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Purpose: Bronchiectasis patients are prone to Pseudomonas aeruginosa infection due to decreased level of sphingosine in airway.
Adiponectin receptor agonist AdipoRon activates the intrinsic ceramidase activity of adiponectin receptor 1 (AdipoR1) and positively
regulates sphingosine metabolism. This study aimed to investigate the potential therapeutic benefit of AdipoRon against Pseudomonas
aeruginosa infection.

Methods: A mouse model of Pseudomonas aeruginosa lung infection and a co-culture model of human bronchial epithelial cells with
Pseudomonas aeruginosa were established to explore the protective effect of AdipoRon. Liquid chromatography-mass spectrometry
was used to detect the effect of AdipoRon on sphingosine level in lung of Pseudomonas aeruginosa-infected mouse models.
Results: The down-regulation of adiponectin and AdipoR1 in airway of bronchiectasis patients was linked to Pseudomonas
aeruginosa infection. By activating AdipoR1, AdipoRon reduced Pseudomonas aeruginosa adherence on bronchial epithelial cells
and protected cilia from damage in vitro. With the treatment of AdipoRon, the load of Pseudomonas aeruginosa in lung significantly
decreased, and peribronchial inflammatory cell infiltration was lessened in vivo. The reduced level of sphingosine in the airway of
Pseudomonas aeruginosa infected mice was replenished by AdipoRon, thus playing a protective role in the airway. Moreover,
AdipoRon activated P-AMPKoa/PGCla, inhibited TLR4/P-NF-kB p65, and reduced expression of pro-apoptotic bax. However, the
protective effect of AdipoRon on resisting Pseudomonas aeruginosa infection was weakened when AdipoR1 was knocked down.
Conclusion: AdipoRon protects bronchial epithelial cells and lung by enhancing their resistance to Pseudomonas aeruginosa
infection. The mechanism might be modulating sphingosine metabolism and activating P~-AMPKa/PGCla while inhibiting TLR4/
P-NF-kB p65.
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Introduction
Sphingolipid metabolism levels in the airway have been linked to the susceptibility to Pseudomonas aeruginosa

infection.! The accumulation of ceramide and a reduction of sphingosine level in tracheal and bronchial epithelial
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cells increase the infection susceptibility of cystic fibrosis mice and patients.” Normalization of ceramide and sphingosine
levels by inhalation of functional acid inhibitors prevents pulmonary Pseudomonas aeruginosa infection of cystic fibrosis
mice.® Reduced acid ceramidase activity impairs sphingosine metabolism, increasing the incidence of Pseudomonas
aeruginosa infection in cystic fibrosis mice.* Further studies have reported that the supplementation of recombinant acid
ceramidase protein in cell and mouse models upregulates the sphingosine level and confers resistance to Pseudomonas
aeruginosa infection.> Our prior study found decreased sphingosine level in the lower respiratory tract of patients with
non-cystic fibrosis bronchiectasis compared to the control group.® We also established a negative association between
sphingosine level and Pseudomonas aeruginosa infection.® Moreover, sphingosine demonstrated antibacterial effect and
inhibited the adherence of Pseudomonas aeruginosa to bronchial epithelial cells.® It is indicated that patients with non-
cystic fibrosis bronchiectasis are susceptible to Pseudomonas aeruginosa infection due to dysregulated sphingosine.
Upstream regulators for maintaining sphingosine metabolism balance may be therapeutic approaches for tackling
Pseudomonas aeruginosa infection in non-cystic fibrosis bronchiectasis.

The metabolic homeostasis of ceramide and sphingosine is regulated not only by acid ceramidase but also by other
ceramidase, such as adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2).” AdipoR1 and AdipoR2
are activated by adiponectin to catalyse the hydrolysis of ceramide to produce sphingosine.® Conversely, the deficiency of
AdipoR1 leads to ceramide accumulation in retina in AdipoR1~” mice.” In human airway epithelial cells, AdipoR1
expression is predominant.'® In preterm infants, insufficient AdipoR1 expression during the canalicular and saccular
stages of lung development raises the risk of bronchopulmonary dysplasia.'' When the AdipoR1 gene was knocked out,
the bacterial infection of Listeria was worsened in mice.'? This indicates the crucial role of AdipoR1 in regulating the
balance of ceramide and sphingosine metabolism and the protective effects of AdipoR1 on lung and bronchial epithelium
to tackle Pseudomonas aeruginosa infection. Currently, no research is investigating whether the imbalance of sphingo-
sine levels in the lower respiratory tract of patients with non-cystic fibrosis bronchiectasis is regulated by adiponectin and
its receptor AdipoR1. We hypothesized that maintaining sphingosine metabolism balance by the supplementation of
adiponectin and the activation of adiponectin receptor AdipoR1 might aid in resisting Pseudomonas aeruginosa infection
in bronchiectasis.

The regulation of adiponectin gene expression is tightly controlled by a number of transcription factors.'®> Nuclear
transcription regulator peroxisome proliferators-activated receptor gamma (PPARY) binds to exogenous lipid-like ligands
and then interacts with specific PPAR response elements on nuclear DNA to modulate gene expression.'* PPARy binds to
the adiponectin promoter in mice and humans, serving as a major positive regulator of adiponectin gene expression.'”
The deletion of PPARy results in decreased levels of adiponectin.'® It is reported that agonising PPARy inhibits
Pseudomonas aeruginosa biofilm production in vitro,'” and PPARy agonism decreases airway mucus hypersecretion
in vivo.'® The attenuation of PPARy impacts the innate immune function of primary airway epithelial cells by reducing
expression of antimicrobial peptide and paraoxonase-2, as well as enhancing IL-8 expression.'” Previous study has
revealed that non-cystic fibrosis bronchiectasis patients exhibit low expression of PPARY in their airways, and PPARYy is
inversely correlated with the presence of Pseudomonas aeruginosa.” It is assumed that the decreased PPARY expression
attenuates airway epithelial host defense and increases susceptibility to Pseudomonas aeruginosa infection. Adiponectin
reduces inflammation in various cells and increases macrophage migration through adiponectin-AdipoR1-PI3Ky signal-
ing pathway.?! Adiponectin exerts a variety of beneficial systemic effects through a sphingolipid-mediated pathway.’
There has no investigations of the relationship between PPARy-adipoenctin-AdipoR1, sphingosine metabolism, and
Pseudomonas aeruginosa infection in bronchiectasis patients. Importantly, downstream signaling pathways of AdipoR1
in Pseudomonas aeruginosa infection need to be further explored.

