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Cepharanthine attenuates pulmonary fibrosis kA
via modulating macrophage M2 polarization
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Abstract

Background Idiopathic pulmonary fibrosis (IPF) is a group of chronic interstitial pulmonary diseases characterized by
myofibroblast proliferation and extracellular matrix (ECM) deposition. However, current treatments are not satisfactory.
Therefore, more effective therapies need to be explored. Cepharanthine (CEP) is a naturally occurring alkaloid that has
recently been reported to have multiple pharmacological effects, particularly in chronic inflammation.

Methods For in vivo experiments, first, a pulmonary fibrosis murine model was generated via tracheal injection of
bleomycin (BLM). Second, the clinical manifestations and histopathological changes of the mice were used to verify
that treatment with CEP might significantly reduce BLM-induced fibrosis. Furthermore, flow cytometric analysis was
used to analyze the changes in the number of M2 macrophages in the lung tissues before and after treatment with
CEP to explore the relationship between macrophage M2 polarization and pulmonary fibrosis. In vitro, we constructed
two co-culture systems (THP-1 and MRC5 cells, RAW264.7 and NIH 3T3 cells), and measured the expression of fibrosis-
related proteins to explore whether CEP could reduce pulmonary fibrosis by regulating macrophage M2 polarization
and fibroblast activation.

Results The results showed that the intranasal treatment of CEP significantly attenuated the symptoms of pulmonary
fibrosis induced by BLM in a murine model. Our findings also indicated that CEP treatment markedly reduced the
expression of fibrosis markers, including TGF-f31, collagen |, fibronectin and a-SMA, in the mouse lung. Furthermore,

in vitro studies demonstrated that CEP attenuated pulmonary fibrosis by inhibiting fibroblast activation through
modulating macrophage M2 polarization and reducing TGF-31 expression.

Conclusions This study demonstrated the potential and efficacy of CEP in the treatment of pulmonary fibrosis. In
particular, this study revealed a novel mechanism of CEP in inhibiting fibroblast activation by regulating macrophage
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M2 polarization and reducing the expression of fibrosis-associated factors. Our findings open a new direction for

future research into the treatment of pulmonary fibrosis.

Keywords Pulmonary fibrosis, Cepharanthine, Macrophage polarization

Background

Pulmonary fibrosis is the end stage of a broad range of
heterogeneous interstitial lung diseases. IPF, the most
common form of pulmonary fibrosis, is a chronic, pro-
gressive and fatal condition interstitial pneumonia
characterized by myofibroblast proliferation and ECM
deposition [1-3]. The etiology of IPF is complex, and the
median survival of patients is only 2 to 3 years from diag-
nosis [4, 5]. The treatment options for this condition are
limited, as only two drugs, pyrifenidone and nittidanib,
are currently approved by the FDA [6, 7]. This provides
patients with limited hope for survival.

Although the pathogenesis has not been fully eluci-
dated, IPF has a complex etiology that can result from
more than 200 factors, such as chemicals, smoking, viral
infections and radiation [8]. In response to these factors,
alveolar epithelial cells are damaged and undergo aber-
rant repair, fibroblasts proliferate and activate, and the
ECM is excessively deposited, which together results in
fibrotic changes in the lungs [9, 10]. In this context, mac-
rophages, as key immune cells in the lung, play impor-
tant regulatory roles in the pathogenesis of IPF [11, 12].
During the course of IPF, macrophages are induced to
migrate and polarize, resulting in two phenotypes with
different functional states: the pro-inflammatory M1
phenotype and the anti-inflammatory M2 phenotype
[13, 14]. Current studies suggest that M2 macrophages
can trigger pathological fibrotic repair mechanisms and
facilitate organ fibrosis [15]. The pro-fibrotic effects of
M2 macrophages are related mainly to the recruitment
and proliferation of fibroblasts, which induce epithelial-
to-mesenchymal transition (EMT) and fibroblast-to-
myofibroblast transition (FMT) through the secretion
of fibrotic mediators, especially TGF-p1 [16, 17]. In fact,
EMT represents a common downstream mechanism in
all fibrotic diseases [18], and can exacerbate IPF progres-
sion by enhancing cell migration and invasion during
fibrosis and promoting ECM remodelling [19]. A recent
study has shown that nuclear factor I-B (NFIB) attenuates
IPF by reducing EMT and alveolar structural disruption,
whereas miR-326 has the potential to reverse pulmonary
fibrosis by mediating NFIB overexpression to block TGF-
B-induced EMT [20]. It is worth mentioning that myo-
fibroblasts are widely regarded as the core effector cells
responsible for fibrosis, and myofibroblast activation and
proliferation are precisely regulated by M2 macrophages
and TGF-B1 during the pathology of IPF. Additionally,
TGF-B1 produced by macrophage infiltration and the
proliferation of activated fibroblasts enhances a-SMA

and collagen synthesis and promotes EMT and FMT
through the Smad signaling pathway, ultimately driving
the development of pulmonary fibrosis [21, 22]. Thus,
precise inhibition strategies targeting M2 macrophage
polarization and fibroblast activation may lead to more
effective treatment options for IPF patients [23].

