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Abstract Pulmonary fibrosis (PF) is a pathological change caused by repeated injuries and repair

dysfunction of the alveolar epithelium. Our previous study revealed that the residues Asn3 and Asn4

of peptide DR8 (DHNNPQIR-NH2) could be modified to improve stability and antifibrotic activity,

and the unnatural hydrophobic amino acids a-(4-pentenyl)-Ala and D-Ala were considered in this study.

DR3penA (DHa-(4-pentenyl)-ANPQIR-NH2) was verified to have a longer half-life in serum and to

significantly inhibit oxidative damage, epithelialemesenchymal transition (EMT) and fibrogenesis in vi-

tro and in vivo. Moreover, DR3penA has a dosage advantage over pirfenidone through the conversion of

drug bioavailability under different routes of administration. A mechanistic study revealed that DR3penA

increased the expression of aquaporin 5 (AQP5) by inhibiting the upregulation of miR-23b-5p and the

mitogen-activated protein kinase (MAPK) pathway, indicating that DR3penA may alleviate PF by regu-

lating MAPK/miR-23b-5p/AQP5. Safety evaluation showed that DR3penA is a peptide drug without

obvious toxicity or acute side effects and has significantly improved safety compared to DR8. Thus,

our findings suggest that DR3penA, as a novel and low-toxic peptide, has the potential to be a leading
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The peptide DR3penA alleviates pulmonary fibrosis 723
compound for PF therapy, which provides a foundation for the development of peptide drugs for fibrosis-

related diseases.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pulmonary fibrosis (PF) is a pathological change in the develop-
ment of a variety of chronic lung diseases to the end stage, which
leads to the destruction of lung structure and function, respiratory
failure and ultimately death. Although pirfenidone and nintedanib
were demonstrated to delay the progression of PF in the clinic, the
disadvantages of side effects, high costs and failure to reverse
disease cannot be ignored1,2. Therefore, it is of great significance
to find drugs with stable therapeutic effects, few side effects and
high safety for PF treatment.

The pathological feature of PF is abnormal communication
between epithelial cells and fibroblasts triggered by repeated
microinjury of alveolar epithelial cells, which promotes extracel-
lular matrix (ECM) deposition and pathological remodeling of
lung tissue3. Lung myofibroblasts derived from
epithelialemesenchymal transition (EMT), resident fibroblasts
and circulating fibrocytes can regulate the expression and secre-
tion of ECM components, while the ECM further promotes the
activation of fibroblasts4. The formed positive feedback loop
contributes to accelerating the progression of PF. Moreover, ROS
produced by inflammatory cells, fibroblasts and myofibroblasts
after lung injury participate in epithelial cell apoptosis, fibroblast
differentiation and ECM accumulation5e7. A high level of
oxidative stress in patients with idiopathic pulmonary fibrosis is
significantly correlated with pulmonary function indices (FVC and
DLCO) and the severity of dyspnea (MRC score)8. Therefore,
ECM deposition, EMT and ROS generation are crucial for the
pathogenesis and development of PF.

microRNAs (miRNAs) are endogenous single stranded non-
coding RNAs of approximately 22 nucleotides that bind to the
30UTR of target mRNAs to regulate posttranscriptional level, thus
affecting cell processes9,10. miRNAs participate in the progression
of PF by regulating lung epithelial repair, EMT, the proliferation
and differentiation of fibroblasts, ECM deposition and oxidative
stress11. Studies have shown that miR-200, miR-34, miR-182 and
let-7d are involved in EMT and that miR-9-5p is correlated with
redox regulation in PF11e13. miR-23b-5p plays critical roles in the
progression of several diseases, such as cancer, acute myeloid
leukemia, and cardiac hypertrophy and dysfunction14e17. In this
study, according to transcriptome sequencing analysis, miR-23b-
5p was found to be differentially expressed in mice in the
normal control and PF model groups, suggesting that miR-23b-5p
contributes to the progression of PF.

Aquaporin 5 (AQP5) is mainly expressed in airway and alve-
olar epithelial cells. Abnormal expression of AQP5 causes a va-
riety of respiratory diseases, such as lung injury, inflammation,
fibrosis, chronic obstructive pulmonary disease, asthma and can-
cer18e23. AQP5 can promote the clearance of alveolar fluid and
maintain the integrity of alveolar epithelial cells, which is
essential for gas exchange and the regulation of lung water con-
tent. Therefore, the epithelial cell injury decreases the level of
AQP5, and downregulation of AQP5 further promotes lung injury
caused by destruction of the epithelial barrier24.

Peptide drugs have the advantages of higher bioactivity,
selectivity, permeability, target potency and safety compared with
small-molecule and protein drugs25. Therefore, peptides have been
widely used in the treatment of cancer, diabetes, acquired im-
munodeficiency syndrome and cardiovascular diseases26e29. Our
previous studies revealed that the antioxidant peptide DR8
(DHNNPQIR-NH2) derived from rapeseed protein showed low
toxicity and an inhibitory effect on organ fibrosis, such as lung,
kidney and liver fibrosis30e32. However, as a natural peptide, DR8
exhibited poor stability and a high effective concentration in cells.
A structure‒activity relationship study revealed that the anti-
fibrotic activity and serum stability were improved after Asn3,
Asn4, Ile7 and Arg8 of DR8 were substituted with D-amino acids
or alanine33. In the current study, DR8 was further designed and
modified based on previous results. A series of DR8 analogs were
synthetized and screened, from which analog DR3penA (DHa-(4-
pentenyl)-ANPQIR-NH2) was found to be a peptide with potential
antifibrotic activity. Therefore, the stability, anti-pulmonary
fibrotic effect, mechanism and safety of the peptide DR3penA
were further explored in this study.

2. Materials and methods

2.1. Peptide synthesis

All peptides were synthesized using the Fmoc-based solid-phase
peptide synthesis method, and the crude peptides were separated
and purified via reverse-phase HPLC (RP-HPLC, Waters, Milford,
USA). The peptide sequences were confirmed by mass spec-
trometry (Supporting Information Fig. S12). RP-HPLC was used
to analyze the purity, and the peptides with a purity over 95% were
used for the following experiments (Supporting Information
Fig. S13).

