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Acute lung injury (ALI) is a significant complication of sepsis, characterized by high morbid-
ity, mortality, and poor prognosis. Neutrophils, as critical intrinsic immune cells in the lung,
play a fundamental role in the development and progression of ALL During ALI, neutrophils
generate neutrophil extracellular traps (NETs), and excessive NETs can intensify inflammat-
ory injury. Research indicates that Taohe Chengqi decoction (THCQD) can ameliorate sepsis-
induced lung inflammation and modulate immune function. This study aimed to investigate
the mechanisms by which THCQD improves ALI and its relationship with NETs in sepsis pa-
tients, seeking to provide novel perspectives and interventions for clinical treatment. The
findings demonstrate that THCQD enhanced survival rates and reduced lung injury in the
cecum ligation and puncture (CLP)-induced ALI mouse model. Furthermore, THCQD dimin-
ished neutrophil and macrophage infiltration, inflammatory responses, and the production of
pro-inflammatory cytokines, including interleukin-1p (IL-18), IL-6, and tumor necrosis factor
o (TNF-a). Notably, subsequent experiments confirmed that THCQD inhibits NET formation
both in vivo and in vitro. Moreover, THCQD significantly decreased the expression of peptidyl
arginine deiminase 4 (PAD4) protein, and molecular docking predicted that certain active
compounds in THCQD could bind tightly to PAD4. PAD4 overexpression partially reversed
THCQD’s inhibitory effects on PAD4. These findings strongly indicate that THCQD mitigates
CLP-induced ALI by inhibiting PAD4-mediated NETs.

1. Introduction

development and progression. During ALI, neutrophils produce
neutrophil extracellular traps (NETs), comprising deoxyribonuc-

Sepsis, a potentially fatal and severe disease syndrome, res-
ults from an abnormal host response to infection ™. Its high mor-
tality rate and extensive health impact establish sepsis as a major
global public health challenge. Among sepsis complications, acute
lung injury (ALI) occurs frequently *, increasing patient mortality
and substantially extending intensive care unit stays. ALI is char-
acterized by alveolar-capillary membrane damage, resulting in
pulmonary edema and impaired gas exchange, with inflammat-
ory response and immune cell activation serving as key patholo-
gical factors °. The inflammatory cells involved in ALI primarily
include neutrophils, macrophages, lymphocytes, and natural
killer cells, which facilitate the inflammatory response by releas-
ing pro-inflammatory factors, leading to substantial inflammat-
ory cell accumulation and infiltration in lung tissue °. Neutrophils,
as crucial intrinsic immune cells in the lungs, are essential to ALI
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leic acids (DNAs), histones, and anti-microbial proteins. While
NETs serve an important function in trapping and eliminating
pathogens, their excessive formation and inadequate clearance
contribute to various inflammatory diseases, including ALI "°.
Excessive NET generation and accumulation can directly
damage lung tissue. Research indicates that NETs exacerbate in-
flammatory injury in ALI through cGAS-STING pathway activa-
tion ', The histones and free DNA within NETs activate both
exogenous and endogenous coagulation pathways, leading to mi-
crothrombosis and microcirculatory disturbances. These effects
trigger endothelial and epithelial cell death, alveolar congestion,
and barrier function loss . Furthermore, excessive NET forma-
tion not only directly damages lung tissue but also amplifies the
inflammatory response. It promotes macrophage transformation
into a pro-inflammatory phenotype (M1-type), activates inflam-
matory vesicles and cellular pyroptosis, and triggers extensive
cytokine release, further intensifying tissue damage '**°. Excess-
ive NET deposition can also obstruct small airways, restricting
airflow and further compromising the lungs' air-blood barrier
function '® . Therefore, understanding NETs' mechanism of ac-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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tion in septic ALI and methods for removing excessive NETSs is
crucial for developing novel therapeutic approaches.

Traditional Chinese medicine (TCM) has demonstrated signi-
ficant clinical efficacy and exhibits particular suitability for treat-
ing complex organ damage associated with sepsis through its
multi-target and multi-pathway therapeutic benefits '**’. Taohe
Chengqi decoction (THCQD), a classic formula derived from the
Treatise on Febrile Diseases (ShangHanLun) *', possesses proper-
ties that activate blood circulation, remove blood stasis, clear
heat, and promote diarrhea. THCQD is effective in treating vari-
ous diseases characterized by blood stasis. The formula com-
prises Taoren (Persicae Semen), Dahuang (Rhei Radix Et
Rhizoma), Guizhi (Cinnamomi Ramulus), Mangxiao (mirabilite,
sulfonitro-mineral mirabilite group), and Gancao (Glycyrrhizae
Radix) **. These components work synergistically to enhance
blood circulation while reducing inflammatory symptoms. THC-
QD achieves its therapeutic effects through multiple crucial sig-
naling pathways and molecular targets. In treating sepsis-in-
duced cardiac dysfunction, THCQD exhibits distinctive anti-fer-
roptosis properties essential for cardiac function restoration. Re-
search indicates that THCQD may inhibit ferroptosis by activat-
ing the Nrf2 signaling pathway, providing anti-oxidant protec-
tion to the heart *'. Furthermore, THCQD effectively improved
metabolism-associated fatty liver by enhancing branched-chain
amino acid catabolism in skeletal muscle of type 2 diabetes mel-
litus patients **. THCQD demonstrates significant anti-renal
fibrosis effects by suppressing inflammatory responses, decreas-
ing extracellular matrix (ECM) deposition, and reversing epitheli-
al-mesenchymal transition (EMT) through the PI3K/protein
kinase B (AKT)/mTOR and HIF-1a/VEGF signaling pathways *’.
THCQD has shown notable effectiveness in modulating inflam-
matory response and immunomodulation in sepsis-inducedALI.
Molecular docking analyses revealed interactions between THC-
QD’s active ingredients and key genes, including MAPK14,
MAPK3, MMP9, STAT3, LYN, AKT1, PTPN11, and HSP90AA1 **. Of
particular significance is glycyrrhizic acid, an active component of
licorice in THCQD, which effectively reduces sepsis-induced acute
respiratory distress syndrome (ARDS) by inhibiting the
HMGB1/TLR9 pathway and NET formation **. This study investig-
ates THCQD’s mechanism in ameliorating ALI and its relationship
with NETs in sepsis patients, aiming to provide novel perspect-
ives for clinical treatment and intervention.

