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Traditional Chinese medicine inspired dual-
drugs loaded inhalable nano-therapeutics
alleviated idiopathic pulmonary fibrosis

by targeting early inflammation and late
fibrosis

Meiling Zheng'?, Kai Liu*, Lei Li*", Cuiling Feng'?" and Guanghao Wu*"

Abstract

Idiopathic pulmonary fibrosis (IPF) is a highly debilitating and fatal chronic lung disease that is difficult to cure
clinically. IPF is characterized by a gradual decline in lung function, which leads to respiratory failure and severely
affects patient quality of life and survival. Oxidative stress and chronic inflammation are believed to be important
pathological mechanisms underlying the onset and progression of IPF, and the vicious cycle of NOX4-derived ROS,
NLRP3 inflammasome activation, and p38 MAPK in pulmonary fibrogenesis explains the ineffectiveness of single-
target or single-drug interventions. In this study, we combined astragaloside IV (AS-IV) and ligustrazine (LIG) based
on the fundamental theory of traditional Chinese medicine (TCM) of “tonifying gi and activating blood” and loaded
these drugs onto nanoparticles (AS_LIG@PPGC NPs) that were inhalable and could penetrate the mucosal barrier.
Our results suggested that inhalation of AS_LIG@PPGC NPs significantly improved bleomycin-induced lung injury
and fibrosis by regulating the NOX4-ROS-p38 MAPK and NOX4-NLRP3 pathways to treat and prevent IPF. This study
not only demonstrated the superiority, feasibility, and safety of inhalation therapy for IPF intervention but also
confirmed that breaking the vicious cycle of ROS and the NLRP3 inflammasome is a promising strategy for the
successful treatment of IPF. Moreover, this successful nanoplatform is a good example of the integration of TCM
and modern medicine.
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Introduction

Pulmonary fibrosis (PF) is a pathological process that
involves the damage and repair of lung tissue and is
characterized by chronic inflammation, oxidative stress,
immune activation, and fatty acid metabolism [1-4].
PF is both a common feature of idiopathic pulmonary
fibrosis (IPF) and the pathological endpoint of various
diseases, including long-term exposure to harmful parti-
cles, inflammation, infections, and autoimmune diseases
[5]. The incidence of IPF has significantly increased in
recent decades, ranging from 8 to 60 cases per 100,000
individuals [6—8]. In addition, the poor prognosis of IPF
and secondary carcinoma occurrence in PF patients are
disheartening. Oral administration of pirfenidone (PFD)
or nintedanib is widely used to manage IPF [9]. however,
these drugs exhibit obvious side effects, such as nausea,
diarrhea, and gastrointestinal discomfort. In addition, the
high costs and unsatisfactory therapeutic efficacy limit
their widespread clinical application [10, 11]. Therefore,
it is urgent to develop a suitable, potent, and low-toxicity
treatment to intervene in the progression of IPFE.

Small molecules from natural products are key sources
of innovative drugs. Traditional Chinese medicine (TCM)
has demonstrated enormous potential in drug develop-
ment, and artemisinin, which is commended by a Nobel
Prize, is an outstanding achievement in TCM develop-
ment. Qi invigoration and blood activation are basic
treatments for IPF. A. membranaceus and L. chuanxiong
are not only a classic combination for Qi invigoration
and blood activation but are also the main components
of Buyanghuanwu Decoction (BYD). In several previ-
ous studies, BYD has shown excellent therapeutic effects
on PF [12, 13]. Astragaloside IV (AS-IV) and ligustra-
zine (LIG) are the effective bioactive components of A.
membranaceus and L. chuanxiong, respectively, and are
considered to have good antifibrotic potential [14—19];
therefore, AS-IV and LIG are expected to be candidates
for IPF treatment. However, the use of AS-IV and LIG is
severely impaired by low water solubility, poor bioavail-
ability, and limited lung targeting. Efficient and stable
codelivery of AS-IV and LIG to the lungs would improve
the management of PF, and this is the main purpose of
the current study.

Inhalation therapy offers natural advantages for treat-
ing lung diseases. Inhaled drugs can be delivered directly
to the lungs and reduce the adverse effects caused by oral
administration or intravenous injection [20]. Moreover,
inhalation therapy improves drug utilization, reduces
hepatic first-pass metabolism, and avoids gastrointes-
tinal malabsorption. In addition, inhalation requires
lower effective doses than oral or intravenous routes and
can be delivered noninvasively through aerosol inhala-
tion [21]. However, inhalation therapy faces challenges
with drug particle size requirements and lung clearance
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mechanisms. The most optimized aerodynamic diam-
eters provide the greatest potential for deposition in the
lungs, which are less than 5 pm and 3 pm in adults [22]
and children [23], respectively. The clearance mecha-
nisms in the lung, including mucus, cilia and local mac-
rophages, are major factors that affect the rate of aerosol
deposition in the lungs [24, 25]. Therefore, designing a
drug with a suitable aerodynamic diameter is necessary
for achieving the optimal deposition rate in the lungs and
improving the efficacy of inhalation therapy.

To optimize the inhalation system and overcome the
potential challenges, polylactic-co-glycolic acid (PLGA)
particles can be modified with PEG as a carrier of natu-
ral compounds. The final PEG-PLGA has an external
size, internal structure, and surface structure that are all
at the nanoscale level (i.e., less than 100 nm), or the par-
ticle size must be less than 1000 nm. The particle size of
PEG-PLGA determines its ability to penetrate the physi-
ological barrier of the lungs. An in vivo study showed
that rat alveolar macrophages (AMs) engulfed fewer
particles < 1 pm in size than larger particles (1-5 pm)
[26]. PEG-PLGA is relatively safe and promotes the bio-
compatibility, stability, and circulation time of several
drugs in vivo. Moreover, NPs with surfaces modified by
PEG avoid being taken up by AMs [27]. However, there
has been no research on the combined application of
these two compounds for inhalation therapy to treat IPE.
Therefore, the use of PEG-PLGA as a drug delivery sys-
tem to encapsulate AS-IV and LIG for IPF treatment is of
great research value.