2.2. Serum stability assay

The blood of C57BL/6 mice was collected and the supernatant
was used for stability detection after centrifugation. Peptides at a
concentration of 10 mmol/L were incubated with serum at 37 �C.
Samples were taken from the mixture at 0, 15, 30, 60, 120 and
240 min, and then incubated with ice-cold acetonitrile for 10 min.
The supernatant was collected after centrifugation. Samples were
analyzed via RP-HPLC. The formula for calculation of half-life
(t1/2) was as follows, where At is the peak area at t min, A0 is
the peak area at 0 min, K is the elimination rate constant and t is
the incubation time.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3. Cell culture

NIH3T3 murine embryonic fibroblasts and A549 human lung
epithelial cells were maintained in DMEM and RPMI 1640 me-
dium (Gibco, Carlsbad, USA) with 10% FBS (BI, Beit HaEmek,
Israel), respectively, at 37 �C with 5% CO2. In the western blot-
ting, real-time qPCR and immunofluorescence experiments, cells
were plated in 6-well plates with complete medium for 24 h. After
starvation with serum-free medium overnight, the cells were
treated with TGF-b1 (5 ng/mL, PeproTech, Rocky Hill, USA)
alone or with various concentrations of peptides. In the studies of
the signaling pathway, the inhibitors SP600125, SB203580 and
PD98059 (MedChem Express, San Diego, USA) were added to
A549 cells at the concentration of 10 mmol/L for 30 min before
TGF-b1 and DR3penA treatment. Total RNA and protein were
obtained after incubation for 48 h, and phosphorylated protein was
extracted after incubation for 1 h.

2.4. Cell migration assay

Cell scratch and migration assays were performed following
previously described methods33. In this study, A549 cells were
treated with DR3penA (2.5 and 10 mmol/L) to study the effect on
cell migration.

2.5. Intracellular ROS detection

The intracellular ROS levels in NIH3T3 cells and A549 cells were
detected using the fluorescent probe DCFH-DA (Sigma‒Aldrich).
Cells were plated in glass-bottom cell culture dishes, and TGF-b1
and/or DR3penA (2.5 and 10 mmol/L) were cultured with the cells
for 12 h. Then, 10 mmol/L DCFH-DA dissolved in DMSO and
diluted with serum-free medium was added to the cell culture
dishes. Subsequently, DCFH-DA solution was added to each dish
and incubated with the cells for 30 min at 37 �C. The DCFH-DA
that failed to enter the cells was washed away with PBS. Images
were captured with a confocal laser scanning microscope (Zeiss
LSM 710 Meta; Karl, Germany).

2.6. Immunofluorescence

A549 cells were planted in glass-bottom cell culture dishes and
treated as previously described. Cells were fixed with 4% para-
formaldehyde and blocked with 10% BSA for 15 min and 1 h,
respectively. Then, after being washed with PBS, the cells were
incubated with the corresponding primary antibody overnight at
4 �C and then with a fluorescent secondary antibody for 2 h to
bind the primary antibody. Cell nuclei were stained with DAPI in
the absence of light, and images were captured via confocal laser
scanning microscopy.

2.7. Animals

Female SPF C57BL/6 mice and Kunming mice (of mixed gen-
ders) were purchased from Lanzhou Veterinary Research Institute
(Lanzhou, China). All animal experiments procedures were
carried out according to the Ethics Committee of Lanzhou Uni-
versity (Animal Ethics Approval No. SYXK Gan 2018-0002).

2.8. Models of bleomycin-induced PF and DR3penA treatment

C57BL/6 mice were randomly divided into the following six
groups (nZ 11 per group): (1) normal control group (normal); (2)
saline control group (saline); (3) bleomycin model group (BLM);
(4) bleomycin þ DR3penA (0.5 mg/kg) group; (5)
bleomycin þ DR3penA (2.5 mg/kg) group; and (6)
bleomycin þ pirfenidone (100 mg/kg, PFD) group. After anes-
thesia, bleomycin (5 mg/kg) was intratracheally injected into mice
to establish an animal model of PF, while mice in the saline group
received intratracheal injection of the same volume of sterile sa-
line as a control. Mice in the DR3penA group were subcutane-
ously injected with DR3penA (0.5 or 2.5 mg/kg) daily from Day 1
to Day 21 for preventive treatment. Mice in the pirfenidone group
were intragastrically administered pirfenidone (100 mg/kg) and
mice in the other groups were administered PBS. The body weight
was recorded every other day. Mice were sacrificed on the 22nd
day of bleomycin instillation, and blood and lung tissue samples
were harvested for the following experiments.

2.9. Acute toxicity assay

Kunming mice were randomly divided into 10 groups (5 female
and 5 male mice): (1) PBS control; (2) DR8 (0.5 mg/kg); (3) DR8
(2.5 mg/kg); (4) DR8 (12.5 mg/kg); (5) DR8 (62.5 mg/kg); (6)
DR3penA (0.5 mg/kg); (7) DR3penA (2.5 mg/kg); (8) DR3penA
(12.5 mg/kg); (9) DR3penA (62.5 mg/kg); and (10) DR3penA
(5000 mg/kg). Mice in the DR8 and DR3penA administration
groups were injected subcutaneously with peptide at the corre-
sponding dose, while mice in the control group received PBS. The
diet, drinking, activity and response to stimulation of mice were
observed continually for 6 h after injection of DR8 and DR3penA,
and the weight was recorded every other day. After a single
administration for 14 days, the mice underwent gross anatomical
examination, and then, the organs were photographed, weighed
and fixed with 4% formaldehyde for histological assays. Blood
was collected, and serum was separated for biochemical analysis.

2.10. Biochemical analysis

The levels of malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT), blood urea nitrogen (BUN), serum
creatinine (Cr), alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were detected using test kits from Nanj-
ing Jiancheng Bioengineering Institute (Nanjing, China). The
procedures were performed following the manufacturers’
instructions.