2. Material and methods

2.1. Chemical and reagents

Iscove’s modified Dulbecco’s medium (IMDM, BL312A) was
obtained from BioSharp (Hefei, China), while fetal bovine serum
(FBS, C04001-500) was acquired from VivaCell (Shanghai,
China). HL-60 cells were sourced from Pricella (Wuhan, China).
Primary antibodies, including anti-histone H3 (ab281584) and
anti-myeloperoxidase (ab208670), were acquired from Abcam
(Cambridge, MA, USA), while anti-PADI4 (DF6685) and anti-neut-
rophil elastase (AF0010) were purchased from Affinity Bios-
ciences (Santa Clara, CA, USA). An HRP-conjugated anti-rabbit IgG
secondary antibody was obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-F4 /80 rabbit pAb (GB113373-100) and
anti-Ly6g rabbit pAb (GB11229-100) were acquired from Solar-
bio (Solarbio, China). CXCR2 (20634-1-AP) and CXCL2 (26791-1-
AP) were obtained from Proteintech Group, Inc. (Wuhan, China).
Zombie Aqua™ Fixable Viability Kit (423101), APC/Cyanine7 anti-
mouse/human cluster of differentiation 11b (CD11b) (101226),
PE anti-mouse F4/80 (123110), fluorescein isothiocyanate
(FITC) anti-mouse CD45 (103108), and Brilliant Violet 421M anti-
mouse Ly-6G (127627) were acquired from BioLegend (San
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Diego, CA, USA). Collagenase type I and DNAase | were obtained
from Worthington (Lakewood, NJ, USA) and Roche (Basel,
Switzerland), respectively. Mouse cith3-11D3, mouse MPO-DNA,
mouse interleukin-6 (IL-6), mouse tumor necrosis factor o (TNF-
a), mouse IL-1f, human MPO-DNA, human cith3-11D3 were
measured using enzyme-linked immunosorbent assay (ELISA)
kits (Jiangsu Meimian Industrial Co., Ltd., China). Overexpression
of peptidyl arginine deiminase 4 (PAD4) lentivirus was acquired
from Genechem (Shanghai, China). Lipopolysaccharide (LPS),
dexamethasone, and hyaluronidase H3884 were obtained from
Sigma-Aldrich (St. Louis, MO, USA), while GSK484(S780) was
procured from Selleck Chemicals (Houston, TX, USA). The THC-
QD formula, comprising Taoren (Batch No.: HX23G01), Mangxiao
(Batch No.: HX22A01), Dahuang (Batch No.: HX23K01), Guizhi
(Batch No.: HX23G01), and Gancao (Batch No.: HX23G01) were
supplied by Guangdong Daxiang Traditional Chinese Medicine
Pharmaceutical Co., Ltd.

2.2. Preparation and HPLC-Q-Exactive-MS Characterization of
THCQD Extract

The THCQD extract was prepared according to our previ-
ously published protocol *': the herbs were soaked in pure water,
decocted, and the resulting aqueous extract was filtered, concen-
trated, and lyophilized to yield a powder stored at -20 °C. Chem-
ical characterization of the lyophilized powder by our estab-
lished UHPLC-MS/MS method identified 72 constituents, whose
details are provided in our published study *'.

2.3. Animals

Male C57/BL6 mice (18-20 g) were obtained from Guang-
zhou Ruige Biotechnology Co., Ltd. (Guangzhou, China). Forty
C57/BL6 mice underwent a one-week acclimatization and feed-
ing period. Following this adaptation phase, the mice were ran-
domly assigned to the following groups: a sham surgery group, a
cecum ligation group, a low-dose THCQD administration group
(2 gkg™”, THCQD-L), a high-dose THCQD administration group
(4 g'kg™', THCQD-H), and a positive control group receiving dexa-
methasone (1 mg-kg™, Dex) by gavage once daily for one week in
each group. The model group, low-dose THCQD administration
group, high-dose THCQD administration group, and Dex (as a
positive control) group underwent ALI induction through the
cecum ligation and puncture (CLP) method to establish the
mouse sepsis model. (Animal experimentation ethics number:
GY2024-282).