Based on the antifibrotic effects of AS-IV and LIG, the
PEG-PLGA NPs (PPGC NPs) system containing AS-IV
and LIG was generated for IPF inhalation therapy for
the first time. To achieve this, we prepared PPGC NPs
and used drug loading technology to encapsulate AS-IV
and LIG. We evaluated the physicochemical properties,
drug loading rate, and drug release characteristics of AS_
LIG@PPGC NPs and assessed their therapeutic efficacy
on IPF through in vivo and in vitro experiments. Finally,
we examined the use of AS_LIG@PPGC NPs inhalation
therapy for IPF treatment by examining the NADPH
oxidase 4 (NOX4)-reactive oxygen species (ROS)-p38
MAPK and NOX4-NLRP3 inflammatory and oxidative
stress pathways, as described in Fig. 1. The results of this
study will provide a powerful inhaled drug for IPF treat-
ment and will benefit the prognosis of IPFE. In addition,
this study demonstrated a progressive strategy for the
use of compound Chinese medicine and small molecule
combinations, as well as the combination of time-hon-
ored traditional drugs and advanced nanomedicines. This
novel research will improve the application of TCM in
the future.
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Fig. 1 Schematic illustration of AS/LIG/AS_LIG@PPGC NPs for the treatment of lung injury and fibrosis

Materials and methods

Materials and reagents

Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were purchased from Gibco. TGF-1
was purchased from Beijing T&L Biotechnology Co., Ltd.
Bleomycin sulfate (BLM) was purchased from Shang-
hai Yuanye Biotechnology Co., Ltd. Cell Counting Kit-8
(CCK-8), and phosphate buffer saline (PBS) were pur-
chased from Beijing Solarbio Science & Technology Co.
Ltd. The mouse interleukin-1p (IL-1B), mouse interleu-
kin-6 (IL-6), mouse tumor necrosis factor a (TNF-a), and
mouse transforming growth factor 1 (TGF-B1) enzyme-
linked immunosorbent assay (ELISA) kits were supplied
by Jiangsu Einian Industrial Co. Ltd.

Antibodies and cells

The murine fibroblast line L-929 were purchased from
Xiehe Hospital. The antibodies used in this study were
as follows: anti-a-SMA (1:1000 for western blotting,
1:50,000 for immunohistochemistry [IHC], 1:50 for
immunofluorescence [IF] ab240654, Abcam, UK), anti-
COL1A1 (1:1000 for western blotting, 1:100 for IHC,

1:2,000 for IF, ab270993, Abcam, UK), anti-mouse fibro-
nectin (FN) (1:1000 for western blotting, ab268020,
1:50 for IF Abcam, UK), anti-NOX4 (1:2000 for western
blotting, 1:500 for IHC, 14347-1-AP, Proteintech, USA),
anti-NLRP3 (1:2000 for western blotting, 1:200 for IHC,
68102-1-Ig, Proteintech, USA), anti-p38 (1:500 for west-
ern blotting, 1:1000 for IHC, WLH3870, Wanleibio,
China), anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:1000 for western blotting, ab8245, Abcam,
UK), anti-beta-actin (fB-actin) (1:1000 for western blot-
ting, ab8226, Abcam, UK), anti-caspase-1 (1:500 for
western blotting, GB11383, Servicebio, China), anti-
ASC (1:1000 for western blotting, ab309497, Abcam,
UK), anti-IL-1p (1:1000 for western blotting, ab254360,
Abcam, UK), anti-mouse IL-18 (1:2000 for western blot-
ting, GB114098, Servicebio, China), and anti-phospho-
p38 (p-p38) (1:1000 for western blotting, 28796-1-AP,
Proteintech, USA).

Preparation and characterization of AS_LIG@PPGC NPs
AS-1V, LIG and PLGA-PEG were dissolved in DMSO (1
mL), and then ultrapure water (9 mL) was quickly added
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to the homogeneous mixture. After being sonicated for
10 min to yield NPs, the NPs were purified by dialysis
(molecular weight cutoff 30 kDa) at room temperature
for further use. The sizes and morphologies of NPs, AS@
PPGC NPs, LIG@PPGC NPs, and AS_LIG@PPGC NPs
were observed using transmission electron microscope
(TEM, HT7800, Hitachi, Japan). Size measurements
of the different formulations were carried out using a
Malvern ZEN 3600 Zetasizer instrument. The size mea-
surements of AS_LIG@PPGC NPs were performed by a
Malvern ZEN 3600 Zetasizer instrument after 5 days of
incubation in PBS.

To determine the encapsulation efficiency (EE) of
AS-IV and LIG in PPGC NPs, AS-IV was quantified
using high-performance liquid chromatography (lc-2020,
Shimadzu, Japan), while LIG was measured using ultravi-
olet spectrophotometry (Shimadzu, Japan). The formulas
for calculating EE and LE are as follows:

EE (%) :\W()/\Nl X 100%

W, and W, represent the weight of the loaded AS-IV and
LIG in the NPs and the total weight of AS-IV and LIG
added, respectively, while W represents the total weight
of the NPs.

Cellular uptake and cell viability assay

To measure uptake efficiency, L-929 cells were seeded
in 24-well plates at a density of 3x10* per well. After
6 h of incubation, 100 pg/mL TGF-B1 was added to the
L-929 cells. After another 24 h, the cells were treated
with different concentrations of 1,1’-dioctadecyl-
3,3,3,3’-tetramethylindodicarbocyanine,4-chlorobenze-
nesulfonate salt ([DiD], DiD@PPGC NPs). The uptake
efficiencies in the different groups were analyzed by flow
cytometry (BD, FACSAriall) and imaged by inverted flu-
orescence microscopy. We employed a standard CCK-8
assay, utilizing the Multiskan FC microplate reader
(ThermoFisher Scientific, 1,410,101), to assess the cell
viability of L-929 cells under various concentration treat-
ments. The assay relied on measuring the alterations in
absorbance at 450 nm, providing a reliable indication of
cellular metabolic activity. Cell viability rate (%) = (absor-
bance of experimental group —absorbance of blank well) /
(absorbance of control group—absorbance of blank well)
X 100%.

In vitro ROS analysis

L-929 cells were seeded on 6-well plates and incubated
overnight. First, the cells were activated with TGF-p1,
and then, different treatment groups were incubated with
L-929 cells for 24 h. Next, the ROS probe 2,7’-dichloro-
dihydrofluorescein diacetate (DCFH-DA) was added to
the dishes under 5% CO, and incubated in the dark for

Page 4 of 19

15 min at 37 °C. Finally, we employed confocal laser scan-
ning microscopy (CLSM, Nikon N-SIM, Japan) to assess
intracellular ROS (A excitation/A emission=488 nm/525
nm).

Immunofluorescence assay

Briefly, L-929 cells were seeded in 24-well plates at a den-
sity of 3x10* per well. After 6 h of incubation, 100 pg/
mL TGE-B1 was added to the wells. Then, the cells were
treated with the different formulations (naked NPs, AS@
PPGC NPs, LIG@PPGC NPs, and AS_LIG@PPGC NPs)
for another 24 h. Finally, the cells were stained with anti-
bodies (x-SMA, COL1A1, FN), and immunofluorescence
images were recorded by CLSM (Nikon N-SIM, Japan).

Animals

C57BL/6] mice (18-20 g, 6—8 weeks, male) were pur-
chased from Beijing Vital River Laboratory Animal Tech-
nology Co. Ltd. The mice were randomly divided into
six groups: control, model, naked NPs, AS@PPGC NPs
(25 mg/kg), LIG@PPGC NPs (50 mg/kg), and AS_LIG@
PPGC NPs (AS-IV: 25 mg/kg, LIG: 50 mg/kg). Except for
those in the control group, the mice were intratracheally
injected with BLM sulfate at a dose of 1.5 U/kg to estab-
lish experimental lung injury and pulmonary fibrosis
models. The treatments were administered via inhalation
on Days 3, 6, 10, 13, 16, and 19 after BLM insult using
an air compressor nebulizer. Then, the treated mice were
sacrificed on Day 8 and Day 22. All animal experiments
were performed in accordance with the China Public
Health Service Guide for the Care and Use of Laboratory
Animals. Experiments involving mice and the protocols
were approved by the Institutional Animal Care and Use
Committee of Tsinghua University (AP#15-LRT1).

