTGF 1.11 ± 0.10 1.09 ± 0.18 4.78 ± 0.13#  1.27 ± 0.08*

PDGF-A 1.01 ± 0.03 1.01 ± 0.05 3.58 ± 0.53#  2.16 ± 0.29*

PDGF-B 1.02 ± 0.03 0.97 ± 0.15 2.06 ± 0.20#  1.52 ± 0.14*

PDGF-C 1.01 ± 0.05 0.93 ± 0.09 2.50 ± 0.08#  1.50 ± 0.14*

PAI-1 1.01 ± 0.04 0.86 ± 0.15 7.31 ± 0.52#  3.72 ± 0.27*

A549     

TGF-β1 1.00 ± 0.09 1.07 ± 0.10 2.37 ± 0.31#  1.56 ± 0.18*

CTGF 1.02 ± 0.03 1.11 ± 0.18 7.86 ± 0.18#  4.23 ± 0.25*

PDGF-A 1.01 ± 0.06 0.96 ± 0.34 9.31 ± 1.17#  2.23 ± 0.29*

PDGF-B 1.00 ± 0.04 1.16 ± 0.27 6.53 ± 0.78#  3.60 ± 0.51*

PDGF-C 1.02 ± 0.06 1.11 ± 0.13 4.21 ± 0.22#  2.58 ± 0.16*

PAI-1 1.02 ± 0.04 1.12 ± 0.16 11.05 ± 0.77#  6.69 ± 0.49*

HPMVEC     

TGF-β1 1.02 ± 0.02 0.58 ± 0.12 0.62 ± 0.18 0.67 ± 0.15

CTGF 1.01 ± 0.04 1.13 ± 0.09 3.21 ± 0.31#  1.79 ± 0.19*

PDGF-B 1.01 ± 0.02 0.97 ± 0.06 1.33 ± 0.08#  0.81 ± 0.12*

PDGF-C 1.03 ± 0.07 0.98 ± 0.05 1.12 ± 0.08 1.09 ± 0.18

PAI-1 1.04 ± 0.06 1.09 ± 0.12 3.42 ± 0.17#  3.02 ± 0.18

#P < 0.01 vs the blank or rHIP/PAP groups, and 
*P < 0.01 vs the rhTGF-β1 group. 

TA B L E  3   HIP/PAP antagonizes the 
TGF-β1-induced expression of pro-fibrotic 
factors in HLF-1 and A549 cells and 
HPMVEC (relative mRNA levels)

F I G U R E  6    HIP/PAP suppresses proliferation and TGF-β1-induced activation in HLF-1 cells. rHIP/PAP suppressed HLF-1 cell growth in a 
concentration-dependent manner. *P < 0.05 vs the blank control, #P < 0.05 vs 125 ng/mL rHIP/PAP (A). The cell viability assay showed that 
only when the concentration of H2O2 reached as high as 800 μM, could HLF-1 viability be significantly affected, indicating that HLF-1 cells 
are innately resistant to H2O2-mediated oxidative injury (B). rHIP/PAP did not affect the basal expression of α-SMA, vimentin, E-cadherin, 
Col1A2, and Col3A1, but markedly attenuated the rhTGF-β1-induced upregulation of α-SMA, vimentin, Col1A2, and Col3A1, as well as the 
downregulation of E-cadherin in HLF-1 cells. #P < 0.01, vs the blank or rHIP/PAP group, *P < 0.05 vs the rhTGF-β1 group (C, D). Western 
blotting showed that rHIP/PAP abolished the rhTGF-β1-induced Smad2/3 phosphorylation in HLF-1 cells, which further validated the 
antagonizing effect of rHIP/PAP on rhTGF-β1 (E). Error bars indicate SD. Scale bars = 50 μm
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leakage of fluid and plasma proteins into the alveolus, infiltration 
of inflammatory cells, and formation of hyaline membranes, and 
AdHIP/PAP markedly alleviated these changes in the mouse lung 
(Figure 2C). Accordingly, BLM-induced increases in BALF protein 
content (Figure 2D) and total cell number (Figure 2E) were signifi-
cantly attenuated by AdHIP/PAP.