2.4.CLP

In the experimental protocol, mice underwent a 12-hour fast-
ing period prior to weighing. Anesthesia was administered via in-
traperitoneal injection of sodium pentobarbital at a dosage of 50
mg-kg™", with dose adjustments according to each mouse’s body
weight. The mice were placed in a supine position, their limbs
were secured, and abdominal hair was removed using depilatory
cream. Sterilization was conducted using 75% ethanol-soaked
cotton balls, followed by povidone iodine application. Surgical in-
struments were sterilized through ethanol immersion. A 1 cm in-
cision was created along the lower abdominal midline to access
the cecum. The appropriate ligation site on the cecum was identi-
fied based on existing literature. Following ligation, the cecum
was punctured with a 20-gauge needle to enable fecal drainage
through the puncture hole. The ligated cecum was carefully re-
turned to the abdominal cavity, and the peritoneum and skin
were sutured " *"*> % Post-surgery, the mice were placed on a
temperature-controlled heating pad to maintain body temperat-
ure and prevent hypothermic shock and potential mortality.
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2.5. Histopathologic examination

Mouse lungs were irrigated in phosphate-buffered saline
(PBS) before being aseptically excised and fixed in 4% paraform-
aldehyde (PFA). Following fixation, the samples underwent se-
quential processing including graded ethanol dehydration, xy-
lene vitrification, and paraffin embedding. The paraffin-embed-
ded lungs were sectioned to a thickness of 5 pm using a section-
ing machine. Sections were heated at 60 °C for 30 min, de-
paraffinized, rinsed with double-distilled water, and stained with
hematoxylin-eosin (H&E). Following staining, the slides under-
went dehydration with graded alcohol, clearing, and mounting
with neutral resin. The mounted sections were allowed to dry
completely. After drying, the sections were examined and photo-
graphed using inverted light microscopy, and the images were
documented for subsequent analysis. Lung injury scores were de-
termined based on lung tissue edema, hemorrhage, inflammat-
ory cell infiltration, and alveolar wall thickness **.

2.6. Western blotting assay

HL-60 cells were harvested and lysed with a lysis solution.
Cells were lysed by centrifugation (P0013B, Beyotime), and the
supernatant was collected for protein concentration determina-
tion using a BCA kit (23225, Thermo Fischer Scientific). Western
blotting of proteins onto polyvinylidene difluoride (PVDF) mem-
branes (IPVH00010, Millipore) was blocked for 60 minutes, fol-
lowed by primary antibody incubation at 4 °C for 13 h, then sec-
ondary antibody at room temperature for 90 min. Protein bands
were visualized using the ECL system (Tanon4600). Protein band
intensity analysis was performed using Image] software.

2.7. Flow cytometry analysis of single-cell suspensions of lungs

The mouse lung tissues were perfused with ice-cold PBS un-
til blood was completely removed. Subsequently, the lung tissue
was minced into small pieces and digested in a mixture of colla-
genase type I and DNase I on a shaking table at 37 °C for 40 min.
After digestion, the tissue samples were incubated with anti-
mouse CD45-FITC, CD3-APC, CD11b-APC, F4/80-PE, and Ly6G-
BV421 in PBS. The immune cell populations were then quantitat-
ively analyzed using flow cytometry.

2.8. Immunofluorescence

Lung histopathology sections were permeabilized in PBS con-
taining 0.5% Triton X-100 for 10 min and blocked in 5% goat ser-
um for 60 min. Subsequently, the sections were incubated with
specified primary antibodies at 4 °C for 12 h. The sections were
then washed twice in PBS and incubated at 26 °C for 60 min with
the corresponding secondary antibody. Cell nuclei were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI) for 10 min.
The samples were examined using fluorescence microscopy to
detect fluorescent signals from labeled antibodies for visualiza-
tion of target cells and subcellular structures. DAPI staining facil-
itated the identification and localization of nuclei in tissue sec-
tions.

2.9. Real-time polymerase chain reaction (PCR)

Total ribonucleic acid (RNA) was extracted using TRIzol® re-
agent (Invitrogen Life Technologies; Thermo Fisher Scientific,
USA). Reverse transcription was performed using the Evo M-MLV
Reagent Premix for Reverse Transcription. For real-time RNA
quantification, the SYBR Green Premix Pro Taq HS quantitative
PCR (qPCR) Kit was employed. Primer sequences for the qPCR
were obtained from Sangon Biotechnology Co. The primer se-
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quences were designed as follows: Human: IL-6: 5'-CACT-
CACCTCTTCAGAACGAAT, 3'-GCTGCTTTCACACATGTTACTC; TNF-
a: 5'-CCAGGGACCTCTCTCTAATCA, 3'-TCAGCTTGAGGGTTTGC-
TAC; IL-1B: 5'-GGACAGGATATGGAGCAACAA, 3'-CCCAAGGC-
CACAGGTATTT;PAD4: 5'-CCCTCCAGCCAAGAAGAAAT, 3'-AGTCT-
TGGGTCCGTAGTATGA. Mouse: IL-6: 5'-TCCATCCAGTTGCCTTCT-
TG, 3'-GGTCTGTTGGGAGTGGTATC; TNF-a: 5'-ACGGCATGGATCT-
CAAAGAC, 3'-CGGACTCCGCAAAGTCTAAG; IL-1B: 5'-AGCT-
CTCCACCTCAATGGAC, 3'-GACAGGCTTGTGCTCTGCTT; CXCR2: 5'-
CTGTCTGGGCTGCATCTAAA, 3'-GTAGCAGAACACTGCTGTAGAA;
CXCL2: 5'-TCAAGAACATCCAGAGCTTGAG, 3'-CTTCAGGGTCAAG-
GCAAACT; 18S: 5'-TGGTTGCAAAGCTGAAACTTAAAG, 3'-AGT-
CAAATTAAGCCGCAGGC.

2.10. Cell culture

HL-60 cells were cultured in IMDM supplemented with 20%
fetal bovine serum. The cells were induced to differentiate into
neutrophils over 5 d using a medium containing 1.3% dimethyl
sulfoxide (DMSO). THCQD at concentrations of 50, 100, and 200
pg-mL™" was administered for 12 h. NETs were induced by treat-
ing cells with LPS at 200 ng-mL™" or phorbol 12-myristate 13-
acetate (PMA) at 300 ng-mL™ for 3 h.

