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ABSTRACT

Pulmonary fibrosis (PF), which is characterized by enhanced ex-
tracellular matrix (ECM) deposition, is an interstitial lung disease
that lacks an ideal clinical treatment strategy. It has an extremely
poor prognosis, with an average survival of 3-5 years after diag-
nosis. Our previous studies have shown that the antioxidant pep-
tide DR8 (DHNNPQIR-NH,), which is extracted and purified from
rapeseed, can alleviate PF and renal fibrosis. However, natural
peptides are easily degraded by proteases in vivo, which limits
their potency. We have since synthesized a series of DR8 analogs
based on amino acid scanning substitution. DR7dA [DHNNPQ
(D-alanine) R-NH,] is an analog of DR8 in which L-isoleucine
(L-lle) is replaced with D-alanine (D-Ala), and its half-life is better
than that of DR8. In the current study, we verified that DR7dA
ameliorated tumor growth factor (TGF)-B1-induced fibrogenesis
and bleomycin-induced PF. The results indicated that DR7dA re-
duced the protein and mRNA levels of TGF-B1 target genes in
TGF-B1-induced models. Surprisingly, DR7dA blocked fibrosis in
a lower concentration range than DR8 in cells. In addition, DR7dA
ameliorated tissue pathologic changes and ECM accumulation in
mice. BLM caused severe oxidative damage, but administration

of DR7dA reduced oxidative stress and restored antioxidant
defense. Mechanistic studies suggested that DR7dA inhibits ERK,
P38, and JNK phosphorylation in vivo and in vitro. All results indi-
cated that DR7dA attenuated PF by inhibiting ECM deposition and
oxidative stress via blockade of the mitogen-activated protein ki-
nase (MAPK) pathway. Hence, compared with its parent peptide,
DR7dA has higher druggability and could be a candidate com-
pound for PF treatment in the future.

SIGNIFICANCE STATEMENT

In order to improve druggability of DR8, we investigated the
structure—activity relationship of it and replaced the L-isoleu-
cine with D-alanine. We found that the stability and antifibrotic
activity of DR7dA were significantly improved than DR8, as well
as DR7dA significantly attenuated tumor growth factor (TGF)-
B1-induced fibrogenesis and ameliorated bleomycin-induced
fibrosis by inhibiting extracellular matrix deposition and oxida-
tive stress via blockade of the MAPK pathway, suggesting
DR7dA may be a promising candidate compound for the treat-
ment of PF.

Introduction

Pulmonary fibrosis (PF) is a chronic disease characterized
by interstitial inflammation and fibrosis. In PF, abnormal
fibroblast and myofibroblast differentiation results in a-smooth
muscle actin (¢-SMA) expression and extracellular matrix
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(ECM) deposition. Increased ECM results in loss of lung com-
pliance and damage to alveolar structure, eventually leading
to respiratory failure and death. In recent years, the incidence
and mortality of PF have been increasing gradually; thus, PF
is an important human health issue (Distler et al., 2019; Than-
nickal et al., 2004; Wynn, 2008). At present, pirfenidone and
nintedanib are approved for clinical use in delaying the pro-
gression of PF, but they cannot reverse the fibrosis process. In
addition, pirfenidone can cause some side effects, such as pho-
tosensitivity, rashes, and gastrointestinal discomfort (Galli
et al., 2017). Lung transplantation is the most effective way to
prolong patient survival. However, the widespread application
of lung transplantation is limited by the high difficulty and

ABBREVIATIONS: BLM, bleomycin; CAT, catalase; DCFH-DA, 2',7'-dichlorodihydrofluorescein diacetate; ECM, extracellular matrix; EMT, epi-
thelial-mesenchymal transition; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSH, glutathione; HRP, horse-
radish peroxidase; IL, interleukin; MAPK, mitogen-activated protein kinase; MDA, malondialdehyde; MMP2, matrix metalloproteinase 2; MTT,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NAC, N-acetyl-L-cysteine; NOX, NADPH oxidase; OS, oxidative stress; PF, pul-
monary fibrosis; ROS, reactive oxygen species; RP-HPLC, reverse-phase high performance liquid chromatography; «-SMA, a-smooth muscle
actin; SOD, superoxide dismutase; TGF-B1, transforming growth factor (TGF)-g1; TNF, tumor necrosis factor.
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cost of surgery, the lack of lung resources, and the occurrence
of immune rejection (George et al., 2019). Therefore, it is nec-
essary to find an effective medicine to alleviate PF.

Transforming growth factor (TGF)-B1 is a main profi-
brotic cytokine involved in the inflammatory response, oxi-
dative stress (OS), myofibroblast differentiation, and ECM
deposition (Saito et al., 2018). OS involves an imbalance of
antioxidant and prooxidant processes, including reactive
oxygen species (ROS) production and/or antioxidant de-
fense impairment. OS is implicated as an important factor
in the pathogenesis of PF, which involves alveolar epithe-
lial cell injury and apoptosis and fibroblast proliferation
and differentiation (Kliment and Oury, 2010). In view of
the role of OS in the occurrence and development of PF, we
believe that antioxidants may play an antifibrotic role in
PF. In our previous studies, we reported that the rapeseed
(Brassica campestris L.)-derived antioxidant peptide DR8
(DHNNPQIR-NH,) can block the progression of PF and re-
nal fibrosis (Deng et al., 2020; Wang et al., 2019).