Tissue distribution of AS_LIG@PPGC NPs

The mice were first exposed to 1,1’-dioctadecyl-3,3,3,3'-
tetramethylindotricarbocyanine iodide ([DiR], DiR@
PPGC NPs) via inhalation for 30 min. Subsequently, the
lung, heart, liver, and kidney were examined at different
time points (0, 2, 4, 8, 12, and 24 h) using an in vivo fluo-
rescence imaging system (PerkinElmer, USA). The lung
tissues were then collected, rapidly frozen, and embed-
ded in optimum cutting temperature (OCT) medium
(Sakura, Japan) on dry ice. Histological cross-sections
(10 pm thick) of lung tissues were prepared and stained
with 4,6-diamidino-2-phenylindole (DAPI) in PBS for
2 min to visualize the nuclei. Finally, the sections were
washed three times with PBS and imaged using a Vec-
tra Polaris™ automated quantitative pathology imaging
system (PerkinElmer, USA), which enables accurate and
reproducible analysis of tissue samples.



Zheng et al. Journal of Nanobiotechnology (2024) 22:14

Determination of proinflammatory and profibrotic
cytokines

L-929 cells were seeded in 24-well plates at a density of
3x 10 per well. After 6 h of incubation, 100 ug/mL TGE-
B1 was added to each well. Then, the cells were treated
with different formulations of NPs, AS@PPGC NPs,
LIG@PPGC NPs, and AS_LIG@PPGC NPs for another
24 h. the expression levels of the inflammatory cytokines
IL-1B, IL-6, TNF-«, and TGF-Bf1 in each group were
measured by ELISA.

To collect bronchoalveolar lavage fluid (BALF), the tra-
chea was exposed, and a tracheotomy was performed to
introduce a 24G needle. A 1 mL syringe with 800 pL of
cold sterile PBS was used to gently wash the lungs three
times through the trachea, and the recovery rate was
approximately 80%. Once collected, BALF samples were
centrifuged at 400 x g for 10 min at 4 °C and stored at
-80 °C until use. Subsequently, the expression levels of
IL-1B, IL-6, TNF-a, and TGF-P1 in the BALF samples
were measured by ELISA.

Histological analysis

The left lungs in the different groups were quickly
immersed in 4% paraformaldehyde (PFA) for 24 h at
room temperature, approximately 20-25 °C, Half of the
lung tissues were dehydrated and embedded in paraffin,
and 4 pum sections were prepared and stained with hema-
toxylin and eosin (H&E), Masson’s trichrome, and picro-
sirius red. Histologic sections of the heart, kidney, liver,
spleen, and lung were used for H&E staining.

Immunohistochemistry

The remaining lung tissue was fixed in 4% PFA at 4 °C
for 1 h. After sucrose gradient dehydration, the tissue
was embedded in OCT compound. Subsequently, 10 pm
cryosections were prepared for immunohistochemical
and immunofluorescence analysis.

For immunohistochemical analysis of a-SMA,
COL1A1, NOX4, NLRP3 and p-p38, tissue sections were
treated with appropriate primary antibodies followed by
incubation with horseradish peroxidase (HRP)-conju-
gated secondary antibodies. The substrate 3,3’-diamino-
benzidine (DAB) was used for direct visualization of the
target proteins.

Western blotting

The samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sepa-
ration at an equal protein mass (10 pg per well) and
subsequently transferred onto polyvinylidene difluoride
(PVDF) membranes. To minimize non-specific binding,
the membranes were blocked with 5% bovine serum albu-
min (BSA) at room temperature (40 rpm/min) for 1 h.
Subsequently, the membranes were incubated overnight
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at 4 °C with the appropriate primary antibodies, followed
by three washes with a solution containing tris-buffered
saline with Tween 20 (TBST) and low-speed shaking on
a rocker (80 rpm/min) for 10 min each. After that, the
membranes were incubated with suitable secondary anti-
bodies at room temperature for approximately 2 h. The
membranes were then washed three times with a TBST
solution (80 rpm/min). Finally, an electrochemilumines-
cence chromogenic substrate was added, and the target
bands were visualized using the Tanon 5200 Multi fully
automated chemiluminescence/fluorescence image anal-
ysis system (Guangzhou, China). The chemiluminescence
signals obtained were analyzed using Image] software
(NIH, USA).

Molecular docking

Protein-ligand docking analysis was performed to pre-
dict the interactions and binding modes between NOX4,
NLRP3 and AS_IV/LIG. The PDB files of the 3D struc-
tures of NOX4 (PDB ID: 6T1U) and NLRP3 (PDB ID:
8ERT) were downloaded from the RCSB PDB database
and imported into PyMOL software to remove solvent
molecules and ligands. The SDF files of AS-IV (Pub-
Chem CID: 13,943,297) and LIG (PubChem CID:14,296)
were downloaded from the PubChem database and con-
verted to the mol2 format using OpenBabel software.
The ligands and proteins were then separately imported
into Autodock, a molecular docking program based on
the Lamarckian genetic algorithm, to search for all pos-
sible binding models in the translation and rotation space
between the proteins and ligands. Based on the maxi-
mum scoring function, the optimal binding mode of the
protein-ligand complex was selected, and the output was
the protein-ligand complex. The amino acid residues and
hydrogen bonding forces of the protein-ligand binding
was predicted using PyMOL software.

Transcriptomic analysis

We euthanized mice in the model and AS_LIG@PPGC
NP groups on Day 22 and extracted left lung tissues from
three mice in each group. The lung tissues were immedi-
ately placed in cryotubes, frozen in liquid nitrogen, and
then sent to Wuhan Bio-Raid Biotechnology Co., Ltd.
(Wuhan, China) for RNA sequencing (RNA-seq) analysis.
RNA-seq involves sample processing, RNA extraction,
library preparation, and high-throughput sequencing
using the Illumina HiSeq Xten/NovaSeq 6000/T7 plat-
forms. Basic bioinformatics analysis included differential
gene expression analysis (FDR<0.05 & |log2FC|21), GO
classification analysis of differentially expressed genes,
KEGG pathway visualization, and GSEA.
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Statistical analysis

The results were analyzed using GraphPad Prism soft-
ware (version 9.5.1, USA) and are presented as the means
+ standard deviation (SD). One-way analysis of variance
(ANOVA) was used for statistical analyses during data
evaluation. After performing ANOVA, we performed
post hoc multiple comparison analyses using the Stu-
dent-Newman-Keuls (SNK) method to determine which
groups had significant differences. This analysis was
based on a multiple comparison correction method and
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was considered significant when the P value was less than
0.05.