AdipoRon is a specific activator of AdipoR1 and AdipoR2, exerting protective effect against the damage of target
organs through an improvement in lipid metabolism, as shown by the ratio of ceramide to sphingosine.”* The admin-
istration of AdipoRon can decrease the bacterial load of Listeria in the livers of adiponectin gene knockout mice and
alleviate peritonitis.'? AdipoRon could be leveraged therapeutically in Pseudomonas aeruginosa infection of bronch-
iectasis patients. Therefore, the current study aims to explore the relationship between AdipoR1, sphingosine metabo-

lism, and Pseudomonas aeruginosa infection in bronchiectasis patients; to determine the potential therapeutic benefit of
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AdipoR1 agonist AdipoRon against Pseudomonas aeruginosa infection; and to identify the role of AdipoR1 in
sphingosine metabolism and its downstream signaling pathways in Pseudomonas aeruginosa infection.

Material and Methods

Bronchiectasis Patients’ Samples

Adiponectin Levels in Bronchoalveolar Lavage Fluid

This study was conducted in accordance with the Declaration of Helsinki. Bronchiectasis patients who underwent
bronchoscopy from March 2021 to March 2022 in the First Affiliated Hospital of Shandong First Medical University
& Shandong Provincial Qianfoshan Hospital and Qilu Hospital of Shandong University were included. Inclusion criteria:
(i) chest CT met the diagnostic criteria for bronchiectasis,*** (ii) aged 18-80 years, (iii) idiopathic or post-infection
bronchiectasis, and (iv) no history of smoking. The control group consisted of individuals from these two hospitals,
matched according to gender and age, who underwent bronchoscopy for unilateral peripheral pulmonary nodules (nodule
diameter < 3 cm) or hemoptysis without significant abnormality detected by chest CT (detailed inclusion and exclusion
criteria were described in Supplementary Material). This study was approved by the First Affiliated Hospital of Shandong
First Medical University & Shandong Provincial Qianfoshan Hospital ethics committee (2021-S402) and Qilu Hospital
of Shandong University ethics committee (2019-147), and informed consent from the patients was obtained prior to

isolation and use of these samples. Bronchoalveolar lavage fluid (BALF) samples were collected to measure adiponectin
levels using the enzyme-linked immunosorbent assay (ELISA) method (EK195 kit, MultiSciences, Hangzhou, China).
Blank well and standard well with multiple dilutions were made as the control group.

Immunohistochemistry of Lung Tissue Specimens

Patients who underwent lobectomy for bronchiectasis, including bronchiectasis with recurrent refractory hemoptysis and
limited bronchiectasis with chronic abscess formation, and were admitted to two hospitals from January 2021 to
August 2022 were included; lung tissue specimens from bronchiectasis lesion sites were obtained. Inclusion criteria:

6,23

CT of the chest met the diagnostic criteria of bronchiectasis, and pathological diagnosis of bronchiectasis was

confirmed by pathologists (detailed inclusion and exclusion criteria were described in Supplementary Material). The

control group included patients who were admitted to the thoracic surgery departments of both hospitals during the same
period, were age- and gender-matched with the bronchiectasis group, and underwent lobectomy for isolated peripheral
pulmonary nodules (<3 cm in diameter); specimens were collected beyond 5 cm from the lung lesion.
Immunohistochemistry was performed on paraffin sections of human lung tissue specimens using adiponectin receptor
1 (AdipoR1, MAS5-32249, Thermo Fisher Scientific, USA) and PPARy (#2435, Cell Signaling Technology, USA), with
phosphate buffer saline (PBS) being the negative control.

Bacterial Culturing and Preparation of Bacterial Suspension

Pseudomonas aeruginosa PAO1 strain (ATCC) was provided by Dr. Yu-jiao Wang. Resuscitated bacteria from single
colonies were inoculated into an LB liquid medium and cultured overnight at 37°C and 150 rpm/min for 16 hours. The
sediment of bacterial solution was collected and resuspended in PBS. The bacterial concentration was determined by
a McFarland turbidimetric method, and was adjusted to 10"® colony-forming units (CFU)/mL. The prepared suspension
was diluted 10-fold (original concentration, 10-fold, 10"2-fold, 10"3-fold, 10™*-fold, and 10"-fold). Fifty uL of the diluted
suspension were spread on LB agar plates, repeated three times. After 24-hour incubation at 37°C, CFU of the bacterial
colonies were counted.

Experimental Cell Models

Human Bronchial Epithelial Cells Culture

Normal human primary bronchial epithelial cells were acquired from patients who underwent bronchoscopy because of
unilateral peripheral pulmonary nodules (nodule diameter <3 cm) or hemoptysis without significant abnormalities on chest CT
from December 2022 to September 2023 in the First Affiliated Hospital of Shandong First Medical University & Shandong
Provincial Qianfoshan Hospital (detailed inclusion and exclusion criteria were added in Supplementary Material). Under
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electron bronchoscopy, sterile protective brushes gently brushed 2-3 grade human primary bronchial epithelial cells.®
PneumaCult™-Ex and PneumaCult™-ALI culture mediums (05001and05008, STEMCELL Technologies, Canada) were
used for air-liquid interface differentiation culture. Human bronchial epithelial cell line 16HBE (FH-1013) was purchased
from FuHeng BioLogy (Hangzhou, China) and was cultured using KM medium (#2101, Shanghai Zhong Qiao Xin Zhou
Biotechnology, Shanghai, China).