Peptide drugs typically have the advantages of high effi-
ciency and low toxicity, so research on new peptide drugs has
increased in recent years. However, natural active peptides
are easily degraded by endogenous proteases, and their poor
stability and short half-lives (t1, values) have limited their
applications in medicine (Fosgerau and Hoffmann, 2015).
Chemical modification strategies, including the introduction
of nonnatural amino acids, cyclization, skeleton modification,
and side chain modification, are commonly used to improve
the stability of natural peptides (Erak et al., 2018; Werle and
Bernkop-Schnurch, 2006). Among these approaches, the in-
troduction of D-type amino acids into the peptide sequence is
the most common, simple, and effective strategy to prevent
degradation. In our previous studies on alanine (Ala) and
D-amino acid scanning analogs of DR8, we found that the ac-
tivity was retained after replacement of isoleucine (Ile) with
Ala but lost after replacement with D-Ile (Wang et al., 2021).
Since replacing L-amino acids with nonnatural D-amino
acids can improve stability and since D-Ala is readily avail-
able, we chose to replace the Ile of DR8 with D-Ala. To inves-
tigate whether the modified peptide has greater stability in
serum and retains the antifibrotic activity of the parent
peptide, a TGF-Bl-induced cell model and a bleomycin
(BLM)-induced mouse model were used to validate the new
analog in the current study.

Materials and Methods

Peptide Synthesis. DR7dA was prepared with the 9-fluorenylme-
thyloxycarbonyl solid-phase method (Blanco-Canosa and Dawson,
2008; Chandrudu et al., 2013). The peptide was purified and verified
by reverse-phase high performance liquid chromatography (RP-
HPLC) (Waters Corporation; Milford, MA) to >95% homogeneity with
acetonitrile (5-95% in 30 min). Mass spectrometry (MaXis 4G;
Bruker) was used to confirm the chemical identity of the peptide.

Serum Stability Study. Serum stability has been widely used in
many reports (Hong et al., 1999; Jenssen and Aspmo, 2008; Kim
et al., 2010; Noto et al., 2008), and we verified this assay. This experi-
ment was performed as described in a previous study (Wang et al,,
2021). The peptide (56 pl of 10 mM) was added to normal mouse se-
rum (224 pl) and incubated at 37°C. An aliquot of 40 pl was taken at
0, 15, 30, 60, 120 and 240 min, and an equal volume of acetonitrile
was added to precipitate serum proteins. The mixture was incubated
on ice (10 min). After centrifugation (13,000 x g, 15 min), the
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supernatant was stored at —80°C. Samples (20 pl) were analyzed by
RP-HPLC to determine the t;». The enzymatic hydrolysis processes
of the peptide conformed to the first-order kinetic equation: A; =
Ao ™, when A/A, = 0.5 and t12 = In 2/K.

Cell Culture and Treatment. A549 cells were grown in 1640
(Gibco; Carlsbad, CA), and NIH3TS3 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (Gibco) with 10% fetal bovine serum (FBS, Biolog-
ical Industries, Beit-Haemek, Israel) at 37°C in 5% COs. Through the
retrieval of relevant literature, it is not difficult to find that 1-10 ng/ml
TGF-p1 was used to induce cell models, and many results show that 5
ng/ml TGF-B1 can be successfully used to construct cell models (Ji
et al., 2018; Wang et al., 2016). Similarly, 1-10 ng/ml TGF-31 was se-
lected to treat cells in previous studies, and the results showed that 5
ng/ml TGF-B1 can stably and effectively induce cell fibrogenesis, such
as cell proliferation, epithelial-mesenchymal transition (EMT), morpho-
logic changes, and high expression of fibrosis-related genes and proteins
(Deng et al., 2020; Wang et al., 2021; Wang et al., 2019). Therefore, 5
ng/ml TGF-B1 was used in this study. Cells in complete medium were
seeded in 6-well plates for 24 hours at 37°C. After 12 hours of serum
starvation, the cells were treated with 5 ng/ml TGF-31 (HEK293 de-
rived; PeproTech; Rocky Hill, NJ) with or without DR7dA for 1 hour or
48 hours.

MTT Assay. Cells in complete medium were seeded in 96-well
plates for 24 hours and treated with DR7dA (0, 10, 20, 40, 80, or
160 pM) without FBS for 24 hours. 3-(4,5-Dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) (5 mg/ml; Sigma-Aldrich, St.
Louis, MO) was added to each well, and the cells were incubated for
4 hours at 37°C. Then, the original medium was removed, and 150
wl of DMSO was added to each well. After gentle shaking, the absor-
bance was measured at 570 nm. The percent survival is shown as
the percentage relative to the control.

ROS Generation Assay. As in previous research (Wang et al.,
2019), cells in complete medium were seeded in glass-bottom cell cul-
ture dishes for 24 hours at 37°C. After 12 hours of serum starvation,
the cells were cultured with 5 ng/ml TGF-B1 alone or with DR7dA for
12 hours. Furthermore, they were incubated in medium containing
2'.7"-dichlorodihydrofluorescein diacetate (DCFH-DA, 10 pM; Sigma-
Aldrich) for 30 minutes. The ROS signal was captured by confocal
microscopy.

