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Purpose: The aim of this study is to uncover the anti-inflammatory propertity of andrographolide (AGP) in acute exacerbation of
chronic obstructive pulmonary disease (AECOPD) and the underlying mechanisms related to the nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome pathway.

Methods: An in vivo experiment was conducted on murine model of AECOPD through endotracheal atomization of elastase and
lipopolysaccharide (LPS). Intraperitoneal AGP was administered four times. NLRP3 inflammasome pathway molecules were
examined using real-time quantitative polymerase chain reaction (RT-qPCR) and Western blot analysis. By using enzyme-linked
immunosorbent assay (ELISA), we tested interleukin (IL)-1p levels in bronchoalveolar lavage fluid. An in vitro study was conducted
to determine how AGP impacts the NLRP3 inflammasome in THP-1 derived macrophages. The levels of molecules involved in the
pathway were measured. Furthermore, molecular docking analyses were carried out to investigate the interactions between AGP and
pathway targets.

Results: In the in vivo study, NLRP3 inflammasome activation was observed in mice experiencing AECOPD. The administration of
high-dose AGP demonstrated a mitigating effect on inflammatory cells infiltration in the lungs. Moreover, AGP administration
effectively suppressed the expression of NLRP3, apoptosis associated speck-like protein that contains a CARD (PYCARD), cysteinyl
aspartate-specific protease-1 (Caspase-1), IL-1f, and IL-18 at both the genetic and protein levels. In the in vitro experiment, IL-1
levels were significantly elevated in THP-1 derived macrophages with activated inflammasome compared to the control group.
Furthermore, the downregulation of NLRP3, CASP1, and IL1B genes was observed upon the inhibition of NLRP3 expression through
small interfering RNA (siRNA). AGP demonstrated inhibitory effects on the gene expression and protein levels of NLRP3, Caspase-1,
and IL-1f. Additionally, molecular docking analysis confirmed that AGP exhibited a favorable binding affinity with all five targets of
the pathway.

Conclusion: AGP effectively inhibited NLRP3 inflammasome activation and mitigated the inflammatory reaction of AECOPD both in
animal models and in vitro experiments, highlighting the potential of AGP as a treatment for AECOPD with anti-inflammatory properties.
Keywords: andrographolide, NLRP3 inflammasome, IL-1p, chronic obstructive pulmonary disease

Introduction

Chronic obstructive pulmonary disease (COPD) is a global public health issue that is characterized by chronic respiratory
symptoms (dyspnea, cough, and sputum production), persistent airway inflammation and airflow limitation.'* According
to findings from the China Pulmonary Health (CPH) study, individuals with spirometry-defined COPD in China are
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estimated to be 99.9 million, representing approximately 8.6% of the total population.> Moreover, according to the World
Health Organization, COPD accounts for approximately 3 million deaths in 2019, making it the third most prevalent
cause for death globally.* Patients with COPD occasionally experience sudden worsening in airway function and
respiratory symptoms, known as acute exacerbation of COPD (AECOPD).” AECOPD has significant adverse conse-
quences for patients, including poorer health status, expedited deterioration in lung capacity, faster disease progression,
and increased mortality rates.®® Aggravated airway and systemic inflammatory responses are hallmarks of AECOPD.
Systemic corticosteroids are extensively utilized in the management of AECOPD due to their effectiveness in suppres-
sing airway inflammation.” Nonetheless, the use of these medications is accompanied by various adverse effects, such as
increased susceptibility to infections, hyperglycemia, and gastrointestinal bleeding, particularly with higher cumulative
doses due to the recurrent nature of AECOPD.'®!"" Hence, the development of effective and targeted anti-inflammatory
pharmacotherapy for AECOPD is urgently needed.

An inflammasome is a multiprotein complex located in the cytosol that activates potent inflammatory mediators. The NOD-
like receptor family pyrin domain-containing 3 (NLRP3) inflammasome plays a crucial role in the innate immune system by
providing the defense against invading pathogens and cellular damage. The structure comprises of three components: a leucine-
rich repeat located at the end of the sequence, a central domain called NACHT with ATPase activity responsible for nucleotide-
binding and oligomerization, and a pyrin domain (PYD) positioned at the beginning of the sequence.'*'> When activated,
NLRP3 attaches to the apoptosis associated speck-like protein that contains a CARD (PYCARD/ASC). Then, ASC engages
with the cysteinyl aspartate-specific protease-1 (Caspase-1), leading to the NLRP3—ASC—pro-Caspase-1 complex, commonly
referred to as the inflammasome.'* As this complex facilitates pro-Caspase-1 cleavage to its active form, interleukin (IL)-1 and
IL-18 are released more readily, which trigger an inflammatory response.'>"’

It has been shown in recent studies that the NLRP3 inflammasome contributes to persistent inflammation in the
airways and to the progression of COPD.'®2° According to clinical studies, molecules related to the NLRP3 pathway,
such as NLRP3, Caspase-1, ASC, IL-1p, and IL-18, were found to be upregulated in AECOPD patients. This upregula-
tion was observed in bronchial tissues, bronchoalveolar lavage fluid (BALF), sputum, serum and peripheral blood
mononuclear cells.'®?! The use of MCC950, a substance that inhibits the NLRP3 inflammasome, or siNLRP3, effectively
reduced NLRP3 inflammasome mRNA and protein levels, as well as airway inflammatory infiltration and lung damage in
IAV-infected COPD rats, indicating the crucial role of NLPR3 inflammasome activation in AECOPD.?* Consequently,
targeting the NLRP3 inflammasome may represent a promising therapeutic approach for AECOPD.*