Pre-Treatment of Cell Models with AdipoRon

AdipoRon (HY-15848, MedChemExpress, USA) was prepared as a 100 mm stock solution in DMSO and diluted to the
desired concentrations. It is reported that AdipoRon at concentrations of 5-50 uM activates AdipoR1 and increases
adenosine 5’-monophosphate-activated protein kinase (AMPK) phosphorylation in a dose-dependent manner to almost
the same extent as did adiponectin.>* Specifically, 10 pM, 50 uM, and 100 pM AdipoRon working solutions were added
24 hours before Pseudomonas aeruginosa infection. PBS and 0.1% DMSO solutions were used as control groups.

Co-Culture of Bronchial Epithelial Cell with Pseudomonas aeruginosa

Subsequently, 100 puL of bacterial suspension containing 0.5%10"> CFU was added to the upper chamber of the transwell
inserts of air-liquid interface cultured differentiated human bronchial epithelial cell for an 8-hour incubation. Preliminary
results indicated a suitable bacterial concentration for co-culture with 16HBE cells and Pseudomonas aeruginosa was
0.5x10™* CFU. Then 100 pL of bacterial suspension containing 0.5x10™* CFU was added to the 16HBE cells culture
medium and incubated for 8 hours.

Cell Transfection

Choose two siRNA sequences, AdipoR1 siRNA1 and siRNA2, to downregulate AdipoR1 expression. Plate I6HBE cells
at 70-80% confluency in a 6-well plate. Transfect siRNA into 16HBE cells using Endo FectinTMMax transfection
reagent (EF013, GeneCopoeia, Guangzhou, China) according to instructions. Replace the medium and continue culturing
after 4-6 hours of transfection. Extract total RNA after 48 hours and protein after 72 hours of transfection. Validate the
efficiency of AdipoR1 knockdown by performing quantitative real-time PCR (AG11706&11701 kit, AGbio, Changsha,
China) and Western blot analysis.

Mouse Infection Model

Experimental Animals

C57BL/6 mice (specific-pathogen-free, 6—8 weeks old, female) were sourced from Jinan Pengyue Experimental Animal
Breeding Co., Ltd. The mice, with consistent body size and weight, were used at around 8 weeks of age, exclusively
using female mice. All animal experiments strictly adhered to the guidelines for laboratory animal care and use
established by the National Institutes of Health, and were approved by the First Affiliated Hospital of Shandong First
Medical University & Shandong Provincial Qianfoshan Hospital Ethical Review Board for the Welfare of Laboratory
Animals. Constant temperature and humidity feeding conditions were ensured. In order to minimize animal suffering
during the study, it is necessary to master the experimental procedures and avoid repeated stimulation of mice.

Pseudomonas aeruginosa Lung Infection Mouse Model

Bacterial concentrations were verified by plating on LB agar and counting CFU. Before each experiment, the bacterial
solution was washed twice and resuspended in PBS. Mice were anesthetized by intraperitoneal injection, being fixed on
an animal shelf, and the tongue was pulled out to fully expose the glottis. When halogen cold light source was used to
irradiate the pharynx and larynx of mice, 35 pL of Pseudomonas aeruginosa (2x10° CFU) in PBS solution was slowly

injected into the lung to establish the mouse infection model.*

Groups and Dosing

C57BL/6 mice were acclimated for one week and then divided into five groups. Each group consisted of at least six mice.
The dose of AdipoRon was chosen based on previous studies which reported that intravenous injection of AdipoRon
(50 mg/kg body weight) significantly activate AMPK in skeletal muscle and liver,>* and that injection of AdipoRon (5 or
12.5 mg/kg, iv) significantly attenuated arterial thrombosis.”® Treatment of the five groups: (i) Uninfected control: mice
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were anesthetized by intraperitoneal injection and instilled with 35 pL of PBS via the airway; (ii) Pseudomonas
aeruginosa infection with DMSO control: 8 hours prior, mice were given an intravenous injection of DMSO solution
as a control; (iii) Pseudomonas aeruginosa infection with low-dose AdipoRon: 8 hours prior, mice were treated with
AdipoRon (5 mg/kg, intravenous injection); (iv) Pseudomonas aeruginosa infection with high-dose AdipoRon: 8 hours
prior, mice were treated with AdipoRon (50 mg/kg, intravenous injection); and (v) Pseudomonas aeruginosa infection
with adiponectin Acrp30 recombinant protein: 4 hours prior, mice were treated with adiponectin Acrp30 recombinant
protein (HY-P7358, MedChemExpress, USA, 1 mg/kg, intravenous injection) as described.?’ Subsequently, mice in 4
groups (except for the uninfected control group) were anesthetized by intraperitoneal injection and infected with 35 puL of
Pseudomonas aeruginosa (2x10° CFU) in PBS solution via the airway. After 24 hours of infection, mice were euthanized
and specimens were collected. Bacterial CFU counts were performed on the lung homogenates of mice in each group.

Metabonomics of Lung Tissue in Mouse Model

Liquid chromatography-tandem mass spectrometry (LC-MS) (UPLC-TripleTOF system, AB SCIEX) was used to
analyze the metabolomics of lung tissue. For different groups of mouse model, samples were uniform and the residual
body fluid was quickly absorbed by the non-dusting absorbent paper. The tissue was cut into 100 mg pieces, accurately
weighed and packed according to the same amount. There were 6 replicates in each group.

Immunofluorescence and Western Blot

Immunofluorescence and Western blot were performed to compare the expression levels of various markers. These
markers included AdipoR1 (MA5-32249, Thermo Fisher Scientific, USA), adiponectin (ab22554, AbCam, UK), PPARy
(#2435, Cell Signaling Technology, USA), ZO-1 (21,773-1-AP, ProteinTech, Wuhan, China), TLR4 (A5258, ABclonal,
Wuhan, China), PGCla (A12348, ABclonal, Wuhan, China), a-tubulin (ab7291, AbCam, UK), P-AMPKa (Thr172)
(#2535, Cell Signaling Technology, USA), AMPKa (#5832, Cell Signaling Technology, USA), P-NF-kB p65 (#3033,
Cell Signaling Technology, USA), NF-kB p65 (ET1603-12, HUABIO, Hangzhou, China), bcl2 (ET1702-53, HUABIO,
Hangzhou, China), bax (ET1603-34, HUABIO, Hangzhou, China), GAPDH (SA30-01, HUABIO, Hangzhou, China) and
B-actin (M1210-2, HUABIO, Hangzhou, China). The expression level of the Pseudomonas aeruginosa antibody (PA1-
73116, Thermo Fisher Scientific, USA) was detected.