2.11. Histological and immunohistochemical analyses

Tissue samples were fixed with 4% formaldehyde and then
embedded in paraffin. The blocks were sectioned at 3e5 mm and
placed on a cover glass, which was further used for hematoxylin-
eosin (HE) and Masson staining assays after dehydration with
gradient ethanol and vitrification with dimethylbenzene. In the
immunohistochemical assay, citric acid solution at 0.01 mol/L was
used for antigen retrieval after dehydration and vitrification of
sections. Subsequently, 4% H2O2 was used to block the activity of
endogenous peroxidase for 10 min, after which the samples were
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blocked with goat serum for 1 h and incubated with the corre-
sponding primary antibody at 4 �C overnight. Then, lung sections
were incubated with HRP-conjugated secondary antibody for
15 min to bind with primary antibody (ZSGB-BIO, Beijing,
China). Freshly prepared DAB was added to the sections to
visualize positive staining. Images were captured using a micro-
scope, and positive staining was analyzed using Image-Pro Plus
software.

2.12. Western blot analysis

Total protein from the cells or lungs of mice was lysed with RIPA
buffer (Beyotime, Shanghai, China) and normalized to 30 mg
using 5� loading buffer (Solarbio, Beijing, China) after deter-
mining the concentration with a BCA kit (Thermo Fisher Scien-
tific, Rockford, USA). A 10% SDS-PAGE gel was used to separate
the proteins which were then transferred onto a PVDF membrane
(Millipore, Bedford, USA). The membrane was blocked with 5%
nonfat milk or BSA to block nonspecific binding and then
immunoblotted with primary antibody at 4 �C overnight. An
enhanced chemiluminescence (ECL) kit (Yeasen, Shanghai,
China) was used to visualize the protein bands after the membrane
was incubated with HRP-conjugated secondary antibody for 1 h.
All bands were analyzed using Evolution Capt software, and the
expression of target proteins was normalized to that of GAPDH.
Relevant information on the antibodies is shown in Supporting
Information Table S3.

2.13. Real-time qPCR analysis

Total RNA was extracted with TransZol Up (TransGen, Beijing,
China) and reverse-transcribed to cDNA with 1st Strand cDNA
Synthesis SuperMix for qPCR (Yeason, Shanghai, China) after
being quantified by a microspectrophotometer (Kaiao, Beijing,
China). The mRNA level of each gene was calculated according to
the 2‒DDCt method using qPCR SYBR Green Master Mix (Yeason,
Shanghai, China). GAPDH was used as a reference gene for
mRNA, and U6 was used as a reference gene for miRNA. The
sequences of the primer pairs are shown in Supporting
Information Table S4.

2.14. Differential expression analysis and mRNA prediction

The same parts of lung tissue samples from mice were quickly
frozen in liquid nitrogen. Samples were sent to Shanghai Jiejue
Gene Technology Co., Ltd. for sequencing. A P-value �0.05 and |
fold change (FC)| � 1.5 were set as the screening standards for
differentially expressed miRNAs. The target gene of miR-23b-5p
Table 1 Sequence, number of amino acids, mass, and retention tim

Peptide Sequencea Nu

DR8 DHNNPQIR-NH2 8

DR3dA DHANPQIR-NH2 8

DR4dA DHNAPQIR-NH2 8

DR3d4dA DHAAPQIR-NH2 8

DR3penA DHa-(4-pentenyl)-ANPQIR-NH2 8

DR4penA DHNa-(4-pentenyl)-APQIR-NH2 8

aUnderlines indicate D-amino acid.
bMass was calculated by ESI-MS.
ctR (retention time) was measured by RP-HPLC.
was predicted using the miRDB database and TargetScan
database.

2.15. Cell transduction

A549 cells were transduced with LV-miR-23b and plated in 6-well
plates for 24 h. Fresh complete RPMI 1640 medium was used to
replace the culture medium containing virus. After 48 h, the cells
were observed under a fluorescence microscope to confirm
transduction efficiency. More than 80% of the cells showed green
fluorescence, indicating successful transduction with LV-miR-23b.
Then, 2 mg/mL puromycin was added to the resistance screen.
Nonresistant cells were killed, and resistant cells were used for the
follow-up experiment.

2.16. Statistical analysis

The data are presented as the mean � SD and represent at least
three independent replicates. Statistical analysis was performed
using GraphPad Prism 8 software. One-way ANOVA was used to
analyze the differences between multiple groups. P < 0.05 was
considered to indicate statistical significance.

3. Results

3.1. Activity screening of DR8 analogs and concentration
optimizing of peptide DR3penA

Previous activity screening of peptide DR8 identified that the
residues Asn3, Asn4, Ile7 and Arg8 could be modified further to
improve anti-fibrotic activity33. Moreover, a serum stability assay
showed that the half-life was greatly improved after Asn at posi-
tions 3 and 4 was substituted by D-Asn, and the antifibrotic activity
was obviously improved compared with that of DR8. Therefore,
the unnatural hydrophobic amino acids a-(4-pentenyl)-Ala and D-
Ala were introduced at positions 3 and 4 of DR8 to improve the
stability and antifibrotic activity (Table 1). Cytotoxicity assays
indicated that the DR8 analogs including DR3dA, DR4dA,
DR3d4dA, DR3penA and DR4penA had no toxicity against
NIH3T3 cells at a concentration range of 10e160 mmol/L
(Supporting Information Fig. S1A). To evaluate the antifibrotic
activity of peptides, the expression of a-SMA, a characteristic
protein in myofibroblasts, was measured in TGF-b1-induced
NIH3T3 cells after treatment with DR8 analogs at a concentra-
tion of 80 mmol/L. The results showed that the analogs DR3penA
and DR4penA have better activity in inhibiting the expression of
a-SMA protein and a longer half-life than DR8 (Fig. 1A and Table
2). Moreover, compared with DR4penA, DR3penA improved the
e of DR8 and its analogs.

mber of amino acids Mass (Da)b tR (min)c

992.49 6.864

948.49 7.047

948.49 7.631

905.48 7.755

1016.55 9.321

1016.55 10.092



Figure 1 Activity screening of DR8 analogs and concentration optimizing of the peptide DR3penA. (A) a-SMA protein expression in TGF-b1-

induced NIH3T3 cells after treatment with 80 mmol/L DR8 analogs. (B) Chemical structure of DR3penA. (CeG) a-SMA protein expression after

DR3penA treatment at a concentration of 1e80 mmol/L in NIH3T3 and A549 cells. The data are presented as the mean � SD (nZ 4). *P < 0.05,

**P < 0.01 vs. the control group; #P < 0.05, ##P < 0.01 vs. the TGF-b1 group, &&P < 0.01 vs. the DR8 group.
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survival of mice induced by bleomycin (data not shown). Based on
these results, DR3penA was selected to evaluate the antifibrotic
activity.

