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Background: Pulmonary fibrosis is a severe respiratory condition marked by the formation of scar tissue in the lungs, which
makes it distinguishable from atypical fibrosis. The specific mechanisms of angiotensin-converting enzyme 2 (ACE2) in pul-
monary fibrosis are still unclear, although it has been demonstrated to have a significant role in this condition. The objective of
this study was to examine the impact of ACE2 on lung fibrosis.

Methods: Both in vivo and in vitro experimental approaches were employed in this study to evaluate the function of ACE2. In
the in vivo experiments, an animal model of pulmonary fibrosis was established by injecting 0.1 mL of bleomycin solution into
C57BL/6 male mice, and the effects of ACE2 overexpression on pulmonary fibrosis were observed, for the animal group over-
expressing ACE2 (Model+ACE2 group), treatments with SB505124 (transforming growth factor-3 type I receptor (TGF-SRI)
(ALKS) inhibitor) and XAV939 (Wnt Family Member 3a (Wnt3a) inhibitor) were administered, to evaluate the effects of these
pathway inhibitors on ACE2 overexpression in the treatment of pulmonary fibrosis. Lung tissue samples were collected from
the animals and subjected to pathological examination (hematoxylin and eosin (HE) and Masson’s trichrome staining) to assess
the degree of pathological inflammation and fibrosis. Concurrently, the expression levels of proteins and genes related to the
ACE2, Wnt/glycogen synthase kinase (GSK)-33/5-catenin, and TGF-/31/Smad2 signaling pathways were measured using West-
ern blotting and quantitative reverse-transcription polymerase chain reaction (QRT-PCR) techniques. In the in vitro experiments,
pulmonary fibrosis was simulated in human lung fibroblasts (HLFs), which were stimulated with TGF-51. The correlation of
ACE2 overexpression to attenuate pulmonary fibrosis with Wnt/GSK-33/3-catenin and TGF-51/Smad2 signaling pathways was
explored.

Results: The ACE2 overexpression could effectively reduce pulmonary fibrosis and inflammation in mice and HLFs by mod-
ulating signaling pathways (p < 0.01). In mice, ACE2 reduced inflammation and collagen accumulation, decreasing levels of
a-smooth muscle actin («-SMA) and fibronectin (p < 0.01). Compared to the Model+ACE2 group, the Model+ACE2+SB505124
underwent a greater reduction in inflammation and fibrosis, as well as decreased levels of a-SMA and fibronectin (p < 0.05).
Overexpression of ACE2, XAV939, and SB505124 all significantly reduced the expression levels of Wnt3a, 3-catenin, p-GSK-
33, TGF-£1, and p-Smad2 proteins in mice with pulmonary fibrosis (p < 0.05). In HLFs, ACE2 counteracted TGF-31 effects,
reducing cell proliferation and levels of fibrosis markers such as collagen, o-SMA and fibronectin (p < 0.01). It also inhibited
the TGF-51-induced epithelial-mesenchymal transition (EMT), showcasing its therapeutic potential against lung fibrosis and
inflammation by regulating key signaling pathways and EMT processes (p < 0.01).

Conclusion: The desirable effects of ACE2 in alleviating pulmonary fibrosis are associated with the regulation of the Wnt/GSK-
33/3-catenin and TGF-51/Smad2 signaling pathway. These results offer significant evidence for further investigation into the
potential use of ACE2 in treating pulmonary fibrosis and provide new avenues for the advancement of innovative therapeutic
approaches.
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Introduction

Pulmonary fibrosis is a severe respiratory condition
resulting in a substantial decline in lung function due
to an overgrowth of fibrotic tissue that replaces healthy
lung tissue [1-3]. This complex disease involves multiple
molecular signaling pathways [4,5]. Previous studies have
indicated that the Wnt/glycogen synthase kinase (GSK)-
3/3/B-catenin and transforming growth factor-g1 (TGF-
£1)/Smad2 signaling pathways have significant involve-
ment in the onset and progression of pulmonary fibrosis
[6-9]. Nonetheless, it remains unclear whether and how
these two signaling pathways contribute to the impact of
angiotensin-converting enzyme 2 (ACE2) on fibrosis. Fur-
thermore, although previous research has indicated that
ACE2 can alleviate pulmonary fibrosis, its precise mech-
anisms of action and potential therapeutic effects require
further investigations [10].