While tissue MPO activity, an indicator of oxidative injury as well 
as neutrophil infiltration, was elevated by BLM treatment, this in-
crease was also ameliorated by HIP/PAP (Table 1). To further validate 
the anti-inflammatory function of HIP/PAP in BLM-treated mice, 
amounts of CD45, a leukocyte marker, were measured using qRT-
PCR and immunohistochemistry. The results consistently revealed 
that ectopic HIP/PAP significantly alleviated the BLM-induced in-
crease in CD45 expression during the acute phase (Figure 2F,G). 
Moreover, pre-treatment with AdHIP/PAP significantly mitigated 
the increase in the tissue mRNA expression and/or BALF level of in-
flammatory mediators, such as TNF-α, IL-1β, IL-6, IL-17, and HMGB1, 
in fibrotic mouse lungs (Table 2).

Lieu et al proposed that HIP/PAP might exhibit superoxide dis-
mutase-like and glutathione reductase-like activities.17 In our study, 
however, HIP/PAP did not exhibit any in vitro SOD-like activity in a 
nitro-blue tetrazolium (NBT) assay (data not shown). We found that 
the total SOD activity in mouse lung tissue was markedly decreased 
by BLM treatment and that this decrease was significantly alleviated 
by AdHIP/PAP administration (Figure 3A). In addition, both SOD 
(Cu-Zn SOD, Mn-SOD and EC-SOD) mRNA expression and SOD 
activity in lung tissue were significantly elevated by AdHIP/PAP in 
otherwise normal mice (Figure 3B,C). Moreover, rHIP/PAP upregu-
lated Cu-Zn SOD and Mn-SOD mRNA expression in both A549 and 
HLF-1 cells (Figure 3D,E) and increased total SOD activities in their 
cell lysates and culture medium (Figure 3F,G). These results clearly 
indicated that HIP/PAP exerts its anti-oxidative action, at least par-
tially, through the promotion of SOD expression.

3.4 | HIP/PAP attenuated BLM-induced lung 
fibrosis in mice

Pulmonary fibrogenesis started as early as three days after BLM 
instillation, as indicated by the markedly increased pulmonary ex-
pression of Col1A2 and Col3A1 (Figure 4A,B). Twenty-eight days 
after BLM treatment, the pulmonary hydroxyproline content was 
markedly increased (Figure 4C). H&E and picro-sirius red staining 
followed by histological examination showed that normal lung archi-
tecture disappeared, lots of spindle-shaped fibrotic cells clumped 
together, and bulky collagen fibers accumulated (Figure 4D), leading 

to a significantly increased fibrosis score (Figure 4E). Similar to the 
expression of Col1A2 and Col3A1, pulmonary TGF-β1, platelet-
derive growth factor (PDGF)-A, -B, -C, connective growth factor 
(CTGF) and plasminogen activator inhibitor (PAI)-1 levels were 
markedly increased starting from day 3 (Figure 4F) following BLM 
treatment and were sustained until day 28 (Figure 4G). All the above 
fibrotic changes were significantly alleviated by AdHIP/PAP, while 
AdGFP showed no significant effect (Figure 4A-G).

The expression level of α-SMA, a marker for MFBs, in the AdHIP/
PAP + BLM group was significantly lower than that in the other two 
BLM groups on both day 3 and day 28 (Figure 5A). The expression 
profile of α-SMA on day 28 was also verified by western blotting 
(Figure 5B) and immunohistochemistry (Figure 5C).

3.5 | HIP/PAP suppressed the proliferation and 
attenuated the TGF-β1-induced activation of HLF-
1 cells

The CCK-8 assay showed that rHIP/PAP significantly inhibited 
the growth of HLF-1 cells (Figure 6A). HLF-1 cells presented dis-
tinct resistance to H2O2 injury. The viability of HLF-1 cells was not 
significantly decreased until the H2O2 concentration was raised 
to 800 μmol/L (Figure 6B). qRT-PCR revealed that rHIP/PAP did 
not significantly affect basal expression of α-SMA, vimentin, and 
E-cadherin, but markedly attenuated the rhTGF-β1-induced el-
evation of α-SMA and vimentin and decreased expression of 
E-cadherin in HLF-1 cells (Figure 6C). The regulatory effect of 
rHIP/PAP on α-SMA expression in HLF-1 cells was further con-
firmed by immunofluorescence (Figure 6D). Similar results were 
also observed for Col1A2, Col3A1, CTGF, PDGF-B, and TGF-β1 ex-
pression in HLF-1 cells (Figure 6C, Table 3). These results indicated 
that HIP/PAP exerted its functions, at least partly, by antagonizing 
TGF-β1. Western blotting showed that rHIP/PAP remarkably miti-
gated rhTGF-β1-induced phosphorylation of Smad 2/3 but did not 
affect the basal levels of pSmad2/3 in HLF-1 cells, confirming the 
antagonizing effect of HIP/PAP on TGF-β1 (Figure 6E).