2.11. Giemsa staining

Cell smears were prepared following conventional methods.
After the cells dried, they were positioned flat on the staining
rack. Subsequently, 200-400 pL of Giemsa stain solution was rap-
idly applied to cover the cells. Following 90-120 sec of staining,
1-2 times the volume of Giemsa buffer solution was added, and
the slides were gently agitated to ensure thorough mixing. The
staining continued for an additional 5-8 min. The cells were then
slowly rinsed with tap water from one end of the slide for 30 sec
and air-dried. Finally, the slides underwent a second 30-second
rinse with tap water before being dried for microscopic examina-
tion.

2.12. Sytox green staining

DMSO-induced HL-60 cells were incubated with 10 nmol-L™
Sytox green for 15 min in a 37 °C incubator. Subsequently,1 x
Hoechst 33342 was added, followed by an additional 15-min in-
cubation at 37 °C. After discarding the staining solution, the cells
were gently washed twice with PBS or culture medium in prepar-
ation for fluorescence detection. The slides were then slowly
rinsed with tap water for 30 sec and air-dried before microscopic
examination.

2.13. Extraction of primary neutrophils from mouse bone marrow

Mice were euthanized by cervical dislocation and sterilized
using 75% ethanol either by spraying or immersion. An incision
was made at the mouse’s ankle with a scalpel, followed by a lon-
gitudinal cut along the leg bone. The leg skin was retracted, and
muscles near the thigh root were removed. The entire leg was ex-
cised at the hip joint using a scalpel, the Achilles tendon was
severed, and major muscles surrounding the tibia were removed.
The femoral muscles were removed using scissors, the knee joint
soft tissue was excised to access the femur, and the fibula and
surrounding muscles were cut to expose the intact tibia.

The femoral and tibial epiphyses were resected, and bone
marrow was extracted using a 1 ml syringe containing 1640 me-
dium with 10% FBS. The bone marrow was rinsed into a petri
dish using approximately 2-3 mL per bone, carefully avoiding
medium reflux to prevent contamination. Neutrophils with great-
er than 80% purity were isolated from the bone marrow cell sus-
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pension using the Mouse Bone Marrow Neutrophil Isolate Kit
(Solebo).

2.14. ELISA

Cell culture supernatant was collected in sterile tubes and
centrifuged at 2-8 °C for 20 min. The supernatant was collected
and added to 96-well plates from the kit along with prepared
standards. The mixture was incubated at 37 °C for 30 min, fol-
lowed by three wash cycles and the addition of an enzyme la-
beling reagent. After another 30-min incubation at 37 °C an-
dthree wash cycles, color developers A and B were added. The re-
action proceeded for 10 min at 37 °C in darkness before adding
the termination solution. Using blank wells for zero calibration,
absorption was measured at 450 nm, and absorbance values
were calculated.

2.15. Molecular docking

Molecular docking analyses were performed using Autodock
Vina software to investigate the conjugation interactions between
PAD4 and THCQD’s active ingredients. The PAD4 spatial struc-
ture (PDB ID: 3B1T) served as the target protein. The molecular
docking simulations were preceded by removing water mo-
lecules and ligands from the original spatial structure to generate
refined PAD4 molecular docking simulation proteins. Following
target protein preparation, molecular docking simulations were
conducted, and optimal conformations were carefully selected for
subsequent analysis.

2.16. Lentivirus transfection

The experiment was conducted following established proto-
cols. Initially, puromycin working concentration screening was
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performed. HL-60 cells were inoculated in a 24-well plate to
achieve 80% cell density per well after 24 h. Various puromycin
concentrations were introduced to the wells. Subsequently, HL-
60 cells were cultured in six-well plates (2 x 10° cells/well), and
lentivirus was introduced the following day at a 40-fold multipli-
city of infection (MOI). After 16 h of incubation, the medium was
replaced and changed again the next day until 72 h. Infection effi-
ciency was monitored using a fluorescence microscope. When in-
fection density reached 70%-80%, 5 pug-mL™" puromycin was ad-
ministered for 72 h cell screening. After the complete elimination
of control cells (non-lentivirus infected), the remaining lentivirus-
transferred cells were considered successfully infected. The HL-
60 cells were then maintained with 1 pg-mL™ puromycin to es-
tablish stable infection. Some cells were collected for Western
blotting verification, while the majority were cultured for addi-
tional experiments, including qPCR, Sytox green, and cellular im-
munofluorescence assay.

2.17. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9
software, with results expressed as mean * standard deviation
(SD). The t-test was employed for two-group comparisons. Mul-
tiple comparisons utilized Tukey’s post-hoc test and one-way AN-
OVA. Statistical significance was established at P-values below
0.05."P < 0.05; "P<0.01.