Immunofluorescence. Cells in dishes were fixed for 15 minutes
at room temperature. The cells were incubated with primary antibod-
ies (in Table 1) overnight at 4°C after being blocked with 10% bovine
serum albumin for 1 hour at 37°C. Secondary antibodies were added
to label the target proteins, and the cells were incubated for 1 hour at
room temperature. The nuclei were stained with 4',6-diamidino-2-phe-
nylindole. Images were acquired with a confocal microscope.

Animals and Treatments. Mice were considered the first-line
animal model for preclinical testing (Jenkins et al., 2017), and
C57BL/6 mice were consistently prone to BLM-induced PF. Most
studies were performed in mice 6-8 weeks old (~20 years old in
humans) (Jenkins et al., 2017, O'Dwyer and Moore, 2018) because
aging may directly lead to many age-related respiratory diseases, the
most common of which is PF (Birch et al., 2018; Schafer et al., 2017,
Selman and Pardo, 2014). Meanwhile, male sex hormones exacerbate
PF (Voltz et al.,, 2008). Therefore, specific pathogen-free female
C57BL/6 mice (8 weeks old, 18-22 g) were purchased from the Labo-
ratory Animal Center of Lanzhou University [SCXK(Gan)2018-0002].
All animals underwent 1 week of adaptive feeding before the experi-
ments at 22° + 2°C.

The BLM-induced PF model is the most commonly used preclinical
model in vivo because pathologic changes are most similar to human
PF (Chua et al., 2005). The BLM-induced animal model is widely used
in the assessment of potential antifibrotic agents, and a large number
of compounds have been shown to prevent fibrotic progression (Kolb
et al., 2020). It has also been reported that intratracheal instillation of
2-5 mg/kg BLM alone can induce PF in C57BL/6 mice (Li et al.,
2021). As reported in previous studies, 5 mg/lkg BLM can effectively
and significantly induce PF, and subcutaneous injection of DR8 and
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TABLE 1

Antibody used for Western blot, immunohistochemistry, and immunofluorescence
Antibodies Species Western Blot Immunohistochemistry Immunofluorescence Source
o-SMA Rabbit 1:500 1:200 Abcam
Fibronectin Rabbit 1:1000 Abcam
Collagen I Rabbit 1:1000 1:500 1:100 Servicebio
MMP2 Rabbit 1:500 Servicebio
Vimentin Rabbit 1:1000 Cell Signaling Technology
NOX4 Rabbit 1:200 1:200 1:100 Boster
TGF-B1 Rabbit 1:1000 Abcam
p-ERK Rabbit 1:1000 Cell Signaling Technology
p-P38 Rabbit 1:1000 Cell Signaling Technology
p-JNK Rabbit 1:1000 Cell Signaling Technology
ERK Rabbit 1:1000 Beyotime
P38 Rabbit 1:1000 Cell Signaling Technology
JNK Rabbit 1:1000 Beyotime
GAPDH Rabbit 1:5000 Proteintech
HRP-conjugated IgG Goat 1:10000 ImmunoWay
CoraLite594-conjugated Goat 1:200 Proteintech

DR8 analogs (0.5 mg/kg/d) showed good antifibrotic activity, low toxic-
ity, and few effects at this dose (Deng et al., 2020; Wang et al., 2021,
Wang et al., 2019). Therefore, the same experimental scheme was per-
formed, and 0.5 and 2.5 mg/kg/d were determined as the dosage regi-
men of DR7dA in this experiment.

Wei et al. believed that the basic number of small animal experi-
ments should be =10 in the Methodology of Pharmacological Experi-
ment (Wei et al., 2010). To avoid <10 samples caused by death during
the process, =11 mice were randomly divided into each group. The
mice were randomly divided into six groups: the normal group (n = 11),
saline group (n = 11), BLM group (n = 12), DR7dA groups (0.5 and
2.5 mg/kg, n = 11), and N-acetyl-L-cysteine (NAC) group (600 mg/kg,
n = 11) (Li et al., 2020). Except in the normal group, saline with 5 mg/kg
BLM (Nippon Kayaku; Tokyo, Japan) or saline was injected intratra-
cheally into the mice. The DR7dA groups were subcutaneously injected
with 0.5 or 2.5 mg/kg/d, and the NAC group was given 600 mg/kg/d by
gavage. An equal amount of saline was subcutaneously injected into the
mice in the normal group and the saline group for 21 consecutive days.
All mice were euthanized (sodium pentobarbital, 50 mg/kg, intraperi-
toneal injection), 0.8-1 ml blood was collected from the orbit, and appro-
ximately 0.2 ml serum was collected after centrifugation (5000 rpm,
30 min). The whole lung tissues were washed with cold PBS to remove
the residual blood. Some of the lung was fixed in 10% formalin solution
for 48 hours before paraffin embedding and sectioning, and the remain-
ing tissue was stored at —80°C.

Mouse experiments were approved by the Animal Experiments Com-
mittee of the Lanzhou University [SYXK(Gan)2018-0002]. All operations
were performed under anesthesia (sodium pentobarbital, 50 mg/kg, in-
traperitoneal injection), and all efforts were made to minimize suffering.