3.6 | HIP/PAP promoted the proliferation of 
alveolar epithelial cells, protected them from H2O2-
induced apoptosis, and suppressed their TGF-β1-
induced epithelial-mesenchymal transition (EMT)

The effects of HIP/PAP on proliferation, H2O2-induced apoptosis, 
and TGF-β1-induced EMT were tested in A549 and HPAEpiC. The 

F I G U R E  7   HIP/PAP promotes proliferation, alleviates H2O2-induced apoptosis, and antagonizes TGF-β1-induced EMT in A549 cells. 
rHIP/PAP accelerated A549 cell growth. *P < 0.05 vs the blank control (A). H2O2 treatment suppressed A549 cell viability in a concentration-
dependent manner over the range of 0 - 400 μmol/L (B). Flow cytometry analysis showed that rHIP/PAP (125 ng/mL) alleviated H2O2 
(200 μmol/L)-induced apoptosis in A549 cells. #P < 0.01, vs the blank or rHIP/PAP group, *P < 0.05 vs the H2O2 group (C). qRT-PCR (D) and 
immunofluorescence (E) demonstrated that rHIP/PAP markedly abolished the rhTGF-β1-induced upregulation of α-SMA, vimentin, Col1A2, 
and Col3A1 and the downregulation of E-cadherin in A549 cells, while not affecting the basal expression of these molecules. #P < 0.01, vs 
the blank or rHIP/PAP group, *P < 0.05 vs the rhTGF-β1 group. Error bars indicate SD. Scale bars = 50 μm
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CCK-8 assay showed that rHIP/PAP significantly promoted the 
growth of A549 cells (Figure 7A). The H2O2 challenge markedly 
decreased the viability of A549 cells in a concentration-depend-
ent manner (Figure 7B), and rHIP/PAP markedly protected A549 
cells from H2O2-induced apoptosis (Figure 7C). qRT-PCR showed 
that although rHIP/PAP did not affect the basal expression levels 
of E-cadherin, vimentin, α-SMA, Col1A2, and Col3A1, it markedly 
opposed the rhTGF-β1-induced upregulation of vimentin, α-SMA, 
Col1A2, and Col3A1, as well as the rhTGF-β1-induced downregula-
tion of E-cadherin expression in A549 cells (Figure 7D). The op-
posing effect of rHIP/PAP on rhTGF-β1-induced EMT was further 
verified by immunofluorescence (Figure 7E). In addition, rHIP/PAP 
mitigated the rhTGF-β1-induced, but not the basal, expression 
of TGF-β1, CTGF, PDGF-B and -C, and PAI-1 at the mRNA level 
(Table 3).

Moreover, rHIP/PAP exerted similar actions in HPAEpiC cells as 
in A549 cells, namely the acceleration of cell proliferation, the pro-
tection of cells from H2O2-induced apoptosis, the inhibition of the 
rhTGF-β1-induced phenotype changes, and the inhibition of pro-fi-
brotic cytokine expression (Figure S3).

3.7 | HIP/PAP conferred accelerated proliferation, 
tolerance to H2O2-induced apoptosis, and resistance 
to TGF-β1-induced endothelial-mesenchymal 
transition (EndoMT) on human pulmonary 
microvascular endothelial cells

Pulmonary microvascular injury and EndoMT significantly con-
tribute to PF. The CCK-8 assay showed that rHIP/PAP accelerated 
HPMVEC growth (Figure 8A) and that HPMVEC were sensitive 
to H2O2-induced oxidative injury (Figure 8B). Flow cytometry 
demonstrated that 200 nmol/L H2O2 induced significant apopto-
sis in HPMVEC, while 125 ng/mL rHIP/PAP significantly rescued 
HPMVEC from H2O2-induced apoptosis (Figure 8C). Importantly, 
rHIP/PAP alleviated the rhTGF-β1-induced the upregulation of 
mesenchymal markers (vimentin and α-SMA) and collagen synthe-
sis and the downregulation of vE-cadherin, a marker for microvas-
cular endothelium, in HPMVEC (Figure 8D,E). In addition, rHIP/
PAP abolished the TGF-β1-induced overexpression of CTGF and 
PDGF-B in HPMVEC cells (Table 3). These results clearly indicated 
that HIP/PAP confers resistance to oxidative injury and TGF-β1-
induced EndoMT in HPMVEC.