To determine the effective concentration of DR3penA in vitro,
different concentrations of DR3penA (1e80 mmol/L) were used to
treat TGF-b1-induced NIH3T3 cells and A549 cells, and the
expression level of a-SMAwas assessed. The results demonstrated
that a-SMA expression was obviously suppressed when the
concentration of DR3penA reached 2.5 mmol/L in both cell lines
(Fig. 1C‒G). A previous activity study showed that the minimum
effective concentrations of DR8 were 20 and 10 mmol/L in TGF-
b1-induced NIH3T3 cells and A549 cells, respectively
(Supporting Information Fig. S2). Additionally, DR3penA dis-
played no toxicity toward A549 cells when the concentration
reached 160 mmol/L (Fig. S1B). Collectively, the results demon-
strated that DR3penA displayed higher stability and better



Table 2 Half time (t1/2) of DR8 and DR8 analogs in mice

serum.

Peptide t1/2 (min)

DR8 70.19 � 6.83

DR3penA 174.63 � 31.66

DR4penA 270.65 � 16.43
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antifibrotic activity than DR8 in vitro. According to the concen-
tration screening results, 2.5 and 10 mmol/L DR3penA were used
in the follow-up in vitro experiments.

3.2. DR3penA alleviates bleomycin-induced PF and collagen
deposition in vitro and in vivo

Since DR3penA displayed an inhibitory effect on the expression
levels of a-SMA and collagen I in vitro (Supporting Information
Fig. S3), we next assessed the antifibrotic activity of DR3penA
in vivo. To confirm the influence of DR3penA on the lungs, mice
were subcutaneously injected with DR3penA (2.5 mg/kg per day)
for 21 days successively. HE staining and immunohistochemical
analyses of SP-C protein showed that there were no pathological
changes or damage to the alveolar structure of the lungs after
DR3penA treatment (Supporting Information Fig. S4). Subse-
quently, bleomycin was injected intratracheally to establish an
in vivo model of PF, and DR3penA was subcutaneously injected
into mice at doses of 0.5 and 2.5 mg/kg. Pirfenidone, a clinically
approved drug for PF treatment, was selected as a positive control
to assess the antifibrotic activity of DR3penA in bleomycin-
treated mice, because it has a good inhibitory effect in PF ther-
apy. The gross anatomy of the lungs revealed that bleomycin-
induced pathological changes, such as consolidation, edema, and
hemorrhagic transformation, were obviously alleviated by
administration of DR3penA (Fig. 2A). Moreover, DR3penA (0.5
or 2.5 mg/kg) also remarkedly decreased the lung coefficient and
improved the survival and weight of mice (Fig. 2B‒D). HE
staining showed that DR3penA reduced bleomycin-induced
pathological damage, including the destruction of lung structure,
collapse of alveoli and infiltration of inflammatory cells (Fig. 2F).

Excessive ECM deposition in the lung interstitium leads to
disorder of the lung matrix, which promotes the destruction of
lung function and the formation of PF. ECM components,
including collagen and fibronectin, were detected in lung tissues
and cells. Masson staining and immunohistochemical analyses
showed that DR3penA at a dose of 0.5 or 2.5 mg/kg significantly
decreased collagen deposition and fibronectin expression in lungs
of bleomycin-treated mice, and the inhibition of fibronectin was
dose dependent (Fig. 2F‒I). Consistently, Col1a1 gene expression
in the lungs was also downregulated by DR3penA (Fig. 2E).
Together, the results showed that DR3penA effectively reduced
the collagen deposition and attenuated PF progression in
bleomycin-treated mice.

3.3. DR3penA downregulates the expression of fibrotic markers
in vitro and in vivo

Given the effective inhibitory effect of DR3penA on bleomycin-
induced collagen deposition and pathological damage in mice, the
effect of DR3penA on the levels of fibrosis-associated proteins
and genes was further evaluated in vitro and in vivo. Fibroblasts
(NIH3T3) and lung epithelial cells (A549) were used to confirm
the antifibrotic activity of DR3penA. a-SMA and fibronectin
protein and gene expression and collagen I mRNA expression
were notably downregulated by DR3penA at concentrations of 2.5
and 10 mmol/L in TGF-b1-induced NIH3T3 cells, and the de-
creases of gene expression (a-SMA, collagen I and fibronectin)
and fibronectin protein expression were concentration dependent
(Fig. 3A‒C). As found in TGF-b1-induced A549 cells, the
expression levels of proteins and genes involved in fibrosis (a-
SMA, MMP-2, fibronectin and collagen I) were also suppressed
after DR3penA (2.5 and 10 mmol/L) treatment. a-SMA protein
and fibronectin mRNA levels were inhibited in a concentration-
dependent manner (Fig. 3D‒F). Consistent with the results in
cells, a-SMA, MMP-2 and fibronectin expression were down-
regulated by DR3penA at a dose of 0.5 or 2.5 mg/kg in
bleomycin-induced mice, and MMP2 protein expression was
decreased in a dose-dependent manner (Fig. 3G‒I). Taken
together, our study confirmed that the peptide DR3penA can
alleviate TGF-b1- and bleomycin-induced PF in vitro and in vivo.

3.4. DR3penA inhibits ROS production in vitro and in vivo

Given thatDR8 exhibited antioxidant activity invitro and invivo and
that the introduction of hydrophobic amino acids contributed to
improved antioxidant activity34, we speculated that DR3penA has
an antioxidant effect against fibrotic progression. As shown in
Fig. 4A, DR3penA reduced the level of intracellular ROS in TGF-
b1-induced NIH3T3 cells and A549 cells. In addition, the levels of
indicators related to oxidative stress in serum and lung tissues were
measured. The results showed that the gene levels ofNox1 andNox4,
which can produce ROS, were downregulated and those of antiox-
idant enzymes (Sod1, Sod2 and Cat) were upregulated after
DR3penA administration in bleomycin-induced PF mice (Fig. 4B).
Consistently, DR3penA treatment reduced the level ofMDA, which
reflects the degree of oxidative stress, and elevated the activity of
SOD and CAT in the serum of bleomycin-induced mice (Fig. 4C‒
E). The levels ofCatmRNA in lung tissues andMDA in serumwere
dose dependent. Collectively, all the above results demonstrated that
DR3penA has an antioxidant effect on TGF-b1-induced oxidative
injury of cells and bleomycin-induced oxidative stress in mice.