Tissue Histology and Immunohistochemistry. Hematoxylin
and eosin and Masson’s trichrome staining were performed on 4-pm
sections. The lung sections were deparaffinized and rehydrated. Immu-
nohistochemistry was performed with an SP kit (ZSGB-Bio; Beijing,
China). Endogenous peroxidase was blocked after antigen retrieval. Af-
ter blocking, the sections were incubated with primary antibodies (Ta-
ble 1) overnight at 4°C. Incubation with a secondary antibody (ZSGB-
Bio) was performed at room temperature, and the sections were visual-
ized with 3,3'-diaminobenzidine and hematoxylin. The staining inten-
sity was observed using an optical microscope and analyzed by Imaged.

Serum Biochemical Measurements. The levels of superoxide
dismutase (SOD), malondialdehyde (MDA) and catalase (CAT) in
serum were detected using commercial kits according to the instruc-
tions (Nanjing Jiancheng Bioengineering Institute; Nanjing, China).

Western Blot Analysis. Proteins were obtained from cells and
tissue using radio immunoprecipitation assay lysis buffer (Beyotime;
Shanghai, China). The proteins were separated via 10% SDS-PAGE
after detecting the protein concentrations with a bicinchoninic acid
protein assay kit (Thermo; Rockford, IL) and then transferred to a

PVDF membrane (Millipore; Bedford, MA). The membrane was
blocked with 6% nonfat dry milk for 1 hour and then incubated with
primary antibodies at 4°C overnight. After the bands were incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies
for 1 hour, the proteins were visualized with an enhanced chemilumi-
nescence kit (Yeasen Biotech; Shanghai, China). The signals were
measured using Evolution Capt software (Vlber Lourmat; Marne la
Vallée, France), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The antibodies are listed in
Table 1.

Real-Time Quantitative Polymerase Chain Reaction. TRIzol
(Takara; Kusatsu, Japan) was used to extract RNA from cells and tis-
sue. The RNA was reverse transcribed after quantification. Real-time
quantitative polymerase chain reaction (RT-qPCR) was used on an
Applied Biosystems. The 2-2*C* method with GAPDH as the internal
reference was used to quantify the target genes. The sequences are
shown in Table 2.

Statistical Analysis. The statistical analyses were performed
using GraphPad Prism 8.3.0 (San Diego, California). Each experiment
was performed more than three times, and all data are expressed as
the mean + S.D. One-way ANOVA followed by Tukey’s post hoc test
was used for analyses among groups. P < 0.05 was considered to indi-
cate statistical significance.

Results

DR7dA Inhibits TGF-B1-Induced PF In Vitro. After
purification by RP-HPLC and characterization by mass spec-
trometry (Supplemental Fig. 1), DR7dA with a purity of 100%
(Supplemental Fig. 2) was used in the following experiments.
The structure of DR7dA is shown in Fig. 1A; the red part is
D-Ala. Then, we compared the stability of DR7dA with that of
DRS8 (70.19 + 6.83 min) (Wang et al., 2021) in vitro and found
that the stability of DR7dA (201.08 + 58.86 min) was greatly
improved in serum. Then, we explored the activity of DR7dA.
In PF, both epithelial cells and fibroblasts are involved in the
fibrotic process, so A549 and NIH3T3 cells were selected to
study the activity of DR7dA in vitro. First, to evaluate the cell
safety of DR7dA, we used MTT assay to evaluate the toxicity
of DR7dA in cells. We used five concentrations of DR7dA
ranging from 10 to 160 wM. Unsurprisingly, compared with
the control, DR7dA did not show a cytotoxic effect at 160 wM
(Fig. 1, B and C). Subsequently, we performed a preliminary
study on the activity of DR7dA in two cell lines. TGF-B1 can
induce cell proliferation and activation in vitro, thus, it is com-
monly used to establish fibrosis models. Transformation of
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TABLE 2
Primer pairs used for RT-qPCR

Gene Forward primer (5'- 3') Reverse primer (5'- 3')

Human
ACTA2 ACTGCCTTGGTGTGTGACAA CACCATCACCCCCTGATGTC
FN1 ACAACACCGAGGTGACTGAGAC GGACACAACGATGCTTCCTGAG
COLIA1 GTGCGATGACGTGATCTGTGA CGGTGGTTTCTTGGTCGGT
VIM AGGCAAAGCAGGAGTCCACTGA ATCTGGCGTTCCAGGGACTCAT
MMP2 GATACCCCTTTGACGGTAAGGA CCTTCTCCCAAGGTCCATAGC
NOX4 CTTCCGTTGGTTTGCAGATT TGGGTCCACAACAGAAAACA
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