3. Results

3.1. THCQD improved survival rate and alleviated lung injury in a
CLP-induced ALI mouse model

The study first examined THCQD’s protective effects against

A B . b 5
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= 1 H g 3 .
THCQD (2 g'kg™) g ] . B
1 J THCQD-L £ : B 5
g ] £,
Z 50 S 22 .
THCQD (4 g'kg ! g 7] <
Qbeke’ THCQD-H g ] g
2 ] 2 1
Saline Dex ] Sham =
0 7 8 (Day) : ——CLP
T ] THCQD-H 0
0—
Injection of Dex (2 mg-kg™") 2 h before surgery & o‘} Q’V >
0 10 20 30 o & &
th L
¢ Sham THCQD-L THCQD-H Dex

O . e A SR :zi%ﬁa

Fig. 1 THCQD improved survival rate and alleviated lung injury in a CLP-induced ALI mouse model. (A) Mice were gavaged with Dex (2 mg-kg™) and THCQD (2 and 4
g-kg™). (B) Kaplan-Meier survival analysis of different groups of mice, n = 10 per group. (C) Representative sections of H&E-stained lung tissues. Scale bar represents 200
um. Representative H&E-stained sections of mouse lung tissue. Scale bar represents 50 pm. (D) Lung injury score (n = 4). Data are presented as the mean accompanied by
the standard deviation (mean * SD). *P < 0.05, **P < 0.01 vs sham; P < 0.05, "P < 0.01 vs CLP.
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CLP-induced ALI in vivo. Following a one-week acclimatization
period, mice received THCQD through gavage for one week. After
12-h fasting, the mice were allocated into CLP, THCQD-L, THCQD-
H, and Dex groups. The ALI model was established through CLP,
and mice were sacrificed after 24 h. Fig. 1A illustrates the experi-
mental methodology. Mouse mortality was monitored at specific
intervals to assess THCQD’s effect. The results demonstrated that
THCQD treatment significantly enhanced survival rates
pared to the CLP-only group (Fig. 1B). The CLP group displayed
more severe lung tissue damage than the control group, charac-
terized by alveolar wall thickening and inflammatory cell infiltra-
tion (Fig. 1C). THCQD and Dex administration markedly reduced
lung pathological lesions. H&E staining revealed that THCQD pre-
treatment significantly decreased lung injury, as evidenced by the
lung injury score (Fig. 1D). These findings indicated THCQD'’s ef-
fectiveness in alleviating CLP-induced ALI in mice.

com-

3.2. THCQD decreased macrophage infiltration and inflammation

Previous studies have demonstrated that C57/BL6 mice sub-
jected to CLP for 24 hours develop severe acute lung inflamma-
tion, characterized by increased macrophage infiltration *’. Our
findings revealed a significant decrease in macrophage numbers
in the THCQD treatment group compared to the CLP group, as
demonstrated through immunofluorescence and flow cytometry
analyses (Figs. 2A-2E). The study also examined serum levels of
key inflammatory cytokines, including IL-1f, IL-6, and TNF-a.
These cytokines showed elevation in the CLP group, while THC-
QD treatment effectively lowered their concentrations relative to
the CLP group (Figs. 2F-2H). Moreover, the messenger RNA
(mRNA) expression of pro-inflammatory cytokines (IL-1f, IL-6,
and TNF-a) exhibited significant elevation in the CLP group com-
pared to controls, whereas THCQD administration reduced their
relative expression (Figs. 21-2K). Western blotting analysis con-
firmed that IL-1pB expression in CLP mice cardiac tissue de-
creased significantly following THCQD treatment (Figs. 2L-2M).
These results indicate that THCQD effectively suppressed macro-
phage infiltration and inflammation in vivo.

3.3. THCQD decreased neutrophil infiltration and recruitment in a
CLP-induced ALI mouse model

Research has established that neutrophils migrate into the
lungs and execute various pro-inflammatory functions, which are
essential for the initiation, progression, and resolution of com-
plex inflammatory processes *. This study investigated THCQD’s
effects on neutrophil infiltration and subsequent neutrophil-me-
diated immunological responses. Neutrophil recruitment was as-
sessed using flow cytometry and immunostaining techniques. IF
analysis demonstrated that CLP-operated mice exhibited signific-
antly elevated Ly6G expression in lung tissues, while THCQD-
treated groups showed markedly reduced expression (Figs.
3A-3B). Flow cytometric analysis of lung single-cell suspensions
from CLP-treated mice confirmed this pattern, revealing de-
creased neutrophil accumulation in THCQD-administered groups
compared to the CLP group (Figs. 3C-3E). Furthermore,
CXCL2/CXCR2 signaling, which functions as a pro-inflammatory
cytokine system with chemotactic effects on neutrophils and ac-
tivated monocytes, is expressed at inflammatory sites and regu-
lates neutrophil infiltration and recruitment. CXCR2 and CXCL2
represent chemokines that influence macrophages and neutro-
phils and are fundamental to inflammation. Immunofluorescence
analysis of lung tissues revealed reduced CXCR2 and CXCL2 ex-
pression in the THCQD-administered group compared to the CLP
group (Figs. 3F-3I). These findings demonstrate that THCQD in-
hibited neutrophil infiltration and recruitment while reducing
CXCR2 and CXCL2 expression.
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3.4. THCQD inhibited NET formation in vivo

During sepsis-induced ALI, neutrophils migrate into the alve-
olar spaces, where NET formation occurs, resulting inNETosis o
To investigate the effect of THCQD on NET formation in mouse
serum, we evaluated the levels of MPO/DNA complexes and cit-
rullinated histone H3 (citHis3)--specific biomolecules associated
with NETs--using ELISA. The results demonstrated that CLP signi-
ficantly elevated MPO/DNA complexes and citHis3 levels, while
THCQD treatment effectively reduced these elevations (Figs.
4A-4B). Furthermore, immunofluorescence staining for MPO and
PAD4 in lung tissues corroborated these findings, indicating that
THCQD may inhibit NET formation (Figs. 4C-4D). Western blot-
ting analysis revealed a significant reduction in the relative ex-
pression of NETs-related proteins, including MPO, PAD4, NE, and
citHis3, in mice treated with THCQD compared to the CLP group
(Figs. 4E-4H). These findings collectively demonstrated that THC-
QD inhibited NET formation in CLP-induced ALI