CEP is a naturally occurring alkaloid derived from
Stephania Cephalantha Hayata with various biological
functions [24]. It is the only bisbenzylisoquinoline alka-
loid approved for human use and has been used in the
clinic for more than 70 years, which is often used for the
treatment of chronic inflammatory diseases, viral infec-
tions, cancer, and immune disorders [25, 26]. Many stud-
ies have shown that CEP has excellent anti-SARS-CoV-2
properties, and it has good potential for treating pulmo-
nary fibrosis caused by COVID-19 [27, 28]. However, the
mechanism and specific pathways by which CEP attenu-
ates pulmonary fibrosis need to be explored. To this end,
we used a murine model of BLM-induced pulmonary
fibrosis in the present study, aiming to reveal the role of
CEP in mediating macrophages and the potential mecha-
nisms involved in the treatment of pulmonary fibrosis.
We found that CEP administration significantly ame-
liorated BLM-induced pulmonary dysfunction in mice.
Therefore, it is reasonable to believe that the potential
of CEP as a novel anti-pulmonary fibrosis agent should
not be underestimated. Furthermore, CEP may inhibit
the activation of fibroblasts through reducing the M2
polarization of macrophages, opening a new path for the
treatment of pulmonary fibrosis. This is the first study to
reveal the role and mechanism of CEP in attenuating pul-
monary fibrosis by modulating macrophage M2 polariza-
tion. Our findings not only provide a scientific basis for
the potential efficacy of CEP but also highlight directions
for the development of future anti-pulmonary fibrosis
agents.

Materials and methods

Chemicals

CEP and BLM were purchased from Solarbio (Beijing,
China). IL-4 and IL-13 were purchased from PeproT-
ech (Rocky Hill, New Jersey, USA). The sodium chloride
injection was obtained from Harbin Sanlian Pharmaceu-
tical (Harbin, China).

Mice

Six- to eight-week-old male C57BL/6 mice were used in
this study. Mice were housed in a special pathogen-free,
temperature- and humidity-controlled (23 °C+2 °C and
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50% relative humidity) room with a 12-h light/dark cycle.
Water and rodent chow were provided ad libitum. All
mouse experiments were approved by the Animal Exper-
imentation Ethics Committee of the First Affiliated Hos-
pital College of Medicine, Zhejiang University.

Establishment of the pulmonary fibrosis murine model in
vivo

All of the mice were acclimated for 7 days. The pulmo-
nary fibrosis murine model was generated via tracheal
injection as previously reported with minor modifica-
tions [29], and the day of surgery was considered day 0.
After intraperitoneal anaesthesia with 1% pentobarbital
sodium, the mice were randomized into four groups: (1)
the saline group: each mouse was intratracheally injected
with 25 pL of 0.9% saline on day 0 and then given 25 uL of
saline nasal drops from day 1 for 7 consecutive days; (2)
the CEP group: each mouse was intratracheally injected
with saline as in the saline group and was given CEP
(10 mg/kg) in a 25 pL nasal drop from day 1 to day 7; (3)
the BLM group: each mouse was intratracheally admin-
istered 2 mg/kg BLM (25 pL) on day 0 and then given
25 pL of 0.9% saline nasal drops for 7 consecutive days;
(4) the BLM +CEP group: the mice were intratracheally
injected with BLM as in the BLM group and were given
CEP (10 mg/kg) in a 25 pL volume from day 1 to day 7.
During the experiment, the body weights of the mice
were recorded daily, and survival rates were measured.
Prior to the euthanasia of mice by decapitation, the ani-
mals are anaesthetised with a dose of 1% pentobarbital
sodium at a dose of 40 mg/kg. This is based on both the
existing literature and previous experience gained in our
laboratory. This method is regarded as an effective eutha-
nasia method due to its rapid induction of unconscious-
ness and the alleviation of distress experienced by the
mice at the time of death. The sera were then collected
and stored at -80 °C until use. The lungs were either
instantly frozen in liquid nitrogen and kept at -80 °C or
fixed in 4% paraformaldehyde for further analysis. After
the lungs were removed, the lung coefficient was also cal-
culated according to the formula “lung coefficient=lung
wet mass/body mass x 100%”.