Mouse
Acta2 ACTGGGACGACATGGAAAAG CATCTCCAGAGTCCAGCACA
Fn1 ATGTGGACCCCTCCTGATAGT GCCCAGTGATTTCAGCAAAGG
Collal GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Vim CGTCCACACGCACCTACAG GGGGGATGAGGAATAGAGGCT
Mmp2 CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC
Nox4 GAAGGGGTTAAACACCTCTGC ATGCTCTGCTTAAACACAATCCT
Sod1 AACCAGTTGTGTTGTCAGGAC CCACCATGTTTCTTAGAGTGAGG
Sod2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT
Cat AGCGACCAGATGAAGCAGTG TCCGCTCTCTGTCAAAGTGTG
Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
116 CTGCAGCTGGAGAGTGTGG GGGGAACTCTGCAGACTCAA
Il-6 AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC
Tgfbl ATGGTGGACCGCAACAAC CCAAGGTAACGCCAGGAA
Gapdh AGGAGTAAGAAACCCTGGAC CTGGGATGGAATTGTGAG

fibroblasts into myofibroblasts is associated with an increase study, and o-SMA was used for testing in a preliminary
in ECM products, and a-SMA can serve as an indicator of PF. study. As expected, a-SMA expression increased in NIH3T3
Therefore, TGF-B1-induced cell models were selected in our and A549 cells incubated with TGF-1. DR7dA suppressed
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Fig. 1. DR7dA inhibits TGF-B1-induced a-SMA expression in vitro. (A) Structure of DR7dA. (B and C) Cytotoxicity of DR7dA in NIH3T3 and A549 cells.
Expression of a-SMA with different concentrations of DR7dA in NIH3T3 (D, F, and G) and A549 (E, H, and 1) cells. *P < 0.05 and **P < 0.01 vs. control;
#P < 0.05 and *P < 0.01 vs. TGF-B1.
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a-SMA in a dose-dependent manner, and a significant reduc-
tion was observed at 10 uM in NIH3TS3 cells (Fig. 1, D and F)
and A549 cells (Fig. 1, E and H). Therefore, we used several
concentrations lower than 10 uM and found that the lowest
effective concentration of DR7dA was 1 pM in NIH3T3 cells
(Fig. 1, D and G) and 5 uM in A549 cells (Fig. 1, E and D).
Compared with that of DR8, the effective concentration of
DR7dA was lower in both cell lines. Later, 2.5 pM and 10 pM
were chosen for NIH3T3 cells, and 5 pM and 10 uM were
chosen for A549 cells to further analyze the TGF-B1-induced
model in vitro. Further results in NIH3T3 (Fig. 2, A and B)
and A549 (Fig. 2, A and C) cells showed that DR7dA inhibited
the expression of fibrosis-related proteins whose expression
was induced by TGF-B1 at selected concentrations, including
o-SMA, fibronectin, collagen I, and vimentin. In addition, we
examined the effect of DR7dA on fibrogenesis at the genetic
level. The results showed that DR7dA inhibited the mRNA
expression of Acta2, Fnl, Collal, Vim, and matrix metallo-
proteinase 2 (Mmp2) in NIH3T3 cells (Fig. 2D) and ACTAZ2,
FN1, COL1A1, VIM, and MMP2 in A549 cells (Fig. 2E) after
exposure to TGF-B1. Moreover, immunofluorescence showed
that TGF-B1 increased collagen I levels, but this effect was
suppressed by DR7dA in A549 cells (Fig. 2F). Compared with
DR8, DR7dA not only exhibited better stability but also
retained its antifibrotic activity at a lower effective concentra-
tion in vitro. All results indicated that DR7dA exhibited ideal
antifibrotic activity against TGF-B1-induced fibrogenesis by
inhibiting cell activation and ECM accumulation.

DR7dA Decreases TGF-1-Induced Oxidative Damage
In Vitro. OS is an important pathogenic mechanism of PF,
and TGF-B1 can induce oxidative damage and antioxidant
deficiency in cells. To verify whether DR7dA, like DRS, can
inhibit OS caused by TGF-Bl-induced ROS production, we
used DCFH-DA to examine intracellular ROS levels. DCFH-
DA is an oxidation-sensitive probe that can enter cells and
eventually interact with intracellular endogenous ROS to gen-
erate fluorescence, so ROS levels were detected by measuring
fluorescence intensity. The results showed that TGF-B1 treat-
ment elevated ROS levels, but this effect was attenuated by
DR7dA (Fig. 3A) in NIH3T3 and A549 cells. In addition, TGF-
B1l-induced upregulation of NADPH oxidase 4 (NOX4) expres-
sion can produce ROS and cause DNA damage and mitochon-
drial dysfunction, so we also detected the effect of DR7dA on
NOX4 expression. As expected, Western blot and RT-qPCR
analyses indicated that DR7dA decreased the protein and
mRNA levels of NOX4 in NTH3T3 (Fig. 3, B-D) and A549 cells
(Fig. 3, G-I). TGF-B1 not only leads to ROS production but
also suppresses antioxidant system components, such as
SODs and CAT. As shown in Fig. 3E, the mRNA levels of
Sod1, Sod2, and Cat were decreased in the TGF-B1 group but
increased after treatment with DR7dA in NIH3T3 cells. More-
over, immunofluorescence also showed that DR7dA decreased
NOX4 levels in A549 cells (Fig. 3F). The results showed that
DR7dA can reduce TGF-Bl-induced oxidative damage and
restore the antioxidant system, suggesting that DR7dA may
block the PF process by inhibiting OS.

