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Background: Mycoplasma pneumoniae pneumonia (MPP) is a prevalent
respiratory infectious disease in children. Given the increasing resistance of M.
pneumoniae (MP) to macrolide antibiotics, the identification of new therapeutic
agents is critical. Yinqin Qingfei granules (YQQFG), a Chinese patent medicine
formulated specifically for pediatric MPP, lacks a clear explanation of
its mechanism.

Methods: The primary components of YQQFG were identified using LC-MS/MS.
In vitro, RAW264.7 cells infected with MP underwent morphological examination
via scanning electron microscopy. Drug-containing serum was prepared, and its
intervention concentration was determined using the CCK-8 assay. The active
components of YQQFG were molecularly docked with NLRP3 protein using
Autodock Vina software. A RAW264.7 cell line overexpressing NLRP3 was created
using lentivirus to pinpoint the target of YQQFG. In vivo, MPP model mice were
established via nasal instillation of MP. Lung damage was assessed by lung index
and H&E staining. Pyroptosis-associated protein levels in cells and lung tissue
were measured by western blot, while interleukin (IL)-1β and IL-18 levels in cell
supernatants and mouse serum were quantified using ELISA.
Immunofluorescence double staining of lung tissue sections was conducted
to assess the correlation between NLRP3 protein expression and macrophages.
The expression of the community-acquired respiratory distress syndrome toxin
(CARDS TX) was evaluated by qPCR.

Results: 25 effective components with favorable oral bioavailability were
identified in YQQFG. Both in vitro and in vivo studies demonstrated that
YQQFG substantially reduced the expression of the NLRP3/Caspase-1/GSDMD
pathway, decreasing the release of IL-1β and IL-18, and inhibited MP exotoxin.
Molecular docking indicated strong affinity between most YQQFG components
and NLRP3 protein. Lentivirus transfection and immunofluorescence double
staining confirmed that YQQFG significantly suppressed NLRP3 expression in
macrophages, outperforming azithromycin (AZM). The combination of YQQFG
and AZM yielded the optimal therapeutic effect for MPP.
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Conclusion: YQQFG mitigates inflammatory responses by suppressing
NLRP3 inflammasome-mediated macrophage pyroptosis, thereby ameliorating
MP-induced acute lung injury. YQQFG serves as an effective adjunct and
alternative medication for pediatric MPP treatment.

KEYWORDS
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1 Introduction

Mycoplasma pneumoniae (MP) is the smallest prokaryote
capable of independent survival (Kumar and Kumar, 2023). It
spreads through respiratory droplets, leading to periodic
outbreaks every 3–7 years. Children are predominantly
susceptible (Jacobs et al., 2015). During epidemic years, M.
pneumoniae pneumonia (MPP) accounts for over 40% of
pediatric community-acquired pneumonia (CAP) cases (Kumar,
2018). Currently, macrolide antibiotics, notably azithromycin
(AZM), are the first-line treatment for MPP in children (Tsai
et al., 2021). However, the extensive use of these antibiotics has
led to escalating rates ofMP resistance (Kim et al., 2022). Developing
new therapeutic agents for MPP is thus critically urgent.

An excessive immune inflammatory response triggered by MP is
identified as the primary pathological mechanism of MPP (Deng
et al., 2023). Macrophages, the most abundant immune cells in the
lungs, are the first to respond to pathogens with phagocytic and pro-
inflammatory actions (Byrne et al., 2015). Recent research indicates
that MP’s membrane lipoprotein components can activate the
NLRP3 inflammasome via the TLRs/NF-κB signaling pathway
(Luo et al., 2021). Furthermore, the community-acquired
respiratory distress syndrome toxin (CARDS TX) produced by
MP possesses ADP-ribosyltransferase (ADPRT) activity, enabling
it to catalyze inflammasome assembly directly via NLRP3 protein
(Bose et al., 2014). Activation of the NLRP3 inflammasome leads to
the conversion of interleukin (IL)-1β and IL-18 precursors into
mature forms and the cleavage of the pyroptosis execution protein
gasdermin D (GSDMD), which generates N-terminal active
fragments (GSDMD-NT) to perforate the cell membrane,
resulting in cell death (Yin et al., 2023). The process of
pyroptosis not only exacerbates the inflammatory response (Fan
and Fan, 2018); it also causes pathogen antigens previously engulfed
by macrophages to be released extracellularly, perpetuating infection
(Ding et al., 2021). Thus, targeting NLRP3 inflammasome-mediated
macrophage pyroptosis offers a promising strategy to mitigate the
inflammatory damage associated with MPP.

The use of traditional Chinese medicine (TCM) in treating
respiratory tract infections boasts a long-standing history and
distinct advantages. Chinese herbal compounds effectively
combat pathogens, enhance symptom relief, suppress
inflammatory response, and modulate immune function through
the strategic combination of various herbs. When used alongside
antibiotics, these compounds often yield a synergistic effect (Li et al.,
2017; Sun et al., 2020). The primary clinical symptoms of MP
infection include fever and cough, often characterized by a
prolonged course and the potential to affect multiple organs
(Narita, 2010; Wang et al., 2016). This aligns with the TCM

concept of “damp-heat evil”, traditionally linked to prolonged
inflammatory states marked by intense consumption of body
fluids, leading to phlegm and blood stasis accumulation. In TCM
theory, dampness, heat, phlegm, and blood stasis are identified as the
principal pathological factors in pediatric MPP, with treatments
aimed at eliminating dampness and heat, resolving phlegm, and
dispelling blood stasis. Yinqin Qingfei granules (YQQFG) are
specifically formulated for treating MPP in children, based on
these principles. The formulation comprises nine kinds of
medicinal materials and has demonstrated effective clinical
results. Currently, YQQFG is endorsed as a proprietary blend by
the Affiliated Hospital of Shandong University of Traditional
Chinese Medicine. However, the mechanism by which YQQFG
treats MPP remains to be fully understood. Considering the
significant role of NLRP3 inflammasome-mediated macrophage
pyroptosis in MP-induced acute lung injury, we postulated that
YQQFG possesses the potential to alleviate MPP by inhibiting the
activation of the NLRP3 inflammasome andmacrophage pyroptosis,
and verified this by constructing cellular and murine experimental
models in this research.

2 Materials and methods

2.1 Preparation and component
identification of YQQFG

The nine herbs were sourced from the Affiliated Hospital of
Shandong University of Traditional Chinese Medicine and verified
as authentic by the Pharmacology Laboratory of Traditional Chinese
Medicine at Shandong University of Traditional Chinese Medicine.
They conformed to the standards outlined in the 2020 edition of the
“Pharmacopoeia of the People’s Republic of China”. These herbs
were mixed according to the proportions listed in Table 1, subjected
to two boiling cycles of 30 min each, and the resulting decoctions
were filtered and merged. The mixture was then concentrated under
reduced pressure, followed by the addition of dextrin. From each
Gram of the original compound preparation, 0.24 g was extracted.
The extraction rate of YQQFG was 24%.

Adding methanol containing 4 ppm of 2-Amino-3-(2-chloro-
phenyl)-propionic acid, we prepared samples from six different
production batches of YQQFG. Then, we subjected them to
vortexing, grinding, ultrasonication, and centrifugation in sequence,
and collected the supernatants for testing. LC analysis was carried out
with the use of an ACQUITY UPLC® HSS T3 column (2.1 × 100 mm,
1.8 µm) and a Thermo Vanquish UPLC system. We used acetonitrile
and ammonium formate (5mM) for gradient elution in the negative ion
mode, and for the positive ion mode, we used 0.1% formic acid in
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acetonitrile (v/v) and 0.1% formic acid in water (v/v). Thermo Q
Exactive mass spectrometers equipped with electrospray ionization
were used for MS detection. Concurrent acquisition of MS1 and MS/
MS data was carried out in both ion modes. Supplementary Data Sheet
S1 details the elution procedure and experimental parameters.