Recently, it has been demonstrated that a range of plants and their refined components possess anti-inflammatory
characteristics. Among these plants, Andrographis paniculata (Burm.f.) Nees of Acanthaceae family, a plant cultivated
throughout China, has been used for preventing and treating upper respiratory tract infection, pneumonia, and colitis due
to its cleansing and detoxifying properties.** In Andrographis paniculata (Burm.f.) Nees, the major bioactive compound
is andrographolide (AGP), a labdane diterpenoid with anti-inflammatory, antioxidative and antiviral properties.>> >’ It has
been demonstrated that the underlying anti-inflammatory mechanisms of AGP may be linked to the NF-xB, P38-MAPK,
PIK3/AKT, JAK/STAT pathways.>’° Importantly, AGP exerted its anti-inflammatory effects by impeding NLRP3
inflammasome activation.*'** Previous research has also indicated that AGP could suppress CSE-induced IL-1p
production in RAW 264.7 cells, a murine macrophage cell line, thereby attenuating respiratory inflammation.?
Additionally, AGP treatment has been found to significantly decrease IL-1B levels in BALF of mice exposed to cigarette
smoke and atypical Haemophilus influenzae infection.>* Considering the significant involvement of IL-1pB in the airway
inflammation of AECOPD which mainly produced by NLRP3 inflammasome activation, whether AGP could inhibit
NLRP3 mediated IL-1B secretion in AECOPD and alleviate inflammatory response remains unclear. In this study, we
hypothesized that AGP could suppress NLRP3 inflammasome activation to attenuate airway inflammation in AECOPD.

Materials and Methods

Reagents and Experimental Animals

AGP (>98% purity by HPLC) was acquired from Guidechem (#5508-58-7, Shanghai, China), and was dissolved in
dimethyl sulfoxide (DMSO, #D8418, Sigma, USA) for experiment. The study adhered to the National Institute of Health
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Guide for the Care and Use of Laboratory Animals and received approval from the Animal Ethics Committee of West
China Hospital of Sichuan University (2018126A). The research involving animals was carried out following with the
Animal Research: Reporting In Vivo Experiments Guidelines. A total of thirty-six male C57BL/6 mice (Jiangsu
Jicuiyaokang Biotechnology Co., Ltd, China), aged 810 weeks and weighing 18-22g, were housed in the animal
experiment center under a 12-hrs light/dark cycle, with 50% relative humidity and room temperature maintained at
21°C £ 2°C. There was always food and water available to them. Six mice were randomly assigned to each of the
following groups: control group, COPD group, COPD+ lipopolysaccharide (LPS) (AECOPD group), COPD+LPS
+DMSO (AECOPD-DMSO group), COPD+LPS+AGP of low dose (AECOPD-AGP 5mg/kg group), and COPD+LPS
+AGP of high dose (AECOPD-AGP 10mg/kg group).

COPD Model Establishment and Treatment

To create the COPD model, porcine pancreas elastase (#E1250, Sigma, USA) and LPS (#L8274, Sigma, USA) were
given via endotracheal atomization at a concentration of 0.02 U elastase and 1 ug LPS in 50 uL phosphate buffer saline
(PBS), once every week for a total of 4 weeks. The control group, on the other hand, received treatment with 50 pL. PBS.
The lungs and BALF were collected from both the COPD and control groups, one week after the final LPS/elastase
stimulation. In the fifth week, the AECOPD group was created by intratracheal stimulation with LPS (10 pug LPS in 50
pL PBS), building upon the COPD group. To ensure the safety of intraperitoneal injection in mice, a maximum
concentration of 10 mg/kg of AGP was determined to be soluble in 200 pL. PBS with 1% DMSO and 1% Tween. In
order to investigate the dose effect of AGP, a low concentration of 5 mg/kg was chosen for our study. Mice in the AGP of
low dose (5 mg/kg AGP dissolved in 200 uL. PBS with 1% DMSO and 1% Tween) and high dose (10 mg/kg) groups
received intraperitoneal injections of AGP 2 hrs prior to the final LPS stimulation in the fifth week. Following the initial
AGP treatment, subsequent administrations were given every 12 hrs for a total of three times. Mice belonging to the
DMSO group received an injection of 200 puL. PBS containing 1% DMSO and 1% Tween. The mice were euthanized 48
hrs after the last LPS aerosol administration for analysis in the AECOPD, AECOPD-AGP, and DMSO groups.

Measurement of Lung Function

The mice were administered anesthesia using 2% sodium pentobarbital (80 mg/kg). Following anesthesia, the mice
underwent tracheostomy and were positioned on a Buxco lung function test system (Saint Paul, USA). Various lung
function parameters including forced expiratory volume at 100 ms (FEV,q), forced expiratory volume at 200 ms
(FEV,q), forced vital capacity (FVC), functional residual capacity (FRC), total lung capacity (TLC), and chord
compliance (Cchord) were measured and recorded.