Cell treatment

The RAW 264.7, THP-1, NIH 3T3 and MRC5 cell lines
were purchased from the Cell Bank of Typical Culture
Preservation Commission, Chinese Academy of Sci-
ences. MRC5, NIH 3T3 and RAW 264.7 cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM;
Gibco, USA), and THP-1 cells were maintained in RPMI
1640 medium (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, USA), penicillin (100 U/mL)
and streptomycin (100 mg/mL) (Gibco, USA). The cells
were maintained in a 5% CO, incubator at 37 °C.
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Cell counting Kit-8 (CCK8) assay

Cell viability was analyzed by a CCK8 assay (Dojindo
Laboratories, Japan) according to the manufacturer’s
protocols. The cells were seeded and cultured in a
96-well microplate at a density of 5x10%/well in 100 pL
of medium (Corning, USA). Then, the cells were treated
with various concentrations of CEP (0, 0.125, 0.250,
0.500, 1 and 2 pg/mL). After treatment for 24 h, 10 pL
of CCKS8 reagent was added to each well, and the sam-
ples were then cultured for 2 h. All the experiments were
performed in triplicate. The absorbance was analyzed at
450 nm via the SpectraMax i3x detection system (Molec-
ular Devices, USA).

Histological and immunohistochemical (IHC) analysis

The mice were sacrificed, and the lungs were harvested
on day 21 and 28 after the initial treatment. For his-
tological analysis, the lungs were fixed with 10% neu-
tral formalin, embedded in paraffin, and then sectioned
transversely (4 pm thick). The sections were then stained
with hematoxylin and eosin (H&E). The deposition of
collagen fibres in the lungs was measured via Masson’s
trichrome staining via conventional protocols. For IHC
staining, the embedded sections were dewaxed, and anti-
gens were retrieved via sodium citrate heating. Endog-
enous peroxidase was removed by adding 0.3% H,O, in
methanol. Then, the sections were blocked for 90 min
with 3% BSA (Sigma-Aldrich, USA) in PBS and incu-
bated with primary antibodies (Supplementary Table 1)
at 4 °C overnight. The next day, the sections were rinsed
and incubated with secondary antibodies (Supplemen-
tary Table 1) for 90 min at room temperature. IHC stain-
ing was performed using a 3,3’-diaminobenzidine (DAB)
substrate kit (Abcam, USA), and the samples were coun-
terstained with hematoxylin. The images were reviewed
and photographed using an Olympus BX 53upright
microscope (Olympus, Japan).

Hydroxyproline (HYP) assay

The collagen content in the lung homogenates was evalu-
ated via an HYP Content Assay Kit (Solarbio, Beijing,
China). The lung tissues of the mice were homogenized
with 1 mL of a 6 mol/L hydrochloric acid solution and
hydrolysed at 95 °C for 5 h, and the pH was adjusted to
6.0-8.0. The corresponding reagents were added to the
reaction system and incubated at 60 °C for 15 min. After
cooling, the supernatants were collected via centrifu-
gation at 6000 rpm for 10 min. The absorbance of each
sample was read at 560 nm using the SpectraMax i3x
detection system (Molecular Devices, USA).

gRT-PCR analysis of Gene expression
Total RNA was isolated from cells and lung tissues via
TRIzol reagent (Thermo Fisher Scientific). Reverse
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transcription reactions were performed using QuantiTect
Rev. Transcription Kit (QIAGEN, Germany). Quantita-
tive real-time PCR was performed via a QuantiFast SYBR
Green PCR Kit (QIAGEN, Germany) with an ABI 7500
instrument (Applied Biosystems, CA, United States).
The forward and reverse primer sequences for specific
genes are listed in Supplementary Table 2. Each sample
was tested in triplicate. The results of the mRNA quanti-
fication were normalized against GAPDH and calculated
using the AA cycle threshold (Ct) method.

Western blotting

The samples were lysed in RIPA lysis buffer on ice. Equal
amounts of protein from each sample were separated on
SDS-PAGE gels and then transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, USA). The blots
were blocked in a 5% nonfat milk/TBST solution at room
temperature for 1 h and incubated with primary antibod-
ies (Supplementary Table 1) at 4 °C overnight. The mem-
branes were washed with TBS containing 0.1% Tween 20
to remove unbound primary antibodies and incubated
with fluorescent secondary antibodies (Supplementary
Table 1) at room temperature for 1 h. After another wash
with TBS containing 0.1% Tween 20, the protein bands
were visualized with a Bio-Rad ChemiDoc MP multi-
function chemiluminescence imager (Bio-Rad, USA) and
analyzed via Image Lab™ software.