The R XCMS software package was used for feature detection,
retention time (RT) correction and alignment. TheMS identification
of substances was achieved by public spectral databases including
HMDB (http://www.hmdb.ca), massbank (http://www.massbank.
jp/), LipidMaps (http://www.lipidmaps.org), mzclound (https://
www.mzcloud.org), and KEGG (https://www.genome.jp/kegg/).
At the same time, the MS/MS data were matched with the
fragment ions in the database to achieved the MS/MS
identification of the substances. Finally, the TCMSP database
(https://old.tcmsp-e.com/tcmsp.php) was employed to screen the
identified substances, yielding the active components of YQQFG.

2.2 Preparation of drug-containing serum

Forty female 7-week-old Wistar rats, weighing 180–200 g, were
acquired from Beijing Weitonglihua Laboratory Animal Co., Ltd.
(Beijing, China) and housed in the SPF animal facility at the
Experimental Center of Shandong University of Traditional
Chinese Medicine. Following a week of acclimatization, the rats
were randomly assigned to four groups: drug-free serum, YQQFG
serum, AZM serum, and YQQFG + AZM serum, with 10 rats per
group. The average weight of rat’s post-acclimatization was 210 g.
The dosage of rats was converted according to the dosage of 6-year-
old children (standard weight 20 kg). According to product
guidelines, the daily oral dosage of YQQFG for 6-year-old
children is 12 g, equivalent to 600 mg/kg. Consequently, the
dosage for rats was calculated as 6.3 × 600 mg/kg × 0.21 kg ≈
794 mg. Similarly, the children’s oral dosage of AZM (Pfizer Inc.,
specification: 100mg/bag, approval number: Z20220088000) is
10 mg/kg, leading to a rat dosage of 6.3 × 10 mg/kg × 0.21 kg ≈
13.2 mg. The administration regimen was as follows: the YQQFG
serum group received 2 mL of YQQFG solution (397 mg/mL)
intragastrically daily; the AZM serum group received 2 mL of
AZM solution (6.6 mg/mL) daily; the YQQFG + AZM serum
group was administered YQQFG by gavage daily, followed by

AZM 6 h later; the drug-free serum group received 2 mL of
distilled water daily for 7 days. Blood was collected from the
abdominal aorta of rats sedated with pentobarbital sodium 2 h
after the final gavage. The serum underwent separation, inactivation
at 56°C for 30 min, filtration, sterile packaging, and storage at −80°C.
The above operations have been approved by the Animal Ethics
Committee of Shandong University of Traditional Chinese
Medicine (approval number: SDUTCM20220524001).

2.3 MP culture and concentration
determination

The MP standard strain (ATCC-15531) was sourced from the
American Type Culture Collection (Manassas, Virginia,
United States). Firstly, MP medium was prepared. In short,
2.04 g Mycoplasma broth base (Oxoid, CM1166) was dissolved in
79 mL ultrapure water, and 2 mL 50% glucose injection (Hubei
Kelun Pharmaceutical Co., Ltd., approval number: H42021188) and
1 mL 0.5% phenol red sterile solution (Solarbio, G1230) were added.
After autoclaving, 50 g of Mycoplasma supplement G (Oxoid,
SR0059C) was incorporated, thoroughly mixed, and stored at 4°C
for future use. The MP strain was revived in the prepared medium
and cultured in an incubator at 37°C with 50% humidity. The
medium was monitored until the color transitioned from red to
yellow, indicating a need for subculturing at a ratio of 1:10.

Due to the minuscule size of MP, conventional turbidimetric
methods are unsuitable for quantification. Thus, color change units
(CCU) were employed to estimate MP concentration (Calus et al.,
2010). The procedure involved labeling dilutions: 101, 102, . . . 1012

on a 96-well plate, adding 180 μL of MP medium to each well. 20 μL
of MP bacterial solution was added to the 101 well, followed by serial
transfer of 20 μL from 101 to 102 well after thorough mixing, and so
forth, achieving gradient dilution. To prevent evaporation, two to
three drops of glycerol (Solarbio, G8190) were added to each well.
After continuous observation for 1 month, the color change of the
medium was recorded. The concentration of MP was calculated
according to 1 × 10x CCU/200 μL, which is, 5 × 10x CCU/mL. Here,
“x” represents the maximum dilution factor at which the color
change occurs (Calus et al., 2010). TheMP concentration established
in this study was 5 × 108 CCU/mL (Supplementary Data Sheet S2).

TABLE 1 Herbal formula of YQQFG.

Chinese name Latin name Medicinal part Weight (g)

Yinchen Artemisia scoparia Waldst. et Kit dry overground parts 15

Huangqin Scutellaria sieversii Bge dry roots 9

Huzhang Polygonum cuspidatum Sieb. et Zucc dry roots and rhizomes 12

Guanghuoxiang Pogostemon cablin (Blanco) Benth dry overground parts 9

Shichangpu Acorus tatarinowii Schott dry rhizomes 9

Zhebeimu Fritillaria thunbergii Miq dry bulbs 9

Houpo Magnolia officinalis Rehd. et wils dry barks, root barks, and branch barks 9

Taoren Prunus davidiana (Carr.) Franch dry mature seeds 9

Gancao Glycyrrhiza aspera Pall dry roots 6
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2.4 Cell culture

Mouse monocyte-macrophage leukemia cells (RAW264.7) were
procured from the Cell Resource Center of Peking Union Medical
College. The cells were cultured in DMEM High Glucose Medium
(BasalMedia, L110KJ) containing 10% fetal bovine serum (FBS)
(Gibco, A3161002C) and 1% penicillin-streptomycin solution
(BasalMedia, S110JV). Upon reaching 90% confluency, the cells
were subcultured at a ratio of 1:3.

2.5 Screening for the optimal intervention
time of MP

The MP bacterial solution was sub-packed into 2 mL EP tubes,
centrifuged at 12,000 rpm for 20 min, and the supernatant was
discarded. In each EP tube, 1 mL of cell complete medium was
added to resuspend the precipitated bacteria. The cells, in their
logarithmic growth phase, were seeded into 6-well plates with a cell
density of 5 × 105 cells/mL and a volume of 2 mL. The plates were
then incubated in a CO2 incubator. The following day, cells were
randomly assigned to either a control group or one that underwent
MP infection at 2/4/6/12/24-h intervals. For all groups except the
control, the medium was replaced with cell culture medium
containing MP. Supernatants collected at various intervals post-
MP infection were analyzed for IL-1β and tumor necrosis factor-α
(TNF-α) levels using ELISA kits (Elabscience, E-EL-M0037 for IL-
1β and E-EL-M3063 for TNF-α).

2.6 Scanning electron microscope (SEM)
observation

Cells were cultured in 24-well plates (cell density: 5 × 105 cells/
mL, volume: 0.5 mL). Following 12 h of MP infection, the medium
was removed. Each well was then treated with 0.5 mL of electron
microscope fixative (Servicebio, G1102) and placed at 4°C for 12 h.
The samples underwent fixation, dehydration, drying, and
conductive treatment sequentially. SEM was used to observe the
morphological alterations in cells post-MP treatment.