DR7dA Blocks the TGF-1-Induced MAPK Signaling
Pathway In Vitro. Once TGF-B1 binds with receptors, it can
activate the typical Smad pathway and other atypical path-
ways. The MAPK pathway is involved in the fibrotic process,
cell proliferation, and cell differentiation. To determine the
signaling pathway involved in the inhibitory effect of DR7dA

in vitro, the levels of phosphorylated MAPK were analyzed.
The results showed that the phosphorylation levels of ERK,
P38, and JNK were higher after TGF-B1 exposure than the
levels in the control group. A significant decrease in the phos-
phorylation level was observed after treatment with DR7dA
for 1 hour in NTH3T3 (Fig. 4, A and B) and A549 cells (Fig. 4,
C and D), but there was no difference between the two concen-
trations. All data showed that DR7dA slowed PF in vitro by
suppressing the TGF-B1-induced MAPK pathway.

DR7dA Ameliorates BLM-Induced PF In Vivo. Subse-
quently, a BLM-induced PF model was used to verify the
effect of DR7dA in vivo. NAC, a precursor of glutathione
(GSH) that acts as a ROS scavenger, is extensively used as a
positive control in animal PF models (Chen et al., 2013;
Hamdy et al., 2012; Li et al., 2020; Mizuguchi et al., 2006), so
we used NAC as a positive control in mice. In mouse experi-
ments, the doses of DR7dA were 0.5 and 2.5 mg/kg, and the
dose of NAC was 600 mg/kg (Li et al., 2020). As shown in
Fig. 5, A and B, we observed continued weight gain of the
mice in the normal group and initial weight loss followed by
weight gain in the remaining groups. The results of hematoxy-
lin and eosin staining suggested that the normal lung struc-
ture was severely destroyed, the alveolar wall was thickened,
and inflammatory cells were accumulated after BLM stimula-
tion (Fig. 5C). These changes were reversed by DR7dA and
NAC. In PF, high expression of a-SMA results in tissue con-
traction and decreased lung compliance, and MMP2 can acti-
vate TGF-B1 to accelerate fibrosis. The o-SMA expression
induced by BLM was reversed by DR7dA, as indicated by im-
munohistochemical staining (Fig. 5, C and D). The assay indi-
cated that the expression of a-SMA, fibronectin, and MMP2
was notably increased in the BLM group but suppressed by
DR7dA and NAC (Fig. 5, E and F). In addition, as shown in
Fig. 5, G-I, we observed similar results with regard to the ef-
fect of DR7dA on the mRNA expression of Acta2, Fnl and
Mmp2, after BLM treatment. These data suggested that
DR7dA attenuated the development of fibrosis in a dose-de-
pendent manner. Notably, the effect of DR7dA was equivalent
to that of NAC at a dose less than 1/100 of the NAC dose.

DR7dA Alleviates BLM-Induced Collagen Deposi-
tion In Vivo. Overexpression and deposition of collagen are
pathologic features of PF. The results of Masson’s trichrome
staining showed increased amounts of collagen fibers in the
BLM treatment group but decreased amounts in the DR7dA
and NAC groups (Fig. 6, A and B). In addition, the level of col-
lagen I was measured by immunohistochemistry (Fig. 6, A
and C) and Western blot analysis (Fig. 6, E and F). As ex-
pected, the levels of collagen I were significantly increased in
the BLM-treated group but reduced by DR7dA and NAC treat-
ment. The Collal levels also showed the same result (Fig. 6D)
in mice. These results confirmed that DR7dA was able to re-
duce collagen accumulation induced by BLM in mice.

DR7dA Modulates BLM-Induced OS and Inflamma-
tion. To verify the impact of DR7dA on BLM-induced oxida-
tive damage, the levels of MDA were measured as indicators
of oxidative damage, and the activity of SOD and CAT was
determined to evaluate antioxidants in serum. As shown in
Fig. 7, A-C, after stimulation with BLM, the MDA content
markedly increased, and SOD and CAT activity was inhibited.
In contrast, administration of DR7dA decreased the MDA con-
tent and enhanced SOD and CAT activity. After exposure to
BLM, the mRNA levels of Sod1, Sod2, and Cat were markedly
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lower than those in the control group, but DR7dA recovered
the expression of these mRNAs related to antioxidant enzymes
(Fig. 7D). Moreover, the changes in NOX4 were measured
by RT-qPCR (Fig. 7E) and immunohistochemistry (Fig. 7, F
and G). Surprisingly, DR7dA significantly inhibited the BLM-
induced increase in NOX4, and the RT-qPCR results showed
the same tendency as the immunohistochemistry results re-
garding the mRNA expression of Nox4. Furthermore,
tumor necrosis factor (TNF)-a, interleukin (IL)-1B, and IL-6
were elevated in BLM-induced PF and participated in the
development of PF. The results showed that the mRNA lev-
els of these inflammatory factors were also reduced by
DR7dA (Fig. TH). These data indicated that DR7dA allevi-
ated PF by restoring the oxidation/antioxidant balance and
regulating the inflammatory response in mice in a concen-
tration-dependent manner.

DR7dA Suppresses TGF-1/MAPK Signaling in BLM-
Induced PF. TGF-81, a major fibrotic cytokine, is consid-
ered to regulate various fibrotic processes and is involved in

BLM-induced PF. Unsurprisingly, BLM administration in-
creased TGF-B1 protein and mRNA levels, whereas DR7dA
apparently reduced TGF-B1 expression (Fig. 8, A—C). In in-
vitro studies, we found that DR7dA exerted antifibrotic activ-
ity by reducing the TGF-Bl-induced phosphorylation of
MAPK. We also detected the effect of DR7dA on the MAPK
pathway in vivo. DR7dA significantly inhibited the BLM-
induced increases in the levels of phosphorylated ERK, P38,
and JNK (Fig. 8, A and D). These data indicated that DR7dA
alleviated BLM-induced PF by regulating the MAPK signal-
ing pathway.