Results

Preparation and characterization of AS_LIG@PPGC NPs
PLGA NPs encapsulated with AS-IV and LIG were pre-
pared by nanoprecipitation sonication. The naked NPs,
AS@PPGC NPs, LIG@PPGC NPs, and AS_LIG@PPGC
NPs remained spherical morphology as observed by
TEM, with sizes of 50 nm in their dry state (Fig. 2A). The
products exhibited hydrated diameters of approximately
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200 nm, as determined by DLS measurements (Fig. 2B).
The size stability of AS_LIG@PPGC NPs was main-
tained for 5 days (Figure S1). Meanwhile, no changes of
AS_LIG@PPGC NPs size were observed after inhalation
(Figure S2). The contents of AS-IV and LIG in the as-
prepared NPs were measured by UV and HPLC, respec-
tively. Figure 2C and D show that the encapsulation
efficiencies of AS-IV and LIG in the NPs were 37% and
74.1%, respectively. These results indicated that AS-IV
and LIG were successfully loaded. Fibroblasts are the pri-
mary targets in IPE. Therefore, to assess AS_LIG@PPGC
NPs uptake by host cells, AS_LIG@PPGC NPs were
first labeled with DiD and then co-incubated with L-929
mouse fibroblasts. The CCK-8 results demonstrated that
the viability of L-929 cells was still greater than 80% when
the concentration of AS_LIG@PPGC NPs reached 20
ng/mL, and there was no apparent cytotoxicity (Fig. 2E).
The fluorescence signal intensity showed time-dependent
uptake of AS_LIG@ PPGC NPs by the cells (Fig. 2F, G).
Furthermore, different concentrations of DiD-labeled
AS_LIG@ PPGC NPs were added to L-929 cells and
incubated for 24 h to evaluate cell viability. In addition,
an artificial mucus model was used to investigate the
impact of PEG coating on the transmucosal penetration
of DiD-labeled NPs (Fig. 2H). The resulting NPs (with
or without PEG decoration) were added to the artificial
mucus at equivalent doses of DiD@NPs, and the fluores-
cence intensity of the agarose gel layer was analyzed after
penetration. As shown in Fig. 2I, the fluorescence signal
intensities with the PEG decoration were significantly
higher than those without the PEG decoration, suggest-
ing that the transmucosal penetration of NPs was sig-
nificantly enhanced by the PEG coating. In addition, the
magnitude of the increase in NPs penetration markedly
increased with time.

Biodistribution of PPGC NPs in the lungs after inhalation
To evaluate the pulmonary targeting ability of PPGC NPs
delivered via compressed air nebulization, we labeled
PPGC NPs with DiR and used an IVIS spectrum imaging
system to study tissue distribution at 0, 2, 4, 6, 12, and
24 h after inhalation (Fig. 3A). Our results demonstrated
that after the inhalation of DiR-labeled PPGC NPs,
strong fluorescence signals were detected in lung tissue,
indicating the excellent pulmonary targeting of the NPs.
The intensity of the fluorescence signal in the lung gradu-
ally decreased with time but remained strong at 12 h,
suggesting that the inhaled PPGC NPs exhibited persis-
tent stability. At 24 h, the fluorescence signal in lung tis-
sue gradually weakened, possibly due to the metabolism
of the NPs (Fig. 3B). Therefore, these findings suggest
that compressed air nebulization is a feasible targeted
pulmonary drug delivery method, and PPGC NPs can be
efficiently enriched in the lungs by inhalation.
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To further access the lung-targeting of PPGC NPs after
nebulization, we subsequently collected lung tissues from
mice following the inhalation of DiD-labeled NPs and
performed immunofluorescence imaging (Fig. 3C). The
results showed that the fluorescence signal of PPGC NPs
after nebulization was stronger than that of free-DiD.
To deeply investigate the specific distribution of NPs in
the lungs following inhalation, we performed IF analysis
on different lung lobes (right upper lobe, middle lobe,
lower lobe, and left lung lobe) at different time points.
As shown in Figure S5, the NPs exhibited a widespread
distribution throughout the entire lung lobes after inha-
lation, and they persisted in the lungs for more than 24 h.
Consistent with our predictions, the retention of NPs
in the lungs decreased over time, with a predominant
deposition observed in the right lower lobe and left lung.
These findings collectively demonstrate that the observed
deposition pattern aligns with the physiological structure
of the lungs. All these results indicated that the PPGC
NPs can effectively target lung tissues.

Evaluation of the antifibrotic and anti-inflammatory effects
of AS_LIG@PPGC NPs in vitro

With the development of pulmonary fibrosis, the migra-
tion of fibroblasts and myofibroblasts into fibroblas-
tic foci is a critical event. We evaluated the impact of
AS_LIG@PPGC NPs on the migration of fibroblasts
with a transwell migration assay (Fig. 4A). As shown in
Fig. 4B, the migration efficiency of L-929 cells treated
with TGE-B1 was determined. The results indicated that
migration of L-929 cells could be hampered by interven-
tion with AS@PPGC NPs, LIG@PPGC NPs, and AS_
LIG@PPGC NPs. And AS_LIG@PPGC NPs exhibited
the most significant inhibitory effect. Then, we further
evaluated the antifibrotic effects of the different treat-
ments on TGF-p1-pretreated L-929 cells. The immuno-
fluorescence staining results showed that the intensities
of typical protein markers (a-SMA, COL1A1, and FN)
were significantly reduced by AS_LIG@PPGC NPs treat-
ment (Fig. 4C-E). However, AS@PPGC NPs and LIG@
PPGC NPs showed a less pronounced effect than AS_
LIG@PPGC NPs. To investigate the anti-inflammatory
and antifibrotic effects of AS_LIG@ PPGC NPs, TGE-
B1-pretreated L-929 cells were first incubated with the
different treatments for 24 h. The supernatants were
collected for ELISA. The cells with different treatments
were stained with DCFH-DA probe for CLSM observa-
tion. The fluorescence intensity of DCFH-DA probe was
significantly reduced by treatment with AS_LIG@PPGC
NPs, demonstrating the efficient antioxidant effects of
AS_LIG@PPGC NPs (Fig. 4F). Interestingly, the levels of
proinflammatory cytokines (IL-6, TNF-a, IL-1p) and pro-
fibrotic cytokines (TGF-P1) were significantly reduced
by AS_LIG@PPGC NPs treatment, but AS@PPGC NPs
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or LIG@PPGC NPs alone hardly eliminated these factors
in TGF-P1-pretreated L-929 cells (Fig. 4H-K). The levels
of IL-6 in the model group and naked NPs group were
increased by 1.16-fold and 1.15-fold, respectively, com-
pared to those in the normal group. However, the levels

of IL-6 were reduced to 112.71 pg/ml and 112.85 pg/ml
after AS@PPGC NPs and LIG@PPGC NPs treatments
while AS_LIG@PPGC NPs led to a reduction of approxi-
mately 13%. Similar changes were observed in TNF-a,
IL-1B, and TGF-p1.