2.7 Screening the intervention
concentration of drug-containing serum by
CCK-8 method

Cells in logarithmic growth phase were seeded into 96-well
plates (cell density: 2 × 105 cells/mL, volume: 100 μL) and cultured in
a CO2 incubator. The following day, various concentrations of rat
serum were added to the FBS-free cell culture medium. The cells
were organized into 18 groups: drug-free serum group (2.5%, 5%,
10%, 20%), YQQFG serum group (2.5%, 5%, 10%, 20%), AZM
serum group (2.5%, 5%, 10%, 20%), YQQFG + AZM serum group
(2.5%, 5%, 10%, 20%), a positive control group (cells + medium,
without rat serum), and a negative control group (medium only).
After 12 h of intervention with rat serum, the medium was discarded
and 100 μL of CCK-8 solution (Elabscience, E-CK-A362) was
introduced to every well. Following this, the 96-well plates were

dark-incubated for another 2 h. A microplate reader was used to
measure the optical density (OD) of each well at a wavelength of
450 nm. Cell viability = dosing groupOD− negative control groupOD

positive control groupOD− negative control groupOD.

2.8 Cell grouping and treatment

Cells were plated in 10 × 10 mm culture dishes (cell density: 2 ×
105 cells/mL, volume: 10 mL). On the subsequent day, the cells were
divided into five groups: Control group (cell culture medium
containing drug-free serum), Model group (MP + cell culture
medium containing drug-free serum), YQQFG group (MP + cell
culture medium containing YQQFG serum), AZM group (MP + cell
culture medium containing AZM serum), and YQQFG + AZM
group (MP + cell culture medium containing combined serum). The
concentration of drug-containing serum in the cell culture medium
was determined based on the results from the CCK-8 assay.
Following the intervention, cells and cell supernatants from each
group were collected.

2.9 Molecular docking analysis

Given that NLRP3 protein activation is pivotal in inflammasome
assembly and central to the process of pyroptosis (Fu andWu, 2023),
molecular docking was employed to predict the binding ability of
YQQFG’s main active components with NLRP3 protein. These
chemicals’ molecular structures were obtained from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The
three-dimensional crystal structure of NLRP3 protein (PDB ID:
8WSM) was obtained from the Protein Data Bank database (https://
www.rcsb.org/). Autodock Vina software was used to perform the
docking calculations, and Discovery Studio software was used for
visualization.

2.10 Cell transfection

In this study, the synthesis of the NLRP3 gene, construction of
the plasmid vector and packaging of the lentivirus were entrusted to
Hanbio Biotechnology Co., Ltd. (Shanghai, China). The second
generation of RAW264.7 cells were seeded into 6-well plates and
divided into the NLRP3 overexpression (NLRP3−OE) group and the
empty vector lentivirus (LV−Con) group. Upon reaching 60% cell
density, the culture medium was supplemented with the virus
solution at an MOI of 20 for transfection. After 72 h of
transfection, puromycin (30 μg/mL) (MCE, HY-K1057) was
applied to select successfully transfected cells. Transfection
efficiency was assessed using quantitative real-time PCR (qPCR).

2.11 Animal modeling and administration

Sixty male 5-week-old BALB/c mice, weighing 12–14 g, were
acquired from Beijing Weitonglihua Laboratory Animal Co., Ltd.,
and housed in the biosafety level-2 (BSL-2) animal room. Mice were
randomly allocated into five groups: Control, Model, YQQFG,
AZM, and YQQFG + AZM, with each group further subdivided
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into two subgroups based on gavage duration: 3 and 7 days.
Following a week of acclimatization, the mice were anesthetized
with isoflurane (RWD Life Science Co., Ltd., R510-22-10). The
Control group received 100 μL of normal saline intranasally,
while the other groups were administered 100 μL of MP bacterial
solution (5 × 108 CCU/mL) nasally for three consecutive days.
Subsequent gavage of the designated drugs commenced the
following day. Dosages for the mice were adapted from those for
6-year-old children (standard weight 20 kg), using a mouse-to-
human dose conversion factor of 9.01 (Dou et al., 2024). The
calculated doses were 86 mg/d for YQQFG and 1.4 mg/d for
AZM for mice averaging 16 g in weight. The gavage regimen was
structured as follows: (1) the Control and Model groups received
0.2 mL of distilled water for either 3 or 7 days; (2) the YQQFG group
was administered 0.2 mL of YQQFG solution (430 mg/mL) for
either 3 or 7 days; (3) the AZM group received 0.2 mL of AZM
solution (7 mg/mL) for 3 days, followed by 0.2 mL of distilled water
daily for the remaining 4 days; (4) the YQQFG + AZM-3d group
received 0.2 mL of YQQFG solution administered via gavage,
followed 6 h later by 0.2 mL of AZM solution for 3 days. In the
YQQFG + AZM-7d group, for the first 3 days, the mice received
the same treatment as the YQQFG + AZM-3d group. However, for
the remaining 4 days, the mice were administered 0.2 mL of
YQQFG solution daily, followed by 0.2 mL of distilled water
6 h later. The next day after the end of administration, the
mice were anesthetized with isoflurane, and blood was collected
from the orbital venous plexus. Serum was then separated and
stored at −80°C. The left lung was preserved in tissue fixative, and
the right lung was cryopreserved. These procedures received
approval from the Animal Ethics Committee of Shandong
University of Traditional Chinese Medicine (approval number:
SDUTCM20220516002).

2.12 Calculate the lung index in mice

The body weight of the mice was recorded daily. During
dissection, the lung tissue was rinsed with normal saline and
then weighed after blotting with filter paper. Lung index = lung
weight (mg)/body weight (g).

2.13 Histological evaluation

Following a 24-h fixation in tissue fixative, the lung tissue was
dehydrated and embedded in paraffin. H&E staining was performed
on Sections 5 μm thick. An upright microscope was used to examine
the pathological conditions of lung tissue in each group.

2.14 qPCR detection

Total RNA was extracted from cells and lung tissues using the
SPARKeasy Improved Tissue/Cell RNA Kit (SparkJade, AC0202)
and quantified with an ultra-micro spectrophotometer. RNA was
reverse transcribed to cDNA using the SPARKscript II RT Plus
Kit (With gDNA Eraser) (SparkJade, AG0304). The qPCR
reactions were set up according to the manufacturer’s

instructions using 2 × SYBR Green qPCR Mix (SparkJade,
AH0104) and performed on a Roche LightCycler 480 II
instrument. The qPCR primers were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China) (Table 2). The relative
expression of target genes was calculated by the 2−ΔΔCt method
with GAPDH serving as the internal reference gene.

2.15 Western blot (WB)

Total protein was extracted from cells and lung tissues using
RIPA lysis buffer (Beyotime, P0013B), and protein concentration
was determined using a BCA Protein Assay Kit (Beyotime, P0010).
Proteins were separated by SDS-PAGE gel electrophoresis and
transferred to a PVDF membrane. The membrane was incubated
overnight at 4°C with primary antibodies including NLRP3 (abcam,
ab270449), ASC (Cohesion, CPA7120), proCaspase-1 (abcam,
ab179515), cleaved Caspase-1 (Proteintech, 22915-1-AP),
GSDMD (abcam, ab219800), GSDMD-NT (ABclonal, A22523),
and GAPDH (Proteintech, HRP-60004). The following day, the
membrane was incubated with secondary antibodies at room
temperature for 1 h. Detection was performed using ECL
chemiluminescence substrate (Millipore, WBULS0100). Band
intensities were analyzed using ImageJ software. The relative
expression of the target proteins was calculated with GAPDH as
the internal reference.