3.5. Inhibitory effect of DR3penA on EMT and cell migration

The role of EMT is mainly to promote the production of ECM
secreted by mesenchymal cells and further drive organ fibrosis.
Therefore, we next investigated whether DR3penA could alleviate
PF by suppressing EMT in vitro and in vivo. The results showed
that DR3penA at concentrations of 2.5 and 10 mmol/L signifi-
cantly increased epithelial marker E-cadherin expression and
inhibited mesenchymal marker Vimentin expression in A549 cells
after TGF-b1 stimulation (Fig. 5A‒C). Similarly, the immuno-
fluorescence assay showed a consistent trend (Fig. 5G). In the
in vivo study, DR3penA (0.5 or 2.5 mg/kg) upregulated E-cadherin
protein and gene expression levels and downregulated vimentin
expression in lung tissues, suggesting that DR3penA effectively
repressed EMT in bleomycin-induced PF (Fig. 5D‒F). Further-
more, cell migration assay was performed to verify the effect of
DR3penA. As shown in Fig. 5HeK, the migration rate and the
numbers of migrating cells were decreased prominently with
DR3penA at doses of 0.5 and 2.5 mg/kg. Given all the above
findings, we considered that the amelioration of PF by DR3penA
may result from inhibition of EMT and the migration of epithelial
cells.



Figure 2 DR3penA alleviates bleomycin-induced PF and collagen deposition in vitro and in vivo. (A) Gross analyses of lungs in a mouse model

after treatment with bleomycin, bleomycin plus DR3penA or PFD. (B) Lung coefficient of mice in the indicated groups. Survival rates (C) and body

weights (D) of micewere measured and recorded during the experiment. (E) Real-time qPCR analysis ofCol1a1mRNA expression in lung tissues. (F)

Lung histopathology and collagen fibers were assessed by HE and Masson staining, respectively, and the protein levels of collagen I and fibronectin

were examined by immunohistochemical staining (scale bars, 100 mm). (G) Quantitative analysis of the area of collagen fibers by Masson staining.

Statistical analyses of the expression of collagen I (H) and fibronectin (I) measured by immunohistochemistry. The data are presented as the

mean� SD (nZ 8). *P< 0.05, **P< 0.01 vs. the normal group; #P< 0.05, ##P< 0.01 vs. the BLM group, &&P< 0.01 vs. the DR3penA (0.5 mg/kg)

group.
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Figure 3 DR3penA downregulates the expression of fibrotic markers in vitro and in vivo. (AeB) a-SMA and fibronectin protein expression in

TGF-b1-induced NIH3T3 cells after DR3penA treatment was detected and quantified via Western blotting. (C) The gene expression levels of

Acta2, Fn1 and Col1a1 in NIIH3T3 cells were analyzed via real-time qPCR. (DeE) The protein levels of a-SMA, MMP-2, fibronectin and

collagen I in TGF-b1-induced A549 cells after DR3penA treatment were assessed via Western blotting. (F) The gene levels of ACTA2, MMP2,

FN1 and COL1A1 in A549 cells were determined by real-time qPCR analysis. (GeH) The protein expression levels of a-SMA, MMP-2 and

fibronectin in bleomycin-induced mice after DR3penA or PFD administration were verified by Western blotting. (I) The mRNA transcription

levels of Acta2, Mmp2 and Fn1 in mice in the indicated groups were determined by real-time qPCR assay. The data are presented as the

mean � SD (n Z 3). *P < 0.05, **P < 0.01 vs. the normal group or control group; #P < 0.05, ##P < 0.01 vs. the BLM group or the TGF-b1

group; &P < 0.05, &&P < 0.01 vs. the DR3penA (0.5 mg/kg) group or the DR3penA (2.5 mmol/L) group.

The peptide DR3penA alleviates pulmonary fibrosis 729
3.6. DR3penA alleviates PF by downregulating miR-23b-5p
expression

To explore the mechanism by which DR3penA alleviates PF,
transcriptome sequencing technology was used to screen differ-
entially expressed genes in the lung tissues of mice. The
sequencing data analysis showed that 260 miRNAs were differ-
entially expressed between the normal group and BLM group, of
which 156 miRNAs were upregulated and 104 miRNAs were
downregulated. Additionally, 121 miRNAs were differentially
expressed between the DR3penA group and the model group, of
which 65 miRNAs were upregulated and 56 miRNAs were
downregulated (Fig. 6A‒B). A Venn diagram showed that there
were 56 miRNAs at the intersection of the two expression datasets
(Fig. 6C). GO analysis of known miRNAs showed that the
differentially expressed miRNAs were mainly involved in bio-
logical processes, such as biological regulation, metabolic pro-
cess, developmental process, response to stimulus and localization
(Supporting Information Fig. S5C). Cell composition showed that
most of these miRNAs were located in organelles, membranes and
extracellular regions (Fig. S5A). Moreover, molecular function
analysis showed that these miRNAs are involved in binding, cat-
alytic activity and signal transducer activity (Fig. S5B).