Collection of BALF and Inflammatory Cell Counts

Sterile ice-cold PBS was used to lavage the right lung of a mouse three times. After centrifugation, BALF was separated
and the liquid was promptly stored at —80°C for subsequent assays. After being treated with lysis solution, the cells
collected from BALF were reconstituted in 500 uL. PBS. The number of cells was measured using the Countstar FL
automated fluorescent cell analyzer (ALTT, China). Cell smears stained with Wright’s staining allowed for the identifica-
tion of neutrophils, macrophages, and lymphocytes. A minimum of 200 cells from five randomly chosen perspectives in
each section were meticulously examined and tallied by two proficient, impartial researchers who were unaware of the
interventions.

Histopathological Assessment

Samples of lung tissue, preserved in a neutral 10% formalin solution, were subjected to paraffin embedding and slicing (5
uM), followed by staining with hematoxylin and eosin. Subsequently, the extent of lung inflammation lung inflammatory
lesions was assessed by utilizing a numerical scale that included the alveolar septal infiltrate score, perivascular infiltrate
score, and peribronchiolar infiltrate score.®> A trained histologist, unaware of the experimental details, evaluated the
histologic inflammation score.
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THP-1 Monocytes Culture and Polarization into Macrophages

THP-1, a cell line derived from human monocytic leukemia, was acquired from the National Collection of
Authenticated Cell Culture located in Shanghai, China. The cells were grown in RPMI 1640 medium
(#11875093, Invitrogen, USA) with the addition of 10% fetal bovine serum (#10099-141, Gibco, USA) and 1%
(v/v) penicillin/streptomycin (#1719675, Gibco, USA) and kept at 37°C, 5% CO2 in a humid incubator. To achieve
the differentiation of THP-1 monocytes into macrophages, the subsequent procedures were employed. In short,
THP-1 cells (5 x 10°/well) were placed in 6-well plates and exposed to 100 ng/mL of phorbol 12-myristate 13-
acetate (PMA, #P1585, Sigma, USA) for 24 hrs. Afterwards, the RPMI 1640 medium supplemented with LPS (100
ng/mL) was used to replace the culture medium, and the cells were incubated for 24 hrs.

Assessment of Cell Viability

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, #MS5655,
Sigma, USA) reduction assay. After treatment, the medium was removed and the cells were washed with cold PBS.
The cells were then incubated with MTT (5 mg/mL) in dulbecco’s modified eagle medium (DMEM) at 37°C for 4 hrs.
The medium was subsequently eliminated, and 150 pL. DMSO was added to dissolve the formazan. After centrifugation,
the supernatant of each sample was transferred to 96-well plates and the absorbance was read at 490 nm. The absorbance
in cultures treated with 0.1% DMSO was regarded as 100% cell viability.

Transfection

THP-1 cells were placed onto 6-well plates and differentiated into macrophage-like cells with PMA for 24-48 hrs.
Subsequently, LPS (100ng/mL) was added for 24 hrs when the cell confluency reached 60—-80%, followed by the
addition of ATP (Smmol/L) for 1 hr. Next, macrophages were transfected with 50 nmol/L NLRP3 Small interfering
RNA (siRNA) using the NanoFect & Attractene HiPerFect transfection reagent (QIAGEN, Germany). We utilized
the following NLRP3 siRNA sequences: sense, 5'- GUGCGUUAGAAACACUUCATT-3', and antisense, 5'-
UGAAGUGUUUCUAACGCACTT-3'. After a stimulation period of 48 hrs, the transfection efficiency was
assessed using a fluorescence microscope, and both cells and supernatants were collected for future analysis.

AGP Treatment of THP-1 Derived Macrophages

AGP was dissolved in DMSO (80 pmol/L) and diluted with RPMI for further use. The macrophages were incubated with
AGP (10, 20, 40 pumol/L) for 1 hr, followed by stimulation with LPS (0.1 ng/mL) for 24 hrs. Subsequently, the cells were
stimulated with ATP (5 mmol/L) for 1 hr. The remaining cells, after removal of cell-free supernatants through
centrifugation, were utilized for real-time quantitative polymerase chain reaction (RT-qPCR) and Western blot analysis.
Supernatants were collected and the enzyme-linked immunosorbent assay (ELISA) kit was used to determine the
concentration of IL-1p.

RT-qPCR

The study detected targets of the NLRP3 signaling pathway, namely NLRP3, PYCARD, CASPI, ILIB, and IL18 genes, in
different groups. The omega E.Z.N.A.® HP Total RNA Kit (#R6812-02, omega, USA) was used to isolate total RNA from
lung tissue and THP-1 derived macrophages. The manufacturer’s instructions were followed to ensure RNase-free conditions
during the isolation process. Following that, the entire RNA was converted into cDNA using the PrimeScriptTM RT reagent
Kit with gDNA Eraser (#RR047A, TaKaRa, Japan) according to the instructions provided in the manual. The comparative
cycle threshold (Ct) method was used to calculate the relative mRNA expression. The gene’s relative expression levels were
normalized using the f-actin/GAPDH Ct value as an endogenous reference, employing a 2 “*“" relative quantification
method. Tsingke Biotech (Beijing, China) synthesized primers, and their sequences can be found in Table 1.
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Table | Primer Sequences for RT-qPCR

Gene Forward (5’-3’) Reverse (5’-3’)