Zheng et al. Journal of Nanobiotechnology

control

a-SMA

COL1A1

FN

m

DCFH-DA

©

IL-1 concentration
in supernatant(ng/L)
@« =

L

AS_LIG@PPGC NPs | - -
LIG@PPGC NPs | - =
AS@PPGC NPs
naked NPs
PBS
TGF-p1

+
+

T

o SMA ---'v —

FN | e S i
COLIA w oy Y WP -

(2024) 22:14

TGF-p1
AS@PPGC NPs

control PBS naked PPGC NPs LIG@PPGC NPs  AS_LIG@PPGC NPs
: A e TR

‘8

TGF-$1

o

+

)

naked PPGC NPs

AS@PPGC NPs

LIG@PPGC NPs

AS_LIG@PPGC NPs

TNF-a concentration

In supernatant{ng/L)

TGF-f1 concentration
in supernatant(ngfL)

+

oo et

B
i
‘ j
j’
Relative intensity
ENIGAPDH

Relative intensity
a-SMA/GAPDH
Relative intensity
COL1A1/GAPDH

s

0.0

N
SHLL e S f«}*g}s
N M)
CFE Q‘z" @@"@Qq" & ‘2"@?(’ &
S "
& e \> & P@ S F
*F & vf),

Page 9 of 19

Fig. 4 AS/LIG/AS_LIG@PPGC NPs reduce the secretion of pro-inflammatory and profibrotic cytokines and thus inhibit the activation of myofibroblasts
in vitro. (A). Schematic illustration of transwell migration assay. (B). Images of stained cells migrating from the upper chamber to the lower chamber with

different treatments Scale bar =20 um. (C to E). Representative immunofluorescence images of a-SMA, COLTA1

,and FN after different treatments. Scale

bar =20 um. (F). Images of of DCFH-DA lablled ROS in TGF-31 treated L-929 cells after different treatments. Scale bar =20 um. (E to K). Expression levels
of typical pro-inflammatory and profibrotic cytokines (TNF-q, IL-6, IL-13, and TGF-f31) secreted by TGF-B1 treated L-929 cells after different treatments. The
results were expressed as the mean +SD (n=3). (L, M). Western blotting analysis of expression and quantification of proteins related to pulmonary fibrosis

(a-SMA, COLTAT, FN) in the cells treated as indicated. * P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. n.s., not significant, P> 0.05
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Finally, we performed western blotting analysis to
investigate the expression levels of typical fibrosis-associ-
ated proteins, such as a-SMA, COL1A1, and FN, in vitro.
The results demonstrated that treatment with AS_LIG@
PPGC NPs significantly reduced the expression levels
of these proteins compared to those in the model group
(Fig. 4L, M). These findings suggested that AS_LIG@
PPGC NPs may exert notable antifibrotic effects through
anti-inflammatory and antioxidant pathways.

Inhalation of AS/LIG/AS_LIG@PPGC NPs mitigates BLM-
induced pulmonary fibrosis
After confirming the strong anti-inflammatory and anti-
oxidant effects in vitro, the mouse IPF models for in vivo
treatment was established (Fig. 5A). Then, we collected
lung tissue on Day 8 and Day 22 after BLM induction
and evaluated pulmonary fibrosis levels using H&E stain-
ing, Masson staining, and picrosirius red staining. H&E
staining revealed that the airway structures in the normal
group were clear and intact, and there was no inflamma-
tory cell infiltration or bleeding in the alveoli. However,
on Day 8, the PBS and naked PPGC NPs groups showed
thickening of the airway walls, significant infiltration of
inflammatory cells, and bleeding in the alveoli. In con-
trast, inhalation of AS@PPGC NPs, LIG@PPGC NPs,
and AS_LIG@PPGC NPs reduced the infiltration of
inflammatory cells and decreased the occurrence of alve-
olar bleeding (Fig. 5D). On Day 22, the airway structures
in the PBS and naked PPGC NP groups were disrupted,
and there was significant thickening of the airway walls,
widening of the alveolar septa, and inflammatory cell
infiltration. However, treatment with AS@PPGC NPs,
LIG@PPGC NPs, and AS_LIG@PPGC NPs significantly
reduced the severity of BLM-induced fibrosis (Fig. 5H).
Masson staining and picrosirius red staining further
confirmed a significant reduction in collagen deposition
and parenchymal disruption after the inhalation of AS@
PPGC NPs and LIG@PPGC NPs (Fig. 5E-]).
Furthermore, we used immunohistochemistry and
western blotting to examine fibrotic markers in mouse
lung tissue. Immunohistochemical analysis revealed sig-
nificant reductions in the protein expression of a-SMA
and COL1A1, which are typical protein markers of lung
fibrosis, following the inhalation of AS@PPGC NPs,
LIG@PPGC NPs, and AS_LIG@PPGC NPs (Fig. 5K-
P). Consistent with these findings, western blot analysis
demonstrated that the inhalation of these NPs effectively
reduced the protein expression of a-SMA, a marker of
myofibroblasts, as well as the extracellular matrix com-
ponents COL1A1 and FN (Fig. 5B, C). Semiquantitative
analysis of a-SMA expression showed that the levels
in the model group and naked PPGC NPs group were
increased by approximately 6-fold and 5-fold, respec-
tively Compared to naked PPGC NPs, AS@PPGC NPs,
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LIG@PPGC NPs, and AS_LIG@PPGC NPs significantly
reduced the expression of a-SMA, especially AS_LIG@
PPGC NPs, which led to an approximately 88% reduction
in in protein expression. Similar changes were observed
in COL1A1 and FN expression.

The findings of this study indicated that AS@PPGC
NPs, LIG@PPGC NPs, and AS_LIG@PPGC NPs hold
potential as therapeutic interventions for IPF, especially
for IPF induced by BLM, and they effectively alleviated
the pathological manifestations of the disease. More-
over, the combination of AS-IV and LIG showed better
therapeutic effects and warrant further investigation as a
potential treatment strategy for IPFE.

Inhalation of AS/LIG/AS_LIG@PPGC NPs attenuates NOX4-
NLRP3 signaling pathway activation

After confirming their excellent therapeutic effects in
vivo, we further performed automatic docking calcu-
lations for AS-IV and LIG using the Autodock tool
and focused on their binding affinities with NOX4 and
NLRP3. Our results demonstrated that AS-IV and LIG
could successfully bind to NOX4, while AS-IV could also
stably bind to NLRP3. To gain a clearer understanding of
the molecular interactions, we further used PyMOL soft-
ware to visualize the hydrogen bonds and docking pock-
ets (Fig. 6A-C). Based on these findings, we hypothesized
that AS-IV and LIG could exert antifibrotic effects by
inhibiting the NOX4-NLRP3 signaling pathway.