4  | DISCUSSION

The present study demonstrated that HIP/PAP alleviated BLM-
induced lung injury, inflammation, and subsequent fibrosis in mice, 
suggesting a protective role of HIP/PAP in the pathogenesis of PF. 
Moreover, our data indicated that the protective effect of HIP/PAP 
may involve attenuating oxidative injury, promoting the regenera-
tion of alveolar epithelial cells, and antagonizing the pro-fibrotic ac-
tions of the TGF-β1/Smad signaling pathway.

The lung is susceptible to high oxygen tension. Exogenous ox-
idants and pollutants can increase oxidant production in the lung. 
Under inflammation conditions, infiltrated and activated inflam-
matory cells, such as neutrophils, monocytes/macrophages, and 
eosinophils, can generate reactive oxygen species (ROS) via mul-
tiple enzymes/reaction pathways, including nicotinamide adenine 
dinucleotide phosphate oxidases, eosinophil peroxidase, and es-
pecially MPO.25,26 MPO catalyzes the formation of potent cyto-
toxic oxidants, and the reaction of MPO with H2O2 can lead to 
the formation of peroxynitrite.27 Under normal physiological con-
ditions, tissue has a complex and effective anti-oxidant system to 
protect it from oxidative damage. Reduced glutathione (GSH, L-γ-
glutamyl-L-cysteinyl-glycine) is the most abundant non-protein 
thiol in mammalian cells and acts as a reducing agent and a major 
antioxidant within cells by maintaining tight control of the redox 
status.28,29 SOD decomposes superoxide radicals to H2O2. EC-
SOD, one kind of SOD isoform, is highly expressed in the lung and 
exerts its anti-fibrotic effects, in part by preventing oxidative deg-
radation of the extracellular matrix (ECM) and the release of ECM 
degradation products that can augment fibrosis. Overwhelming 
oxidative stress causes an oxidant-antioxidant imbalance, results 
in widespread tissue destruction, and critically contributes to the 
development of PF.25-30 Increased levels of BALF MPO26,30 and 
oxidized protein31 were observed in idiopathic pulmonary fibrosis 
(IPF) patients, indicating that fibrotic lungs are under an increased 
oxidant stress. Moreover, BALF anti-oxidants, such as SOD and 
glutathione S-transferase P (GSTP), are downregulated in systemic 
sclerosis with PF compared with systemic sclerosis without PF.31 
IPF patients exhibit glutathione deficiency in the epithelial lining 
fluid of the lower respiratory tract.26,30 Increased oxidants were 
associated with epithelial injury in PF,28,29 while reduced protein 
oxidation by ectopic glutaredoxin expression attenuated TGF-β1 
or BLM-induced PF in mice.32 An interesting finding in our present 
study was that lung fibroblasts exhibited much stronger tolerance 

F I G U R E  8   HIP/PAP accelerates proliferation, alleviates H2O2-induced apoptosis, and inhibits TGF-β1-induced EndoMT in HPMVEC. 
rHIP/PAP at 125 and 250 ng/mL promoted HPMVEC growth to similar extents. *P < 0.05 vs the blank control (A). H2O2 treatment 
suppressed HPMVEC viability in a concentration-dependent manner over the range of 0 - 400 μM (B). Flow cytometry analysis revealed that 
rHIP/PAP (125 ng/mL) protects HPMVEC from H2O2-induced (200 μM) apoptosis. *P < 0.01 vs the blank or rHIP/PAP group, #P < 0.05 vs the 
H2O2 group (C). rhTGF-β1 (5 ng/mL) increased α-SMA, vimentin, Col1A2, and Col3A1 expression and decreased vE-cadherin expression in 
HPMVEC, while rHIP/PAP (125 ng/mL) markedly attenuated these alterations without affecting their basal expression (D, E). This suggests 
an antagonizing effect of HIP/PAP on the TGF-β1-induced EndoMT. #P < 0.01 vs the blank or rHIP/PAP group, *P < 0.05 vs the rhTGF-β1 
group. Error bars indicate SD. Scale bars = 50 μm
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to H2O2-induced apoptosis compared to alveolar epithelial cells, 
suggesting that lung fibroblasts might better survive oxidative 
stress and subsequently transform into extracellular matrix pro-
ducing MFBs. In contrast, alveolar epithelial cells and pulmonary 
endothelial cells were much more susceptible to oxidative injury 
than pulmonary fibroblasts, implying that alveolar epithelial cells 
and pulmonary endothelial cells undergo more severe injury under 
the same level of oxidative stress. Alveolar epithelial injury leads 
to the impairment of air exchange function and, more importantly, 
the release of damage-associated molecular patterns (DAMPs), 
such as HMGB1, ATP, mitochondrial DAMPs, and DNA, which can 
further initiate and sustain inflammation and fibrosis.33 Pulmonary 
microvascular injury and endothelial cell necrosis are present and 
proposed to be involved in IPF.34,35