Flow cytometry

Fresh mouse lung tissues were cut into approximately
Imm?® pieces and enzymatically digested with collage-
nase IV (Solarbio, Beijing, China) for 30 min at 37 °C.
The dissociated cells were subsequently passed through a
70-um cell strainer and centrifuged at 400 x g for 10 min.
The pelleted cells were then resuspended and incubated
with red blood cell lysis buffer (Solarbio, China) on ice
for 5 min to lyse the red blood cells. After being washed
twice with PBS, the cells were resuspended in stain buf-
fer (BD Pharmingen, USA) and kept on ice. First, the
cells were stained for viability assays using Fixable Viabil-
ity Stain 700 (BD Pharmingen, USA). 100 pL of the cell
suspension was removed and stained with the follow-
ing surface antibodies: BV750 rat anti-mouse F4/80 (BD
Pharmingen, USA), APC-Cy7 rat anti-mouse CD45 (BD
Pharmingen, USA), BV480 rat anti-CD11b (BD Pharmin-
gen, USA), anti-CD163TNKUPJPE-CYN7 (Thermo,
USA), and BV605 rat anti-mouse CD86 (BD Pharmin-
gen, USA). After fixation rupture using the Fixation/
Permeabilization Kit (BD Pharmingen, USA), the cells
were stained with the following intracellular antibodies:
FITC mouse anti-iNOS/NOS Type II (BD Pharmingen,
USA) and Alexa Fluor 647 rat anti-mouse CD206 (BD
Pharmingen, USA). The cells were maintained at 4 °C and
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analyzed on a BECKMAN CytoFLEX (Cytek Biosciences,
USA). The data were analyzed via FlowJo (v.10.6.2).

Immunofluorescence (IF) staining

The cells and sections were fixed with 4% paraformal-
dehyde (Thermo Fisher Scientific, USA), permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich, USA), and then
blocked with 3% BSA (Sigma-Aldrich, USA). The cells
and sections were subsequently incubated with specific
primary antibodies overnight at 4 °C. Collagen I, fibro-
nectin and a-SMA primary antibodies were used, and
detailed information can be found in Supplementary
Table 1. On the subsequent day, the cells and sections
were stained with Alexa Fluor 488-labelled secondary
antibodies (Supplementary Table 1) in the dark for 1.5 h
at room temperature. Nuclear staining was performed
with DAPI (YEASEN Biotech Co., Ltd., China; 0.5 pg/mL
in PBS) for 10 min at room temperature. The images were
observed using an Olympus FV3000 confocal laser scan-
ning microscope imaging system (Olympus, Japan).

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of IL-6, TNF-a, TGF-B1, and IL-1p
in the serum or culture supernatants were analyzed via
ELISA kits (Proteintech, USA) according to the manu-
facturer’s instructions. The absorbance was measured
at 450 nm with the correction wavelength set at 630 nm
using the SpectraMax i3x detection system (Molecular
Devices, USA).

Statistical analysis

Statistical analysis was conducted via GraphPad Prism
9.0 (San Diego, USA). The data were expressed as the
means+tstandard deviations (SDs). Differences in the
body weight gain ratios of the mice were analytically
assessed via repeated measures analysis of variance
(ANOVA). P values between two groups were analyzed
via Student’s t test. When the data were included in three
or more groups, P values were calculated via one-way
ANOVA. P<0.05 was considered statistically significant.

Results

CEP ameliorates BLM-induced pulmonary fibrosis in mice
In the present study, the protective function of CEP
against BLM-induced pulmonary fibrosis was revealed by
comparing the results of body weight changes, survival
rates, pulmonary pathological manifestations, lung coef-
ficients, and HYP measurements between the CEP group
and the BLM+CEP group of mice. A murine model
was established by tracheal injection of BLM and intra-
nasal treatment with CEP to explore the effects of CEP
on pulmonary fibrosis (Fig. 1A). The mice were injected
intratracheally with BLM (2.0 mg/kg) or saline on day 0.
The saline group and BLM group were then treated with
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Fig. 1 CEP exerts an anti-fibrotic effect on BLM-induced pulmonary fibrosis in mice. (A) Schematic representation of the experimental design. (B) Mean
changes in body weight in each group (n=11). Body weight was expressed as a percentage of day 0 body weight. *P<0.05, **P <0.01, **P<0.001 and
****p.<0,0001 (BLM group vs. saline group); #P<0.05 (BLM group vs. BLM +CEP group). (C) Kaplan—-Meier survival curves of different groups of mice
(n=12). (D) Pathological structure changes in the lung tissue of the mice at day 21 and day 28, as determined by H&E staining (original magnification,
%200, scale bar =100 um, n=3). (E) Changes in the lung tissue of the mice at day 21 and day 28, as determined by Masson’s trichrome staining (original
magnification, X200, scale bar =100 um, n=3). (F) HYP content in the lung tissues of the mice in each group (n=6). (G) Lung coefficients for each group