2.16 Immunofluorescence detection

Immunofluorescence double staining was performed on lung
tissue sections from mice in the 3-day gavage group using the
tyramide signal amplification (TSA) method. Paraffin sections
underwent sequential dewaxing, hydration, antigen retrieval, and
blocking. Sections were first incubated with NLRP3 primary
antibody (Servicebio, GB114320) followed by the appropriate
fluorescent secondary antibody. Then the TSA staining solution
was added dropwise for signal amplification. After a second antigen
retrieval, sections were treated with F4/80 primary antibody
(Proteintech, 28463-1-AP) and corresponding fluorescent
secondary antibody. Nuclei were stained with DAPI (Servicebio,
G1012). A fluorescence microscope was used for imaging. The
fluorescence intensity of NLRP3 and F4/80, along with their
Pearson’s correlation coefficient (PCC), were quantified using
ImageJ software.

TABLE 2 Primers for qPCR.

Genes Primers (5′→3′)

CARDS TX F: CATGATTGCCAACACCAGGAATAGC

R: AAACGATAGCGAAGCGGAAGTACC

NLRP3 F: GCTGCGATCAACAGGCGAGAC

R: CCATCCACTCTTCTTCAAGGCTGTC

GAPDH F: GGTTGTCTCCTGCGACTTCA

R: TGGTCCAGGGTTTCTTACTCC
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FIGURE 1
Identification of components in YQQFG. (A) Representative TIC in positive ion mode. (B) Representative TIC in negative ion mode. (C) Molecular
structure of components in YQQFG. Themolecular structures of the compoundswere downloaded from the PubChemdatabase (https://pubchem.ncbi.
nlm.nih.gov/) and drawn using the Chem3D software.
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TABLE 3 25 components with favorable oral bioavailability in YQQFG.

No. Components RT (min) m/z Error (ppm) Precursor type OB (%) Source

1 Skullcapflavone II 7.27 375.107 1.5356 [M + H]+ 69.51 Scutellaria sieversii Bge

2 Baicalein 7.15 271.059 3.9696 [M + H]+ 33.52 Scutellaria sieversii Bge

3 Formononetin 6.72 267.067 0.3181 [M-H]- 69.67 Glycyrrhiza aspera Pall

4 Luteolin 6.53 285.04 2.5400 [M-H]- 36.16 Polygonum cuspidatum Sieb. et Zucc.;
Scutellaria sieversii Bge.;

Prunus davidiana (Carr.) Franch

5 Quercetin 4.59 303.049 3.8806 [M + H]+ 46.43 Glycyrrhiza aspera Pall.;
Pogostemon cablin (Blanco) Benth.;
Polygonum cuspidatum Sieb. et Zucc.;
Artemisia scoparia Waldst. et Kit.;

Scutellaria sieversii Bge

6 Gallic acid 0.83 169.014 2.5087 [M-H]- 31.69 Polygonum cuspidatum Sieb. et Zucc

7 Naringenin 6.16 271.061 0.2791 [M-H]- 59.29 Glycyrrhiza aspera Pall.;
Magnolia officinalis Rehd. et wils

8 Quinic acid 1.15 191.056 0.1256 [M-H]- 55.92 Glycyrrhiza aspera Pall

9 Tyrosol 0.96 121.066 6.1467 [M + H-H2O]+ 33.81 Scutellaria sieversii Bge

10 Nonanoic acid 9.68 158.153 1.7069 [M]+ 40.51 Scutellaria sieversii Bge.;
Acorus tatarinowii Schott

11 Medicarpin 7.15 271.097 0.8263 [M + H]+ 49.22 Glycyrrhiza aspera Pall

12 beta-Asarone 7.34 209.117 0.5930 [M + H]+ 35.61 Acorus tatarinowii Schott

13 Pulegone 4.16 153.127 0.0948 [M + H]+ 51.60 Pogostemon cablin (Blanco) Benth.;
Scutellaria sieversii Bge

14 Salicylic acid 8.50 137.025 4.9334 [M-H]- 32.13 Artemisia scoparia Waldst. et Kit

15 Linoleic acid 10.20 263.236 10.7660 [M + H-H2O]+ 41.90 Magnolia officinalis Rehd. et wils.;
Scutellaria sieversii Bge.;

Prunus davidiana (Carr.) Franch

16 Eucalyptol 0.80 154.134 12.3269 [M]+ 39.73 Magnolia officinalis Rehd. et wils.;
Scutellaria sieversii Bge

17 Eugenol 7.09 165.091 0.0146 [M + H]+ 56.24 Pogostemon cablin (Blanco) Benth.;
Magnolia officinalis Rehd. et wils.;

Scutellaria sieversii Bge.;
Acorus tatarinowii Schott;

Artemisia scoparia Waldst. et Kit

18 Benzaldehyde 3.80 107.049 0.0010 [M + H]+ 32.63 Pogostemon cablin (Blanco) Benth.;
Acorus tatarinowii Schott

19 4-Hydroxycinnamic acid 1.30 164.04 1.5158 [M−H]- 43.29 Scutellaria sieversii Bge.;
Acorus tatarinowii Schott

20 beta-Cubebene 10.40 205.196 3.5790 [M + H]+ 32.81 Acorus tatarinowii Schott

21 Stigmasterol 10.62 395.366 5.5645 [M + H-H2O]+ 43.83 Scutellaria sieversii Bge

22 Perillyl alcohol 7.50 135.117 2.2203 [M + H-H2O]+ 46.24 Pogostemon cablin (Blanco) Benth

23 Isorhamnetin 4.55 317.066 0.0610 [M + H]+ 49.60 Glycyrrhiza aspera Pall.;
Artemisia scoparia Waldst. et Kit

24 Hesperetin 6.50 302.075 2.5420 [M]- 70.31 Magnolia officinalis Rehd. et wils

25 Citric acid 1.86 191.02 1.9684 [M−H]- 56.22 Polygonum cuspidatum Sieb. et Zucc.;
Fritillaria thunbergii Miq
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2.17 Detection of the concentrations of pro-
inflammatory factors

Mouse IL-1β ELISA Kit (Elabscience, E-EL-M0037) and Mouse
IL-18 ELISA Kit (Elabscience, E-EL-M0730) were used to detect the
levels of IL-1β and IL-18 in cell supernatants and mouse serum.

2.18 Statistical analysis

The GraphPad Prism 9.0 software was used for statistical
analysis and graphical representation. Data were presented as
mean ± standard deviation. A one-way ANOVA was employed
to assess significant differences between the groups, with a
significance level set at P < 0.05.

3 Results

3.1 Identification of components in YQQFG

In both the positive and negative ion modes, the LC-MS/MS
method was used to create the total ion chromatogram (TIC) of
YQQFG (Figure 1). Database matching led to the identification of
52 components, comprising 19 flavonoids, 18 organic acids,
6 terpenoids, and 9 other substances (Supplementary Data Sheet
S3). Given that oral bioavailability (OB) is a critical pharmacokinetic
index reflecting the proportion of an orally administered drug that
reaches systemic circulation and exerts pharmacological effects (Xu
et al., 2012). Therefore, a criterion of OB ≥ 30% (Zheng et al., 2016;
Huo et al., 2022; Ji et al., 2023) was used to select 25 substances in
YQQFG with good oral bioavailability from the TCMSP
database (Table 3).

3.2 Screening for the optimal intervention
time of MP

To ascertain the optimal timing for MP intervention,
RAW264.7 cells were infected with MP for periods of 2, 4, 6, 12,

and 24 h. Supernatants were collected at each time point to measure
the expression of pro-inflammatory factors (IL-1β, TNF-α). As
depicted in Figure 2, a rapid increase in the levels of IL-1β and
TNF-α was observed starting at 6 h, peaking at 12 h, and
subsequently declining. This suggests that the macrophage
inflammatory response is most intense at 12 h post-infection,
during which pyroptosis likely occurs. To confirm this
hypothesis, SEM was utilized to examine changes in cell
morphology post-MP infection. Normal RAW264.7 cells
appeared round or oval, with a continuous, intact membrane and
numerous small pseudopods aiding in phagocytosis (Figure 3A). MP
displayed an elongated shape with a attachment organelle at one end
(Figures 3B, C). Following 12 h of MP infection, notable changes
included increased cell volume, the formation of pyroptotic bodies
on the surface, and rupturing of the cell membrane to form pores
(Figures 3C, D). These alterations align with the classic
morphological features of pyroptosis, indicating that a 12 h MP
infection can indeed induce substantial production of pro-
inflammatory factors and pyroptosis. Consequently, 12 h was
selected as the intervention point for MP in subsequent experiments.