Based on the above results, miR-146-5p, miR-199-5p, miR-200a-
3p, miR-23b-5p and miR-34a-5p were selected as candidate mole-
cules, and the changes in the expression of these miRNAs were
assessed in mice after treatment with bleomycin and DR3penA. The
upregulation of miR-23b-5p and miR-34a-5p in mice induced by
bleomycin was significantly inhibited after DR3penA (2.5 mg/kg)
administration, and DR3penA presented a better inhibitory effect on



Figure 4 DR3penA inhibits oxidative injury in vitro and in vivo. (A) DCFH-DA staining for detection of the ROS level in TGF-b1-stimulated

A549 cells and NIH3T3 cells after DR3penA treatment (scale bars, 50 mm). (B) Nox1, Nox4, Sod1, Sod2 and Cat gene expression levels in

bleomycin-treated mice after DR3penA administration. (CeE) SOD, CAT and MDA levels in the serum of mice after bleomycin, DR3penA and

PFD administration. The data are presented as the mean � SD (n Z 3). *P < 0.05, **P < 0.01 vs. the normal group or control group; #P < 0.05,
##P < 0.01 vs. the BLM group or the TGF-b1 group; &P < 0.05 vs. the DR3penA (0.5 mg/kg) group.
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miR-23b-5p than miR-34a-5p (Fig. 6D). Consistently, DR3penA
(10 mmol/L) significantly reduced miR-23b-5p expression in TGF-
b1-inducedA549 cells andNIH3T3 cells (Fig. 6E‒F). Therefore, we
considered that miR-23b-5p plays an important role in the progres-
sion of PF. To further confirm the inhibitory effect of DR3penAonPF
via miR-23b-5p, the expression of fibrosis related proteins was
evaluated after TGF-b1 induction and DR3penA treatment in
A549 cells overexpressing miR-23b-5p. Compared with the NC
group, the expression of miR-23b-5p was remarkedly increased,
indicating that the transfectionwas effective (Fig. S5D). Furthermore,
miR-23b-5p overexpression or TGF-b1 induction significantly
elevated a-SMA, collagen I and fibronectin protein expression, and
the increase inducedbyTGF-b1was reducedbyDR3penA.However,
we observed that the effect of DR3penAwas recovered in TGF-b1-
induced cells after miR-23b-5p transfection (Fig. 6G). Together,
these results indicate that DR3penA may alleviate PF by inhibiting
the expression of miR-23b-5p.

3.7. DR3penA alleviates PF by regulating the MAPK/miR-23b-
5p/AQP5 axis

Subsequently, the TargetScan and miRDB databases were used to
predict the target genes of miR-23b-5p. The intersection of the
databases is shown in Supporting Information Fig. S6A, from
which eight possible targets of miR-23b-5p, namely, ABCA1,
AQP5, CMTM4, GPX3, MTMR4, NKD1, SIRT5 and STK38,
were selected for further assessment. The results showed that the
expression of AQP5 was downregulated in A549 cells induced by
TGF-b1, and the decrease was reversed by DR3penA at a
concentration of 10 mmol/L (Supporting Information Fig. S6B).
Comparable results were observed in bleomycin-induced mice,
DR3penA (2.5 mg/kg) effectively decreased TGF-b1 expression
and increased AQP5 expression (Fig. 7A). Furthermore, DR3penA
recovered the gene expression of AQP5 in TGF-b1-induced
A549 cells after miR-23b transfection (Fig. 7B). Base on the
above results, we speculated that miR-23b-5p could regulate the
expression level of AQP5. However, a dual luciferase reporter
assay showed that the luciferase activity of AQP5-WT or AQP5-
Mut was not obviously changed between the miR-23b-5p group
and NC group (Fig. S6C‒D), suggesting that AQP5 was not
regulated by miR-23b-5p directly.

Previous studies reported that SB203580, SP600125 or
shRNA-mediated gene silencing of p38 and JNK significantly
increased the expression of AQP5, showing that the p38 and JNK
signaling pathways inhibit the expression of AQP535. To investi-
gate the role of AQP5 in PF inhibited by DR3penA, the rela-
tionship between AQP5 and MAPK was further identified.
Western blot analysis showed that AQP5 expression was elevated
in TGF-b1-induced A549 cells pretreated with an ERK inhibitor
(PD98059), indicating that the ERK pathway can suppress the
expression of AQP5 (Fig. 7C). We further studied the signaling
pathway that DR3penA might affect. DR3penA inhibited p38 and
ERK phosphorylation in vitro and in vivo, suggesting that
DR3penA might attenuate PF by suppressing the activation of
TGF-b1/MAPK (Fig. 7D‒E). Additionally, DR3penA inhibited
the activation of the AKT and Smad pathways in vitro and in vivo
(Supporting Information Fig. S7). Meanwhile, we found that miR-
23b-5p expression was reduced in TGF-b1-induced cells after



Figure 5 Inhibitory effect of DR3penA on EMT and cell migration. (AeB) Vimentin and E-cadherin protein levels in TGF-b1-stimulated

A549 cells after DR3penA treatment were quantified via Western blotting. (C) VIM and CDH1 gene levels in A549 cells were measured via

real-time qPCR. (DeE) Vimentin and E-cadherin protein expression in bleomycin-induced mice after DR3penA or PFD administration was

evaluated via Western blotting. (F) The mRNA transcription levels of Vim and Cdh1 in mice in the indicated groups were determined by real-time

qPCR. (G) Representative immunofluorescence images of A549 cells stained for vimentin (red) and E-cadherin (green) and with DAPI (blue) after

TGF-b1 and/or DR3penA treatment (scale bars, 50 mm). (H) A scratch assay was performed in TGF-b1-induced A549 cells after DR3penA

treatment (scale bars, 500 mm). (I) ATranswell chamber migration assay was used to evaluate the migration ability of A549 cells migration (scale

bars, 100 mm). Statistical analysis of the migration rate (J) and number of migrating cells (K). The data are presented as the mean � SD (n Z 3).

*P < 0.05, **P < 0.01 vs. the normal group or control group; #P < 0.05, ##P < 0.01 vs. the BLM group or the TGF-b1 group.
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treatment with PD98059 (ERK inhibitor) and SB203580 (p38
inhibitor), indicating that activation of the ERK and p38 pathways
promoted miR-23b-5p expression (Supporting Information
Fig. S8). Overall, DR3penA alleviates the progression of PF in
part by directly regulating MAPK/miR-23b-5p/AQP5.