Hematoxylin and Eosin (HE) Staining

The membrane at the bottom of the transwell chamber, containing differentiated human bronchial epithelial cells from
different treatment groups cultured in an air-liquid interface, was excised and used to prepare frozen sections for HE
staining. HE staining was also performed on mouse lung tissue specimens from different treatment groups. A semi-
quantitative grading method of inflammation score was used to evaluate the severity of peribronchial inflammatory cell
infiltration: 0, normal; 1, few cells; 2, a ring of inflammatory cells 1 cell layer deep; 3, a ring of inflammatory cells 2—4
cells deep; 4, a ring of inflammatory cells of > 4 cells deep.?® The researchers who evaluated the inflammation score of
HE staining were blinded to the grouping information.

Scanning Electron Microscopy

Different groups’ transwell chamber membranes were fixed in electron microscopy fixative. The membranes were then
rinsed with 0.1 mL phosphate buffer, fixed with 1% osmium tetroxide for 2—4 hours, washed with double-distilled water,
dehydrated in ethanol gradients, dried under vacuum with tert-butanol, and finally observed and recorded using a German
ZEISS Sigma 300 field emission scanning electron microscope after ion sputtering.

TUNEL Assay

A one-step TUNEL cell apoptosis detection kit (KTA2011, Abbkine, Wuhan, China) was used. The slides were sealed
and observed under a confocal laser scanning microscope (Nikon Al+, Japan). For each stained section, six random
fields were selected to calculate the total number of cells and the number of positively stained cells. The apoptotic rate
was calculated as (number of apoptotic cells / total number of cells) x 100%.
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Statistical Analysis

All experiments mentioned above have undergone a minimum of three independent repetitions for experimental
validation. Metric data with a normal distribution were represented using the eqn method, and a ¢-test was employed
for comparing two groups. Multiple group comparisons were performed using a one-way analysis of variance,
followed by pairwise comparisons using the least significant difference test. The Mann—Whitney U-test was used to
compare the two groups with uneven variance. Categorical data was described using rates or proportions, and
comparisons between two or more groups were conducted using the y° test. The metabolites with variable important
in projection (VIP) > 1 and P<0.05 were screened. Principal component analysis (PCA) were used to compare the
differences among the groups. Statistical analysis was performed using SPSS 25.0 software, and graphical representa-
tion was done using GraphPad Prism 8.0 medical software. A significance level of P<0.05 was considered statistically
significant.

Results
The Decreasing PPARy/Adiponectin/AdipoR 1 in Bronchiectasis Was Associated with

Pseudomonas aeruginosa Infection

The Human Protein Atlas database assessed AdipoR1 and AdipoR2 protein expression in lung. AdipoR1, not AdipoR2,
predominated in lung tissue. Immunofluorescence confirmed the expression of AdipoR1 and adiponectin in ciliary
surface of differentiated human primary bronchial epithelial cells (Figure 1A). Age, sex, and body mass index did not
differ between 47 cases of bronchiectasis patients and 22 control group patients (Table 1). Adiponectin levels in BALF
showed no significant distinction between bronchiectasis and control groups, yet BALF adiponectin expression was
lower in bronchiectasis patients with Pseudomonas aeruginosa-positive cultures compared to those with negative
cultures (Figure 1B).

Immunohistochemical analysis of lung tissue samples revealed reduced expression of PPARy and AdipoRI1 in
bronchiectasis patients’ airway epithelium compared to controls (Figure 1C). Air-liquid interface differentiated human
primary bronchial epithelial cells exposed to Pseudomonas aeruginosa exhibited decreased expression of PPARy,
adiponectin, and AdipoR1 (Figure 1D).

The expression of AdipoR1 in the airway epithelium of the mouse model infected with Pseudomonas aeruginosa
were significantly decreased by immunofluorescence analysis and Western blot (Figure 2A—C). With the treatment of
AdipoRon or adiponectin Acrp30 recombinant protein, the expression level of AdipoR1 in the airway epithelium of the
Pseudomonas aeruginosa infected mice increased (Figure 2D).

The above results strongly suggested that the down-regulation of PPARY, adiponectin, and AdipoR1 in bronchiectasis
patients was linked to Pseudomonas aeruginosa infection. The next step was to explore the role of AdipoRon in
protecting bronchial epithelium and lung against Pseudomonas aeruginosa in vitro and in vivo.

AdipoRon Activated AdipoR |, Reduced Bacterial Adherence on Bronchial Epithelial

Cells and Protected Cilia from Damage

Cell models were established by using the human primary bronchial epithelial cells from donors (donors’ information see
Table S1). With the treatment of AdipoRon, the expression level of AdipoR1 in air-liquid interface differentiated human
primary bronchial epithelial cells increased (Figure 3A—D). Immunofluorescence and Western blot results indicated that
100 uM AdipoRon significantly enhanced the expression level of AdipoR1 (Figure 3A-D).

There was a great number of Pseudomonas aeruginosa adhered on the air-liquid differentiated human primary
bronchial epithelial cell surface both in the PBS control group and the DMSO control group (Figure 3E). By contrast, the
amount of bacteria adhered on the cells in the 100 uM AdipoRon group significantly reduced (Figure 3E).

Scanning electron microscopy revealed that the 50 pM and 100 uM AdipoRon could both reduce bacteria-induced
damage to cilia (Figure 3F). Furthermore, AdipoRon was found to increase the expression level of the tight junction
protein ZO-1 between cells, with the 100 uM AdipoRon showing the most significant effect (Figure 3G).
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Figure | The expression of PPARy/adiponectin/AdipoR | was related to Pseudomonas aeruginosa infection in bronchiectasis. (A) The localization of AdipoR| and adiponectin
by immunofluorescence in human primary bronchial epithelial cells differentiated in air-liquid interface. (B) Comparison of ELISA results of adiponectin in BALF between
bronchiectasis group and control group (47 patients with bronchiectasis and 22 patients in control group); and adiponectin ELISA results were compared between
Pseudomonas aeruginosa-positive bronchiectasis (13 cases) and Pseudomonas aeruginosa-negative bronchiectasis patients (34 cases). (C) The expressions of AdipoR| and
PPARYy in the bronchial epithelium of the patients with bronchiectasis (n = 12) were compared to that of the control group (n = 8) by immunohistochemistry. (D) The
expression levels of PPARy, adiponectin and AdipoR1 in air-liquid differentiated human primary bronchial epithelial cells decreased after infection with Pseudomonas
aeruginosa. **The Mann—Whitney U-test was used to compare the two groups with uneven variance. ***indicates P<0.001.