In vivo

NLRP3 GACTGGCAAAAGGCTGTG AGTTTCTCCAAGGCTACCG
PYCARD | GGGCCATTCTGTTTCTCTC CGTTCACCCTGGTTTTGT
CASPI GCTCTGCGGTGTAGAAAAG ATAGGTCCCGTGCCTTG

ILIB AGTTGACGGACCCCAAA TCTTGTTGATGTGCTGCTG
ILI8 TCTGTGGTTCCATGCTTTC TTGAGGCGGCTTTCTTT
p-actin CAGGTCATCACTATTGGCAAC TCTTTACGGATGTCAACGTCA
In vitro

NLRP3 GAGGAAAAGGAAGGCCGACA CCCGGCAAAAACTGGAAGTG
PYCARD | TTGGACCTCACCGACAAGCT CGGTGCTGGTCTATAAAGTGCAG
CASPI ACAGGCATGACAATGCTGCT GCTGTCAGAGGTCTTGTGCT

ILIB CAGAAGTACCTGAGCTCGCC AGATTCGTAGCTGGATGCCG

L8 AGCCTAGAGGTATGGCTGTAAC | AAAGGTCTCTCTCTTTTTCACAAGC
GAPDH | GGAGCGAGATCCCTCCAAAAT | GGCTGTTGTCATACTTCTCATGG

Abbreviations: RT-qPCR, reverse transcription quantitative polymerase chain reaction; NLRP3, nucleotide-
binding oligomerization domain-like receptor protein 3; PYCARD, apoptosis-associated speck-like containing
a CARD; CASPI, cysteinyl aspartate-specific protease-|; IL, interleukin.

Western Blot

Western blot was used to measure the protein levels of NLRP3, ASC, and Caspase-1 in the lung tissue of mice and
macrophages derived from THP-1 cells. The protein phosphatase inhibitor cocktail (#P1266-1, Applygen Technologies,
China), phenylmethylsulfonyl fluoride (PMSF) (#ST505, Beyotime Biotechnology, China), and radioimmunoprecipita-
tion assay (RIPA) buffer (#P0013B, Beyotime Biotechnology, China) were used for total protein extraction. The
concentration of the sample was determined using the BCA Protein Assay Kit (#23227, Thermo, USA). Proteins of
the same quantities were subjected to electrophoresis using a 10% SDS-polyacrylamide gel (#PG112, Epizyme, China)
and subsequently transferred onto polyvinylidene difluoride membranes (PVDF, Millipore, USA). PVDF filters were
obstructed in 5% skimmed milk (Yili, China) for 1 hr at room temperature. After that, they were incubated with primary
antibodies, which included rabbit anti-NLRP3 (#15101S, 1:500, Cell Signaling Technology, USA), rabbit anti-ASC
(#67824S, 1:1000, Cell Signaling Technology, USA), and rabbit anti-Caspase-1 (#24232S, 1:1000, Cell Signaling
Technology, USA) overnight at 4°C. After three washes with Tris-buffered saline (TBS-T) for five minutes each, the
membranes were incubated at room temperature for 2 hrs with fluorescent-based secondary antibodies against rabbit IgG
(#2B-2301, 1:10000, ZSGB-BIO, China). Afterwards, an enhanced chemiluminescence technique (#1705060, Bio-rad,
USA) was employed to observe protein expression, and the intensities of the bands were analyzed using ImageJ software
(NIH, USA).

ELISA Analysis

After centrifugation, the collected supernatants from the BALF of mice and macrophages derived from THP-1 were
obtained. IL-1p levels were measured with the ELISA kit (#MLB0OOC and #DLB50, R&D systems, USA), following the
guidelines provided by the manufacturer.

Molecular Docking

To validate the binding affinity and interactions between AGP and targets (NLRP3, ASC, Caspase-1, IL-1p, and IL-18),
molecular docking analysis was utilized. The 2D structures of AGP were retrieved from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/), and while 3D structures of NLRP3, ASC, Caspase-1, IL-1p, and IL-18 were searched from
the RCSB Protein Data Bank (PDB) (https://www.rcsb.org/). The PDBQT files were acquired through a series of steps
including the elimination of water molecules, separation of proteins, addition of nonpolar hydrogens, and calculation of

Gasteiger charges. AutoDock Tools and AutoDock Vina (version 1.1.2) were utilized to perform the docking procedure
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of AGP with the targets and calculate the respective free binding energies. It is widely acknowledged that a lower binding
energy between the ligand and receptor indicates a higher likelihood of interaction. Following the docking procedure,
PyMOL (version 2.5.4) was employed to visualize the interaction and binding patterns between the most strongly bound
group of molecules and the targets.

Statistical Analyses

Data analysis was performed using SPSS 23.0 software (SPSS Inc., USA) for statistical analyses, while figures were
generated using GraphPad Prism 9 software (GraphPad 9.5.0). We evaluated the regularity of the data by conducting the
Shapiro—Wilks test. The data were reported as means £ SEM or as the median (interquartile range) depending on the
distribution types. To compare the two groups, either Student’s #-test or Mann—Whitney U-test was utilized, whereas for
equal variances involving multiple groups, ANOVA or Tukey’s multiple-comparison test was employed. P < 0.05 was
statistically significant.