3.8. Acute toxicity evaluation of DR3penA

To clarify the safety range of the therapeutic dosage and possible
adverse reactions, an acute toxicity test was performed to evaluate
the safety of DR3penA after single dosage treatments. The results
showed that DR3penA at a dose of 0.5e62.5 mg/kg exhibited no
obvious toxicity with regard to mortality, weight, organ coefficient
or liver and kidney function, while DR8 had a negative effect on
liver and renal function (Supporting Information Figs. S9‒S10
and Tables S1‒S2). Since no mice died when the dosage of
DR3penA reached 62.5 mg/kg, a dosage of 5000 mg/kg was used
to verify the toxicity of DR3penA according to the globally
harmonized classification system (GHS) (Supporting Information
Table S5). The results showed that there were no abnormal



Figure 6 DR3penA alleviates PF by downregulating miR-23b-5p expression. (A) Volcano plots of miRNA expression showing upregulated

(yellow) and downregulated genes (blue). (B) The numbers of upregulated and downregulated miRNAs. (C) Venn diagram showing the numbers

of differentially expressed miRNAs between the BLM group and normal group and between the DR3penA group and BLM group as well as the

overlapping miRNAs. (D) The effect of DR3penA on different miRNA expression levels in bleomycin-induced PF mice. The effect of DR3penA

on miR-23b-5p expression in TGF-b1-induced A549 cells (E) and NIH3T3 cells (F). (G) The protein expression levels of a-SMA, collagen I and

fibronectin in TGF-b1-induced A549 cells treated with DR3penA were detected via Western blotting. The data are presented as the mean � SD

(n Z 3). *P < 0.05, **P < 0.01 vs. the normal group or control group; #P < 0.05, ##P < 0.01 vs. the BLM group or the TGF-b1 group.
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Figure 7 DR3penA alleviates PF by regulating the MAPK/miR-23b-5p/AQP5 axis. (A) TGF-b1 and AQP5 protein levels in bleomycin-induced PF

mice treated with DR3penAwere determined by Western blot analysis. (B) The effect of DR3penA on the level of AQP5 mRNA in A549 cells over-

expressingmiR-23b-5por inducedwithTGF-b1. (C) The expression ofAQP5 inTGF-b1-inducedA549 cells pretreatedwith 10mmol/LPD98059 (ERK

inhibitor) was analyzed viaWestern blotting. ERK and p38 phosphorylation in TGF-b1-induced A549 cells (D) and bleomycin-induced mice (E) was

measured via Western blotting. pERK1/2 and p-p38 were normalized to total ERK and p38, respectively. The data are presented as the mean � SD

(nZ 3). *P < 0.05, **P < 0.01 vs. the normal group or control group; #P < 0.05, ##P < 0.01 vs. the BLM group or the TGF-b1 group.
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symptoms or deaths among female or male mice after DR3penA
treatment (Table 3). Gross anatomy revealed no obvious abnor-
mality in the appearances of hearts, livers, lungs and kidneys in
female and male mice as well as the spleens in female mice after
DR3penA administration, whereas the spleens in male mice were
swollen (Fig. 8A). Similarly, the organ coefficients (heart, liver,
lung and kidney) were not significantly different after DR3penA
treatment, while the spleen coefficient was markedly elevated in
male mice compared with the PBS control group (Fig. 8G‒K).
Pathological examination showed that there were no abnormal
lesions in kidney and lung tissues after DR3penA administration,
while there were a few inflammatory cell infiltration and slight
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edema in liver tissues after DR3penA and PBS administration
(Fig. 8B). We considered that the slight inflammatory reaction in
livers may be caused by the growth environment and feeding
conditions of the Kunming mice. Liver and renal function were
assessed, and there was no remarkable difference between the PBS
and DR3penA groups (Fig. 8C‒F). As there were no deaths
among the mice after DR3penA treatment at a dose of 5000 mg/
kg, the toxicity of DR3penA was assigned as unclassified ac-
cording to the GHS standard, indicating that DR3penA is a pep-
tide drug without obvious toxicity or acute side effects and that its
safety is greater than that of DR8.

4. Discussion

Our previous study revealed that the stability and antifibrotic ac-
tivity were increased after residues Asn3 and Asn4 of DR8 were
substituted by D-amino acids and alanine, respectively. It is likely
that D-amino acids cannot be recognized by proteases in mammals
and that alanine replacement changed the steric hindrance and
improved the hydrophobicity of the peptide33,34,36e40. Studies
have shown that the introduction of a-(4-pentenyl)-Ala into pep-
tide Feleucin-K3 improved its antimicrobial activity and stabil-
ity41,42. Based on the aforementioned findings, unnatural
hydrophobic alanine (a-(4-pentenyl)-Ala and D-Ala) was selected
to replace residues Asn3 and Asn4 of DR8. Activity screening and
stability assays showed that the half-life of the analog DR3penA
in serum was prolonged from 70.19 � 6.83 to 174.63 � 31.66 min
and that the effective concentration of DR3penA was reduced
from 80 to 2.5 mmol/L in vitro. We speculated that the quaternary
carbon structure and long hydrophobic fatty chain of a-(4-
pentenyl)-Ala improved the stability of the peptide and thar the
enhanced hydrophobicity of DR3penA may increase the antioxi-
dant activity of the peptide and promote the entry of the peptide
into cells34,43,44. To prove this hypothesis, we compared the ROS-
scavenging ability of DR8 and DR3penA in A549 cells and
NIH3T3 cells using DCFH-DA fluorescent probe. The results
confirmed that the antioxidant activity of DR3penAwas obviously
enhanced compared with DR8, indicating that increased anti-
oxidative ability of DR3penA contributed to the improved anti-
fibrotic activity (Supporting Information Fig. S11). EMT and
Table 3 Body weight of mice after DR3penA (5000 mg/kg) admini

Day Mice

0 Female

Male

1 Female

Male

3 Female

Male

5 Female

Male

7 Female

Male

9 Female

Male

11 Female

Male

13 Female

Male

*P < 0.05, **P < 0.01 vs. the PBS control group.
oxidative stress are important in the pathogenesis of PF. ROS
participate in regulation of the EMT process by regulating miRNA
expression and activating multiple EMT-related transcription
factors and signaling pathways45. In a further activity study,
DR3penA displayed an inhibitory effect on oxidative stress, EMT
and the ECM deposition pathway in vitro and in vivo, indicating
that DR3penA has high activity in alleviating PF. Notably, the
peptide DR3penA displayed led to improved survival of mice and
had an equivalent effect on ameliorating pathological damage and
ECM deposition compared with the positive control pirfenidone.
Meanwhile, a lower dosage was required for DR3penA than for
pirfenidone, indicating an advantage of the peptide DR3penA in
effective dosage compared with pirfenidone.