Pulmonary fibrosis is a severe, progressive lung dis-
ease characterized by the scarring of lung tissue, leading
to respiratory failure, substantial morbidity, and high mor-
tality. Current treatment options are limited and primarily
focus on symptom management rather than addressing the
root cause of fibrosis. Thus, there is a pressing need for
novel therapeutic strategies that can effectively target the
underlying mechanisms of the disease. ACE2 has emerged
as a promising therapeutic target due to its regulatory role
in key signaling pathways involved in fibrosis. ACE2 has
recently gained considerable attention [11,12]. It is a mem-
brane protein enzyme widely distributed in various tissues
and organs, including lung tissue [13]. Research has shown
that ACE2 has a vital controlling function in the devel-
opment of pulmonary fibrosis [14,15]. According to re-
ports, ACE2 can attenuate the intensity of pulmonary fi-
brosis by obstructing the TGF-31/Smad2/3 signaling path-
way [16]. These studies provide important clues for under-
standing how ACE2 combats pulmonary fibrosis by modu-
lating these two signaling pathways [17,18]. Nevertheless,
the findings of these studies often vary and even conflict
with each other, requiring additional investigations to ad-
dress the discrepancies. By comprehensively understand-
ing how ACE2 modulates the Wnt/GSK-33/3-catenin and
TGF-51/Smad2/3 pathways, we can identify new interven-
tion avenues for treating pulmonary fibrosis.

Although previous research has suggested that ACE2
can mitigate pulmonary fibrosis by regulating the TGF-
£1/Smad?2 signaling pathway, the precise interaction be-
tween the Wnt/GSK-33/3-catenin and TGF-£1/Smad2
pathways and the specific mechanism by which ACE2 reg-
ulates these pathways to counteract pulmonary fibrosis re-
mains uncertain. Furthermore, few studies have concur-
rently examined the impact of ACE2 on pulmonary fibrosis
in both in vivo and in vitro experimental settings. Exploring
these aspects will offer a broader understanding of the de-
velopment of pulmonary fibrosis and enable the discovery
of novel treatment strategies [19].
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The objective of this research is to investigate the po-
tential of ACE2 in mitigating pulmonary fibrosis through
the concurrent regulation of the Wnt/GSK-3/3/5-catenin
and TGF-31/Smad2/3 signaling pathways in both in vivo
and in vitro environments. To elucidate the effects of ACE2
expression and activity on these two signaling pathways
and their interplay, we employed an animal model and a
cellular model of pulmonary fibrosis. Additionally, we
assessed whether ACE2 ameliorates the severity of pul-
monary fibrosis by modulating these pathways. By under-
taking this study, we aim to uncover the underlying mech-
anisms by which ACE2 exerts its effects on pulmonary fi-
brosis and propose innovative therapeutic strategies. The
clinical value of this research lies in its potential to de-
velop ACE2-based therapies that offer more effective and
targeted treatment options for patients diagnosed with this
debilitating condition. This study not only aims to enhance
our understanding of the molecular mechanisms driving
pulmonary fibrosis but also seeks to pave the way for inno-
vative clinical applications that could significantly improve
patient outcomes.

Materials and Methods

Establishing Animal Model of Pulmonary Fibrosis

Thirty SPF-grade C57BL/6 male mice with an av-
erage weight of 20 + 2 g were obtained from Beijing
Charles River Company (Beijing, China; Experimental An-
imal Production License Number: 20170930A). The mice
were divided into five groups: control group, Model+NC
group, Model+ACE2 group, Model+ACE2+SB505124
group (transforming growth factor-g type I receptor (TGF-
BRI) [ALKS5] inhibitor SB-505124; 1 puM; Sigma, St.
Louis, MO, USA), and Model+ACE2+XAV939 group
(Wnt Family Member 3a (Wnt3a) inhibitor XAV939; 1 uM;
Sigma). The mice were anesthetized by intraperitoneal in-
jection of pentobarbital sodium (30 mg/kg, 21642-83-1,
Shandong Xiya Chemical Industry Co., Ltd., Linyi, China),
and their neck skin was sterilized using iodine and alcohol.
The skin on the neck was cut, and the tissue in the front of
the neck was cautiously separated (to prevent bleeding) to
expose the trachea. In the control group, 0.1 mL of saline
was administered through the trachea, while in the experi-
mental groups, 0.1 mL of bleomycin (ST1450, 20 mg; Bey-
otime, Shanghai, China) dissolved in saline (5 mg/kg) was
administered through the trachea. After injection, the mice
were quickly inverted and rotated to ensure even distribu-
tion of bleomycin or saline in the lung tissue. Following the
surgical procedure, the mice were provided with warmth
and given time to recuperate before resuming regular food
and water intake. Seven days after the bleomycin injection,
the mice were treated with either ACE2 overexpression
lentivirus transfection complex (cytomegalovirus (CMV)
promoter, 25 ng/mL) or blank overexpression lentivirus
transfection complex (CMV promoter, #V009680, Novo-


https://www.discovmed.com/

2276

Pro, Shanghai, China), which was administered once ev-
ery three days. The model mice that overexpressed
ACE2 were categorized under the Model+ACE2 group.
The mice in the Model+ACE2+SB505124 group and
the Model+ACE2+XAV939 group were the Model+ACE2
mice that were intraperitoneally injected with SB505124
(2 mg/kg) and XAV939 (2 mg/kg), respectively, once ev-
ery three days. The mice were euthanized after 9 days of
treatment. Euthanasia was performed by intraperitoneal in-
jection of pentobarbital sodium (3%, 150 mg/kg), and their
lung tissues were collected for Masson’s trichrome staining
(for collagen) and immunohistochemical analysis.