Results

Effect of AGP Treatment on AECOPD Mice Model

COPD Mice Model

In comparison to the control group, the COPD group exhibited significant reductions in lung function indicators,
specifically FEVoo/FVC and FEV,,/FVC, while FRC demonstrated a significant increase (Figure 1A). Additionally,
the COPD group displayed significant increases in total inflammatory cell counts, neutrophil counts, macrophage counts,
and lymphocyte counts, as depicted in Figure 1C, when compared to the control group. Furthermore, the mean linear
intercept (MLI) in the COPD group was notably higher than that observed in the control group (Figure 1B).

AGP Relieved Inflammatory Cell Infiltration in AECOPD Mice

For in vivo study, the AECOPD group exhibited a significant increase in total inflammatory cell, neutrophil, macrophage,
and lymphocyte counts in BALF compared to the COPD group. Following AGP treatment, there was a notable reduction in
inflammatory cell counts and neutrophils in BALF compared to the AECOPD-DMSO group. This observation was
consistent with H&E staining results of the AECOPD group, which revealed elevated neutrophil cell infiltration, hyper-
emia, edema, and thickened bronchial, presenting typical pathological changes associated with AECOPD (Figure 1C).
Notably, the administration of a high dose of AGP treatment significantly mitigated inflammation infiltration, hyperemia,
and bronchial thickening, indicating AGP relieved the lung pathological injury in AECOPD (Figure 1D and E).

AGP Inhibited NLRP3 Inflammasome Activation in AECOPD Mice

NLRP3, PYCARD, CASPI, ILIB, ILI8 mRNA Expression

The results depicted in Figure 2A—E demonstrate a notable augmentation in the expression of CASP/ and /L/8 mRNA in
the COPD group when compared to the control group. Furthermore, the AECOPD group exhibited a significant
upregulation in the levels of NLRP3, PYCARD, CASPI1, ILIB, and IL18 mRNA expression in comparison to the control
group. High dose of AGP treatment (10mg/kg) significantly reduced NLRP3, PYCARD, CASPI, ILIB, and IL18 mRNA
expression compared to AECOPD-DMSO group.

NLRP3, ASC, Caspase-1 and IL-1B Protein Levels

As depicted in Figure 2F, increased protein levels of IL-1p in BALF were shown in AECOPD group compared to the
control group. The administration of AGP (high dose) significantly reduced IL-1 protein levels compared to AECOPD-
DMSO group.

As showed in Figure 3, the AECOPD group exhibited elevated protein levels of NLRP3, ASC, and Caspase-1 in
comparison to the control group. NLRP3, ASC, and Caspase-1 protein expression levels were slightly decreased with
a low dosage of AGP treatment, while a high dosage of AGP treatment significantly reduced these protein expression
levels.
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AGP Treatment Suppressed NLRP3 Inflammasome Activation on THP-1 Derived
Macrophages

THP-I Derived Macrophages

THP-1 cells were differentiated to macrophages by treatment with 100ng/mL PMA for 24-48 hrs and 100ng/mL LPS for
24 hrs, featured by larger cell size, irregular morphology, pseudopodia formation, and adherent growth (Figure 4A).

Small Interfering RNA (siRNA)
As shown in Figure 4B, the transfection efficiency was observed to be approximately 44-53% under a fluorescence
microscope after transfection of 50 nmol/LL NLRP3 siRNA into THP-1-derived macrophages for 48 hrs.

The concentration of IL-1p in the culture supernatant was measured using ELISA. The blank group had significantly
lower IL-1B levels compared to the LPS+ATP group (Figure 5F). The IL-1B concentration in the supernatant of the
NLRP3 siRNA group exhibited a decrease compared to that in the LPS+ATP group (Figure 5F), suggesting that
inhibiting NLRP3 expression resulted in a downregulation of IL-1f secretion. Furthermore, the NLRP3, CASPI, and
IL1B gene expression levels of the NLRP3 siRNA group were significantly decreased (Figure 5A, C and D), and NLRP3
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Abbreviations: COPD, chronic obstructive pulmonary disease group; AECOPD, acute exacerbation of chronic obstructive pulmonary disease group; DMSO, dimethyl
sulfoxide; AGP, andrographolide treatment group; BALF, bronchoalveolar lavage fluid; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; PYCARD,
apoptosis associated speck-like protein that contains a CARD; CASPI, cysteinyl aspartate-specific protease-1; IL, interleukin.

and Caspase-1 protein expression were also downregulated (Figure 5F), which further confirmed that interfering NLRP3
gene expression can downregulate downstream gene and protein expression levels.

Cytotoxicity of AGP on THP-I Derived Macrophages
Cell viability were not significantly impacted by intervention of AGP with concentration of 10, 20, and 40 umol/L
(Figure 4C) by MTT experiments, indicating the non-toxic effect of AGP on cells. The above concentrations were

selected as the intervention concentration for in vitro study.

AGP Inhibited NLRP3-Mediated IL-1f Pathway Activation in THP-I Derived Macrophages

Gene Expression Levels of NLRP3-Mediated IL-1[ Pathway

The levels of NLRP3 and CASP! expression were notably reduced by AGP treatment at concentrations of 10, 20, and 40
umol/L, as depicted in Figure SA-D. Furthermore, the groups that received 10 umol/L and 20 pmol/L of AGP exhibited
significantly reduced /L 1B expression levels in comparison to the DMSO group. The gene expression of PYCARD in the
AGP treatment group and NLRP3 group showed no notable changes in comparison to the LPS+ATP group.
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Figure 3 AGP inhibited protein levels of NLRP3 inflammasome pathway in lung tissue of AECOPD mice. (A) Western blot analysis of NLRP3, ASC, and Caspase-| protein
levels in the lung. (B—-D) Corresponding grayscale statistics. The results were presented as the mean * SEM, n = 4, *P < 0.05; **P < 0.01; ns, P > 0.05.