3.3 Serum containing YQQFG shows
promise in reducing the release of pro-
inflammatory factors, inhibiting MP-induced
NLRP3 inflammasome activation and
pyroptosis

We began by using the CCK-8 assay to determine the effect of
various concentrations of drug-containing serum on cell survival.
Figure 4A shows that the medium containing 10% drug-carrying
serum had the highest survival rate, thus this was the concentration
chosen for subsequent in vitro drug intervention treatments. See the
WB results in Figures 4B, C. In the Model group, the expression
levels of the NLRP3/Caspase-1/GSDMD pathway were significantly
elevated (P < 0.001), and there was a marked increase in the
concentrations of IL-1β and IL-18 in the cell supernatants (P <
0.001) (Figure 4D). Serum containing YQQFG, serum containing
AZM, and combination serum were all able to successfully reverse
these alterations. Protein expression levels along the NLRP3/

FIGURE 2
Temporal expression of pro-inflammatory factors in cell supernatants post-MP intervention. (A) IL-1β. (B) TNF-α.
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Caspase-1/GSDMD pathway did not differ significantly between the
YQQFG and AZM groups. Crucially, when contrasted with the
YQQFG and AZM groups, the YQQFG + AZM group exhibited
significantly decreased levels of NLRP3, proCaspase-1, cleaved
Caspase-1, GSDMD, and GSDMD-NT protein expression in the
cells, as well as a reduction in the content of pro-inflammatory
components in the cell supernatants (P < 0.05). This suggests that
the combined use of YQQFG and AZM can have a synergistic effect.

3.4 Molecular docking analysis

To elucidate the potential of YQQFG in regulating NLRP3, we
performed molecular docking of 25 active components from
YQQFG with the NLRP3 protein. Typically, if the binding energy
of a compound to a target protein is less than −4.25 kcal mol-1, this
indicates some binding activity and the ability to form a stable
complex. A binding energy less than −5.0 kal·mol-1 indicates strong
binding activity (Ji et al., 2023). As detailed in Table 4, the binding
energies of most YQQFG components to NLRP3 were
below −4.25 kal·mol-1, with 17 components displaying binding
energies below −5.0 kal·mol-1. To illustrate this interaction, the

five compounds with the lowest binding energies were selected
for detailed visualization of their binding modes with
NLRP3 (Figure 5).

3.5 NLRP3 overexpression exacerbates MP-
induced pyroptosis and inflammatory
responses, whereas YQQFG potently inhibits
the expression of NLRP3 protein to exert
therapeutic effects

Subsequently, we engineered RAW264.7 cells to overexpress
NLRP3 via lentiviral transfection (referred to as NLRP3−OE). qPCR
results demonstrated that NLRP3 expression in NLRP3−OE cells was
over threefold higher than in wild-type RAW264.7 cells, confirming
successful establishment of a stable NLRP3-overexpressing cell line
(Figure 6A). We then examined the impact of YQQFG-containing
and AZM-containing sera on the NLRP3/Caspase-1/GSDMD
pathway and the levels of IL-1β and IL-18 under conditions of
NLRP3 overexpression. WB and ELISA analyses indicated no
statistically significant differences in the levels of NLRP3, ASC,
proCaspase-1, cleaved Caspase-1, GSDMD, GSDMD-NT, IL-1β,

FIGURE 3
Electron microscopic examination of MP and RAW264.7 cell morphology. (A) Normal RAW264.7 cells. (B) MP. (C–D) Changes in RAW264.7 cells
infected with MP for 12 h. →: MP and its attachments; ↓: Cell membrane rupture and pyroptosis bodies.
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and IL-18 between the LV−Con group and the Control group (p > 0.05),
suggesting that the vector virus did not alter the pathway’s expression
or increase the release of pro-inflammatory factors (Figures 6B–J).
However, levels of NLRP3, GSDMD, and GSDMD-NT, as well as the
concentrations of IL-1β and IL-18 in the cell supernatants, were
significantly elevated in the MP + NLRP3−OE group compared to the
MP group (P < 0.05), signifying that NLRP3 overexpression
exacerbated MP-induced pyroptosis and inflammatory responses.
Furthermore, we observed that YQQFG-containing serum still
inhibited the activation of the NLRP3/Caspase-1/GSDMD pathway
and the release of pro-inflammatory factors following
NLRP3 overexpression, but the effect of AZM-containing serum
was notably reversed. These findings confirm that YQQFG can
specifically modulate the expression of NLRP3 protein, thereby

inhibiting inflammasome activation and pyroptosis, and ultimately
mitigating MP-induced inflammatory responses.

3.6 YQQFG enhances weight recovery in
MPPmice, reduces lung index, and alleviates
acute lung injury

Figures 7A, B displays the daily weight changes of mice in each
group. The body weight of mice in the Control group slightly
decreased on days 2–3 post-modeling but then gradually
increased, indicating that inhalation of isoflurane and saline nasal
drops did not have a long-term impact on their health. The weight of
mice exposed to MP nasal drip decreased significantly. Drug-treated

FIGURE 4
The effect of YQQFG-containing serum on the expression of the NLRP3/Caspase-1/GSDMD pyroptosis pathway induced by MP. (A) Effect of
different concentrations of drug-containing serum on cell viability. (B) Representative WB bands of each protein. (C) Statistics on the gray values for each
protein. (D) Statistics on the expression levels of IL-1β and IL-18 in cell supernatants. Values are the mean ± SD (n = 3). ns P > 0.05, * P < 0.05, ** P < 0.01,
*** P < 0.001, **** P < 0.0001.
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mice began to gain weight on the 5th day (i.e., the second day of
gavage). The weight recovery rate of the YQQFG + AZM group was
marginally better than that of the YQQFG group and the AZM
group. The weight of the Model group exhibited a slight upward
trend on the 8th day. The lung index, a common metric for
evaluating pathological changes in lung tissue in animal models,
showed a significant increase in the Model group (P < 0.0001)
(Figures 7C, D). YQQFG administration for 3 days had no
significant impact on the lung index, but the lung index of the
YQQFG + AZM group was significantly lower than that of the AZM
group (P < 0.05). After 7 days of gavage, compared to the Model
group, the lung index in the three drug treatment groups decreased,
with no statistical differences between the YQQFG and AZM
groups. Figures 7E, F shows H&E staining results indicating that
the lung tissue structure of the Control group was clear and intact,
with consistent alveolar wall thickness and no hemorrhage, edema,
or exudation in the alveoli, nor any inflammatory cell infiltration
around the trachea. The lungs of mice in the Model group exhibited
severe inflammatory changes, characterized by alveolar loss, lung
consolidation, and extensive inflammatory cell infiltration around
the alveoli and trachea. As the disease progressed, the extent of
inflammatory cell infiltration in the Model-7d group was
significantly greater than in the Model-3d group, with some
airways completely blocked. The lung tissue of the YQQFG-3d
group, the AZM-3d group, and the YQQFG + AZM-3d group
showed limited consolidation, disappearance of some alveolar
regions, and lower levels of inflammatory cell infiltration
compared to the Model-3d group. The YQQFG + AZM-3d
group exhibited the best lung ventilation. Longitudinal
comparisons across the treatment durations revealed that the
lung condition in the 7-day administration groups was
significantly improved compared to the 3-day groups. Notably,
the lung tissue of mice in the YQQFG + AZM-7d group
returned to normal, reaffirming the synergistic effect of
combining YQQFG and AZM.