Hematoxylin and Eosin Staining

The lung tissue specimens were dehydrated using
varying concentrations of ethanol, cleared, embedded in
paraffin, and then sliced into sections that were 4 pm in
thickness. Deparaffinization was performed with water,
followed by hematoxylin and eosin (HE) staining using a kit
(C0105M, Beyotime, Shanghai, China). After staining, the
tissue sections were dehydrated, and the slides were sealed
using neutral gum. The prepared slides were examined un-
der a microscope (DM5000, Leica Microsystems, Wetzlar,
Germany) to detect any pathological alterations in the lung
tissue. ImageJ (version 1.5f, National Institutes of Health,
Bethesda, MD, USA) was used to measure the fiber areas
of the HE-stained tissue sections.

Masson's Trichrome Staining

The left lung from each animal was fixed in poly-
formaldehyde for 12 hours, followed by rinsing with tap
water. The tissue was soaked in 70% ethanol for 24 hours,
then in 80%, 90%, and 100% ethanol for 3 hours each.
Xylene was used for clearing for 20 minutes, followed by
immersion in liquid paraffin for 3 hours and embedding.
Upon reaching ambient temperature after cooling, the wax-
embedded tissue was sliced at a 4 um thickness, dried at
a temperature of 37 °C, and then subjected to a 30-minute
dewaxing process in xylene. The sections were then im-
mersed in 100%, 90%, 80%, and 70% ethanol, followed by
staining with Masson’s collagen staining reagent (G1340,
Solarbio, Beijing, China). The sections were dehydrated in
90% ethanol, immersed in xylene for 5 minutes, and sealed
with neutral resin. The level of collagen accumulation in
lung tissue was observed and assessed using a microscope.
The Szapiel pathological evaluation method was applied to
categorize fibrosis based on scores: 0 for no fibrosis, 1 for
mild fibrosis (lesion range <20% of lung), 2 for moderate
fibrosis (lesion range 20-50% of lung), and 3 for severe fi-
brosis (lesion range >50% of lung) with structural changes

[3].

Table 1. Sequences of primers were utilized in this study.

Primer’s name

Primer sequences (5'-3)

Mouse-a-Sma-F TTCAATGTCCCAGCCATGTA
Mouse-a-Sma-R GAAGGAATAGCCACGCTCAG
Mouse-Col-I-F GAGAGGTGAACAAGGTCCCG
Mouse-Col-I-R AAACCTCTCTCGCCTCTTGC
Mouse-Col-III-F GATCAGGCCAGTGGAAATGT
Mouse-Col-III-R GTGTGTTTCGTGCAACCATC
Mouse-Fibronectin-F ATGAGAAGCCTGGATCCCCT
Mouse-Fibronectin-R GGAAGGGTAACCAGTTGGGG
Mouse-Ace2-F GGTCCAGCAGCTTGTTTACTG
Mouse-Ace2-R TTGAACTTGGGTTGGGCACT
Mouse-Vimentin-F TGAGATCGCCACCTACAGGA
Mouse-Vimentin-R TTGCGCTCCTGAAAAACTGC

Mouse-E-cadherin-F
Mouse-E-cadherin-R
Mouse-N-cadherin-F
Mouse-N-cadherin-R
Mouse-S-actin-F
Mouse-B-actin-R

CTTAGGTGCATGCCATAGTGG
TAGCTACCATCAAGAGCAGGC
CCGGAGATGGAGGAGATGA
TCCAGGTCAGTGGTGTCCAT

AGGGAAATCGTGCTGACATCAAA
ACTCATCGTACTCCTGCTTGCTGA

Homo-a-SMA-F GATGGTGGGAATGGGACAAA
Homo-a-SMA-R GCCATGTTCTATCGGGTACTTC
Homo-COL-I-F GACATCCTGGTACGGTTGGA
Homo-COL-I-R TCTGAGAGAAGGTGCTGAGC
Homo-COL-III-F AATCAGGTAGACCCGGACGA
Homo-COL-III-R CTCCTGGGATGCCATTTGGT
Homo-Fibronectin-F CATCACAGTAGTTGCGGCAG
Homo-Fibronectin-R CCCGTTTGTTGTGTCAGTGT