Abbreviation: PA, Pseudomonas aeruginosa.
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Table | Comparison of the General Data Between Patients with Bronchiectasis and the Control Group

Characteristics Groups Groups
Bronchiectasis Control tor x* P Pseud aerugil Pseud: aerugi torx? P
(n=47) (n=22) positive bronchiectasis -negative bronchiectasis
patients (n=13) patients (n=34)
Gender (male/female) 2324 12/10 0.189 | 0.664 5/8 18/16 0.789 | 0.374
Age, years 59.2%11.8 55.7x11.1 1.188 | 0.239 59.1%6.1 59.3£134 -0.029 | 0.977
Body mass index, kg/m* 22,1433 23.3+3.6 —-1.395 | 0.168 20.9+3.8 22.5+3.0 —1.484 | 0.145

AdipoRon Reduced the Load of Pseudomonas aeruginosa and Peribronchial

Inflammatory Cell Infiltration of Mice

Compared to the uninfected group, the Pseudomonas aeruginosa-infected model group exhibited increased infiltration of
inflammatory cells around the bronchial (Figure 4A). A semi-quantitative grading of inflammation was used to evaluate
the severity of peribronchial inflammatory cell infiltration. The inflammatory score in the 50mg/kg AdipoRon treatment
group and Acrp30 recombinant protein treatment group were significantly lower than that in the DMSO control group
(1.8 +0.3 vs 3.8 +£0.2; 1.3+ 0.2 vs 3.8 = 0.2) (Figure 4A and B).

The CFU of Pseudomonas aeruginosa in the lung tissue homogenates in the 50 mg/kg AdipoRon treatment group and
Acrp30 recombinant protein treatment group were significantly lower than that in the DMSO control group [(1.8 £
0.3)x10™* CFU vs (439.4 + 20.4)x10™* CFU; (14.2 + 0.3)x10™* CFU vs (439.4 + 20.4)x10™* CFU] (Figure 4C and D).
The immunofluorescence also showed the reduced load of Pseudomonas aeruginosa in the airway of mice in 50 mg/kg
AdipoRon treatment group and Acrp30 recombinant protein treatment group (Figure 4E).

Overall, AdipoRon protected bronchial epithelium and lung against Pseudomonas aeruginosa infection in vitro and
in vivo. We next explored the mechanism of the protective effects of AdipoRon.

AdipoRon Increased Sphingosine Level in the Lung of Mouse Infection Model

The levels of sphingosine in Pseudomonas aeruginosa infected mice were significantly lower than that in
uninfected mice (Figure 5A). The metabolites in the lung tissue of mice between 50 mg/kg AdipoRon treatment
group, 5 mg/kg AdipoRon treatment group and the DMSO control group were significantly different (Figure 5B).
With the treatment of 50 mg/kg AdipoRon, the sphingosine levels in the lung tissue of mice significantly
increased (Figure 5C).

The metabolites in the lung tissue of mice in adiponectin Acrp30 recombinant protein treatment group were
significantly different from the DMSO control group (Figure 5D). With the treatment of Acrp30 recombinant protein,
the sphingosine levels in the lung tissue of mice also significantly increased (Figure 5E).

In brief, the reduced level of sphingosine in the airway of mice caused by Pseudomonas aeruginosa infection can be
replenished by AdipoRon, thus playing a protective role in the airway.

AdipoRon Activated P-AMPKa/PGCla, Inhibited TLR4/P-NF-kB p65, and Reduced

Expression of Bax Both in vivo and in vitro

With the treatment of AdipoRon, the expression level of AdipoR1 in Pseudomonas aeruginosa-infected mice signifi-
cantly increased (Figure 6A and B). AdipoRon treatment rescued the decrease of AMPK phosphorylation, and improved
the expression level of PGCla (Figure 6A and B). Moreover, AdipoRon inhibited the expression levels of TLR4/P-NF-
kB p65 and reduced the expression of pro-apoptotic bax (Figure 6A and B). Similarly, the expression level of AdipoR1 in
the adiponectin Acrp30 recombinant protein treatment group increased (Figure 6C and D). The adiponectin Acrp30
recombinant protein raised the expression level of P-AMPKa and PGCla, inhibited the expression level of TLR4 and
P-NF-kB p65, and reduced the expression of bax (Figure 6C and D).
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Figure 2 The expression of adiponectin and AdipoR| within bronchial epithelium determined in Pseudomonas aeruginosa infected mouse models. (A) Comparison of the
expression of adiponectin between Pseudomonas aeruginosa infected mouse models and the uninfected mouse models by immunofluorescence (x200). (B) Comparison of
the expression of AdipoR| between Pseudomonas aeruginosa infected mouse models and the uninfected mouse models by immunofluorescence (%200). (C) Comparison of
the expression of AdipoR| between Pseudomonas aeruginosa infected mouse models and the uninfected mouse models by Western blot. (D) The expression levels of
AdipoRI in the bronchial epithelium of mice in different groups (DMSO control group, AdipoRon high-dose group, AdipoRon low-dose group and adiponectin Acrp30
recombinant protein group) were compared by immunofluorescence (X200). Data are expressed as the means * standard deviation of three independent experiments.