3.7 In vivo experiments indicate that YQQFG
mitigates MPP by suppressing
NLRP3 inflammasome activation and
macrophage pyroptosis

Compared to the Control-3d and Control-7d groups, the
NLRP3/Caspase-1/GSDMD pathway proteins in the lung tissues
of the Model-3d and Model-7d groups were significantly
upregulated (Figures 8A, B), and the levels of IL-1β and IL-18 in
peripheral serum increased significantly (P < 0.01) (Figures 8C, D).
This suggests that the NLRP3 inflammasome-mediated pyroptosis
pathway was activated during the acute phase of MPP, enhancing
the release of IL-1β and IL-18. Administration of YQQFG or AZM
for 3 days effectively reduced the expression of the NLRP3/Caspase-
1/GSDMD pathway and the content of IL-18. However, a reduction
in IL-1β required 7 days of treatment. Aligning with in vitro findings,
the results indicate that both YQQFG and AZM are equally effective,
but their combination provides the most substantial
therapeutic benefit.

To explore the relationship between NLRP3 protein expression
in lung tissue and macrophages, we conducted immunofluorescence
double staining of NLRP3 and mouse macrophage-specific markers
(F4/80) on lung tissue sections from the 3-day gavage group. The
fluorescence intensity of NLRP3 and F4/80 was significantly
enhanced in the Model-3d group (P < 0.0001) (Figures 9A–C),
indicating NLRP3 protein activation and macrophage infiltration in
the lungs of MPP mice. In contrast, the fluorescence intensity of
NLRP3 in the YQQFG-3d group, the AZM-3d group, and the
YQQFG + AZM-3d group was significantly reduced. PCC, a
metric utilized to quantify the extent of protein co-localization,
spans a range from −1 to 1, where values approaching 1 signify a
stronger degree of co-localization (Dunn et al., 2011). As
demonstrated in Figure 9D, the PCC values in the Model-3d
group were significantly elevated (P < 0.0001). In comparison to
the Model-3d group, the PCC values in both the YQQFG-3d and

TABLE 4 Binding energy of YQQFG active components to NLRP3.

No. Components Binding energy (kal·mol−1) No. Components Binding energy (kal·mol−1)

1 Stigmasterol −8.59 14 Quercetin −5.18

2 Formononetin −6.99 15 Gallic acid −5.07

3 beta-Cubebene −6.96 16 Isorhamnetin −5.04

4 Baicalein −6.53 17 Perillyl alcohol −5.03

5 Hesperetin −6.34 18 Eucalyptol −4.98

6 Citric acid −6.18 19 Salicylic acid −4.97

7 Naringenin −6.09 20 Nonanoic acid −4.50

8 4-Hydroxycinnamic acid −5.85 21 Benzaldehyde −4.43

9 Pulegone −5.81 22 Linoleic acid −4.42

10 Skullcapflavone II −5.72 23 Eugenol −4.35

11 beta-Asarone −5.64 24 Tyrosol −4.22

12 Luteolin −5.58 25 Quinic acid −3.79

13 Medicarpin −5.53
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YQQFG + AZM-3d groups exhibited significant decreases (P <
0.001), whereas no statistical difference was observed between the
AZM-3d and Model-3d groups. This suggests that MP
predominantly activates NLRP3 protein in macrophages, leading

to inflammasome assembly and macrophage pyroptosis, thereby
causing acute lung injury. YQQFG effectively inhibits
NLRP3 protein activation in macrophages, demonstrating a
significant advantage over AZM in this regard.

FIGURE 5
Molecular docking pattern diagram (the five compounds with the strongest affinity to NLRP3). (A) Stigmasterol and NLRP3 (binding energy: -8.59).
(B) Formononetin and NLRP3 (binding energy: -6.99). (C) beta-Cubebene and NLRP3 (binding energy: -6.96). (D) Baicalein and NLRP3 (binding energy:
-6.53). (E) Hesperetin and NLRP3 (binding energy: -6.34).
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3.8 YQQFG moderately reduces the release
of MP exotoxin

CARDS TX is currently the only identified MP exotoxin (Li
et al., 2019). Studies have shown that after endocytosis into cells,
CARDS TX transfers the ADP ribose groups to specific amino acids
of NLRP3, thereby directly initiating the assembly of the
NLRP3 inflammasome (Bose et al., 2014). Consequently, we
employed qPCR to assess the relative expression of CARDS TX
mRNA in MP-infected RAW264.7 cells and MPP model mice
(Figure 10). In the in vitro model, CARDS TX expression was
not detected in the Control group. Compared with the Model
group, the expression of CARDS TX in the drug intervention
groups was significantly reduced (P < 0.0001). However, the
inhibitory effect of YQQFG on CARDS TX was less pronounced
than that of AZM. In the in vivo model, similar results were
observed. The expression of CARDS TX in the lung tissue of
mice decreased following 3 days of treatment with YQQFG,
AZM, or their combination (P < 0.05). After 7 days of treatment,
CARDS TX was undetectable in the AZM-7d group and the YQQFG
+ AZM-7d group, while a trace amount of CARDS TX expression
was still observable in the YQQFG-7d group.

4 Discussion

MPP is a prevalent form of childhood CAP and frequently
causes outbreaks among student populations, thereby posing a
significant public health challenge worldwide (Song et al., 2023).
Currently, the treatment of MPP in children primarily involves
symptomatic care and the use of macrolide antibiotics (Tsai et al.,

2021). Nevertheless, in recent years, the resistance of MP to
macrolide antibiotics has been increasing. This is especially true
in East Asian nations like Japan and China, where the resistance rate
in children is above 70% (Tanaka et al., 2017; Hsiung et al., 2022).
This resistance often delays treatment, increasing the risk of
progression from common to severe MPP (Lee et al., 2021).
Clinically, tetracyclines and fluoroquinolones are considered
alternative treatments (Tong et al., 2022). Unfortunately, the
hazards of enamel hypoplasia and permanent tooth
discolouration make tetracyclines unsafe for children under the
age of eight. Patients under the age of 18 should exercise caution
when prescribed fluoroquinolones due to the risk of musculoskeletal
toxicity (Okubo et al., 2018). These challenges underline the urgent
need for developing new therapeutic agents for MPP in children.