Homo-4CE2-F CATTGGAGCAAGTGTTGGATCTT
Homo-4CE2-R GAGCTAATGCATGCCATTCTCA
Homo-Vimentin-F GAGTCCACTGAGTACCGGAG
Homo-Vimentin-R ACGAGCCATTTCCTCCTTCA
Homo-E-cadherin-F TTTGAAGATTGCACCGGTCG
Homo-E-cadherin-R CAGCGTGACTTTGGTGGAAA

Homo-N-cadherin-F  GTGCCATTAGCCAAGGGAATTCAGC
Homo-N-cadherin-R  GCGTTCCTGTTCCACTCATAGGAGG
CATCCGCAAAGACCTGTACG
CCTGCTTGCTGATCCACATC

SMA, smooth muscle actin; Col, collagen; Ace2, angiotensin-

Homo-3-actin-F

Homo-3-actin-R

converting enzyme 2.

Quantitative Reverse-Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Cat-
alog No: 15596026, Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions.
The TaKaRa RNA PCR kit (Avian Myeloblastosis Virus,
(AMV)) Ver.3.0 (RR0O19A, TaKaRa Bio Inc., Kafu City,
Yamanashi Prefecture, Japan) was employed for perform-
ing reverse transcription reactions as per the manufacturer’s
guidelines. Briefly, RNA samples were reverse-transcribed
into cDNA using the AMV reverse transcriptase provided
in the kit. Primers specific to the target genes were syn-
thesized by Dalian Baosheng Biotech Company (Dalian,
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China). Quantitative polymerase chain reactions were per-
formed using the synthesized cDNA as a template. The re-
action conditions included an initial denaturation step at 94
°C for 60 seconds, followed by 30 cycles of denaturation
at 94 °C for 60 seconds, annealing at 51 °C for 60 seconds,
and extension at 72 °C for 90 seconds. The relative changes
in mRNA expression within each experimental group were
determined by calculating the ratio of the target gene to an
internal reference. The sequences included in this study are
shown in Table 1. The relative expression levels of mRNA
were calculated using the 2~ 22€T method.

Western Blotting

Lung tissue specimens from each animal group were
homogenized in Radioimmunoprecipitation assay (RIPA)
lysis buffer (Catalog No: R0010, Solarbio, Beijing, China)
supplemented with a protease inhibitor mixed in a ra-
tio of 50:1. Tissue and cell proteins were extracted
from the homogenized samples. The concentration of ex-
tracted proteins was determined using the BCA method
(Catalog No: PC0020, Solarbio, Beijing, China). Pro-
tein samples were denatured for sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), which
was performed to separate proteins based on their molec-
ular weight. Separated proteins were transferred from
the gel to polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% low-fat milk at
room temperature for 1 hour to prevent nonspecific bind-
ing. Antibodies against specific proteins were used: TGF-
B1 (1:1000, ab215715, Abcam, Cambridge, UK), Wnt3a
(1:1000, ab219412, Abcam, Cambridge, UK), $-catenin
(1:1000, ab32572, Abcam, Cambridge, UK), phosphory-
lated GSK-35 (1:1000, ab141070, Abcam, Cambridge,
UK), GSK-33 (1:1000, ab93926, Abcam, Cambridge, UK),
phosphorylated Smad2 (1:1000, ab272332, Abcam, Cam-
bridge, UK), Smad2 (1:1000, ab202445, Abcam, Cam-
bridge, UK), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:1000, ab9485, Abcam, Cambridge, UK), 3-
actin (1:2000, ab8227, Abcam, Cambridge, UK), a-smooth
muscle actin (a-SMA) (197240; Abcam, Cambridge, UK),
and fibronectin (1:1000, ab2413, Abcam, Cambridge, UK).
The membranes were incubated with respective antibod-
ies overnight at 4 °C. Afterward, they were washed to re-
move excess antibodies. The membranes were then incu-
bated with HRP-conjugated goat anti-rabbit immunoglobu-
lin G (IgQG) antibody (1:1000, ab6721, Abcam, Cambridge,
UK) at room temperature for one hour. Subsequently, the
membranes were exposed to an ECL exposure solution, and
the protein bands were captured using an imaging system
(ChemiDoc™ MP Imaging System, Bio-Rad, Hercules,
CA, USA). The intensities of protein bands were analyzed
using Imagel software (version 1.5f, National Institutes of
Health, Bethesda, MD, USA).
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Human Lung Fibroblast Culture

Human lung fibroblasts (HLFs) (CL-0106, Pricella,
Wuhan, China) were cultured in a 5% CO- incubator set
at 37 °C. The culture medium used was composed of
high-glucose dulbecco’s modified eagle medium (DMEM)
(iCell-0001, Cellverse Bioscience Technology, Shanghai,
China) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 0.5% penicillin-streptomycin solution. Prior to
utilization in this study, the cells had been subjected to my-
coplasma detection and short tandem repeat (STR) identifi-
cation. The cultured cells were grouped as follows: control
group (treated with saline), TGF-/31 group (stimulated to
induce TGF-31), and TGF-51+ACE2 group (stimulated to
induce TGF-31 and ACE2 overexpression).