of mice at day 21 and day 28. ****P<0.0001

saline via the nasal route for 7 days, while the CEP group
and the BLM+CEP group were treated with CEP via the
nasal route. The mice were euthanized, and samples were
collected for analysis on day 21 and day 28 after BLM
instillation. As shown in Fig. 1B, compared with those
in the saline group, the body weights were significantly
lower after BLM infusion (P<0.05), whereas there was
no significant difference in body weight, animal survival
rate or pathological structure changes in the CEP group,
indicating the safe use of CEP in vivo (Fig. 1B-E). In con-
trast, the body weights of the mice in the BLM+CEP
group were significantly higher than those of the mice in
the BLM group (P<0.05, Fig. 1B). BLM exposure led to
poorer survival rates than saline exposure did, but CEP
treatment reduced the mortality of BLM-challenged mice
(P<0.05, Fig. 1C). As shown in Fig. 1D and E, histological
changes on day 21 and day 28 revealed no inflammation
or fibrosis in the lung tissue of the saline or CEP groups.
However, the BLM group exhibited disturbed alveolar
structure, thickened airway walls and collagen deposi-
tion. After CEP treatment, the alveolar structure was
restored, the alveolar wall thickness decreased, and col-
lagen deposition was reduced. To quantify the extent of
pulmonary fibrosis, we measured the HYP content in the

lung tissue of each group. As a core component of col-
lagen, HYP is a key indicator of collagen metabolism and
degree of fibrosis. As shown in Fig. 1F, compared with
saline injection, BLM injection significantly increased
the HYP content in the lung tissue at day 21 and day 28
(P<0.0001), whereas the HYP content in the lung tissue
was significantly lower in the BLM 4+ CEP group than that
in the BLM group (£<0.0001). In addition, on day 21 and
day 28, the mean lung coefficients of the CEP and saline
groups were similar, whereas the BLM group presented
significantly greater lung coefficients than did the saline
group (P<0.0001, Fig. 1G). We also found that the lung
coefficient of the BLM +CEP group was smaller than that
of the BLM group (P<0.0001). These findings initially
revealed the protective effects of CEP on BLM-induced
pulmonary fibrosis.

CEP treatment reduces fibroblast activation and ECM
deposition in mouse lungs

The activation of fibroblasts and excessive deposition of
ECM play key roles in the onset and progression of pul-
monary fibrosis [30]. To further reveal that CEP inhibits
BLM-induced ECM deposition in mice to ameliorate lung
fibrosis, the levels of components of the ECM [31], such
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as a-SMA, fibronectin, and collagen I, were measured.
IHC staining revealed that the levels of a-SMA, fibronec-
tin and collagen I were strongly elevated on day 21 and
day 28 after BLM challenge but strongly ameliorated in
CEP-treated mice compared with those in BLM-treated
mice (Fig. 2A-C). IF staining revealed that after BLM
injection, the a-SMA protein level was elevated on day 21

A

B
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and day 28 (Fig. 2D-E). The mRNA levels of fibrotic genes
were markedly greater in the BLM group than those
in the saline group on day 21 and day 28 (P<0.05); the
changes in the mRNA levels were dramatically reversed
after CEP treatment (Fig. 2F-H). As shown in Fig. 2I-],
the protein levels of fibronectin, collagen I and «-SMA
in the lungs were strongly lower in the BLM+CEP group
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Fig. 2 CEP reduces BLM-induced fibroblast activation and collagen deposition in mice. (A-C) IHC staining of a-SMA (A), collagen | (B) and fibronectin (C)
in the lung tissues of the mice in each group on day 21 and 28 (original magnification, x100; scale bar =200 um; n=3). (D-E) IF staining of a-SMA in mouse
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than those in the BLM group (P<0.05). These results
suggest that CEP can attenuate the progression of pul-
monary fibrosis in vivo by reducing ECM deposition.
TGF-pB1 is currently recognized as the most potent fibro-
genic cytokine [32], promoting fibroblast proliferation.
Additionally, IL-1p, IL-6 and TNF-a also promote fibro-
blast activation, and are involved in ECM synthesis [33].
The levels of serum TGF-B1, IL-6, IL-1B, and TNF-a were
significantly increased after BLM injection compared
with those in the saline group and were decreased after
CEP treatment (Fig. 2K-N). Therefore, CEP improves
pulmonary fibrosis by reducing fibroblast activation and
decreasing ECM deposition.