*¥indicates P<0.01.
Abbreviation: PA, Pseudomonas aeruginosa.
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Figure 3 AdipoRon reduced bacterial adherence on bronchial epithelial cells and protected cilia from damage. (A and B) Co-culture models of Pseudomonas aeruginosa and
air-liquid differentiated human primary bronchial epithelial cells were established. Western blot was used to quantitatively analyze the change in AdipoR1 expression levels
with the treatment of AdipoRon. (C and D) Immunofluorescence was used to compare the difference of AdipoR| expression levels in 5 treatment groups of AdipoRon
(%200). (E) Immunofluorescence with an antibody to Pseudomonas aeruginosa (PA1-73116) was used to compare the difference of the adhesion of Pseudomonas aeruginosa on
air-liquid differentiated human primary bronchial epithelial cells in 5 treatment groups of AdipoRon (% 1000). (F) Scanning electron microscopy was used to observe changes
in cilia of cells after the treatment of AdipoRon (red circles indicate interadherent cilia, blue circles indicate broken dissolved cilia, and yellow arrows indicate bacteria). In
DMSO control group, bronchial epithelial cells shed a lot of cilia, with more bacteria attached and suspected inflammatory secretions. In 10 tM AdipoRon group, the cilia on
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Abbreviation: PA, Pseudomonas aeruginosa.
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Abbreviation: PA, Pseudomonas aeruginosa.
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Figure 5 AdipoRon increased sphingosine level in the lung of mouse infection model. (A)The levels of sphingosine were compared between the Pseudomonas aeruginosa-
infected mouse model group and the uninfected control group. (B) The metabolites in the lung tissue of mice in 3 groups were compared by PCA analysis: DMSO control
group, adipoRon low-dose group and adipoRon high-dose group. (C) The levels of sphingosine in 3 groups were compared. (D) The metabolites in the lung tissue of mice
were compared between adiponectin Acrp30 recombinant protein pretreatment group and the DMSO control group by PCA analysis. (E) The levels of sphingosine in 2
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Figure 6 AdipoRon activated P-AMPKo/PGCl a, inhibited TLR4/P-NF-kB p65, and reduced expression of bax in Pseudomonas aeruginosa-infected mouse model. (A and B)
Western blot was used to quantitatively analyze the expression levels of several major indicators in the lung tissues of mice in three treatment groups (DMSO control group,
AdipoRon low-dose group and AdipoRon high-dose group). Image ] software was used to analyze the gray levels of different protein imprinting bands and to make statistical analysis.
(C and D) Western blot was used to quantitatively analyze the expression levels of several major indexes in the lung tissues of mice in two groups: DMSO control group and Acrp30
recombinant protein pretreatment group. Data are expressed as the means # standard deviation of three independent experiments. *indicates P<0.05, **indicates P<0.01.

Abbreviation: PA, Pseudomonas aeruginosa.
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According to the preliminary finding that 100 uM AdipoRon effectively reduces Pseudomonas aeruginosa adherence
to human bronchial epithelial cells, the mechanism of the protective effects of AdipoRon was explored in Pseudomonas
aeruginosa-infected cell models. Infection of Pseudomonas aeruginosa led to a decrease in AdipoR1 expression in air-
liquid differentiated human primary bronchial epithelial cells, while the addition of AdipoRon increased the expression of
AdipoR1 (Figure 7A and B). AdipoRon promoted the expression of P~ AMPKa/PGCla and inhibited the expression of
TLR4/P-NF-kB p65 (Figure 7A, C and D). In addition, AdipoRon treatment reduced the expression of pro-apoptotic bax
in Pseudomonas aeruginosa-infected cell models (Figure 7E). TUNEL staining revealed the increased bronchial
epithelial cell apoptosis following Pseudomonas aeruginosa infection, but AdipoRon reduced cell apoptosis
(Figure 7F and G).

Knockdown of AdipoR| and lIts Effects on Bacterial Adherence

Both 50 uM and 100 uM AdipoRon increased the expression level of AdipoR1 in 16HBE cells (Figure 8A and B).
Knockdown of AdipoR1 by siRNA partly inhibited the ability of AdipoRon to activate AMPK phosphorylation and the
ability of AdipoRon to improve the expression of PGCla (Figure 8C—F). The inhibitory effect of AdipoRon on TLR4/
P-NF-«B p65 was also weakened when AdipoR1 was knocked down (Figure 8G and H). Additionally, the expression of
pro-apoptotic bax increased after AdipoR1 was knocked down (Figure &I and J).

Compared to the DMSO control group, adding 50 uM AdipoRon reduced the surface-adhered bacterial load of
Pseudomonas aeruginosa on 16HBE cells (Figure 9A and B). However, knockdown of AdipoR1 expression resulted in
a significant increase in the surface-adhered bacterial load of Pseudomonas aeruginosa on 16HBE cells (Figure 9C and D).
Following the knockdown of AdipoR1, adding AdipoRon did not reduce the surface-adhered bacterial load on 16HBE cells
(Figure 9E).

Collectively, the protective effect of AdipoRon on resisting Pseudomonas aeruginosa infection was weakened when
AdipoR1 was knocked down.

Discussion

This study employed a bronchial epithelium-Pseudomonas aeruginosa co-culture model and a Pseudomonas aeruginosa-
infected mouse model to confirm the significantly reduced Pseudomonas aeruginosa adhesion to bronchial epithelial
cells and the decreased bacterial load in lung tissue following treatment with AdipoRon. Mechanisms potentially
involved the activation of AdipoR1 to positively regulate sphingosine metabolism, to up-regulate the expression of
P-AMPKo/PGCla, to inhibit the expression of TLR4/P-NF-kB p65, and to suppress the pro-apoptotic bax expression,
ultimately safeguarding lung and bronchial epithelium against Pseudomonas aeruginosa infection (Figure 10). AdipoR1
assumes a critical role in lung protection.