Cell Transfection

HLFs were routinely passaged and obtained through
the process of centrifugation. A total of 6 x 10° cells (ina 2
mL cell suspension) were seeded into each well of a 6-well
plate, which was then incubated at 37 °C in an incubator
with 5% COxz for 24 hours to promote cell adhesion.

In the transfection experiment, the empty plasmid
was used as a negative control. ACE2 overexpression
lentivirus transfection complex (CMV promoter, 25 ng/mL)
or blank overexpression lentivirus transfection complex
(CMYV promoter) was transfected using the Lipofectamine
3000 kit (L3000001, Thermo Fisher Scientific, Waltham,
MA, USA). After being incubated in the cell culture incu-
bator for 6 to 8 hours, the culture medium was replaced with
a fresh one, prior to incubating the cells in the cell culture
incubator for 48 hours. Real-time PCR was employed to
quantitatively analyze the transfection efficiency.

Cell Proliferation Assay Using Cell Counting Kit-8
(CCK-8)

HLFs were incubated in 96-well plates for a dura-
tion of 24 hours. Each group of the cellular model was
tested in six duplicate wells. Following a 24-hour expo-
sure to TGF-31 at 10 ng/mL and 48 hours of transfection,
the cells were supplemented with CCK-8 reagent (CA1210,
Solarbio, Beijing, China), which had been diluted 10-fold
in a complete culture medium. Three blank control groups
were set up for this experiment. Following a 4-hour incu-
bation period, a multifunctional microplate reader (BioTek
Epoch Microplate Spectrophotometer, BioTek Instruments,
Inc., Winooski, VT, USA) was utilized to measure the ab-
sorbance value at a wavelength of 460 nm.

Immunofluorescence

The HLFs were treated with 4% paraformaldehyde
(P1110, Solarbio, Beijing, China) diluted in a solution of
phosphate buffer saline (PBS) (P1022, Solarbio, Beijing,
China) at room temperature. After that, they were incubated
in 0.1% Triton X-100 (T8200, Solarbio, Beijing, China) di-
luted in a solution of PBS. Following two washes with Tris-
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Fig. 1. Alterations in lung tissue of mice following angiotensin-converting enzyme 2 (ACE2) overexpression. (A,C) Evaluation of
lung tissue architecture and inflammatory reaction in mice following hematoxylin and eosin (HE) staining. Scale bar: 100 um. (B,D)
Assessment of collagen accumulation in lung tissue following treatment using Masson’s trichrome staining. (E) mRNA expression levels
of ACE?2 in lung tissue of mice. (F-J) Protein and mRNA levels of a-smooth muscle actin (a-SMA) and fibronectin were analyzed using
Western blotting and qRT-PCR. (K-O) Measurement of the protein and mRNA expression of collagen I (Col-I) and collagen 111 (Col-1II)
using Western blotting and gRT-PCR. n = 6, *p < 0.05, ***p < 0.001 compared to control group; “p < 0.01, **p < 0.001 compared to
Model+NC group; $p < 0.05, $$p < 0.01, $$$p < 0. 001 compared to Model+ACE2 group. qRT-PCR, quantitative reverse-transcription
polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HE, hematoxylin and eosin.

HCI buffer (T1010, Solarbio, Beijing, China), 100 uL of = HCI buffer, the cells were incubated in 100 pL of anti-
5% goat serum was added for incubation at ambient tem- vimentin antibody solution (1:200, ab92547, Abcam, Cam-
perature for 5 minutes. Following two washes with Tris-  bridge, MA, USA) at 4 °C overnight. Subsequent to three


https://www.discovmed.com/

washes with Tris-HCI buffer, the cells were subjected to in-
cubation in 100 pL of AlexaFluor 488-conjugated goat anti-
rabbit immunoglobulin G (IgG) antibody solution (1:100,
ab302644, Abcam, Cambridge, MA, USA) at ambient tem-
perature for a duration of 30 minutes. After washing, the
cells were mounted using a mounting medium that included
4’ 6-Diamidino-2’-phenylindole (DAPI). Images were cap-
tured using a confocal fluorescence microscope (TiE2000,
Nikon, Tokyo, Japan).

Statistical Analysis

The analysis of data was conducted using SPSS 20.0
(IBM, Armonk, NY, USA). The data are expressed as mean
=+ standard deviation. Intergroup comparisons were con-
ducted using one-way analysis of variance (ANOVA), fol-
lowed by pairwise comparisons using the least significant
difference (LSD) post-hoc test. A p-value below 0.05 was
considered statistically significant.