3.5. THCQD inhibited LPS-induced NET formation in neutrophil-like
cells in vitro

Fig. 5A demonstrated Giemsa staining results of HL-60 cells
induced by DMSO for 5 d, indicating that more than 80% of the
nuclei exhibited lobulation. Sytox Green staining revealed en-
hanced free DNA presence with filamentous characteristics in the
LPS model group (Fig. 5B). Analysis of MPO/DNA complexes and
citHis3 in the cell culture supernatant revealed a significant in-
crease in the LPS-treated group and subsequent reduction in the
THCQD-treated group (Figs. 5C-5D). Western blotting analysis
demonstrated a substantial decrease in NET-related protein
levels in the THCQD-treated group compared to the LPS model
group (Figs. 5E-5I). Immunofluorescence staining indicated elev-
ated PAD4 fluorescence intensity in the LPS model group, which
diminished in the THCQD-treated group (Fig. 5]). The mRNA
levels of inflammatory cytokines IL-1f, IL-6, and TNF-a exhibited
significant elevation after LPS stimulation and decreased follow-
ing THCQD administration (Figs. 5K-5M).

3.6. THCQD inhibited LPS-induced NET formation and PAD4 activ-
ity in vitro

The study employed LPS for modeling and incorporated
DNase I, an established positive drug for NETs #2734 to evaluate
its efficacy compared to THCQD. Results demonstrated that THC-
QD reduced the expression of NET-associated proteins, including
MPO, PAD4, NE, and citHis3 (Figs. 6A-6E). Furthermore, utiliz-
ing GSK484 (10 umol-L™), a specific PAD4 inhibitor ***, protein
immunoblotting analysis revealed that THCQD significantly sup-
pressed PAD4 production. Cellularimmunofluorescence staining
confirmed this finding, showing markedly reduced PAD4 fluores-
cence intensity following THCQD administration (Figs. 6F-6H).

3.7. THCQD inhibited PMA-induced NET formation in neutrophil-
like cells in vitro

The study also utilized PMA, an established cell model for
NET formation *"™*’, as a comparative model to LPS. Western blot-
ting analysis revealed a substantial reduction in NET-related pro-
teins in the THCQD-treated group compared to the PMA model
group (Figs. 7A-7E). Sytox Green staining demonstrated elevated
levels of free DNA in the PMA model group (Fig. 7F). Immuno-
fluorescence staining indicated higher PAD4 and citHis3 fluores-
cence intensities in the PMA model group, with citHis3 exhibiting
a distinct reticular structure. THCQD treatment significantly de-
creased both the fluorescence intensity and reticular structure
formation (Figs. 7G-7H).
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Fig. 2 THCQD decreased macrophage infiltration and inflammation. (A) Representative immunofluorescence images of lung tissue sections stained for the macrophage
marker F4/80 (green) and counterstained with DAPI for nuclei (blue). Scale bar, 50 pm. (B) Quantification of F4/80-positive cells in lung sections (n = 3). (C) Gating strategy
used for flow cytometric identification of macrophage populations from lung tissue. (D) Quantification of macrophages as a proportion of total leukocytes by flow cytometry
in saline control, CLP model, low-dose THCQD, and high-dose THCQD groups (n = 4). (E) Representative flow cytometry plots of lung macrophage populations. (F-H) Serum
concentrations of IL-1f (n = 6), IL-6 (n = 6), and TNF-a (n = 4) measured by ELISA. (I-K) Relative mRNA expression levels of IL-1f, IL-6, and TNF-a in lung tissue, determ-
ined by quantitative PCR (n = 3). (L-M) Western blotting analysis and den51tometr1c quantlflcatlon of IL-1B protem expression in lung tissue samples (n = 3). Data are
presented as the mean accompanied by the standard deviation (mean * SD). *P < 0.05, *P < 0.01 vs sham; 'P < 0.05, "P < 0.01 vs CLP.
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Fig. 3 THCQD decreased neutrophil infiltration and recruitment in a CLP-induced ALI mouse model. (A) Representative immunofluorescence images of lung tissue stained
for Ly6G (green), a neutrophil marker, with DAPI (blue) for nuclear counterstaining. Scale bar: 50 pm. (B) Quantification of Ly6G-positive cells in lung tissue (n =3). (C) Gat-
ing strategy used for flow cytometric identification of neutrophil populations isolated from lung tissue in each group. (D) Proportional analysis of neutrophils among total
leukocytes in the saline control, CLP model, low-dose THCQD, and high-dose THCQD groups, determined by flow cytometry (n = 4). (E) Representative flow cytometry plots
illustrating neutrophil populations across treatment groups. (F) Immunofluorescence staining of lung sections for CXCR2 (green), with DAPI (blue) nuclear counterstaining.
Scale bar, 50 um. (G) Relative mRNA expression levels of CXCRZ in lung tissue, detected by qPCR (n = 3). (H) Representative immunofluorescence images of lung tissue
stained for CXCL2 (green), a key neutrophil chemoattractant, with DAPI (blue). Scale bar: 50 pm m Relatlve mRNA expressmn of CXCLZ in lung tissue was detected by qPCR
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3.8. THCQD inhibited PMA-induced NET formation in mouse bone
marrow-derived neutrophils in vitro

Primary neutrophils were isolated from mouse bone marrow
and subjected to PMA to evaluate NET formation. Giemsa stain-
ing revealed lobulated nuclei in these cells, confirming their iden-
tity as primary neutrophils with a purity exceeding80% (Fig. 8A).
Sytox Green staining indicated enhanced free DNA and reticula-
tion in the PMA model group (Fig. 8B). Immunofluorescence
staining demonstrated elevated PAD4 and citHis3 fluorescence
intensities in the PMA model group, with citHis3 forming a dis-
tinct reticular structure. The THCQD-treated group exhibited de-
creased fluorescence intensity and less prominent reticular struc-
ture (Figs. 8C-8D).