Pseudomonas aeruginosa infection accelerates the progression of bronchiectasis in patients. Targeted eradication
treatment or protection against Pseudomonas aeruginosa infection may be crucial in delaying disease progression.?’
Previous studies have shown that AdipoRon can reduce the CFU of Listeria monocytogenes in the mouse liver, protecting
the liver from Listeria monocytogenes infection.'> Consistently, this study confirmed that AdipoRon reduced
Pseudomonas aeruginosa adherence to human bronchial epithelial cells in vitro and decreased the load of
Pseudomonas aeruginosa in mouse models, indicating its ability to protect bronchial epithelium and lung against
Pseudomonas aeruginosa infection. Sphingosine itself possesses antibacterial properties by making pores on bacterial
membrane,*® and directly disrupting the bacterial cell wall and membrane.® This study verified that sphingosine levels in
the airway decreased in Pseudomonas aeruginosa-infected mouse models, while the levels of sphingosine increased
significantly after AdipoRon treatment, thus play their own antibacterial effect. There is a strong association between the
supplement of AdipoRon, the positively regulated sphingosine metabolism and reduced Pseudomonas aeruginosa
infection in vitro and in vivo. Previous study has determined that the protective mechanism of AdipoRon on target
organs against damage is related to maintaining normal levels of sphingosine metabolism.?' Hence, these results suggest
that increasing sphingosine levels by the treatment of AdipoRon aids in resisting Pseudomonas aeruginosa infection.

Adiponectin has been studied as a safeguard of lung due to its anti-inflammatory and anti-apoptotic properties through
activating adiponectin receptors.'**?** However, injection of recombinant adiponectin is not attractive due to its
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Figure 7 AdipoRon activated P~-AMPKa/PGCl q, inhibited TLR4/P-NF-kB p65, and reduced expression of bax in differentiated human primary bronchial epithelial cells. (A) Western
blot was used to quantitatively analyze the expression levels of several major indicators of air-liquid differentiated human primary bronchial epithelial cells in 4 treatment groups (DMSO
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Abbreviation: PA, Pseudomonas aeruginosa.
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Figure 8 P-AMPKa/PGCl o was inhibited and TLR4/P-NF-kb p65 was activated after AdipoR | knockdown by siRNA. (A) Western blot was used to quantitatively analyze the AdipoR |
expression of |6HBE cells in 5 groups (PBS control group, DMSO control group, 10uM AdipoRon group, 501M AdipoRon group and 100uM AdipoRon group). (B) Comparison of
AdipoR | expression levels by immunofluorescence of 16HBE cells in 5 treatment groups. (C—E) qRT-PCR and Western blot were used to analysis the decreased expression of AdipoR |
in |6HBE cells after transfection with AdipoR | siRNAI or siRNA2. (C and F) The effect of AdipoRon on the expression of P-AMPKa/PGC 1 o after AdipoR | was knocked down was
analyzed by Western blot. (G and H) The effect of AdipoRon on the expression level of TLR4/P-NF-kb P65 after AdipoR | was knocked down was analyzed by Western blot. (I and J)
After AdipoR | was knocked down, the effect of AdipoRon on the expression level of apoptosis marker bcl2/bax was quantitatively analyzed. *indicates P<0.05, **indicates P<0.01.
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Figure 9 Increased Pseudomonas aeruginosa adhered to |6HBE cells after knockdown of AdipoRI. (A and B) Compared with DMSO control, the addition of 50 uM
AdipoRon significantly reduced the amount of Pseudomonas aeruginosa adhered to the surface of 16HBE cells by immunofluorescence (% 1000). (C and D) After knockdown
of AdipoRI| expression levels by AdipoRI siRNAI or AdipoRI siRNA2, the amount of Pseudomonas aeruginosa adhered to the surface of I6HBE cells was tested by
immunofluorescence. (E) After knockdown of AdipoR | expression levels, the effect of 50uM AdipoRon on the amount of Pseudomonas aeruginosa adhering to the surface of
I6HBE cells was analyzed. *indicates P<0.05, **indicates P<0.01.

Abbreviation: PA, Pseudomonas aeruginosa.
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Figure 10 AdipoRon positively regulates sphingosine metabolic balance by up-regulating AdipoR | to resisting Pseudomonas aeruginosa infection. The expression of PPARy in
bronchiectasis may be down-regulated by some mechanism, which may result in down-regulation of adiponectin expression and AdipoR| expression. The decrease of
sphingosine increased the susceptibility of airway epithelium to Pseudomonas aeruginosa infection. AdipoRon, an adiponectin receptor agonist, not only positively regulates
sphingosine metabolic balance by up-regulating AdipoR| expression, but also activating the P-AMPK o/PGCI o pathway, inhibiting TLR4/P-NF-kB p65 pathway, and reducing
the expression of pro-apoptosis bax. AdipoRon protects bronchial epithelial cells and lung by enhancing their resistance to Pseudomonas aeruginosa infection.

relatively high plasma concentrations, short half-life, and its complex quaternary structure.** By contrast, AdipoRon can

activate AdipoRs without affecting the systemic adiponectin level.*

The core mechanism of AdipoRon resisting against
Pseudomonas aeruginosa infection is the activation of adiponectin receptor AdipoR1 and AdipoR2. Given the low
expression of AdipoR2 in bronchial epithelial cells, the role of AdipoR2 was not addressed. There is currently no
research investigating the protective role of AdipoR1 in bronchial epithelium and lung against Pseudomonas aeruginosa
infection. This study showed that with the increasing expression of AdipoR1, the Pseudomonas aeruginosa infections
were weakened both in vitro and in vivo. On the contrary, when the expression level of AdipoR1 was knocked down, the
amount of Pseudomonas aeruginosa adhered to the surface of bronchial epithelium cells significantly increased.
Unfortunately, the expression of AdipoR1 in airway reduced in bronchiectasis patients, and the decreasing expression
of AdipoR1 was related to Pseudomonas aeruginosa infection. Therefore, the novel finding of the protective role of
AdipoR1 might uncover new therapeutic targets for treating bronchiectasis. However, there are many differences
between the mouse model and human bronchiectasis. Regarding the in vitro nature of the experiments, more experi-
mental evidences are needed.