Results

Pathological Changes in Lung Tissue of Mice after
ACE?2 Overexpression

To observe structural alterations and inflammatory re-
actions, we performed histological analysis on mouse lung
tissue by means of HE staining and Masson’s trichrome
staining (Fig. 1 A—D). The results showed that, compared to
the control group, the Model+NC group had significantly
higher levels of inflammation and fibrosis (»p < 0.001).
Compared to the Model+NC group, the Model+ACE2
group exhibited significantly reduced inflammation and fi-
brosis levels (p < 0.01). The inflammation and fibro-
sis levels in the Model+ACE2+SB505124 group were sig-
nificantly lower than those in the Model+ACE2 group (p
< 0.01 and p < 0.05, respectively). The mRNA ex-
pression efficiency of ACE2 was significantly higher in
the Model+ACE2 group and the Model+ACE2+SB505124
group than in the control group and the Model+NC group (p
< 0.001) (Fig. 1E). Next, we evaluated the changes in pro-
tein and mRNA expression levels of a-SMA, fibronectin,
collagen I (Col-I), and collagen III (Col-III) in following
ACE2 overexpression. The results indicated that, com-
pared to the control group, the Model+NC group had sig-
nificantly elevated protein and mRNA levels of a-SMA, fi-
bronectin, Col-I, and Col-IIl (p < 0.001) (Fig. 1F-0). In
the Model+ACE2 group, the protein and mRNA levels of
a-SMA, fibronectin, Col-I, and Col-IIl were significantly
lower than those in the Model+NC group (p < 0.001 and
p < 0.01, respectively). Compared to the Model+ACE2
group, the Model+ACE2+SB505124 group had even lower
protein and mRNA levels of a-SMA, fibronectin, Col-I, and
Col-1II (p < 0.01 and p < 0.05, respectively).
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ACE2-Mediated Suppression of Pulmonary Fibrosis
Associated with Wnt3a/3-Catenin and
TGF-B1/Smad?2 Signaling Pathways

Western blotting was performed to analyze the protein
levels related to the Wnt3a//3-catenin and TGF-31/Smad2
signaling pathways. According to the findings, com-
pared to the control group, the Model group showed
significantly increased protein levels of Wnt3a and -
catenin, as well as elevated expression of p-GSK-33/GSK-
3. However, in the Model+ACE2 group and the Model
ACE2+XAV939 (Wnt3a inhibitor) group, the protein lev-
els of Wnt3a, S-catenin, and p-GSK-33/GSK-35 were sig-
nificantly decreased (p < 0.001) (Fig. 2A-D). Besides
that, we also found that the expression of TGF-51 and
p-Smad/Smad2 was significantly increased in the Model
group, but reduced in the Model+ACE2 group and the
Model+ACE2+SB505124 (TGF-£1 inhibitor) group (p <
0.001, p < 0.01, and p < 0.05, respectively) (Fig. 2E-G).

Protective Effects of ACE2 Overexpression against
the Damage Induced by TGF-1 in Human Fetal
Lung Fibroblasts

The investigation focused on examining the effect of
ACE2 overexpression on HLFs treated with TGF-51. The
Model+ACE2 group exhibited a higher expression level of
ACE2 in comparison to the control group, suggesting the
successful overexpression of the ACE2 gene (p < 0.001)
(Fig. 3A). The CCK-8 assay demonstrated that the cell pro-
liferation rate of HLFs was elevated in the TGF-£1 group
in comparison to the control group (p < 0.01). Nonethe-
less, the TGF-81+ACE2 group exhibited a reduced cell pro-
liferation rate compared to the TGF-31 group (p < 0.01)
(Fig. 3B). Afterward, the mRNA levels of Col-I, Col-IiI,
a-SMA, and fibronectin were assessed in HLFs. In the
TGF-S1group, the levels of Col-I, Col-III, a-SMA, and fi-
bronectin were found to be the most elevated (p < 0.001
and p < 0.01, respectively). Nevertheless, in the TGF-
B1+ACE2 group, the levels of these markers were reduced
compared to the group treated with TGF-31 alone (p <
0.001 and p < 0.01, respectively) (Fig. 3C-F). This in-
dicates that increased ACE2 expression may mitigate the
production of collagen and fibronectin induced by TGF-
51, consequently decreasing the extent of pulmonary fibro-
sis. We also found that the expression of a-SMA and fi-
bronectin levels was elevated in the TGF-£1 group in com-
parison to the control group (p < 0.001 and p < 0.01, re-
spectively). However, the expression of these two proteins
in TGF-81+ACE2 group was significantly reduced (p <
0.001 and p < 0.01, respectively) (Fig. 3G-I).