In the present study, we observed that HIP/PAP significantly 
attenuated BLM-induced elevation of mouse pulmonary MPO 
activity and MDA content in vivo and protected alveolar epithe-
lia and pulmonary microvascular endothelia from H2O2-induced 
apoptosis in vitro, indicating an anti-oxidative effect of HIP/PAP. 
Although the anti-oxidative effect of HIP/PAP has been shown in 
previous studies,17,18,20-22 the underlying mechanism(s) has not 
been elucidated. A previous study showed that recombinant HIP/
PAP is able to scavenge superoxide and hydroxyl free radicals in 
vitro;22 however, considering the amount, the extent to which this 
mechanism can contribute to the anti-oxidative efficiency of HIP/
PAP is questionable. Besides, Lieu et al17 and Moniaux et al22 have 
proposed that HIP/PAP might exhibit a superoxide dismutase-like 
or glutathione reductase-like activity, which could explain its pro-
tective effect against reactive oxygen species-induced mitochon-
drial damages, subsequent cytochrome c release, and caspase-3 
activation induced by acetyl-para-aminophenol (APAP) overdose. 
However, our study did not show HIP/PAP (or Reg3B) to possess 
any SOD-like activity. An interesting finding of our study was 
that HIP/PAP (and Reg3B) directly increased SOD expression 
in mouse lung tissue and cultured A549 and HLF-1 cells, which 
might explain, to a large extent, how HIP/PAP (and Reg3B) exerted 
its anti-oxidative effect on tissues and cells. Still, other possible 
mechanisms by which HIP/PAP exerted anti-oxidative function 
cannot be excluded.

Although debates exist, inflammation is believed to contribute 
to the pathological progress of lung fibrosis, especially during the 
initial period.36 Infiltration of leukocytes into the lung leads to ep-
ithelial and endothelial cell dysfunction and tissue damage, which 
trigger fibrogenic processes, resulting in the deposition of matrix 
and lung structure remodeling.36 Moreover, infiltrated leukocytes 
and damaged tissue cells can release pro-inflammatory cytokines, 
such as IL-1β,37,38 TNF-α,8-10 IL-6,39 IL-17A,40 and HMGB1,33,41 
which also exert fibrogenic effects. Similarly, our present study 
demonstrated that HIP/PAP alleviated BLM-induced lung in-
flammation as well as the production of pro-fibrotic cytokines, 
suggesting that its anti-inflammatory potency contributed to its 
anti-fibrotic effect.

Besides protecting lungs from oxidative injury, our study 
demonstrated that HIP/PAP promotes the proliferation of alveolar 
epithelial cells and pulmonary microvascular endothelial cells. The 
mitogenic effect of HIP/PAP has been well identified in several 
tissues and cells.17,18 The proliferation-promoting effect of HIP/
PAP might facilitate the repair of damaged alveoles and the pul-
monary microvascular system to avoid aberrant repair leading to 
fibrosis. Contrary to its promoting effect on the proliferation of 
alveolar epithelial cells and pulmonary microvascular endothelial 
cells, HIP/PAP suppressed the growth of pulmonary fibroblasts, 
which should inhibit the accumulation of MFBs and further allevi-
ate fibrogenesis.