In the following experiments, we used in vitro, and in
vivo methods combined with western blotting and IHC
experiments to further validate the molecular dock-
ing results. The western blotting results showed that the
NOX4-NLRP3 signaling pathway was significantly acti-
vated in the BLM-induced IPF mouse model. Specifically,
in the lungs of mice with the BLM-induced IPF model,
there was a significant upregulation of NOX4 protein
expression. This upregulation leaded to the catalysis of
a substantial production of ROS, subsequently activat-
ing the NLRP3 inflammasome. After inhalation of AS@
PPGC NP, LIG@PPGC NP, and AS_LIG@PPGC NPs, the
protein levels of NOX4 and NLRP3 in lung tissue in the
model group mice, as well as the protein levels of down-
stream ASC, pro-caspase-1, and caspase-1 in the NOX4-
NLRP3 signaling pathway, were significantly increased.
Additionally, the protein levels of IL-1p and IL-18, which
are processed by caspase-1, were significantly increased.
In the AS@PPGC NP, LIG@PPGC NP, and AS_LIG@
PPGC NP groups, the most significant inhibitory effect
was observed in the AS_LIG@PPGC NPs group (Fig. 6D,
E). Furthermore, we obtained similar results in vitro
(Fig. 6F, G).

In addition, we used IHC to measure the protein lev-
els of NOX4 and NLRP3 in mouse lung tissue on Days
8 and 22, and the staining results were consistent with
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Fig. 6 AS/LIG/AS_LIG@PPGC NPs inhalation reverses lung fibrosis caused by BLM through NOX4-NLRP3 signalling pathway. (A to C). Representative
molecular docking of AS-IV and LIG with NOX4 and NLRP3 proteins, respectively. (A). Molecular docking of AS-IV with NOX4. (B). Molecular docking of
LIG with NOX4. (C). Molecular docking of AS-IV with NLRP3. (D, E). Western blotting analysis of expression and quantification of proteins related to NOX4-
NLRP3 signalling pathway (NOX4, NLRP3, pro-caspase-1, caspase-1, ASC, IL-13, and IL-18) in the lung sections on day 22 treated as indicated. (F, G). West-
ern blotting analysis of expression and quantification of proteins related to NOX4-NLRP3 signalling pathway (NOX4, NLRP3, pro-caspase-1, caspase-1,
ASC, IL-1B, and IL-18) in the cells treated as indicated. (H, I). IHC staining analysis of lung sections and quantification of proteins related to NOX4-NLRP3
signalling pathway on day 8. Scale bar =200 um. (H). IHC staining analysis of lung sections of NOX4, NLRP3. (I). Quantification of proteins of NOX4, NLRP3.
(J, K). HC staining analysis of lung sections and quantification of positive area of proteins related to NOX4-NLRP3 signalling pathway on day 22. Scale bar
=200 pm. (J). IHC staining analysis of lung sections of NOX4, NLRP3. (K). Quantification of positive area of NOX4, NLRP3.* P<0.05, **P<0.01, ***P < 0.001,

and ****P<0.0001, n.s,, not significant, P>0.05
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the western blot results. Our staining results showed that
compared to that in the negative control group, NOX4
protein was highly expressed in the lung fibroblast lesions
of mice treated with PBS and naked PPGC NPs. The
localization expression of NOX4 protein exhibited a clear
cell localization specificity that matched the morphology
of lung tissue. In the AS@PPGC NP, LIG@PPGC NP, and
AS_LIG@PPGC NP groups, lung tissue showed a signifi-
cant decrease in the NOX4-positive signal and area, and
the AS_LIG@PPGC NP group showed the most signifi-
cant decrease. The semiquantitative results showed sig-
nificant differences among the different groups. Similarly,
IHC staining of NLRP3 in lung tissue showed a trend that
was consistent with that of NOX4 (Fig. 6H-K).

Inhalation of AS/LIG/AS_LIG@PPGC NPs attenuates
NOX4-p38 MAPK signaling pathway activation and
proinflammatory cytokine levels

To investigate the role of the NOX4-p38 MAPK signaling
pathway in IPF, we performed IHC staining to examine
the phosphorylation levels of p38 MAPK (p-p38 MAPK)
in the lung tissue in each group. The staining results
revealed a significant increase in the p-p38 MAPK in
model mice treated with PBS or naked NPs compared
to those in the negative control group. In contrast, after
treatment with AS@PPGC NPs, LIG@PPGC NPs, and
AS_LIG@PPGC NPs, the level of p-p38 MAPK in the
lung tissue of IPF model mice was decreased (Fig. 7A, B).
Western blotting analysis of lung tissue samples showed
similar results (Fig. 7C, D). Furthermore, compared to
those in untreated cells, the protein levels of NOX4 and
p-p38 MAPK were increased in cells treated with TGEF-
B1. However, treatment with AS@PPGC NPs, LIG@
PPGC NPs, and AS_LIG@PPGC NPs decreased the pro-
tein levels of NOX4 and p-p38 MAPK in cells compared
to those treated with PBS or naked NPs (Fig. 7E, F).

To further investigate the impact of AS/LIG/AS_LIG@
PPGC NPs on pulmonary inflammation and fibrosis
in IPF, we collected mouse BALF on Days 8 and 22 and
measured the levels of IL-1p, IL-6, TNF-a, and TGF-$1
using ELISA. Our results demonstrated that the levels of
these proinflammatory and profibrotic cytokines were
significantly increased after BLM induction. However,
compared to those in the groups treated with PBS or
naked NPs, inhalation of AS@PPGC NPs, LIG@ PPGC
NPs, and AS_LIG@PPGC NPs significantly decreased
the levels of these cytokines in BALF (Fig. 7G-N). These
results showed that AS/LIG/AS_LIG@PPGC NPs could
modulate the NOX4/NLRP3/p38 MAPK signaling path-
way in IPF, thereby alleviating pulmonary inflammation
and fibrosis levels.
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RNA-seq analysis

Based on the therapeutic effect of AS/LIG/AS_LIG@
PPGC NPs on IPF, we found that the antifibrotic effect
of AS_LIG@PPGC NPs was the most significant. There-
fore, we further investigated the underlying mechanism
by RNA-seq analysis of mouse lung tissue. We identified
differentially expressed genes (DE genes) between the
model group and the AS_LIG@PPGC NPs group using
two thresholds: log2 (fold change)>2 and FDR-adjusted
P < 0.05. The results showed that 779 genes were signifi-
cantly differentially expressed in the lung tissue of the
AS_LIG@PPGC NPs group, including 558 upregulated
genes and 221 downregulated genes compared to the
model group (Fig. 8A, B). The heatmap (Fig. 8C) showed
that the model group and the AS_LIG@PPGC NPs group
were well separated at the gene level. We performed GO
and KEGG enrichment analyses (Fig. 8D, E) to explore
the biological processes and signaling pathways associ-
ated with the differentially expressed genes. Compared
to the model group, the AS_LIG@PPGC NPs group
showed significant enrichment in biological processes
and functional pathways that dominate the improvement
of IPF mechanisms. These enriched pathways affect the
progression of IPF and involve biological processes, cel-
lular structures, and molecular functions. The top 10
enriched pathways included oxidative stress, the inflam-
matory response, and immune system activity. In addi-
tion, we performed gene set enrichment analysis (GSEA)
and found that the NADPH pathway was significantly
enriched during the treatment of IPF with AS_LIG@
PPGC NPs (Fig. 8F). This finding indicated that AS_
LIG@PPGC NPs may exert their therapeutic effects on
IPF by regulating the NADPH pathway. Our RNA-seq
analysis results and the consistency with our in vitro and
in vivo signaling pathway experiments provide evidence
for the involvement of the NOX4/NLRP3/p38 MAPK
signaling pathway in the therapeutic effect of AS_LIG@
PPGC NPs on IPE.