Inhibition of TGF-f1-Induced
Epithelial-Mesenchymal Transition by ACE?2

To investigate the suppressive impact of ACE2
on TGF-S1-induced epithelial-mesenchymal transition
(EMT), the expression of proteins associated with EMT in
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Fig. 2. The Wnt3a/[-catenin and transforming growth factor-31 (TGF-51)/Smad2 signaling pathways are affected by ACE2.
(A-D) Protein levels related to the signaling pathways of Wnt3a, S-catenin, and p-GSK/GSK were analyzed using Western blotting.

(E-G) Protein levels related to the signaling pathways of TGF-£1 and p-Smad2/Smad2 were analyzed using Western blotting. n = 6,
*¥p < 0.01, ¥**p < 0.001 compared to control group; #p < 0.01, **p < 0.001 compared to Model+NC group; $p < 0.05, $$p < 0.01
compared to Model+ACE2 group. Wnt3a, Wnt Family Member 3a; GSK, glycogen synthase kinase; TGF-SRI, transforming growth

factor-f3 type I receptor.

HLFs was analyzed. The TGF-£1 group exhibited the high-
est levels of vimentin and N-cadherin expression, but the
lowest expression level of E-cadherin (p < 0.001 and p <
0.01, respectively). In contrast, the TGF-51+ACE2 group

exhibited decreased levels of vimentin and N-cadherin
compared to the TGF-£1- group, whereas the expression
of E-cadherin was elevated relative to the TGF-81 group
(» < 0.001 and p < 0.01, respectively) (Fig. 4A—C). Mor-
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phological changes were observed in the TGF-81 group,
as evidenced by an increase in cell length (p < 0.001). In
contrast, the cells in the TGF-S1+ACE2 group displayed
reduced cell length, which was similar to that of the control
group (p < 0.01) (Fig. 4D,E).

ACE2-Mediated Alleviation of TGF-51-Induced
Damage in Human Lung Fibroblasts

Western blot analysis was used to evaluate the im-
pact of ACE2 on the Wnt/GSK-33/3-catenin and TGF-
£1/Smad? signaling pathways in HLFs. Compared to the
control group, the TGF-51 group exhibited a notable in-
crease in the protein expression levels of Wnt3a, 5-catenin
and p-GSK35/GSK35 (p < 0.001 and p < 0.01, respec-
tively), whereas the TGF-51+ACE2 group exhibited a sig-
nificant decrease in the ratio of p-GSK3/ to GSK3/, and
also a reduction in the protein levels of Wnt3a and 3-catenin
(» < 0.001, p < 0.01, p < 0.05, respectively) (Fig. SA—
D). In the TGF-31 group, the levels of TGF-51 and p-
Smad2/Smad2 were elevated in comparison to the control
group (p < 0.05). Nevertheless, in the TGF-31+ACE2
group, the levels of TGF-31 and p-Smad2/Smad resem-
bled those of the control group (Fig. 5SE-G). This implies
that ACE2 mitigated the phosphorylation of GSK-33 and
Smad2 that was enhanced by TGF-/1, thereby restoring
their functionality.

Discussion

Pulmonary fibrosis is a pathological condition where
an accumulation of collagen and excessive growth of con-
nective tissue results in impaired lung function and respi-
ratory distress [20,21]. ACE2 has gained significant inter-
est in the past few years following the revelation of its in-
volvement in the control of pulmonary fibrosis [22]. The
current study discovered that ACE2 has a significant im-
pact on reducing pulmonary fibrosis, in both in vitro and in
vivo settings, associated with the Wnt/GSK-33/3-catenin
and TGF-£1/Smad?2 signaling pathways.

Cellular damage and infiltration of inflammatory cells
are consequences of inflammation, which is the initial event
in pulmonary fibrosis [23]. Animal experiments demon-
strated that overexpression of ACE2 can alleviate patholog-
ical inflammation in the lung tissue of mice. By inhibiting
inflammatory responses and reducing pathological inflam-
mation in lung tissue, ACE2 has the potential to halt the pro-
gression of pulmonary fibrosis. Studies suggested that pul-
monary fibrosis is caused by the abnormal activation of the
Wnt/GSK-33/-catenin signaling pathway, which is con-
sidered a critical mechanism [24,25]. Activation of the Wnt
signaling pathway stabilizes 3-catenin by inhibiting GSK-
33, thereby regulating the expression of genes related to cell
proliferation and fibrosis. It has been shown that ACE2 can
reduce the severity of pulmonary fibrosis by inhibiting the
activation of the Wnt/GSK-33/3-catenin signaling pathway

[24,25]. Additionally, ACE2 may promote the degradation
of [S-catenin, thereby inhibiting the roles of both Wnt and
TGF-f1 signaling pathways in fibrosis [10,24,25]. Smad2,
as a downstream mediator of the TGF-£1 signaling cascade,
promotes the expression of fibrotic genes and the produc-
tion of extracellular matrix by activating Smad2/3 [26,27].

