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Background: Lung inflammation occurs in many lung diseases, but has limited effective therapeutics. Ginseng and 
its derivatives have anti-inflammatory effects, but their unstable physicochemical and metabolic properties 
hinder their application in the treatment. Panaxadiol (PD) is a stable saponin among ginsenosides. Inhalation 
administration may solve these issues, and the specific mechanism of action needs to be studied. 
Methods: A mouse model of lung inflammation induced by lipopolysaccharide (LPS), an in vitro macrophage 
inflammation model, and a coculture model of epithelial cells and macrophages were used to study the effects 
and mechanisms of inhalation delivery of PD. Pathology and molecular assessments were used to evaluate ef
ficacy. Transcriptome sequencing was used to screen the mechanism and target. Finally, the efficacy and 
mechanism were verified in a human BALF cell model. 
Results: Inhaled PD reduced LPS-induced lung inflammation in mice in a dose-dependent manner, including 
inflammatory cell infiltration, lung tissue pathology, and inflammatory factor expression. Meanwhile, the dose of 
inhalation was much lower than that of intragastric administration under the same therapeutic effect, which may 
be related to its higher bioavailability and superior pharmacokinetic parameters. Using transcriptome analysis 
and verification by a coculture model of macrophage and epithelial cells, we found that PD may act by inhibiting 
TNFA/TNFAR and IL7/IL7R signaling to reduce macrophage inflammatory factor-induced epithelial apoptosis 
and promote proliferation. 
Conclusion: PD inhalation alleviates lung inflammation and pathology by inhibiting TNFA/TNFAR and IL7/IL7R 
signaling between macrophages and epithelial cells. PD may be a novel drug for the clinical treatment of lung 
inflammation.   

1. Introduction 

Ginseng is considered one of the most widely consumed herbal 
products worldwide and plays an important role in maintaining ho
meostasis, combating fatigue, relieving stress, reducing stress, etc. [1,2]. 
Triterpene glycosides, also known as ginsenosides, are the primary 
active ingredients in ginseng responsible for these effects. However, the 
low membrane permeability and effect on the gastrointestinal tract 
severely limit the absorption and bioavailability of ginsenosides [3,4]. 

Therefore, increasing emphasis has been placed on determining the 
biological activities and molecular mechanisms of primary bioactive 
aglycones. 

Panaxadiol (PD), identified as an artificial sapogenin of ginsenosides 
belonging to the dammarane-type triterpene saponins formed during the 
process of acid hydrolysis of ginseng, attracts considerable attention due 
to its extensive pharmacological activities, including antitumor, radio
resistance, cholesterol homeostasis, anti-Alzheimer’s disease, and anti- 
inflammatory activities [5–8]. Although previous research has shown 
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that PD is an effective treatment for a variety of diseases, the underlying 
mechanism of PD on lung inflammation remains unknown. 

Lung inflammation occurs in a variety of lung diseases and is the 
main cause of occurrence and aggravation of symptoms of a variety of 
lung diseases [9]. As the pathogen invades the body, immune cells begin 
to activate and phagocytose the pathogen. The activation of a large 
number of immune cells leads to the infiltration of various inflammatory 
cells, thus releasing a large number of proinflammatory mediators. 
Together, these inflammatory factors induce cytokine storms, which in 
turn induce disease or aggravate disease symptoms [10]. 

Typically, inhaled medications are used to treat lung diseases. 
Inhalation can precisely deliver drugs to the lungs and produce a local or 
systemic therapeutic effect without drug absorption and metabolism by 
the liver and intestines [11]. In addition, the large surface area, dense 
capillary network, and thin alveolar epidermal cell layer of the lungs are 
distinct benefits for systemic delivery. By concentrating the drug in the 
lesion, the pulmonary drug delivery system can increase drug 
bioavailability and stability while decreasing the first-pass effect. 
Significantly, its potential in clinical research for the treatment of res
piratory diseases may be irreplaceable [12]. 

We explored the anti-inflammatory effect of PD in a mouse model of 
lung inflammation induced by LPS. The results showed that PD effec
tively reduced inflammatory cell infiltration and the production of in
flammatory cytokines. Notably, inhalation administration produced the 
same therapeutic effects at a dose 2,000 times lower than the intra
gastric administration dose. PD also inhibited the production of in
flammatory factors in LPS-stimulated THP-1 cells or human BALF cells. 
In addition, we found PD decreased the expression of TNFA/TNFAR and 
IL7/IL7R, as determined by RNA sequencing. TNFA and IL7 reversed the 
inhibition of the JAK1 signaling pathway and blocked the antiapoptotic 
effects of PD in a coculture model of epithelial cells and macrophages, 
which was further validated in a human BALF cell experiment. These 
results suggest PD can reduce macrophage-driven inflammation and 
induce epithelial apoptosis through the TNFA/TNFAR and IL7/IL7R 
pathways and can be used in the treatment of lung inflammation. 