CEP inhibits M2 polarization of macrophages in BLM-
induced pulmonary fibrosis

The number of macrophages, important immune sen-
tinels that promote homeostasis in the lungs, increases
significantly upon stimulation, thereby causing inflam-
mation and fibrosis [34, 35]. Moreover, polarized M1/
M2 macrophage populations are strongly associated
with the development of inflammation and the produc-
tion of fibrotic mediators in pulmonary fibrosis [36]. To
explore the effect of CEP on the polarization of macro-
phages, the number of M2 macrophages in each group of
fibrotic mice on day 21 and day 28 was analyzed via flow
cytometry. After the exclusion of adhesions, dead cells
may also be excluded via live/dead staining, and macro-
phages can be readily identified on the basis of F4/80 and
CD11b expression [37] (Supplementary Fig. 1). Given
that CD206 is positively expressed in M2 subpopulations,
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which are mainly responsible for the induction of tis-
sue fibrosis, CD11b* F4/80* CD206* M2 macrophages
were then analyzed (Fig. 3A). As shown in Fig. 3B and
C, the percentage of CD206" M2 macrophages was sig-
nificantly greater in the BLM-induced group than in the
saline group on day 21 and was significantly lower after
CEP treatment (P<0.0001). Consistent results were
observed on day 28 (Fig. 3D and E). However, CEP treat-
ment did not significantly affect the number of iINOS*
M1 macrophages(Supplementary Fig. 2). These results
suggest that CEP can reduce the number of M2 macro-
phages. The amelioration of BLM-induced pulmonary
fibrosis by CEP treatment may be associated with a
reduction in the M2 polarization of macrophages.

The blocking effect of CEP on fibroblast activation is
achieved mainly through the regulation of M2 polarization
of macrophages

The transformation of fibroblasts is the main source of
activated myofibroblasts in pulmonary fibrosis [38], and
macrophage polarization may play an important role in
this process. M2 macrophages induced by IL-4 or IL-13
promote the secretion of the pro-fibrotic factor TGF-B1
[39]. To explore whether the blocking effect of CEP on
fibroblast activation is achieved mainly by regulating the
M2 polarization of macrophages, we established two co-
culture systems, as shown in Fig. 4B: (1) IL-4-dependent
RAW264.7 cells co-cultured with NIH 3T3 cells and (2)
IL-4- and IL-13-dependent THP-1 cells co-cultured with
MRCS5 cells. First, after treatment with various concen-
trations of CEP for 24 h and 48 h, CCK-8 assays were

saline CEP BLM+CEP
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CD206
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Fig.3 CEP decreases the number of M2 macrophages in BLM-induced mice. (A) F4/80" CD11b™ macrophages isolated from digested mouse lungs were
gated, and M2 macrophages (CD11b* F4/80* CD206") were then analyzed by flow cytometry. (B) Percentages of CD11b* F4/80" CD206" cells in the
saline, CEP, BLM and BLM + CEP groups on day 21 (n=6). (C) Statistical results of (B). (D) Percentages of CD11b* F4/80% CD206" cells in the saline, CEP, BLM
and BLM + CEP groups on day 28 (n=6). (E) Statistical results of (D). ****P < 0.0001
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Fig. 4 CEP inhibits the M2 polarization of macrophages. (A) CCK-8 assay of RAW264.7 and THP-1 cells after CEP treatment at 0, 0.125, 0.250, 0.500, 1 and
2 ug/mL for 24 h (left panel) and 48 h (right panel). The data are presented as the means + SDs of three independent experiments. (B) RAW264.7 cells were
cultured alone or with IL-4 (20 ng/mL) for 48 h to induce M2 polarization in macrophages. Next, the cell culture inserts containing the pre-treated mac-
rophages were transferred to plates seeded with NIH 3T3 cells. RAW264.7 cells were treated with 0.500 ug/mL CEP as indicated. THP-1 cells were cultured
alone or with IL-4 (20 ng/mL) and IL-13 (20 ng/mL) for 48 h to induce M2 polarization of the macrophages. THP-1 cells were treated with 0.500 ug/mL CEP,
and a co-culture system was established. (C) IF staining of fibronectin, collagen | and a-SMA in NIH 3T3 cells (green). The cell nuclei were counterstained
with DAPI (blue). (original magnification, x400; scale bar =50 um; n=3) (D) Protein levels of fibrotic markers, including fibronectin, collagen | and a-SMA,
in NIH 3T3 cells were measured via western blotting (n=3). The density of the bands from each group was analyzed via Image-J software and normal-
ized by the number of arbitrary units of 3-actin. (E) The relative expression of TGF-31 mRNA in RAW264.7 cells. (F) IF staining of fibronectin, collagen |
and a-SMA in MRC5 cells (green). The cell nuclei were counterstained with DAPI (blue). (original magnification, x400; scale bar =50 um; n=3) (G) The
protein levels of fibronectin, collagen | and a-SMA in MRC5 cells were measured by western blotting (n=3). The density of the bands from each group
was analyzed via Image-J software and normalized by the number of arbitrary units of B-actin. (H) The relative expression of TGF-31 mRNA in THP-1 cells.
*P<0.05,**P<0.01, ***P<0.001 and ****P<0.0001