Abbreviations: COPD, chronic obstructive pulmonary disease group; AECOPD, acute exacerbation of chronic obstructive pulmonary disease group; DMSO, dimethyl
sulfoxide; AGP, andrographolide treatment group; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; ASC, apoptosis associated speck-like protein
that contains a CARD; Caspase- |, cysteinyl aspartate-specific protease-|.

Protein Expression Levels of NLRP3-Mediated IL-1J3 Pathway
The protein expression levels of molecules associated with the NLRP3-mediated IL-1p pathway (NLRP3, ASC, Caspase-
1) via Western blot in each experimental group. The findings indicated that NLRP3 and Caspase-1 protein levels were
downregulated following treatment with varying concentrations of AGP (Figure 5E).

IL-1p levels in supernatants were detected using ELISA. Notably, treatment with 40 pmol/L of AGP significantly
reduced the IL-1P levels, whereas no significant variances were detected in the groups treated with 10 and 20 umol/L of
AGP (Figure 5F).
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Figure 4 THP-I induced macrophages and NLRP3 siRNA transfection. (A) THP-1 induced macrophages (left monocytes, right macrophages). (B) NLRP3 siRNA
transfection of THP-I derived macrophage (left before NLRP3 siRNA transfection, right after NLRP3 siRNA transfection). (C) Cell viability of THP-1 derived macrophages
after the andrographolide treatment. Results were presented as median (interquartile range), n = 3, ns, P > 0.05.

Abbreviation: AGP, andrographolide treatment.

Exploring the Interactions and Possible Modes of Binding Between AGP and the
NLRP3 Inflammasome Pathway

A molecular docking analysis was conducted to investigate and confirm the potential interactions and binding modes
between AGP and the proteins associated with the NLRP3 inflammasome pathway. Figures 6A and S1-S4 (see
Supplementary File) displayed the docking energies, indicating that AGP exhibited strong binding affinity with
NLRP3, ASC, Caspase-1, IL-1B, and IL-18, as all the binding energies were below —5 kcal/mol. The stability of the
binding conformation increased as the free binding energy decreased, and NLRP3 exhibited the strongest affinity for
AGP. There were two pairs of hydrogen bonds, six pairs of hydrophobic interactions hydrogen bonds and one pair of salt
bridge between AGP and NLRP3. Figure 6B and C displayed the depicted molecular binding models of NLRP3. In the
complex AGP-NLRP3, AGP bound to a pocket on NLRP3 protein surrounded by amino acids LEU164, ARG167,
ILE234, TYR381, PRO412, TRP416, SER161, SER163, and HIS522. There were hydrogen bonds with SER161 and
SER163, salt bridges with HIS522 and hydrophobic interactions with LEU164, ARG167, ILE234, TYR381, PRO412 and
TRP416. In summary, the main interaction between NLRP3 and AGP is salt bridge, hydrogen bond and hydrophobic

action.

Discussion

Growing evidence has showed the involvement of NLRP3 inflammasome in the aggravation of inflammatory response
during exacerbation of COPD.***® In this study, we observed that treatment with AGP inhibited the activation of NLRP3
inflammasome and mitigated pulmonary inflammation in a mouse model of AECOPD. Additionally, we confirmed the
inhibition of the NLRP3 inflammasome pathway by AGP in THP-1 derived macrophages. Furthermore, we identified the
binding modes between AGP and potential targets of the NLRP3 signaling pathway, providing further evidence of AGP’s
interaction with NLRP3, particularly at the molecular level.
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Figure 5 siRNA interference and AGP treatment inhibited the gene and protein expression levels of NLRP3 pathway in THP-1 derived macrophages. (A-D) The mRNA expression of
NLRP3, PYCARD, CASP| and IL1B. (E) Western blot analysis of NLRP3, ASC, and Caspase-| protein levels. (F) IL-1 concentration in the culture supernatant for each group. The results
were presented as the mean + SEM, n = 3, *P < 0.05; **P < 0.01; ****P < 0.0001; ns, P > 0.05.