2. Materials and methods 

2.1. Animals 

25 g Mice and 200 g rats were purchased from Shanghai Slack Lab
oratory Animal Co., Ltd. (certificate: SCXK 2022-0012, Shanghai, 
China). All animals were housed in individually ventilated cages (IVC) at 
22 ± 2 ◦C with 40-70% humidity under a 12:12 h light/dark photocycle 
and fed and watered ad libitum. All experimental procedures were 
approved by the Animal Care and Use Committee at Zhejiang University. 
All efforts were made to minimize animals’ suffering and to reduce the 
number of animals used. 

2.2. Reagents and antibodies 

Panaxadiol (PD, purity > 98%, the chemical structure is shown in 
Fig. 1A) was extracted by Professor Zhao, Yuqing’s group at the She
nyang Pharmaceutical University (Shenyang, China) and was tested free 
of endotoxin. Enzyme-linked immunosorbent assay (ELISA) kits for 
tumor necrosis factor TNFA, IL1β and IL6 were purchased from Beijing 
4A Biotech Co., Ltd. (Beijing, China). Reagent and antibody information 
is shown in Supplementary Materials Table SI. 

2.3. Establishment of an LPS-induced lung inflammation model 

Animals were randomly divided into 8 groups (n = 6 in each group): 
control (sterile saline [0.9% NaCl]), LPS (50 μg/mouse), LPS + PD (2, 10 
and 20 μg/kg, inhalation [ih.]), LPS + PD (10, 50 mg/kg, gastric in
jection [ig.]), LPS + DEX (0.5 mg/kg, intraperitoneal injection [ip.]). In 
inhaled groups, mice received drugs with various concentrations in an 

inhalation box connected to an aerosol device (PARIBOY SX, Germany). 
The average amount of inhaled drugs is shown in Supplementary Ma
terials Table SII. 

Anesthetized mice were intratracheally injected with LPS (1 mg/mL 
in saline solution, 50 μL/mouse) through Liquid Aerosol Devices to 
generate a lung inflammation model (Shanghai Yuyan Instruments Co., 
Ltd., China). Control mice received 50 μL sterile saline intratracheally 
(0.9% NaCl). Treatment groups received PD or DEX 0.5 h after LPS 
(Fig. 1B). The inhalation groups were exposed to 10 min aerosolized PD 
(1, 5 and 10 mg/mL dissolved in methanol) via the aerosol device, while 
methanol for the control group. The doses were determined based on a 
previous study and our preliminary experiments [13]. 

2.4. Bronchoalveolar lavage fluid (BALF) 

Mice were subjected to bronchoalveolar lavage (BAL) as described 
previously, and also in detail in Supplementary Materials [14]. Aseptic 
fiberoptic bronchoscopy was conducted to collect human BALF samples. 
BALF samples were obtained using fiberoptic bronchoscopy and injected 
into relevant lung segments in three to five room-temperature saline 
instillations. Liquid nitrogen preserved BALF cells for later use. BALF 
cells were mostly macrophages (30%) and neutrophils (30%) [15]. The 
protocol was approved by the Ethics Committee of the Children’s Hos
pital of Zhejiang University School of Medicine (2022-IRB-243) and 
followed the guidelines of the Declaration of Helsinki. The patient in
formation is in Supplementary Materials Table SIII. 

2.5. Hematoxylin-eosin (HE) staining 

Each mouse had its left upper lung fixed in 10% neutral buffered 
formalin for 72 h. To analyze pathological changes, lung tissues were 
dehydrated, embedded in paraffin, sectioned at 3 μm on a rotary 
microtome, and stained with H&E. Interstitial inflammation, neutrophil 
infiltration, congestion, and edema comprised lung injury. 0 was mini
mal damage, 1 slight damage, 2 moderate damage, 3 severe damage, and 
4 extremely severe damage [16]. 

2.6. Cell culture and treatment 

Human monocytic THP-1 and A549 were obtained from the 
Shanghai Institute of Cell Biology (Shanghai, China). THP-1 cells were 
cultured as described previously, and also in detail in Supplementary 
Materials [17]. BALF cells were cultured in RPMI 1640 (GIBCO, Grand 
Island, NY) containing 10% FBS (GIBCO, Grand Island, NY) in 5% CO2 at 
37 ◦C. BALF and THP-1 cells were treated in four groups: a control group 
with no treatment, a model group with 1 μg/mL LPS, a PD group with 
LPS and 10 μM PD, and a rescue group with 10 ng/mL IL7 or 15 ng/mL 
TNFA additional the PD-treatment. 

2.7. Determination of cell viability by MTT assays 

A549 cells in the exponential growth phase were seeded in 96-well 
plates at a density of 5 × 103 cells per well. The cells were exposed to 
collected THP-1 cell culture medium for 1, 3, and 5 days respectively. 
The method has been described previously, and also in detail in Sup
plementary Materials [18]. 