Furthermore, the benefits of ACE2 overexpression ex-
tend to ameliorating damage caused by TGF-81 in HLFs
and abrogating TGF-f1-induced EMT. EMT is a cru-
cial process in pulmonary fibrosis, wherein epithelial cells
transform into mesenchymal-like cells, leading to collagen
deposition and connective tissue proliferation. The ability
of ACE2 to inhibit TGF-S1-induced EMT is believed to
contribute to its anti-fibrotic effects, thereby reducing the
severity of pulmonary fibrosis. Our experimental results
align with other studies [28—30], demonstrating that overex-
pression of ACE2 not only reduces pathological inflamma-
tion in lung tissue but also mitigates TGF-31-induced dam-
age in HLFs. Additionally, the anti-inflammatory proper-
ties of ACE2 play a crucial role in this regulatory network.
We also demonstrated that ACE2 can attenuate the activity
of Wnt/GSK-33/3-catenin and TGF-31/Smad2/3 signaling
pathways by reducing the release of inflammatory media-
tors, illuminating a multifaceted mechanism for inhibiting
fibrosis. This interplay suggests that ACE2 can comprehen-
sively suppress the fibrotic process through multiple path-
ways, including inflammation, signal transduction, and cel-
lular transformation. These results highlighted the impor-
tance of ACE2 in modulating the complex signaling net-
work driving pulmonary fibrosis. Thus, a clearer under-
standing of these interactions may lead to the discovery of
new molecular targets for therapeutic intervention and the
development of ACE2-based treatment strategies.

The findings from this study underline the crucial
involvement of ACE2 in controlling the Wnt/GSK-35/3-
catenin and TGF-31/Smad2 signaling pathways, providing
a fresh look at how ACE2 operates in pulmonary fibrosis.
Additionally, our research confirms that ACE2 overexpres-
sion alleviates pulmonary fibrosis, presenting a novel tar-
get for therapeutic intervention. These insights into ACE2’s
regulatory role offer significant potential for clinical appli-
cations, particularly in developing targeted treatment strate-
gies and improving patient management. By leveraging
ACE2’s ability to modulate key signaling pathways, new
therapeutic approaches could be designed to specifically
inhibit the progression of pulmonary fibrosis, thereby im-
proving patient outcomes. For instance, ACE2-based ther-
apies might be developed to reduce inflammation, prevent
EMT, and promote the degradation of (3-catenin, collec-
tively contributing to the mitigation of fibrotic processes.
Furthermore, the anti-inflammatory properties of ACE2
could be harnessed to address the underlying inflamma-
tory responses that exacerbate fibrosis, potentially offering
a multifaceted approach to treatment.
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However, this study has certain limitations. A glar- elucidate the mechanisms by which ACE2 operates in pul-
ing limitation of the present study is we have yet to fully =~ monary fibrosis. Therefore, further detailed studies are re-
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Fig. 5. ACE2 alleviates TGF-51-induced damage in human lung fibroblasts (HLFs) related to the Wnt3a//3-catenin and TGF-
£1/Smad2 signaling pathways. (A-D) Protein levels related to the signaling pathways of Wnt3a, -catenin, and p-GSK/GSK were
analyzed using Western blotting. (E-G) Protein levels related to the signaling pathways of TGF-£1 and p-Smad2/Smad2 were analyzed
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compared to the TGF-51+OE-NC group.

quired to delineate the exact molecular interactions and reg- on the short-term effects of ACE2 overexpression and does
ulatory networks involving ACE2 in pulmonary fibrosis, in ~ not fully capture the long-term implications and potential
order to provide a complete picture of its comprehensive side effects of ACE2-based therapies. While our findings
role. In addition, the present research primarily focuses are promising, they are based on preclinical models, and
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further validation in clinical trials is essential to determine
the efficacy and safety of ACE2-targeted treatments in hu-
mans. Despite these limitations, our investigation not only
advances a deeper understanding of pulmonary fibrosis but
also highlights the potential of ACE2 as a therapeutic tar-
get, paving the way for innovative treatment strategies and
improved patient care in clinical settings.

Conclusion

In summation, ACE2 holds promise in reducing lung
fibrosis by controlling the Wnt/GSK-3//5-catenin and
TGF-£1/Smad2 signaling pathways. This study provides
fresh optimism for enhancing the quality of life for pa-
tients and averting the development of pulmonary fibro-
sis. Additional investigations are warranted to enhance our
comprehension regarding the mechanisms through which
ACE2 functions in pulmonary fibrosis, with the aim of es-
tablishing a more robust theoretical foundation for advanc-
ing novel therapeutic approaches.
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