Pyroptosis, a form of programmed cell death, is characterized by
the rupture of the cell membrane and the subsequent release of
substantial inflammatory mediators (Liu et al., 2021). It is governed
by both classical pathway (Caspase-1-dependent) and non-classical
pathway (non-Caspase-1-dependent) mechanisms. (1) The classical
pathway involves inflammasome activation of Caspase-1 (Dai et al.,
2023). Inflammasomes, multiprotein complexes, consist of pattern
recognition receptors (PRRs), an adaptor protein (ASC), and the
precursor molecule (proCaspase-1) (Li et al., 2021). The human
innate immune system mainly encompasses six types of PRRs,
among which NOD-like receptors (NLRs) and absent in
melanoma 2 (AIM2)-like receptors (ALRs) possess the capability
to assemble inflammasomes (Man and Kanneganti, 2015; Isazadeh
et al., 2023). Upon recognizing pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs), NLRs or ALRs recruit ASC and proCaspase-1 via
homotypic domain interactions to assemble the canonical

FIGURE 6
Effects of NLRP3 overexpression on the expression levels of NLRP3/Caspase-1/GSDMDpathway across different cell groups. (A) qPCR verification of
transfection efficiency. (B) Representative WB bands for each protein. (C–H) Statistics on the gray values for each protein. (I–J) Statistics on the
expression levels of IL-1β and IL-18 in cell supernatants. Values are themean ± SD (n= 3). ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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inflammasome complexes, thereby converting proCaspase-1 into
active Caspase-1 (Dick et al., 2016; Malik and Kanneganti, 2017).
Caspase-1 not only converts the precursors of IL-1β and IL-18 into
their mature forms but also cleaves GSDMD, producing the
GSDMD-NT fragment that inserts into the lipid bilayer of the
cell membrane, resulting in pyroptosis (Shi et al., 2015). (2) In
the non-classical pathway, the bacterial endotoxin component
lipopolysaccharide (LPS) commonly serves as the direct activator
of Caspase-4, Caspase-5, or Caspase-11, which then cleave GSDMD
to mediate pyroptosis (Kayagaki et al., 2013; Dai et al., 2023).
Notably, this pathway does not directly augment the synthesis
and release of IL-1β and IL-18, but rather promotes the release
of ATP via the pannexin-1/P2X7 axis. Subsequently, ATP activates
the NLRP3 inflammasome, thereby indirectly amplifying the
inflammatory response (Yang et al., 2015; Li et al., 2023).

Among the various inflammasomes identified, the
NLRP3 inflammasome attracts the most attention (Zhao and
Zhao, 2020). A number of studies have shown that the classical
pyroptosis pathway mediated by NLRP3 inflammasome plays an
important role in acute lung injury induced by respiratory pathogens
such as influenza and SARS-CoV-2 (Pan et al., 2021; Liu et al., 2022;
You et al., 2023). The NLRP3 protein is a PRR found in the
cytoplasm and is made up of three domains: an N-terminal pyrin
domain, a central NACHT domain, and a C-terminal LRR domain
(Seoane et al., 2020). At rest, NLRP3 is inactivated through binding

with HSP90 and SGT1 in the cytoplasm (Yin et al., 2023). Upon
pathogen invasion, the LRR domain senses danger signals,
prompting NLRP3 to dissociate from HSP90 and SGT1, undergo
oligomerization, expose its pyrin domain, and start recruiting ASC
to assemble the inflammasome (Jo et al., 2016). IL-1β and IL-18,
both characterized by their potent pro-inflammatory proFperties,
are downstream products of the NLRP3 inflammasome and
members of the IL-1 family. Due to the absence of signal
peptides and leader sequences, IL-1β and IL-18 cannot be
directly released into the extracellular environment via the Golgi
vesicle transport pathway. Instead, their release necessitates cellular
death mechanisms, such as pyroptosis (Lopez-Castejon and Brough,
2011). IL-1β is an important cytokine that mediates inflammatory
damage in lung tissue. It can bind to the IL-1 receptor (IL-1R) on the
surface of immune cells to promote the transcriptional expression of
NF-κB, resulting in increased synthesis of pro-IL-1β, forming a
positive feedback loop that escalates the inflammatory response
(Vora et al., 2021). When IL-1β binds to IL-1R on lung vascular
endothelial cells, it suppresses the transcription of VE-cadherin,
compromising vascular integrity and causing lung vascular damage
(Xiong et al., 2020). IL-18, initially identified as an interferon-γ
(IFN-γ) inducing factor, targets T cells to induce IFN-γ production,
promoting a Th1-type immune response (Yang et al., 2004).
Furthermore, Narita M and colleagues have identified elevated
levels of IL-18 in patients with MPP accompanied by pleural

FIGURE 7
Effect of YQQFG on body weight, lung index, and lung pathology in MPP model mice. (A) Body weight change line chart for the 3-day gavage
group. (B) Body weight change line chart for the 7-day gavage group. (C) Lung index for the 3-day gavage group. (D) Lung index for the 7-day gavage
group. (E–F)H&E staining of lung tissue sections for the 3-day and 7-day gavage groups, respectively (Scale: 100 μm). Values are themean ± SD (n= 6). ns
P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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FIGURE 8
Effects of YQQFG on the NLRP3/Caspase-1/GSDMD pathway in lung tissue and pro-inflammatory factors expression in peripheral serum of mice.
(A, B) Representative WB bands and statistics on the gray values for proteins in the NLRP3/Caspase-1/GSDMD pathway from the 3-day gavage group and
the 7-day gavage group of mice. (C) Statistics on the expression levels of IL-1β and IL-18 in peripheral serum of mice in the 3-day gavage group. (D)
Statistics on the expression levels of IL-1β and IL-18 in peripheral serum of mice in the 7-day gavage group. Values are the mean ± SD (n = 3). ns P >
0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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effusion or central nervous system complications, emphasizing the
association between this cytokine and the severity of MPP disease
(Narita et al., 2000). Hence, inhibiting NLRP3 inflammasome-
mediated pyroptosis and reducing excessive levels of IL-1β and
IL-18 constitute effective strategies for preventing and treating acute
lung injury caused by MP.

Current studies have identified the pathogenesis of MP to
primarily encompass direct adhesion damage, exotoxin release,
immune inflammatory damage, and immune escape (Jiang et al.,
2021). The most critical pathogenic mechanism is believed to be the

intense immune inflammatory response triggered by the interaction
between MP and the host (He et al., 2016). Given that macrophages
are critical participants in the body’s inflammatory response (Knoll
et al., 2021), this study confirms the therapeutic pathways and
targets of YQQFG in treating MPP from the perspective of
macrophage pyroptosis mediated by NLRP3 inflammasome,
offering new insights into the prevention and treatment of MPP
in children.

Initially, LC-MS/MS was utilized to identify compounds in
YQQFG, from which 25 compounds with favorable oral

FIGURE 9
YQQFG can significantly inhibit the expression of NLRP3 protein in macrophages in the lungs of MPP model mice. (A) Representative
immunofluorescence staining of the 3-day gavage group: red fluorescence indicates NLRP3, green represents F4/80, and blue denotes DAPI (Scale:
20 μm). (B) Statistics on relative fluorescence intensity for NLRP3. (C) Statistics on relative fluorescence intensity for F4/80. (D)Co-localization analysis of
NLRP3 and F4/80. Values are the mean ± SD (n = 3). ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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bioavailability were selected. Notably, compounds such as Baicalein
(Zhang et al., 2019; Zhang et al., 2020; Song et al., 2021), Quercetin
(Colunga Biancatelli et al., 2020; Zheng et al., 2021; Sun et al., 2023),
Eucalyptol (Zhao et al., 2014; Kennedy-Feitosa et al., 2016), Eugenol
(Bittencourt-Mernak et al., 2021; Elken et al., 2022), Isorhamnetin
(Zou et al., 2023), Luteolin (Kuo et al., 2011; Zhang et al., 2021),
Gallic acid (Chosa et al., 1992; Haute et al., 2020), Naringenin (Lin
et al., 2018; Zhang et al., 2022), 4-Hydroxycinnamic acid (Chen
et al., 2019; Souza et al., 2021), and Hesperetin (Kaya et al., 2019;
Wang et al., 2019) are recognized for their strong anti-inflammatory,
antioxidant, and antimicrobial properties. The protective effects of
these components against infectious lung injuries are well-documented.
In MP-related studies, Chosa H et al. demonstrated significant
bactericidal activity of Gallic Acid against MP (Chosa et al., 1992),
while Lin Y et al. established that Naringenin prevents MP-induced
pulmonary fibrosis by inhibiting autophagy in airway epithelial cells
and reducing the inflammatory response inMPPmodelmice (Lin et al.,
2018). These pharmacological findings provide support for verifying
the mechanism of YQQFG in treating MPP.