In addition to the abovementioned findings, our in vivo and in 
vitro experiments demonstrated that HIP/PAP suppresses fibro-
blast activation, the EMT of alveolar epithelia, and the EndoMT 
of pulmonary endothelia by antagonizing TGF-β1 signaling. MFBs 
are the major ECM-producing cells in fibrotic lung tissue and are 
mainly derived from the activation/proliferation of resident lung 
fibroblasts, the EMT of alveolar and bronchiole epithelial cells, the 
EndoMT of microvascular endothelial cells, and the recruitment 
of circulating fibroblastic stem cells (fibrocytes).35,42-44 TGF-β1 
has been verified as a pivotal pro-fibrotic cytokine in that it can 
directly activate fibroblasts, induce EMT and EndoMT, promote 
ECM synthesis, inhibit ECM degradation and augment fibrosis by 
upregulating itself and other pro-fibrotic factors, such as PDGF-A 
and -B and CTGF.45 In the present study, we found that HIP/PAP 
attenuated BLM-induced MFB formation and overexpression of 
TGF-β1; CTGF; PDGF-A, -B, and -C; and PAI-1 in mouse lungs. 
rHIP/PAP suppressed the TGF-β1-induced activation of lung fi-
broblasts, EMT of alveolar epithelial cells, and EndoMT of pul-
monary microvascular endothelial cells, as well as reduced the 
TGF-β1-induced upregulation of TGF-β1; CTGF; PDGF-A, -B, 
and -C; and PAI-1 in these cells. These results demonstrated that 
abolishing the pro-fibrotic effects of TGF-β1 is one of the criti-
cal mechanisms through which HIP/PAP alleviated BLM-induced 
PF. Moreover, the TGF-β1-antagonizing effect of HIP/PAP was 
also verified in our recent study on CCl4-induced mouse liver 
fibrosis.46

In summary, we found here, that the increased pulmonary pro-
duction of HIP/PAP presents an adaptive/compensatory reaction for 
lung fibrosis. Pulmonary overexpression of HIP/PAP mediated by re-
combinant adenovirus efficiently ameliorated BLM-induced murine 
lung injury and fibrosis via multiple activities, suggesting a protec-
tive role of HIP/PAP in PF.

ACKNOWLEDG EMENT
We thank Honghong Li, Department of Pathology, the First Affiliated 
Hospital of Xi'an Jiaotong University, for his kind assistance in the 
preparation of tissue sections.

CONFLIC T OF INTERE S T
The authors confirm that they have no conflicts of interest.



6820  |     ZHENG Et al.

AUTHORS'  CONTRIBUTIONS
HZ and ZX conceived and designed the research; ZX, TH, LQ and 
WY carried out experiments; LY prepared the adenoviruses; HY, ZX 
and LH analysed the data; ZX and LQ drafted the manuscript; HZ, 
HY and HL revised the manuscript; all authors approved the final 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
The data that supports the findings of this study are available in the 
supplementary material of this article.

ORCID
Zhiming Hao  https://orcid.org/0000-0003-4046-5921 

R E FE R E N C E S
 1. Meyer KC. Pulmonary fibrosis, part I: epidemiology, pathogenesis, 

and diagnosis. Expert Rev Respir Med. 2017;11:343-359.
 2. Pociask DA, Sime PJ, Brody AR. Asbestos-derived reactive oxygen 

species activate TGF-beta1. Lab Invest. 2004;84:1013-1023.
 3. Sullivan DE, Ferris M, Pociask D, et al. The latent form of TGFbeta(1) 

is induced by TNFalpha through an ERK specific pathway and is ac-
tivated by asbestos-derived reactive oxygen species in vitro and in 
vivo. J Immunotoxicol. 2008;5:145-149.

 4. Song X, Wang B, Lin S, et al. Astaxanthin inhibits apoptosis in 
alveolar epithelial cells type II in vivo and in vitro through the 
ROS-dependent mitochondrial signaling pathway. J Cell Mol Med. 
2014;18:2198-2212.

 5. Song C, He L, Zhang J, et al. Fluorofenidone attenuates pulmonary 
inflammation and fibrosis via inhibiting the activation of NALP3 in-
flammasome and IL-1β/IL-1R1/MyD88/NF-κB pathway. J Cell Mol 
Med. 2016;20:2064-2077.

 6. He N, Bai S, Huang Y. Evaluation of Glutathione S-Transferase in-
hibition effects on idiopathic pulmonary fibrosis therapy with a 
near-infrared fluorescent probe in cell and mice models. Anal Chem. 
2019;91:5424-5432.

 7. Shi L, Dong N, Fang X, et al. Regulatory mechanisms of TGF-β1-
induced fibrogenesis of human alveolar epithelial cells. J Cell Mol 
Med. 2016;20(11):2183-2193.

 8. Ortiz LA, Lasky J, Lungarella G, et al. Upregulation of the p75 but 
not the p55 TNF-α receptor mRNA after silica and bleomycin expo-
sure and protection from lung injury in double receptor knockout 
mice. Am J Respir Cell Mol Biol. 1999;20:825-833.

 9. Sullivan DE, Ferris M, Pociask D, et al. Tumor necrosis factor-alpha 
induces transforming growth factor-beta1 expression in lung fibro-
blasts through the extracellular signal-regulated kinase pathway. 
Am J Respir Cell Mol Biol. 2005;32:342-349.