Discussion

Because the lungs are directly connected to the external
environment, they are susceptible to the environmental influ-
ence. PF is caused by a variety of types of injury to the lung,
including poisoning and autoimmune, drug-induced, infectious,
and traumatic injuries (Thannickal et al., 2004). Repetitive
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injury of epithelial cells initiates PF, and alveolar epithelial
cells also secrete a variety of profibrotic mediators that induce
fibroblast differentiation into myofibroblasts (Sakai and Tager,
2013). Then, fibroblasts proliferate and differentiate into
myofibroblasts, producing ECMs. ECM deposition results in
alveolar collapse and breathing restriction and eventually
leads to respiratory failure and death (Distler et al., 2019;
Wynn, 2011). In this study, we found that DR7dA alleviated
BLM-induced PF in mice and TGF-Bl-induced fibrogenesis
in cells. Our results showed that DR7dA inhibited ECM
deposition and fibrotic progression in vitro and in vivo.
DR7dA inhibited the differentiation of epithelial and fibro-
blast cells into myofibroblasts in vitro and reduced collagen
deposition and pathologic changes in vivo.

MMPs can degrade ECM components, but their activity is
blocked by tissue inhibitors of MMPs. Many MMPs are involved
in fibrosis, such as MMP2, MMP7, MMP9, and MMP28 (Roque
et al., 2020). MMP2 is mainly expressed in alveolar epithelial
cells in PF, which may be related to basement membrane rup-
ture (Dancer et al., 2011). In our results, DR7dA inhibited
BLM-induced elevations in MMP2 protein and mRNA levels
in vivo and inhibited TGF-Bl-induced increases in MMP2

mRNA levels in vitro. On the one hand, DR7dA may reduce the
damage caused by MMP2 to the basement membrane, which
may reduce the invasion of fibroblasts into the alveolar cavity.
On the other hand, DR7dA may indirectly inhibit TGF-B1 acti-
vation through MMP2, meaning that the activation of TGF-
Bl-induced downstream signaling is reduced.

After repeated injury, epithelial cells release inflammatory
cytokines that recruit inflammatory cells to the site of injury
(Wynn, 2011). Innate and adaptive immunity are involved in
fibrosis. Neutrophils migrate to damaged tissue under the
action of several chemokines and ILs, and macrophages pro-
duce TNF-«, IL-1, and IL-6, which maintain tissue inflamma-
tion. TNF-«, IL-1, and IL-6 can promote fibrosis in the lungs
(Mack, 2018). We found that the increases in Tnf, I11b, and
116 mRNA levels after BLM stimulation were inhibited by
DR7dA, suggesting that DR7dA may inhibit PF through inhi-
bition of inflammation.

Compared with other organs, the lungs are particularly sen-
sitive to OS because they contact higher oxygen levels. At low
levels, ROS can mediate normal cellular activities as second
messengers. Antioxidants, including CAT, GSH, SOD, and
ascorbic acid, exist to clear or remove ROS and prevent OS.
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Fig. 5. DR7dA ameliorates BLM-induced PF in vivo. (A) Weight changes. (B) Survival. (C) Photos of the lungs, hematoxylin and eosin staining
and immunohistochemical staining of a-SMA (original magnification, 100x). Scale bars, 100 pm. (D) Statistical results of immunohistochemical
staining. (E and F) Western blot analysis of a-SMA, fibronectin, and MMP2. (G-I) mRNA levels of Acta2, Fnl, and Mmp2. *P < 0.05 and **P <
0.01 vs. the normal group; *P < 0.05 and **P < 0.01 vs. the BLM group.

When the lungs are damaged, excessive ROS can lead to OS, damage to biomolecules, such as proteins, lipids, and DNA, in-
which in turn leads to further ROS production and fibrosis ducing tissue damage and inflammation (Sies and Jones,
(Kinnula and Crapo, 2003; Kliment and Oury, 2010; van der 2020). In our results, we found that the levels of the lipid per-
Vliet et al., 2018). Increases in ROS levels eventually lead to oxidation product MDA were increased, whereas those of the
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antioxidant enzymes SOD and CAT were decreased, after
BLM induction, indicating the generation of OS. The NOX
family is a ROS-generating enzymatic system that plays a role
in PF. It has been reported that NOX4 is the cause of ROS
accumulation in PF and that NOX4 is upregulated in human
and mouse PF models (Crestani et al., 2011). NOX4 has been
studied more than other NOXs in PF, and unlike other NOXs,
NOX4 activity is mainly regulated by gene expression levels
(Crestani et al., 2011; Hecker et al., 2012; Hecker et al., 2009).
NOX4 is associated with cell proliferation (Chan et al., 2009)
and mediates fibroblast differentiation and proliferation
(Amara et al., 2010). Elevated NOX4 expression was also
observed in the in vivo and in vitro models, as has been
reported previously. The above phenomena were improved
after administration of DR7dA to the models, indicating
that DR7dA can partially restore TGF-f1l1-induced and
BLM-induced deficiencies in antioxidant defense.