performed to analyze the effect of CEP on the viabil-
ity of macrophages. For THP-1 cells, treatment with
CEP at concentrations of 1 pg/mL and 2 pg/mL had a
strong effect on the cell survival rate after 48 h. How-
ever, CEP did not inhibit the growth of RAW264.7 cells
at all concentrations (Fig. 4A). In this study, 0.500 pg/
mL CEP was used. As shown in Fig. 4B, RAW264.7

cells were co-cultured with NIH 3T3 cells pre-treated
with IL-4. Compared with macrophages that were not
polarized, macrophages co-cultured with NIH 3T3 cells
after induced polarization presented increased fluores-
cence intensity for NIH 3T3 fibronectin, collagen I and
a-SMA, whereas the fluorescence intensity of these pro-
teins was significantly reduced after CEP treatment
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(Fig. 4C). Western blotting revealed increased expression
of collagen I, a-SMA and fibronectin in NIH 3T3 cells
co-cultured with IL-4-pretreated RAW?246.7 cells and
decreased expression after treatment with CEP (Fig. 4D).
As shown in Fig. 4E, TGF-P1 was elevated after macro-
phage polarization and decreased after treatment with
CEP (P<0.05). A similar phenomenon was observed for
MRCS5 cells in the co-culture system (Fig. 4B). The fluo-
rescence intensity of fibronectin, collagen I and a-SMA
increased when MRC5 cells were co-cultured with
THP-1 cells pre-treated with IL-4 and IL-13, and the
fluorescence intensity of these proteins was significantly
reduced after CEP treatment (Fig. 4F). As shown in
Fig. 4G, the western blotting results were consistent with
those of the NIH 3T3 co-culture system. The expression
of TGF-B1 in THP-1 cells was elevated after M2 polar-
ization and decreased after CEP treatment (P<0.001,
Fig. 4H). These results suggest that the blocking effect of
CEP on fibroblast activation may be related to the inhibi-
tion of M2 polarization of macrophages.

Discussion

The present study revealed the significant protective
effect of CEP on pulmonary fibrosis both in vivo and in
vitro. Specifically, we demonstrated that CEP significantly
reduced BLM-induced inflammation, collagen deposi-
tion, lung coefficients, and the levels of several inflamma-
tory factors, including TGF-B1, IL-1pB, IL-6, and TNEF-a.
Furthermore, our research demonstrated that CEP effec-
tively inhibited fibroblast activation by modulating mac-
rophage M2 polarization in vitro, thereby attenuating
lung fibrosis. Given that IPF is a complex and intractable
disease with intricate pathogenesis, there is still no con-
clusive and effective treatment for it [10, 40]. Thus, these
positive effects demonstrated by CEP not only provide
new hope for the treatment of pulmonary fibrosis, but
also open a new chapter in the in-depth exploration of its
mechanism of action.

Our findings do not stand alone; in fact, they echo and
complement the findings of other researchers. Similar to
our findings, Li et al. demonstrated that CEP has a certain
therapeutic effect on pulmonary fibrosis by attenuating
BLM-induced collagen accumulation and inflammation
in rats, thus exerting a protective effect on pulmonary
fibrosis [28]. Ma et al. also reported that CEP affects the
respiratory burst activity of alveolar macrophages, result-
ing in a broad anti-fibrotic effect in a rat model [41]. In
addition, CEP has excellent anti-SARS-CoV-2 properties,
and Rogosnitzky et al. reported that it has good potential
for treating pulmonary fibrosis caused by COVID-19 [24,
27, 28]. Additionally, Huang et al. found that the levels of
pro-inflammatory cytokines, including TNF-«, IL-1p and
IL-6, were indeed downregulated after CEP treatment
and that lung histopathological changes were attenuated
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in a murine model of LPS-induced lung inflammatory
injury, which supported our findings [42].