Abbreviations: LPS, lipopolysaccharide; DMSO, dimethyl sulfoxide; AGP, andrographolide treatment. NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3;
PYCARD, apoptosis associated speck-like protein that contains a CARD; CASPI, cysteinyl aspartate-specific protease-|; IL, interleukin; siRNA, small interfering RNA.
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Figure 6 Interactions and potential binding modes between AGP and molecules related to NLRP3 inflammasome pathway. (A) The docking score of AGP with the targets of
NLRP3, ASC, Caspase-I, IL-1B and IL-18. (B) Representative 3D binding model of AGP to NLRP3. (C) representative 2D model of the binding of AGP to NLRP3.
Abbreviations: NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; ASC, apoptosis associated speck-like protein that contains a CARD; Caspase-1,
cysteinyl aspartate-specific protease-1; IL, interleukin.
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Prior clinical investigations have presented proof of the substantial participation of NLRP3 inflammasome in the
pathogenesis and worsening of COPD. Faner et al discovered that COPD patients exhibited elevated levels of NLRP3
mRNA expression in their lung tissue in comparison to healthy individuals.?' Furthermore, in AECOPD patients, the
expression of NLRP3, PYCARD, CASPI, ILIB, and IL18 were found to be upregulated in both bronchial tissues and
peripheral blood mononuclear macrophages, compared to stable COPD patients and healthy smokers.'® Moreover,
patients with AECOPD exhibited notably higher levels of IL-1p and IL-18 in spontaneous sputum, serum, and BALF
supernatants, as evidenced by previous studies.'®?' Similarly, significantly increased IL-1p levels were also observed in
a rat model induced by influenza A virus.>**° IL-1p has been inked to with frequent exacerbations, prolonged smoking
duration, elevated neutrophil counts, and increased C-reactive protein levels in patients with COPD.**** Further, IL-1R
deficient mice had significantly less airway neutrophils following exposure to cigarette smoke, indicating the crucial
involvement of IL-1p in the acute exacerbations in COPD.***** The present study has corroborated these findings by
demonstrating the clear activation of NLRP3 inflammasome in the AECOPD mouse, and has further identified AGP as
an effective inhibitor of its activation.

Within the lung, monocytes and macrophages serve as the primary effector cells of NLRP3.** Alveolar macrophages,
in particular, play a key role in the inflammation and progression of COPD.*® In response to bacterial, viral, and external
stimuli, macrophages have been observed to generate IL-103, which subsequently influences the influx of neutrophils and
recruitment of monocytes, thereby worsening the inflammatory response in exacerbation of COPD.*”* Given the
restricted availability of macrophages that can be obtained from BALF samples in mice, our study used THP-1
monocyte-derived macrophage, a commonly used model for investigating macrophages, particularly in COPD.>*? In
this study, the NLRP3 inflammasome was activated through stimulation with LPS+ATP, leading to notable elevations in
IL-1B levels in THP-1-derived macrophages. Furthermore, administration of AGP resulted in the suppression of the
NLRP3 signaling pathway and a reduction in IL-1f secretion. These findings provided additional evidence that AGP has
the ability to inhibit the NLRP3 inflammasome pathway in AECOPD.

Various exogenous activators, including cigarettes smoke, air pollution particles, silica crystals, and asbestos fibers, as
well as endogenous molecules like LPS, pathogen-associated molecular pattern, tumour necrosis factor a, or IL-1p, can
trigger the activation of the NLRP3 inflammasome. Additionally, NLRP3 inflammasome can be activated by viral,
bacterial, or fungal infections, which have been identified as crucial factors contributing to exacerbations in patients with
COPD.>*°® For example, pneumolysin, which is a crucial factor for the virulence of Streptococcus pneumoniae, was
discovered to be a strong NLRP3 inflammasome activator.”* Furthermore, the stimulation of murine macrophages with
Nontypeable Haemophilus influenzae has been observed to result in the activated NLRP3 inflammasome and the
subsequent release of IL-1B through Caspase-1-dependent mechanisms.’> Blocking NLRP3 activation decreased the
levels of IL-1f and IL-18 in mice infected with influenza A virus and improved their survival.’® Gram-negative bacteria
produce LPS as a major microbial mediator, while Toll-like receptors (TLRs) serve as the transmembrane transduction
receptors that initiate extracellular-to-intracellular communication.”” Through its direct engagement with TLR4, LPS
activates the NF-kB ligands for TLRs or cytokine receptors, activating the transcription factor NF-kB, which then
activates NLRP3 and upregulates pro-IL-1p.>® These findings elucidated a significant respiratory infection mechanism by
which the main triggers for exacerbation of COPD aggravated lung inflammation during AECOPD by the activation of
NLRP3 inflammasome.

The involvement of NLPR3 inflammasome in the observed inflammatory response has prompted extensive research
on the targeting of pathway antagonists, which showed the amelioration of inflammatory cell infiltration and inflamma-
tory molecules in COPD associated with NLRP3 inhibition, both in vivo and in vitro.”**° Studies focusing on
therapeutic agents that directly target the NLRP3 inflammasome pathway have shown their effectiveness in COPD.
For example, MCC950, a specific NLRP3 inhibitor, has demonstrated its ability to inhibit the activation of NLRP3
inflammasome, suppressed the IL-1P release and NLRP3-induced ASC oligomerization that alleviate inflammation of
lung tissues in LPS-induced COPD mice models.®>’® Recently, Zhang et al showed that VX-765, a specific Caspase-1
inhibitor, decreased levels of Caspase-1, IL-1B, IL-18, and lactate dehydrogenase in human bronchial epithelial cells
following exposure to cigarette smoke extract.°® On the other hand, there were also many other indirect NLPR3
inflammasome antagonists, including LP17 (a specific inhibitor of TREM-1),** melatonin,**®' histidine,> BML-111
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(an agonist of lipoxin receptor),”® (-)-Epicatechin (a type of flavonoid).®> For example, histidine inhibited the NLRP3
inflammasome activation via the SIRTI-dependent pathway.62 Despite the potential effects demonstrated by these
therapeutic agents in COPD disease models, there remained a lack of specific mechanistic understanding and clinical
application of these substances. Furthermore, trials have been carried out to evaluate the effectiveness of inhibitors
targeting the NLRP3 pathway, including Canakinumab (an anti-human IL-1$ monoclonal antibody),*” MEDI2338 (an
anti-human IL-18 monoclonal antibody)®® or MEDIS968 (an anti-human IL-1R1).®” Regrettably, these experiments did
not reveal identify clinical improvements in COPD patients, compared with placebo. A recent study assessing the
efficacy of DFV890, a novel NLRP3 inhibitor, in the treatment of coronavirus-associated acute respiratory distress
syndrome demonstrated that early clearance of SARS-CoV-2, improved clinical outcomes, reduced fatal events, and
enhanced in-hospital outcomes were observed with the use of DFV890.”' However, it is crucial to acknowledge that
currently there are no drugs of antagonists for NLRP3 pathway that are available on the market.