TGF-B is a powerful profibrotic factor, and its expression
is increased during the development of fibrosis in many
organs. Mammals expressing three subtypes of TGF-g (TGF-
B1-3) also express latent associated protein. PF mainly results

from TGF-B1 stimulation (Ask et al., 2008). TGF-B1 is involved
in epithelial cell apoptosis, EMT, epithelial cell migration,
fibroblast proliferation and differentiation, and myofibroblast
activation (Saito et al., 2018). In our studies, TGF-B1 was over-
expressed after BLM induction, but this overexpression was
reversed after DR7dA treatment in vivo.

Activated TGF-B1 binds with receptors to activate the typi-
cal Smad pathway. In addition, TGF-B1 signaling is transmit-
ted through other atypical pathways, and the MAPK pathway
and phosphatidylinositol-3-kinase pathway take part in the
fibrotic process (Derynck and Zhang, 2003). Our results showed
that DR7dA improved PF through the MAPK signaling path-
way. MAPK signaling is involved in cell proliferation, cell metab-
olism, cell migration, and cell differentiation (Lavoie et al., 2020;
Newton and Holden, 2006; Shaul and Seger, 2007; Weston and
Davis, 2002). Many kinases of MAPK include a redox-sensitive
site and are very sensitive to ROS inactivation. Apoptosis signal-
regulating kinase-1 is an oxidation-sensitive protein that can
activate the JNK and P38 pathways (Tobiume et al., 2001).
A vicious cycle exists in which ROS activate JNK and mitochon-
drial outer membrane protein-dependent ROS production,
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resulting in increased ROS production and sustained JNK acti-
vation (Blaser et al., 2016; Chambers and LoGrasso, 2011; Win
et al., 2014). In our work, DR7dA reduced ROS and NOX4 pro-
duction, possibly through the JNK and P38 pathways. In
addition, P38 plays a major role in adjusting inflammatory
expression (Newton and Holden, 2006). Therefore, the inhibi-
tory effect of DR7dA on the inflammatory response may occur
through the P38 signaling pathway. However, PF involves
complex signaling pathways, and TGF-B1 binds to receptors
to activate a variety of pathways; hence, DR7dA may also act
through other pathways.

NAC, a precursor of GSH that acts as a ROS scavenger,
can effectively reduce BLM-induced PF in mice (Hagiwara

et al., 2000). However, in clinical trials, NAC has not been
shown to have a beneficial effect on forced vital capacity or
mortality (Martinez et al., 2014). On the one hand, blindly
eliminating ROS may hinder normal ROS signal transduc-
tion, which may aggravate PF. On the other hand, NAC can-
not block the source of ROS and may therefore have a limited
effect (Gonzalez-Gonzalez et al., 2017; Kato and Hecker,
2020). Therefore, NAC is not recommended for the treatment
of PF in clinical practice (even in combination with other
drugs) (Cameli et al.,, 2020). However, because DR8 is an
antioxidant peptide, we used NAC as a positive control in our
work, and the results showed that NAC can reduce PF, as
previously reported. The antioxidative, antiinflammatory,
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and antifibrotic effects of DR7dA on PF were equal to or bet-
ter than those of NAC at a dose of less than 1/100 that of
NAC. The administration methods of DR7dA and NAC are
different and have also been reported in other literature
(Corboz et al., 2018; Guan et al., 2018; Li et al., 2020).

Peptides have the advantages of high activity, low toxicity,
and strong specificity, and more peptide drugs are being used in
the prevention, diagnosis, and treatment of diseases (Fosgerau
and Hoffmann, 2015). However, natural peptides are easily
degraded by enzymes in vivo, resulting in poor stability and
short t15 values. Long-acting strategies for peptides can extend
the ty» (Erak et al., 2018). Our previous studies have shown
that DR8 can reduce BLM-induced PF and unilateral ureteral
obstruction-induced renal fibrosis in mice. In this work, the
results showed that the serum stability of DR7dA was improved
after replacing the Ile of DR8 with D-Ala. DR7dA also showed
good antifibrotic activity at a lower effective concentration than
DR8. Therefore, the introduction of D-Ala at appropriate sites is
a method to optimize active peptides. There is still much work
to be done on DR7dA in further studies, such as investigation of
the antifibrotic activity of DR7dA in other animal models and
evaluation of safety. In addition, different dosing routes and
dosages should be tested in animal experiments to determine
the best method, and the pharmacokinetics of analogs in vivo
should be determined to compare the ty,, values in vivo.

In summary, after studying the structure-activity rela-
tionship through amino acid scanning, we improved the
degradation of the natural peptide DR8 in vivo by replac-
ing Ile with D-Ala. Compared with DR8, DR7dA not only
exhibited better stability but also retained antifibrotic
activity in TGF-Bl-induced and BLM-induced models.
Moreover, we found that the effective concentration of
DR7dA in vitro was significantly lower than that of DRS.
In addition, DR7dA decreased oxidative damage involved
in the occurrence and development of PF by inhibiting
ROS and NOX4. We have demonstrated that DR7dA

ameliorates PF via the ROS/TGF-B31/MAPK signaling path-
way in vitro and in vivo. Therefore, DR7dA may be a prom-
ising candidate compound for the treatment of PF.
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