Discussion

The pathogenesis of IPF is quite complex and involves
environmental factors, genetics, inflammation, and oxi-
dative stress [9]. Among the detected biological pro-
cesses, inflammation and oxidative stress are widely
recognized as the core pathological mechanisms [1, 2]. In
this study, the therapeutic effect of inhaled AS/LIG/AS_
LIG@PPGC NPs on lung injury and PF induced by BLM
was investigated. In addition, the potential therapeutic
mechanisms by which by AS-IV and LIG inhibit inflam-
mation and oxidative stress were validated. Our results
demonstrated that inhalation of AS/LIG/AS_LIG@PPGC
NPs significantly improved lung injury and pulmonary
fibrosis, providing a new avenue for further investigation
of their therapeutic mechanism.
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Fig. 7 AS/LIG/AS_LIG@PPGC NPs inhalation reverses lung fibrosis caused by BLM through NOX4-p38 MAPK signalling pathway. (A, B). IHC staining
analysis of lung sections and quantification of proteins related to NOX4-p38 MAPK signalling pathway on day 8, 22. Scale bar =200 pym. (A). IHC staining
analysis of lung sections of p-p38 MAPK. (B). Quantification of positive area of p-p38 MAPK. (C, D). Western blotting analysis of expression and quantifica-
tion of proteins related to NOX4-p38 MAPK signalling pathway (NOX4, p38, and p-p38) in the lung sections on day 22 treated as indicated. (E, F). Western
blotting analysis of expression and quantification of proteins related to NOX4-p38 MAPK signalling pathway (NOX4, p38, and p-p38) in the cells treated
as indicated. (G-K). Expression levels of typical pro-inflammatory and profibrotic cytokines (TNF-g, IL-6, IL.-13, and TGF-(31) in BALF induced by BLM after
different treatments at day 8 (G), and day 22 (K). The results were expressed as the mean+SD (n=3).* P<0.05, **P<0.01, ***P<0.001, and ****P <0.0001,

n.s., not significant, P>0.05
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Based on the theoretical foundation of the TCM
approach of ‘tonifying Qi and activating blood circula-
tion’ for in the treatment of IPF, we used a combination
of AS-IV and LIG in our study. Our findings demon-
strated that the inhalation of AS/LIG/AS_LIG@PPGC
NPs could effectively mitigate lung injury and fibrosis
induced by BLM. Further in vitro studies confirmed that
this intervention significantly inhibited the formation of
myofibroblasts, which are known to contribute to the
development and progression of IPF. The BLM-induced
IPF model has been widely used and established and can
simulate the pathological process of human IPF [28]. It
has been found that 7 days after BLM induction was the
early stage of acute inflammation, which gradually transi-
tioned into the fibrotic stage after 7 days [29]. To investi-
gate the effect of AS/LIG/AS_LIG@PPGC NP inhalation
on acute lung injury and fibrosis, we used a staged (Day 8
and Day 22) intervention and sampling approach. In this
study, we observed that the BLM-induced mouse model
of fibrosis exhibited characteristics similar to human IPF,
including a marked increase in the number of inflam-
matory cells, thickening of alveolar walls, disordered
alveolar structure, and substantial deposition of extracel-
lular matrix (ECM). Various risk factors can induce local
damage to alveolar epithelial cells, triggering abnormal
communication between the epithelium and fibroblasts.
Activated lung fibroblasts produce matrix myofibro-
blasts, leading to the accumulation of large amounts of
ECM in the lung interstitial and ultimately causing lung
structural remodeling, which is a recognized pathological
process of IPF [30]. Furthermore, we demonstrated that
inhalation of AS/LIG/AS_LIG@PPGC NPs had the sig-
nificant antifibrotic effects, as evidenced by the marked
reduction in the expression of a-SMA, COL1A1, and FN.
These factors are typical markers of fibrosis, and their
elevation often indicates myofibroblast activation, ECM
deposition, and collagen fiber proliferation. Further-
more, we observed a significant reduction in the levels
of TGF-B1 in the BALF. TGF-B1 has been shown to be
both necessary and sufficient for the development of lung
fibrosis [31]. Signaling mediated by TGF-f1 in epithelial
and fibroblasts is a common and critical feature of fibro-
sis. In human IPF and BLM-induced pulmonary fibrosis
models, TGF-P1 localized to sites of collagen deposition,
and its expression preceded the deposition of collagen by
a considerable margin [32]. These findings indicated that
inhalation therapy can significantly alleviate the level of
pulmonary fibrosis.