In fact, macrophages play a key role in the development
of IPF because of their plasticity and ability to differen-
tiate into different macrophage subpopulations [12—14].
Tissue-resident macrophages (MO0) are multifunctional
cells that exhibit a high degree of plasticity and are
more typically represented by classically activated M1
or alternatively activated M2 macrophages [43]. Analy-
sis of macrophage polarization in the lung tissue via
flow cytometry revealed a more pronounced increase
in the percentage of M2 macrophages but not M1 mac-
rophages in the BLM group, whereas the percentage of
M2 macrophages was reduced in the BLM+CEP group.
The reduction in M2 macrophages after CEP treatment
suggests that CEP may regulate fibrosis progression by
modulating M2 polarization. M2 macrophages had anti-
inflammatory effects, promote angiogenesis and tissue
remodeling and may be associated with fibrotic diseases,
including pulmonary fibrosis [44]. Moreover, Redente et
al. reported high numbers of M2 macrophages in heavily
fibrotic lung tissue [44, 45]. Rui et al. reported that reduc-
ing M2 macrophage polarization improved pulmonary
fibrosis during pulmonary fibrosis therapy via eucalyptol,
which could explain our findings [46]. Pushpakom et al.
found that CEP could alleviate kidney tubular dysfunc-
tion by regulating macrophages [47]. In addition, M2
macrophages can produce cytokines such as TGF-p1 to
promote fibrosis [48], and the reduction in these factors
that we found in the BLM+CEP group may have been
achieved by reducing the number of macrophages in the
M2 population.

There is increasing evidence that IPF is associated with
fibroblast activation and macrophage polarization and
that there is a link between these two cell types [49]. Dur-
ing the process of fibrosis, fibroblasts act as key effector
cells through over-activation and aberrant differentiation
via the EMT pathway [21, 22], whereas M2 macrophage
differentiation and increased pro-fibrotic factors create
a microenvironment that sustains fibrogenesis. In this
study, we focused on M2 macrophage polarization and
demonstrated that CEP could inhibit M2 polarization of
macrophages and fibroblast activation in lung tissues in
vivo. Furthermore, our results provide evidence for the
pro-fibrotic role of IL-4- and IL-13-induced M2 mac-
rophages in fibroblast activation and IPF development.
This finding is consistent with the findings of Wang et
al., who reported that microcystin-LR modulated M2
macrophage polarization and inhibited EMT and FMT
in fibroblasts when MRC5 or NIH 3T3 cells were co-
cultured with RAW264.7 cells pre-treated with IL-4
to induce polarization [50]. A number of studies have
also demonstrated that therapies that target M2 macro-
phages and inhibit fibroblast activation may potentially
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attenuate lung fibrosis [35]. Sakaguchi et al., on the other
hand, found that CEP prevents lethality or cytotoxicity by
inhibiting endotoxin-induced NO in macrophages and
that its action may be mediated by enhancing fibroblast
proliferation [49]. Overall, CEP is therapeutically relevant
in the development of IPF via modulating M2 macro-
phage polarization.

Strengths and limitations

The present study demonstrates significant strengths in
exploring the role and potential mechanisms of CEP in
the treatment of pulmonary fibrosis. To begin with, we
demonstrated the remarkable capacity of CEP to mitigate
pulmonary dysfunction in mice through the utilization
of a murine model of BLM-induced pulmonary fibrosis.
This provides a theoretical and experimental foundation
for the prospective clinical application of CEP. Moreover,
a deeper exploration of the mechanism of CEP in alle-
viating pulmonary fibrosis was carried out in this study,
which revealed for the first time that CEP may inhibit
fibroblast activation by suppressing the M2 polarization
of macrophages, which ultimately ameliorates pulmonary
fibrosis. These vital findings not only reveal a new mech-
anism of CEP in the treatment of pulmonary fibrosis but
also have promising theoretical value.

We acknowledge several limitations in the present
study. First, we explored the application of CEP in pul-
monary fibrosis, but it is limited to animal and cellular
models. The clinical application of CEP needs to be fur-
ther verified. Second, the specific mechanism of CEP in
the treatment of pulmonary fibrosis has not been fully
elucidated. Further analysis of the molecular mechanisms
and signalling pathways by which CEP regulates pulmo-
nary fibrosis is needed.

Conclusions

In conclusion, we established a link between lung mac-
rophage polarization and pulmonary fibrosis in a murine
model and revealed the therapeutic potential of CEP for
this disease. Our findings demonstrated that CEP attenu-
ated lung inflammation and ameliorated pathological
changes in the lung tissue of mice with BLM-induced
pulmonary fibrosis. The effects of CEP on pulmonary
fibrosis may be related to the suppression of macrophage
M2 polarization, which reduces fibroblast activation and
ECM production. This study offers a useful reference for
the treatment of pulmonary fibrosis with traditional Chi-
nese medicine, opening new directions and concepts for
the clinical application of CEP. Moreover, further mecha-
nisms remain to be investigated in the future.
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