Next, we utilized RAW264.7 cells and BALB/c mice to develop
MP-infected cell and animal models, respectively. In vitro, peak
production of IL-1β and TNF-α in RAW264.7 cells occurred 12 h
post-MP infection, after which expression levels decreased. We
speculated that 12 h post-MP intervention represents the peak of
the pyroptotic effect, after which a significant number of cells have
died. To test this hypothesis, we examined changes in cell
morphology post-MP infection using SEM. MP is 1–2 μm in
length and 0.1–0.2 μm in width, making it the smallest self-
replicating organism currently identified, invisible to ordinary
optical microscopes (Atkinson et al., 2008; Razin and Hayflick,
2010). We successfully captured the microscopic morphology of
MP using SEM (Figure 3B). MP possesses a slender shape with a
sharp structure at the top, which serves as its attachment organelle.
This region harbors adhesion proteins and genomes that facilitate
gliding, enabling MP to adhere to and colonize the cell surface

(Krause, 1998; Balish, 2006). 12 h post-MP infection, we observed an
increase in cell volume, cell membrane rupture, and the formation of
numerous surface bubbles (Figures 3C, D), which are characteristic
morphological features of pyroptosis (Xu et al., 2021). During the
initial stage of pyroptosis, GSDMD inserts into the cell membrane,
creating small pores. The osmotic pressure differential between the
intracellular and extracellular environments allows only sodium ions
and water from the extracellular matrix to enter, leading to cell
enlargement and the appearance of bulging bubbles at the pores. As
the cells continue to expand, the complete rupture of the cell membrane
occurs, resulting in the release of cell contents and cell death (Dai et al.,
2023). Subsequent WB and ELISA results indicated that in the Model
group, the expression levels of NLRP3/Caspase-1/GSDMD pathway
proteins and the concentrations of IL-1β and IL-18 were significantly
increased, demonstrating that MP activates the NLRP3 inflammasome,
triggering macrophage pyroptosis and the release of pro-inflammatory
cytokines. Treatment with YQQFG-containing serum and AZM-
containing serum reversed these changes, with no significant
differences in the inhibition of the NLRP3/Caspase-1/GSDMD
pathway. However, following NLRP3 overexpression, the lentivirus
expressing NLRP3 neutralized the effect of AZM, whereas YQQFG-
containing serum continued to suppress the levels of pyroptosis and the
release of pro-inflammatory factors. This indicates that YQQFG’s
therapeutic action is mediated through the regulation of NLRP3. It
is well established that macrolide antibiotics function by binding to the
23S rRNA of MP ribosomes, thereby disrupting MP protein synthesis
(Vázquez-Laslop and Mankin, 2018). However, mutations at specific
sites on the 23S rRNA can prevent macrolides from binding effectively,
leading to therapeutic failure (Leng et al., 2023). Different from the
single-sitemechanism of antibiotics against pathogens, TCM focuses on
the overall regulation of the human body, so it is not easy to develop
pathogen resistance, which fully reflects the significant potential of
TCM in the prevention and treatment of infectious diseases.

Similar results were obtained in vivo. The lung index in MPP
model mice increased, and H&E staining revealed acute

FIGURE 10
YQQFG can inhibit the release of MP exotoxin to a certain extent. (A) Comparison of CARDS TX expression in cells of each group. (B) Comparison of
CARDS TX expression in lung tissue ofmice in the 3-day gavage group. (C)Comparison of CARDS TX expression in lung tissue ofmice in the 7-day gavage
group. Values are the mean ± SD (n = 3). ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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inflammatory changes in lung tissue, such as extensive inflammatory
cell infiltration, alveolar loss, and airway obstruction.WB and ELISA
analyses indicated a significant increase in the expression levels of
NLRP3/Caspase-1/GSDMD pathway proteins in the Model group,
along with elevated levels of IL-1β and IL-18 in peripheral serum,
and a strong co-localization of NLRP3 and F4/80. These results
suggest that MP primarily activates the NLRP3 protein in
macrophages, and this activation triggers macrophage pyroptosis,
a key pathological mechanism inMP-induced acute lung injury. The
expression of NLRP3 protein in macrophages significantly
decreased after 3 days of YQQFG treatment. Following 7 days of
treatment, there were marked improvements in lung index,
inflammatory cell infiltration, and peripheral blood inflammation
levels in mice treated with YQQFG. Thus, YQQFG appears to
mitigate the inflammatory response by inhibiting
NLRP3 inflammasome-mediated macrophage pyroptosis,
effectively alleviating MP-induced acute lung injury. Importantly,
our findings demonstrate that combining YQQFG with AZM yields
the most effective therapeutic outcome for MPP, with synergistic
effects observed. Moving forward, greater emphasis should be placed
on integrating traditional Chinese and Western medicine in the
treatment of MPP in children.

In 2005, Kannan TR et al. first identified the MP pathogenic
factor MPN372, also known as CARDS TX (Kannan et al., 2005). Its
structure closely resembles the S1 subunit of pertussis toxin and
exhibits ADPRT activity and cell vacuolation activity (Hardy et al.,
2009). CARDS TX is currently the only known exotoxin of MP and
is strongly associated with MP’s pathogenicity and persistent
infection (Techasaensiri et al., 2010). Given that CARDS TX can
directly mediate the post-translational modification and activation
of the NLRP3 protein (Bose et al., 2014), we assessed the relative

expression of CARDS TX in various cell groups and mouse lung
tissues using qPCR. The results indicated that YQQFG could reduce
the release of CARDS TX to some extent, though not as effectively as
AZM. This suggests that YQQFG not only targets the
NLRP3 protein directly but also indirectly influences
NLRP3 expression by inhibiting the effects of MP toxin (Figure 11).

Our research, however, has some limitations. First, while we
have identified the main components of YQQFG, the key active
components against MPP remain unclear. Second, the ability to treat
diseases through a “multi-component, multi-target, and multi-
pathway” approach is a distinctive advantage of TCM (Lou et al.,
2022). Beyond NLRP3, other potential targets of YQQFG require
further exploration and validation. Lastly, the interaction between
YQQFG and AZM in vivo should be elucidated through
pharmacokinetic studies to ensure the safety and efficacy of
clinical use.

5 Conclusion

In summary, our study confirms that YQQFG mitigates the
inflammatory response by inhibiting NLRP3 inflammasome-
mediated macrophage pyroptosis, thereby alleviating MP-induced
acute lung injury. This provides novel insights and approaches for
the prevention and treatment of MPP in children.
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FIGURE 11
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Glossary

ADPRT ADP-ribosyltransferase

AIM2 absent in melanoma 2

ALRs AIM2-like receptors

AZM azithromycin

BSL-2 biosafety level-2

CAP community-acquired pneumonia

CARDS TX community-acquired respiratory distress syndrome toxin

CCU color change units

DAMPs damage-associated molecular patterns

FBS fetal bovine serum

GSDMD gasdermin D

GSDMD-NT gasdermin D-N-terminal fragment

IFN-γ interferon-γ

IL-1β interleukin-1β

IL-18 interleukin-18

IL-1R IL-1 receptor

LV lentiviral

MP Mycoplasma pneumoniae

MPP Mycoplasma pneumoniae pneumonia

NLRs NOD-like receptors

OB oral bioavailability

OD optical density

PAMPs pathogen-associated molecular patterns

PCC Pearson’s correlation coefficient

PRRs pattern recognition receptors

qPCR quantitative real-time PCR

SEM scanning electron microscope

TCM traditional Chinese medicine

TIC total ion chromatogram

TNF-α tumor necrosis factor-α

TSA tyramide signal amplification

WB western blot

YQQFG Yinqin Qingfei granules
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