AGP, a naturally occurring labdane diterpenoid, has demonstrated protective effects by acting as an anti-inflammatory
and immunomodulatory agent. It has also been proven to have therapeutic benefits for conditions such as intestinal
inflammation, colitis, acute lung injuries, and respiratory infections.”” Previous studies showed that AGP inhibited CSE-
stimulated IL-1p production in vitro®® and reduced IL-1B levels in BALF in Haemophilus influenzae infected COPD
model mice.** In line with these discoveries, our study revealed that AGP intervention significantly downregulates IL-1p
gene and protein expression in LPS/elastase induced AECOPD mice model and THP-1 derived macrophages.
Importantly, the present study demonstrated that AGP inhibited NLRP3 inflammasome activation, which serves as the
upstream pathway for IL-1B production. Besides, traditional Chinese medicine (TCM) has gained growing attention as
a potential treatment for COPD, owing to its multi-target and multi-pathway action mechanisms, which distinguish it
from Western medicines.”*"”* Notably, monomer compounds derived from TCM hold significant potential as valuable
assets for the discovery of innovative reagents, given their exceptional biological activity and greater structural diversity
in comparison to synthetic compounds.”” In addition to the general advantages of monomers, AGP possessed the
advantageous characteristics of low toxicity, ease of acquisition, and cost-effectiveness, rendering it extensively utilized
in the treatment of diverse inflammatory conditions. Therefore, AGP could be a natural compound as regulators of
NLRP3 Inflammasome-mediated pathway for anti-inflammatory therapy in AECOPD.

Molecular docking, a crucial technique for predicting molecular interactions between ligands and targets, is widely
employed to investigate the mechanisms underlying such interactions.”® In order to conduct a more comprehensive
investigation into the molecular-level ligand—target interactions between AGP and NLRP3 inflammasome, we also
further found that AGP exhibited a favorable binding affinity towards five targets associated with the NLRP3 inflam-
matory pathway, as determined through molecular docking analysis. Our findings indicate that the primary modes of
interaction between NLRP3 and AGP involve salt bridge formation, hydrogen bonding, and hydrophobic interactions.
Notably, no prior studies have explored the ligand—target interactions between AGP and the NLRP3 inflammasome
pathway, as far as our knowledge extends.

There are several limitations in this study that warrant attention. Future investigations should include the use of
a positive control drug for NLRP3 inhibition and the utilization of a mice model with NLRP3 gene knockout to validate
the findings. Additionally, while the molecular docking results demonstrated favorable binding affinity between AGP and
the targets of the NLRP3 pathway (all < —5 kcal/mol), further exploration of efficacy and mechanism through site-
directed mutagenesis is necessary to provide a more comprehensive understanding. Thirdly, our study laid the foundation
for clinical efficacy studies of AGP in patients with AECOPD, which needs further investigation for its application on
clinical practice.

Conclusion

In conclusion, the NLRP3 inflammasome activation has been implicated in the pathogenesis of AECOPD. Experimental
evidence from in vivo and in vitro studies supports the potential of AGP to mitigate NLRP3 inflammasome activation
and attenuate the inflammatory response during AECOPD. Currently, there is a lack of specific anti-inflammatory
therapies targeting NLRP3 inflammasome in COPD, and the use of non-specific corticosteroids is associated with
various side effects. AGP emerges as a promisingly natural compound as regulators of NLRP3 inflammasome that
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might be used as an anti-inflammatory therapeutic strategy for AECOPD deserving further clinical investigations to
determine its efficacy.
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AECOPD, acute exacerbation of chronic obstructive pulmonary disease; AGP andrographolide; ASC/PYCARD, apop-
tosis-associated speck-like containing a CARD; BALF, bronchoalveolar lavage fluid; Caspase-1, cysteinyl aspartate-
specific protease-1; Cchord, chord compliance; COPD, chronic obstructive pulmonary disease; DMSO, dimethyl sulf-
oxide; ELISA, enzyme-linked immunosorbent assay; FEV100, forced expiratory volume at 100 ms; FEV200, forced
expiratory volume at 200 ms; FRC, functional residual capacity; FVC, forced vital capacity; LPS, lipopolysaccharide;
MLI, mean linear intercept; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; IL, interleukin;
PBS, phosphate buffer saline; PMA, phorbol 12-myristate 13-acetate; RT-qPCR, reverse transcription quantitative
polymerase chain reaction; siRNA, small interfering RNA; TLC, total lung capacity; TCM, traditional Chinese medicine.
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