3.9. THCQD can directly target PAD4

Previous research identified 72 compounds in the analysis of
THCQD using the UHPLC-Q-Orbitrap HRMS approach (Fig. S1 and
Table S1). The bioactive components included glycyrrhizin,
licoricesaponin H, emodin-8-glucoside, pulmatin, rhein 8-glucos-
ide, vitexin-2-O-rhamnoside, gancaonin E and lindleyin. Auto-
dock Vina was employed to evaluate the association between
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PAD4 (PDB ID: 3B1T) and the active ingredients in THCQD. The
analysis revealed significant binding energies for several com-
pounds: glycyrrhizin showed -9.19 kcal-mol™, licoricesaponin H
exhibited -9.03 kcal-mol™, emodin-8-glucoside demonstrated
-8.02 kcal'mol™, pulmatin displayed -7.90 kcal-mol™, rhein 8-
glucoside showed -7.89 kcal-mol™, vitexin-2-O-rhamnoside ex-
hibited -7.83 kcal-mol™, gancaonin E showed -7.82 kcal-mol™,
and lindleyin -7.80 kcal-mol™ (Fig. 9). The molecular docking res-
ults indicated that the active ingredients in THCQD possess
strong binding affinity for the PAD4 complex. Fig. 9 presented a
three-dimensional binding model of the interaction between the
active ingredients and PAD4 in THCQD.

3.10. Overexpression of PAD4 impeded the formation of NETs and
partially restricted the inhibitory effect of THCQD on PAD4

As illustrated in Fig. 10A, lentiviral transduction did not af-
fect neutrophil morphology, while Fig. 10B confirms successful
overexpression of PAD4, with mRNA levels elevated approxim-
ately 40-fold compared to normal levels. To determine whether
PAD4 mediates the inhibitory effects of THCQD on NET forma-
tion, we assessed NET production in PAD4-overexpressing neut-
rophils treated with THCQD using Sytox Green staining (Fig. 10C).
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Fig. 5 THCQD inhibited LPS-induced NET formation in neutrophil-like ¢
bar, 50 pm. (C-D) Detection of MPO/DNA complex and citHis3 levels in c
ing MPO, PAD4, NE, and citHis3. (F-I) Results of quantitative analysis of
ing intracellular PAD4 localization with DAPI nuclear counterstaining in
were measured by qPCR (n = 3). Data are presented as the mean accomp
LPS.

The results revealed that the inhibitory effect of THCQD on NETs
production was significantly reversed in the PAD4-overexpress-
ing (PAD4-OE) group compared to the negative control (NC)

ells in vitro. (A) Results of Giemsa staining. Scale bar, 50 pm. (B) Sytox green staining results. Scale
ell supernatants by ELISA (n = 3). (E) Western blotting analysis of NET-associated proteins, includ-
MPO, PAD4, NE, and citHis3 proteins (n = 3). (J) Characteristic immunofluorescence images show-
vitro. Scale bar, 50 um. (K-M) Relative mRNA expression levels of IL-1, IL-6, and TNF-a in cells
anied by the standard deviation (mean + SD). *P < 0.05, *P < 0.01 vs control; ‘P < 0.05, "P < 0.01 vs

group (Figs. 10D-10E). Immunofluorescence staining confirmed
this effect visually (Fig. 10F). These findings indicated that THC-
QD reduced NET formation through PAD4 inhibition4.
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4. Discussion

ALl is a pathological condition characterized by diffuse inter-
stitial pulmonary edema resulting from damage to pulmonary mi-
crovascular endothelial cells and alveolar epithelial cells caused
by various pathogenic factors “'~*. Among the multiple factors
contributing to AL, sepsis remains the primary risk factor **. Des-
pite significant advances in anti-infective therapy and organ func-
tion support in recent years, specific pharmacological interven-
tions for sepsis-induced ALI remain limited *°. Currently, the in-
ternational treatment of sepsis primarily relies on hormonal
drugs, which are associated with significant side effects. Further-
more, the exclusive use of antibiotics in sepsis treatment has
shown suboptimal results, with most clinical interventions ad-
dressing symptoms rather than underlying causes *°. Modern
drug research trends toward multi-target drug development, and
TCM offers extensive historical documentation and compound
formulas. TCM'’s therapeutic mechanism operates through mul-
tiple targets and levels, with substantial experimental research
confirming its efficacy in treating infections, inflammation, and
related diseases *’~*. This study demonstrates that the TCM for-
mulation THCQD effectively ameliorates ALI induced by the CLP
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model, thereby extending survival time.

ALI progression involves significant infiltration of inflammat-
ory cells, particularly neutrophils and macrophages, into pulmon-
ary tissues *’. Additionally, the enhanced release of inflammatory
mediators and chemokines further compromises alveolar and ca-
pillary barrier integrity °'. Our findings demonstrate that THCQD
reduces IL-1B, IL-6, and TNF-a protein and mRNA levels in both
mouse serum and lung tissue during ALI. Flow cytometry analys-
is of lung single-cell suspensions revealed that THCQD signific-
antly inhibited inflammatory cell infiltration, including macro-
phages and neutrophils, correlating with improved histopatholo-
gical findings. Immunofluorescence experiments confirm sub-
stantial reductions in macrophage and neutrophil expression, ac-
companied by decreased chemokine receptor levels following
THCQD treatment.