miR-23b-5p is involved in regulating the development of
various diseases. Research has shown that miR-23b-5p promotes
tumor growth in the kidney by targeting proline oxidase, which
increases the production of ROS and thus suppresses tumor cell
apoptosis46. Moreover, miR-23b-5p induced apoptosis of glioma
cells and increased chemoresistance to temozolomide in glioma
by targeting Toll-like receptor 4 (TLR4)47. In this study, for the
first time, miR-23b-5p was identified as a profibrogenic gene in
PF. Transcriptome sequencing revealed that miR-23b-5p was
highly expressed in bleomycin-treated mice and that the upregu-
lation was decreased in the DR3penA administration group.
Experimental validation confirmed that DR3penA decelerated the
progression of PF by inhibiting miR-23b-5p expression, which
provides a new approach for further mechanistic research and a
potential therapeutic target for PF.

AQP5 mainly mediates the selective transmembrane transport
of water in multiple organs and provides necessary systematic
regulation to maintain the water balance throughout the whole
body. In radiation-, hydrogen sulfide-, lipopolysaccharide-, and
Pseudomonas aeruginosa-induced ALI, decreased expression of
AQP5 destroyed the barrier function of epithelial cells and
aggravated lung injury48e51. Several studies have suggested that
AQP5 expression is decreased in a bleomycin-induced PF model,
which may be due to the persistent injury of alveolar epithelial
cells caused by lung injury and inflammation19,52,53. Our results
showed that DR3penA significantly inhibited the downregulation
of AQP5 induced by bleomycin in mice and TGF-b1 in
stration (mean � SD, n Z 5).

Weight (g)

PBS DR3penA (5000 mg/kg)

15.60 � 0.20 16.20 � 0.69

15.15 � 0.34 15.60 � 0.45

19.20 � 0.61 19.99 � 1.37

19.72 � 0.22 19.47 � 0.96

23.70 � 0.94 24.21 � 1.59

25.13 � 0.46 23.63 � 1.23

25.24 � 1.13 27.51 � 2.24

26.86 � 0.30 27.86 � 1.45

27.67 � 1.52 31.44 � 2.09*

30.05 � 0.55 32.82 � 1.87**

27.63 � 2.10 32.26 � 1.60**

32.64 � 0.58 31.72 � 1.23

29.40 � 2.22 34.49 � 2.39**

35.32 � 0.57 37.12 � 1.60

31.00 � 2.39 35.58 � 1.69**

37.00 � 0.59 38.90 � 1.81*



Figure 8 Acute toxicity evaluation of DR3penA. (A) Gross analyses of hearts, livers, spleens, lungs and kidneys after DR3penA adminis-

tration. (B) HE staining of livers, kidneys and lungs after DR3penA administration (scale bars, 100 mm). ALT activity (C), AST activity (D), BUN

level (E) and Cr level (F) in mice after DR3penA administration. Liver (G), kidney (H), lung (I), spleen (J) and heart (K) coefficients in mice after

DR3penA administration. The data are presented as the mean � SD (n Z 5). *P < 0.05, **P < 0.01 vs. the PBS group.
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A549 cells, indicating that DR3penA reduced the damage to
epithelial cells by restoring the expression of AQP5. Although
AQP5 was not found to be a direct target of miR-23b-5p, AQP5
was demonstrated to be negatively regulated by miR-23b-5p. The
MAPK pathway is activated in PF models induced by bleomycin,
silica, paraquat, cigarette smoke and radiation54e58. It was re-
ported that the activation of p38 and JNK downregulated the
expression AQP535, and we found that DR3penA inhibited acti-
vation of the ERK and p38 pathways, indicating that DR3penA
may decrease the expression of AQP5 by blocking the MAPK
pathway. Additionally, TGF-b1 upregulated the expression of
miR-23b-5p by inhibiting the ERK and p38 pathways. Taken
together, DR3penA may alleviate PF by regulating the MAPK/
miR-23b-5p/AQP5 pathway.

The safety of drugs is a key factor in determining whether new
drugs can enter clinical trials from preclinical research; mean-
while, it is of great significance for further optimization of the
structure of compounds, improving druggability and obtaining
safe and effective candidate drugs. In this study, although the
spleens of male mice were swollen after DR3penA administration
at a dose of 5000 mg/kg, DR3penA showed no obvious toxicity
toward other organs (lung, liver, kidney and heart) or kidney and



Figure 9 Schematic showing themechanismbywhich the peptideDR3penA improves PF.DR3penA inhibitsmiR-23b-5p expression by suppressing

the TGF-b1-induced ERK and p38 signaling pathways, which further upregulates the level of AQP and alleviates PF. Meanwhile, DR3penA suppresses

TGF-b1-induced oxidative stress and EMT by inhibiting the ERK and p38 signaling pathways, resulting in improvement of PF.
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liver functions in mice. However, DR8 showed toxic effects in the
liver and kidney at a dose of 0.5 mg/kg, suggesting that the peptide
DR3penA has a significantly improved safety profile. These re-
sults suggest that DR3penA is a peptide drug without obvious
toxicity or acute side effects and has a distinct safety advantage
compared with DR8.

5. Conclusions

In conclusion, this study showed that the novel peptide DR3penA
modified by the unnatural amino acid a-(4-pentenyl)-Ala has
potent anti-pulmonary fibrotic activity, high stability and low
toxicity. Meanwhile, DR3penA has the advantages of a lower
dosage and higher safety while possessing equivalent activity in
alleviating PF compared with pirfenidone. Additionally, miR-23b-
5p was identified as a profibrogenic gene in PF for the first time,
which provides a potential therapeutic target for PF. Further
mechanistic studies indicated that DR3penA effectively attenuates
PF by regulating MAPK/miR-23b-5p/AQP5 (Fig. 9). Therefore,
the peptide DR3penA can be further studied as a candidate
compound for the treatment of PF.
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