 10. Sullivan DE, Ferris MB, Nguyen H, et al. TNF-a induces TGF-b1 
expression in lung fibroblasts at the transcriptional level via AP-1 
activation. J Cell Mol Med. 2009;13:1866-1874.

 11. Ponticos M, Holmes AM, Shi-wen X, et al. Pivotal role of connective 
tissue growth factor in lung fibrosis: MAPK-dependent transcriptional 
activation of type I collagen. Arthritis Rheum. 2009;60(7):2142-2155.

 12. Meyer KC. Pulmonary fibrosis, part II: state-of-the-art patient man-
agement. Expert Rev Respir Med. 2017;11:361-376.

 13. Lasserre C, Colnol C, Brechot C, et al. HIP/PAP Gene, encoding a 
C-type lectin overexpressed in primary liver cancer, is expressed in 
nervous system as well as in intestineand pancreas of the postim-
plantation mouse embryo. Am J Pathol. 1999;154:1601-1610.

 14. Nata K, Liu Y, Xu L, et al. Molecular cloning, expression and chromo-
somal localization of a novel human REG family gene, REG III. Gene. 
2004;340:161-170.

 15. Gironella M, Folch-Puy E, LeGoffic A, et al. Experimental acute pan-
creatitis in PAP/HIP knock-out mice. Gut. 2007;56:1091-1097.

 16. Spencer JD, Jackson AR, Li B, et al. Expression and significance of 
the HIP/PAP and RegIIIγ antimicrobial peptides during mammalian 
urinary tract infection. PLoS ONE. 2015;10:e0144024.

 17. Lieu HT, Batteux F, Simon MT, et al. HIP/PAP accelerates liver re-
generation and protects against acetaminophen injury in mice. 
Hepatology. 2005;42:618-626.

 18. Lv Y, Yang X, Huo Y, et al. Adenovirus-mediated hepatocarcino-
ma-intestine-pancreas/pancreatitis-associated protein suppresses 
dextran sulfate sodium-induced acute ulcerative colitis in rats. 
Inflamm Bowel Dis. 2012;18:1950-1960.

 19. Mukherjee S, Zheng H, Derebe MG, et al. Antibacterial mem-
brane attack by a pore-forming intestinal C-type lectin. Nature. 
2014;505:103-107.

 20. Closa D, Motoo Y, Iovanna JL. Pancreatitis-associated protein: from 
a lectin to an anti-inflammatory cytokine. World J Gastroentero. 
2007;13:170-174.

 21. Moniaux N, Darnaud M, Garbin K, et al. The Reg3α (HIP/PAP) lectin 
suppresses extracellular oxidative stress in a murine model of acute 
liver failure. PLoS ONE. 2015;10:e0125584.

 22. Moniaux N, Song H, Darnaud M, et al. Human hepatocarcinoma-in-
testine-pancreas/pancreatitis-associated protein cures fas-induced 
acute liver failure in mice by attenuating free-radical damage in in-
jured livers. Hepatology. 2011;53:618-627.

 23. Moore B, Lawson WE, Oury TD, et al. Animal models of fibrotic lung 
disease. Am J Respir Cell Mol Biol. 2013;49:167-179.

 24. Hübner RH, Gitter W, Mokhtari EI, et al. Standardized quantifica-
tion of pulmonary fibrosis in histological samples. Biotechniques. 
2008;44:507-511.

 25. Hallgren R, Bjermer L, Lundgren R, et al. The eosinophil component 
of the alveolitis in idiopathic pulmonary fibrosis: signs of eosinophil 
activation in the lung are related to impaired lung function. Am Rev 
Respir Dis. 1989;139:373-377.

 26. Kinnula VL, Fattman CL, Tan RJ, et al. Oxidative stress in pulmonary 
fibrosis: a possible role for redox modulatory therapy. Am J Respir 
Crit Care Med. 2005;172:417-422.

 27. Eiserich JP, Hristova M, Cross CE, et al. Formation of nitric ox-
ide-derived inflammatory oxidants by myeloperoxidase in neutro-
phils. Nature. 1998;391:393.

 28. MacNee W, Rahman I. Oxidants/antioxidants in idiopathic pulmo-
nary fibrosis. Thorax. 1995;50:S53.

 29. Walters DM, Cho HY, Kleeberger SR. Oxidative stress and antioxi-
dants in the pathogenesis of pulmonary fibrosis: a potential role for 
Nrf2. Antioxid Redox Sign. 2008;10:321-332.