Controlling early pulmonary inflammation may be a
prerequisite for achieving widely accepted antifibrotic
effects. We observed that in the early stage of lung injury,
the mouse model exhibited a collapsed lung struc-
ture, thickened alveolar walls, and robust infiltration of
inflammatory cells. However, after inhaling AS/LIG/
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AS_LIG@PPGC NPs, there were significant reductions in
the number of inflammatory cells in alveoli and the levels
of inflammatory cytokines (IL-1f, IL-6, TNF-a) in BALF.
Inflammation plays an important role in this process [1].
The activation of inflammatory cells and their factors can
synergistically stimulate the proliferation of myofibro-
blasts and the secretion of pathological ECM. Therefore,
inhibiting inflammation and blocking the activation of
lung fibrosis cells to induce myofibroblasts are important
measures to reduce the accumulation of ECM and struc-
tural remodeling. We were pleasantly surprised to dis-
cover that among the three drug-loaded NPs, AS_LIG@
PPGC NPs exhibited the most significant anti-inflamma-
tory and antifibrotic effects, indicating a good synergis-
tic interaction between AS-IV and LIG. These findings
further confirmed the advantages of the TCM concept
of “tonifying Qi and promoting blood circulation” They
also provided scientific evidence and support for the use
of TCM in the treatment of IPF. Importantly, these find-
ings emphasize the necessity of further investigating the
specific mechanisms of AS/LIG/AS_LIG@PPGC NPs.
NOX4-derived ROS and NLRP3 inflammasomes sig-
nificantly contribute to the pathogenesis and progres-
sion of fibrosis. There is substantial evidence that NOX
enzymes are present in various models of induced fibro-
sis, and NOX4 plays a critical role in the development of
pulmonary fibrosis [33—35]. Multiple studies have consis-
tently demonstrated that upregulation of NOX4 protein
expression is involved in the fibrotic response induced by
TGE-p. It facilitates fibrosis by enhancing oxidative stress
through increased ROS production, activating myofi-
broblasts, and promoting extracellular matrix deposi-
tion [36—38]. Notably, NOX4-derived ROS are essential
for BLM-induced pulmonary fibrosis, and they not only
damage airway epithelial cells (AECs) but also partici-
pate in downstream fibrotic signaling pathways, such as
the TGF-p1/SMAD pathway. Moreover, NOX-derived
ROS are necessary for NLRP3 inflammasome activation.
NOX-derived ROS can promote the binding of NLRP3
inflammasome by directly oxidizing thioredoxin-inter-
acting protein (TXNIP). Additionally, it can indirectly
affect the activation of NLRP3 inflammasome by modu-
lating intracellular calcium ion concentration, mito-
chondrial function, and cellular environment [39]. The
activation of NLRP3 inflammasomes promotes the acti-
vation of IL-18 and IL-1B, which subsequently promote
fibrosis. It is worth noting that the activation of ROS also
increases NOX4 production [40-42], which adds com-
plexity to the relationship between NOX4-derived ROS
and NLRP3 inflammasomes. In addition, the ROS gen-
erated by NOX4 can activate the p38 MAPK pathway,
thereby triggering oxidative stress and inflammatory
crosstalk reactions, ultimately leading to fibrosis [33, 36,
43]. NOX-derived ROS can directly oxidize and activate
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upstream regulatory factors, such as mitogen-activated
protein kinase kinase kinase (MAPKKK), thereby indi-
rectly activating the p38 MAPK signaling pathway. Alter-
natively, NOX-derived ROS can directly oxidize and
activate p38 MAPK itself, altering the oxidation state of
cysteine residues in p38 MAPK, leading to its activation
[44]. Thus, the interaction between NOX4-derived ROS,
NLRP3 inflammasome activation, and p38 MAPK con-
stitutes a vicious cycle in pulmonary fibrogenesis, which
also accounts for the ineffectiveness of single-target or
single-drug interventions. While nintedanib, which is
a tyrosine kinase inhibitor, has shown multitargeted
efficacy in the treatment of IPF, its primary therapeutic
effect involves its anti-inflammatory properties [45]. Fur-
thermore, targeting all known fibrotic pathways could
result in adverse effects and toxicity. Thus, taking a TCM
approach, we chose two frequently used Qi-blood toni-
fying combinations and provided initial evidence for the
substantial benefits of their combined application.

As effective bioactive components of A. membranaceus
and L. chuanxiong, these factors have similar positive
pharmacological activities, including anti-inflammatory,
antioxidant, and immunoregulatory effects [44-46].
Existing evidence has demonstrated that AS-IV exerts
antifibrotic effects through multiple signaling pathways
in various fibrotic diseases, including TGF-Bf1/SMAD,
p38 MAPK, NLRP3 inflammasomes, NOX4/p38 MAPK,
and others [16-18, 47]. Similarly, LIG exerts antifibrotic
effects through TGF-f1/SMAD and ERK/p38 MAPK,
although most studies have been conducted on liver
fibrosis [14, 15, 48]. Some studies have pointed out that
AS-IV exerts antifibrotic effects by inhibiting NADPH
oxidase-derived ROS [19]. Based on previous evidence,
we chose AS-IV and LIG as promising drug candidates
and hypothesized that they could exert their therapeu-
tic effects by regulating the NOX4-ROS-p38 MAPK
and NOX4-NLRP3 pathways to treat and prevent IPFE.
Encouragingly, our molecular docking results confirmed
this hypothesis and showed that AS-IV could dock to the
pockets of both NOX4 and NLRP3 proteins, while LIG
could dock to the pocket of NLRP3 protein. These results
prompted us to further explore and investigate these
compounds. Therefore, we conducted in vitro and in vivo
studies to further validate our findings.

Targeting NOX4-derived ROS and disrupting the self-
perpetuating loop between NOX4, ROS, and NLRP3
inflammasomes are potential strategies for interven-
ing in the pathogenesis and progression of pulmonary
fibrosis. Consistent with previous research findings, Sun
et al. reported that MenSC-Exo treatment improved
BLM-induced pulmonary fibrosis by inhibiting ROS and
NLRP3 inflammasome activation [36]. Our study dem-
onstrated that AS/LIG/AS_LIG@PPGC NPs possessed
antifibrotic properties by inhibiting the NOX4-ROS-p38
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MAPK and NOX4-NLRP3 signaling pathways. First,
our in vitro experiments demonstrated that AS/LIG/
AS _LIG@PPGC NPs significantly reduced intracellular
ROS levels, as evidenced by decreased ROS fluorescence
intensity measured using DCFH-DA. Furthermore, our
in vivo and in vitro experiments, which used methods
such as western blotting, IHC staining, and immuno-
fluorescence, confirmed the significant upregulation of
NOX4, NLRP3, p-p38, and related pathways in the lungs
of mice with BLM-induced pulmonary fibrosis and the
significant inhibition of this upregulation following treat-
ment with AS/LIG/AS_LIG@PPGC NPs.

Although the present study used a mouse nebulization
model to investigate IPF, there were several limitations to
this approach. Mice and humans differ in lung anatomy,
respiratory rate, and lung ventilation, and their respira-
tory systems may respond differently to certain drugs.
Therefore, the mouse nebulization model cannot fully
replace human studies. Nevertheless, our study showed
that targeting NOX4-generated ROS and disrupting the
self-sustaining cycle between NOX4, ROS, and NLRP3
inflammasomes could effectively inhibit the occurrence
and progression of pulmonary fibrosis. Additionally, our
research identified the potential application value of AS/
LIG/AS_LIG@PPGC NPs in the treatment of IPF. Future
studies can explore the pharmacokinetics and toxicity of
AS/LIG/AS_LIG@PPGC NPs to improve their applica-
tion in the treatment of IPF.

Conclusion

In summary, our study demonstrated that inhalation
therapy is a feasible and unique strategy for treating lung
injury and IPE. PPGC NPs, serving as drug carriers, are
well-suited for pulmonary inhalation therapy. Our in
vitro and in vivo experiments showed that AS/LIG/AS_
LIG@PPGC NPs can exert significant antifibrotic effects
by downregulating the NOX4-ROS-p38 MAPK and
NOX4-NLRP3 signaling pathways, reducing ROS pro-
duction, and breaking the vicious cycle between NOX4
and NLRP3 inflammasomes. Furthermore, AS_LIG@
PPGC NPs exhibited the most significant therapeutic
effect, highlighting the good combination of TCM and
modern medicine. The TCM theory of “tonifying qi and
activating blood” has broad application prospects for
the treatment of lung fibrosis and injury. The use of AS/
LIG/AS_LIG@PPGC NPs, which is a potential thera-
peutic strategy, hold significant clinical value. Future
research can further explore the therapeutic mechanism
of AS/LIG/AS_LIG@PPGC NPs, optimize drug design to
achieve better therapeutic effects, and develop more inte-
grated therapies based on traditional Chinese and West-
ern medicine.
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