Furthermore, our in vitro experiments investigated THCQD’s
effect on LPS-induced neutrophil-like NET formation. The results
indicate that THCQD reduced NET levels in LPS-induced neutro-
phil-like cells and downregulated MPO, PAD4, NE, and citHis3 ex-
pression. Numerous studies have identified PMA as a well-estab-
lished NET inducer ***. Our investigation extended to PMA-in-
duced neutrophil-like NET formation. Primary neutrophils ex-
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Fig. 7 THCQD inhibited PMA-induced NET formation in neutrophil-like cells in vitro. (A) Western blotting results analysis of key NET-associated proteins, including MPO,
PAD4, NE, and citHis3, in neutrophil-like cells. (B-E) Densitometric quantification of MPO, PAD4, NE, and citHis3 protein expressions (n = 3). (F) Sytox green staining res-
ults. Scale bar, 50 um. (G-H) Representative immunofluorescence images showing PAD4 and citHis3 localization in PMA-stimulated cells, with DAPI (blue) nuclear counter-
staining. Scale bar, 50 um. Data arepresented as the mean accompanied by the standard deviation (mean * SD). *P < 0.05, **P < 0.01 vs control; ‘P < 0.05, “P < 0.01 vs PMA.

tracted from mouse bone marrow and induced with PMA demon-
strated reduced NET levels and downregulated PAD4 and citHis3
expression upon THCQD treatment. These findings align with our
in vivo experimental results. To comprehensively demonstrate
THCQD’s effectiveness in inhibiting NETs, we employed DNase I,
a NETs inhibitor, which corroborated THCQD’s inhibitory effects
on NET formation.

Through an extensive literature review, we identified that
PAD4 plays a crucial role in NET formation. PAD4 functions as a
calcium-dependent enzyme that regulates chromatin structure
and function by catalyzing the conversion of arginine residues to
citrulline residues on histones **~*°. During NET formation, PAD4-
mediated citrullination facilitates chromatin depolymerization,
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which relaxes the chromatin structure and enables NET release, a
process essential for NET formation *"~*". An analysis using Auto-
dock Vina was conducted to examine the interaction between
PAD4 (PDB ID: 3B1T) and the active constituents within THC-
QD °’. This analysis identified eight pharmacologically active com-
pounds: glycyrrhizin, licoricesaponin H, emodin-8-glucoside, pul-
matin, rhein 8-glucoside, vitexin-2-O-rhamnoside, gancaonin E
and lindleyin. The study predicts significant binding affinity
between THCQD’s active components and PAD4. These findings
offer novel insights into THCQD’s mechanism of action on ALI and
its molecular basis. While this hypothesis awaits verification
through in vitro and in vivo experiments, a limitation of this pa-
per, future studies will investigate whether these potential active
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ingredients alleviate ALI symptoms by inhibiting PAD4. This re-
search aims to elucidate THCQD’s pharmacological effects and
potentially provide new strategies for ALI clinical treatment.

To thoroughly examine PAD4’s function, PAD4 was overex-
pressed in HL-60 cells using a lentiviral-mediated method. Res-
ults demonstrated that PAD4 overexpression partially reversed
THCQD’s suppressive effect on NET formation. This observation

highlights PAD4’s critical role in THCQD’s regulation of NET
formation, which subsequently influences THCQD’s therapeutic
effect on ALL The overexpression of PAD4 enabled a clearer un-
derstanding of PAD4’s mechanism in NET formation and its mo-
lecular pathway in THCQD’s potential treatment of ALI. These
findings emphasize PAD4’s significance in NET regulation and
provide molecular evidence supporting THCQD as a potential ALI
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Fig. 10 Overexpression of PAD4 partially counteracted the inhibitory effect of THCQD on PAD4 formation. (A) Bright-field and GFP fluorescence images of HL-60 transfec-
ted with Lentiviral-GFP or Lentiviral-PAD4. Scale bar, 100 pm. (B) Relative PADI4 mRNA in HL-60 expression levels in transduced HL-60 cells, quantified by qPCR (n = 3). (C)
NET formation visualized using Sytox Green staining following PAD4 overexpression and THCQD (200 pg-mL™") treatment. Scale bar, 50 um. (D-E) Western blotting analys-
is and densitometric quantification of PAD4 protein levels in transduced HL-60 cells treated with THCQD (200 pg-mL™") treatment determined by western blotting (n = 3).
(F) Characteristic immunofluorescence images of PAD4 expression with DAPI nuclear counterstaining under the same treatment conditions. Scale bar, 50 pm. Data arepres-
ented as the mean accompanied by the standard deviation (mean * SD). **P < 0.01 vs control; P < 0.05, "P < 0.01.

treatment.
5. Conclusions

This study examined THCQD’s effects in treating CLP-in-
duced ALIL THCQD significantly reduced mortality rates in vivo.
Additionally, THCQD effectively decreased neutrophil and macro-
phage infiltration, suggesting anti-inflammatory properties. Not-
ably, THCQD reduced NET formation by inhibiting PAD4, a cru-
cial regulator in NET formation whose excessive production ex-
acerbates lung injury. These results enhance understanding of
THCQD’s influence on ALI processes and reveal its molecular in-
teractions, suggesting THCQD’s potential as an effective thera-
peutic candidate for ALI. Consequently, these findings provide
new perspectives on THCQD’s underlying material foundation
and additional mechanisms in ALI treatment.
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