 30. Cantin AM, North SL, Fells GA, et al. Oxidant-mediated epi-
thelial cell injury in idiopathic pulmonary fibrosis. J Clin Invest. 
1987;79:1665-1673.

 31. Fietta AM, Bardoni AM, Salvini R, et al. Analysis of bronchoalveo-
lar lavage fluid proteome from systemic sclerosis patients with or 
without functional, clinical and radiological signs of lung fibrosis. 
Arthritis Res Ther. 2006;8:R160.

 32. Janssen-Heininger YMW, Aesif SW, van der Velden J, et al. 
Regulation of apoptosis through cysteine oxidation: implications 
for fibrotic lung disease. Ann N Y Acad Sci. 2010;1203:23.

 33. Li LC, Li DL, Xu L, et al. High-mobility group box 1 mediates ep-
ithelial-to-mesenchymal transition in pulmonary fibrosis involving 
transforming growth factor-β1/Smad2/3 signaling. J Pharmacol Exp 
Ther. 2015;354:302-309.

 34. Magro CM, Allen J, Pope-Harman A, et al. The role of microvascular 
injury in the evolution of idiopathic pulmonary fibrosis. Am J Clin 
Pathol. 2003;119:556-567.

 35. Magro CM, Waldman WJ, Knight DA, et al. Idiopathic pulmonary 
fibrosis related to endothelial injury and antiendothelial cell anti-
bodies. Hum Immunol. 2006;67:284-297.

https://orcid.org/0000-0003-4046-5921
https://orcid.org/0000-0003-4046-5921


     |  6821ZHENG Et al.

 36. Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeutic 
translation for fibrotic disease. Nat Med. 2012;18:1028-1040.

 37. Olman MA, White KE, Ware LB, et al. Pulmonary edema fluid 
from patients with early lung injury stimulates fibroblast pro-
liferation through IL-1β-induced IL-6 expression. J Immunol. 
2004;172:2668-2677.

 38. Gasse P, Mary C, Guenon I, et al. IL-1R1/MyD88 signaling and the 
inflammasome are essential in pulmonary inflammation and fibrosis 
in mice. J Clin Invest. 2007;117:3786-3799.

 39. Le TT, Karmouty-Quintana H, Melicoff E, et al. Blockade of 
IL-6 trans signaling attenuates pulmonary fibrosis. J Immunol. 
2014;193:3755-3768.

 40. Zhang J, Wang D, Wang L, et al. Profibrotic effect of IL-17A and 
elevated IL-17RA in idiopathic pulmonary fibrosis and rheumatoid 
arthritis-associated lung disease support a direct role for IL-17A/
IL-17RA in human fibrotic interstitial lung disease. Am J Physiol Lung 
Cell Mol Physiol. 2019;316:L487-L497.

 41. Wang Q, Wang J, Wang J, et al. HMGB1 induces lung fibroblast 
to myofibroblast differentiation through NF-κB-mediated TGF-β1 
release. Mol Med Rep. 2017;15:3062-3068.

 42. Pakshir P, Hinz B. The big five in fibrosis: Macrophages, myofi-
broblasts, matrix, mechanics, and miscommunication. Matrix Biol. 
2018;68:81-93.

 43. Hashimoto N, Phan SH, Imaizumi K, et al. Endothelial–mesenchymal 
transition in bleomycin-Induced pulmonary fibrosis. Am J Respir Cell 
Mol Biol. 2010;43:161-172.

 44. Magro CM, Ross P, Marsh CB, et al. The role of anti-endothelial cell 
antibody-mediated microvascular injury in the evolution of pulmo-
nary fibrosis in the setting of collagen vascular disease. Am J Clin 
Pathol. 2007;127:237-247.

 45. Meng X, Nikolic-Paterson DJ, Lan HY. TGF-β: the master regulator 
of fibrosis. Nat Rev Nephrol. 2016;12:325.

 46. Li Q, Li H, Lv Y, et al. Hepatocarcinoma–intestine–pancreas/pan-
creatitis-associated protein (HIP/PAP) confers protection against 
hepatic fibrosis through downregulation of transforming growth 
factor β receptor II. Lab Invest. 2020;100(3):466-482.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Zheng X, Li Q, Tian H, et al. HIP/PAP 
protects against bleomycin-induced lung injury and 
inflammation and subsequent fibrosis in mice. J Cell Mol Med. 
2020;24:6804–6821. https://doi.org/10.1111/jcmm.15334

https://doi.org/10.1111/jcmm.15334