It was interesting that with the increasing expression level of AdipoR1, the expressions of P-AMPKa and PGCla
were improved in both Pseudomonas aeruginosa-infected cell models and mouse models. Previous studies have reported
that adiponectin activates the SIRT3 transcription by triggering the AdipoR1/P-AMPK/PGCla pathway, leading to the
enrichment of SIRT3 in mitochondria, thereby exerting a neuroprotective effect on neurons.>® Adiponectin ameliorates
lung ischemia-reperfusion injury through SIRT1-PINK1 signaling-mediated mitophagy.®>’ Pseudomonas aeruginosa and
its quorum-sensing molecules can elude host defense by impairing host epithelial mitochondria.*® Regrettably, there is
limited investigation into AdipoRon’s impact on mitochondrial function through the AdipoR1/P-AMPK/PGCla pathway
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in our study. Further mechanistic studies are needed to explore the involvement of mitochondrial function in the
protective effects of AdipoRon against Pseudomonas aeruginosa infection. Likewise, after the treatment of AdipoRon,
the severity of peribronchial inflammatory cell infiltration was reduced and the expression of pro-inflammatory TLR4/
P-NF-xB and pro-apoptotic bax was decreased. But the broader implications of these pathways for inflammation and
apoptosis control was not explored in this study. The potential anti-inflammatory and anti-apoptotic effects of AdipoRon
need to be dressed in further studies, especially in chronic Pseudomonas aeruginosa infection models. Our study results
suggest that AdipoRon may be a promising drug to treat Pseudomonas aeruginosa infection. However, AdipoRon is
limited by its poor solubility and bioavailability.>* Developing higher-affinity agonists with improved pharmacokinetics
with a tissue- or cell-specific delivery approach should be pursued in the future. Moreover, AdipoRon can bypass the
blood-brain barrier, indicating its direct effect on the brain.*® Therefore, long-term effects and potential side effects need
to be observed in the mouse model.

It is concluded that the main mechanisms by which AdipoRon exerts its protective effect on bronchial epithelium and
lung resisting Pseudomonas aeruginosa infection are the activated AdipoR1 and the balanced sphingosine metabolism.
Hence, understanding the mechanism behind down-regulation expression of AdipoR1 and insufficient sphingosine
metabolism in airway of bronchiectasis patients could uncover new therapeutic targets for treating bronchiectasis. This
study observed a significant reduction in BALF adiponectin levels in bronchiectasis patients infected with Pseudomonas
aeruginosa. Furthermore, both cell models and mouse models of Pseudomonas aeruginosa infection confirmed the
decreased expression of adiponectin and AdipoR1 post-infection. PPARy functions as an upstream regulatory factor of
adiponectin, and down-regulation or loss of PPARy expression will result in decreased adiponectin levels.'” The quorum-
sensing molecule 30-C12-HSL, produced by Pseudomonas aeruginosa PAO]1 strain, diminishes PPARy expression in
bronchial epithelial cells.'” It is hypothesized that the down-regulated PPARy-adiponectin-AdipoR1 expression intensi-
fies Pseudomonas aeruginosa infection and the expression of PPARY is further down-regulated after infection, leading to
a detrimental cycle. The down-regulation of airway epithelial PPARy expression in cystic fibrosis patients is associated
with defective differentiation of airway basal cells.*' However, the underlying mechanisms responsible for the down-
regulation of PPARy and AdipoR1 in bronchiectasis patients remain unknown. The mechanism of insufficient sphingo-
sine metabolism in the airway of bronchiectasis patients was lack of in-depth study. Further investigations are needed to
explore the potential mechanisms.

This study confirms AdipoRon’s protective role on bronchial epithelial cells and lung by enhancing their resistance to
Pseudomonas aeruginosa infection. However, given the preliminary nature of some results, further mechanistic inves-
tigations are necessary to address the remaining limitations. Firstly, the role of 1-phosphorylated sphingosine (S1P) in
AdipoRon’s signaling pathways has not been fully explored in our study. Sphingosine is converted to S1P by sphingosine
kinase.*? S1P plays a crucial role in maintaining the integrity and homeostasis of the alveolar epithelial barrier.*’
Adiponectin receptors’ activation may increase the level of sphingosine and promote the formation of the pro-survival
factor S1P. Further research is needed to ascertain the involvement of S1P in the mechanisms underlying AdipoRon’s
protective effects on bronchial epithelial cells against Pseudomonas aeruginosa infection. Secondly, this study did not
investigate the impact of AdipoRon on mitochondrial function. Exploring these pathways could deepen the understanding
of how AdipoRon confers its protective effects. Thirdly, mouse models of chronic Pseudomonas aeruginosa infection
were lacking in this study. Clinical strains of Pseudomonas aeruginosa were not used in this study. Constructing a model
of chronic Pseudomonas aeruginosa infection, especially using clinical strains, might help clarify long-term responses to
AdipoRon and sphingosine regulation, making the study more relevant to clinical bronchiectasis cases. Fourthly,
measuring adiponectin receptor levels in the BALF samples would be more helpful, as adiponectin could also come
from edema. Fifthly, AdipoR2 was not addressed in the study. It is reported that AdipoR 1, rather than AdipoR2, mediated
the protective effects of adiponectin/AdipoR signaling against oxidative stress and mitochondrial damage.*® Although
AdipoR2 is rarely expressed in the bronchial epithelium,’ it is also possible that AdipoRon activates AdipoR2. To
completely eliminate the involvement of AdipoR2 receptor, it’s necessary to consider AdipoR2 knockout model in
further studies. Moreover, understanding the interplay between these receptors could clarify the broader protective effects
of AdipoRon. Finally, given the in vitro nature of the experiments and the potential differences between the mouse model
and human bronchiectasis, more researches are needed.
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Conclusion

In summary, AdipoRon protects bronchial epithelial cells and lung by enhancing their resistance to Pseudomonas
aeruginosa infection. The mechanism might be modulating sphingosine metabolism and activating P-AMPKa/PGCla
while inhibiting TLR4/P-NF-kB p65.

Abbreviation

AdipoR1, adiponectin receptor 1; AdipoR2, adiponectin receptor 2; PPARy, peroxisome proliferators-activated receptor
gamma; BALF, bronchoalveolar lavage fluid; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate buffer
saline; CFU, colony-forming units; AMPK, adenosine 5’-monophosphate-activated protein kinase; LC-MS, liquid
chromatography- tandem mass spectrometry; HE, hematoxylin and eosin; VIP, variable important in projection; PCA,
principal component analysis; S1P, 1-phosphorylated sphingosine.
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