2.8. Flow cytometry 

A549 cells in the exponential growth phase were seeded in 6-well 
plates with a density of 5 × 103 cells per well. The cells were exposed 
to collected THP-1 cell culture medium with different treatments for 24 
h. Cells were collected and stained with the Annexin V-FITC Apoptosis 
Detection kit (40302ES20, YEASEN, China). Samples were analyzed 
with a CytoFLEX flow cytometer (Beckman Coulter, Germany). 
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Fig. 1. Inhaled PD ameliorates LPS-induced lung pathology and inflammation. 
A. The chemical structure of panaxadiol. B. Experimental pipeline is shown. C. Representative images of H&E staining of lung tissues are shown. Scale bar, 40 μm. D. 
Semi-quantitative histological analysis of lung tissues of 6 fields per mouse from each group is shown. E. Representative images of Wright and Giemsa staining of the 
BALF cells are shown. Scale bar, 40 μm. The arrows point to white blood cells. F. The counts of leukocytes, neutrophils, macrophages and lymphocytes in the BALF 
are quantified. The results are shown as the mean ± S.E.M., n = 6 mice per group. ##p < 0.01, ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 
vs. LPS group, tested by one-way ANOVA followed by Tukey’s multiple comparisons. 
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2.9. Quantitative real-time Polymerase chain reaction (RT-qPCR) 

RT-qPCR experiments were performed as described previously, and 
also in detail in Supplementary Materials [19]. The primer sequences 
used in this study are listed in Supplementary Materials Table SIV. 

2.10. Enzyme-linked immunosorbent assay (ELISA) 

ELISA experiments were performed as described previously, and also 
in detail in Supplementary Materials [19]. 

2.11. Western blot analysis (WB) 

WB experiments were performed as described previously, and also in 
detail in Supplementary Materials [19]. 

2.12. Expression profile enrichment analysis 

The tissues or cells treated with PD were sent to CapitalBio Tech
nology (Beijing, China) for NGS (next-generation sequencing). Differ
entially expressed genes (DEGs) were selected by |logFC|≧1 and 
pValue≦0.05. The volcano plot for the expression profile was depicted 
by our Python script. 

DEG was submitted to Cluego for enrichment analysis [20]. 

Ontologies/Pathways for tissue enrichment is “ImmuneSystemPro
cess-EBI-UniProt-GOA-ACAP-ARAP” and Ontologies/Pathways for cell 
enrichment is “BiologicalProcess-EBI-UniProt-GOA-ACPA-ARAP”. The 
enrichment evidence is “ALL_Experimental (EXP, IDA, IPI, IMP, IGI, 
IEP)”. Statistical Options is Enrichment (Right-sided hypergeometric 
test). 

2.13. Ligands and receptors matching analysis 

The decrease of TNFAR (TNFRSF1A) level in lung tissues was 
confirmed by qPCR and was added to the DEG downregulation table of 
lung tissues. 

Receptors in DEGs downregulation table from tissue NGS were iso
lated according to the receptor table from the “cell-cell interaction” 
database (https://baderlab.org/CellCellInteractions?action=AttachFile 
&do=view&target=receptors.txt). Ligands in DEGs downregulation 
table from cell NGS were isolated according to the ligands table from the 
“cell-cell interaction” database (https://baderlab.org/CellCellInteracti 
ons?action=AttachFile&do=view&target=ligands.txt). The isolation 
was completed by Python scripts. 

Ligand and receptor pairing program was coded by Python. The 
receptor-ligand interaction database was downloaded from (https 
://baderlab.org/CellCellInteractions?action=AttachFile&do=view&tar 
get=receptor_ligand_interactions_mitab_v1.0_April2017.txt.zip). 

Fig. 2. Inhaled PD ameliorates the LPS-induced pneumonitis in mice. 
A. Volcano plot of the DEGs for lung tissues is shown. DEGs were selected by |logFC|≧1 and pValue≦0.05. B, C Enrichment analysis of DEGs were done by Cluego: 
62.5% terms are enriched in “Negative regulation of leukocyte mediated cytotoxicity”. *p < 0.05, **p < 0.01, tested by Right-sided hypergeometric test. D. Relative 
mRNA expression of IL1β, IL6 and TNFA in lung tissues was validated by qPCR. E. The levels of IL1β in the BALF were detected by ELISA. Data are expressed as the 
mean ± S.E.M., n = 6 mice per group. (D, E). ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS group, tested by one-way ANOVA followed 
by Tukey’s multiple comparisons. 
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2.14. HPLC-MS/MS assay 

The rats were divided into 2 groups with 9 rats for each and were 
administered at 3.5 mg/kg by gavage or at 0.75 mg/kg by inhalation. PD 
concentration determination in the lung and plasma samples utilizing a 
sensitive and selective liquid chromatography coupled with triple elec
trospray mass spectrometry (HPLC-MS/MS, AB5500, SCIEX AB, USA) 
mass spectrometry. Mass spectrometry fingerprint results are shown in 
Fig. S1. 

2.15. Pharmacokinetic analysis 

Pharmacokinetic parameters were calculated using DAS software 
(3.0, Shanghai University of Traditional Chinese Medicine, CHN) based 
on the blood concentration. Pharmacokinetic parameters of low, me
dium and high dose groups were calculated. 

2.16. Statistical analysis 

The results were expressed as mean ± S.E.M. Multiple intergroup 
comparisons were assessed by one-way analysis of variance (ANOVA) 

Fig. 3. PD ameliorates the LPS-induced inflammatory responses in THP-1 cells. 
A. Experimental pipeline is shown. B. IL1β, IL6 and TNFA in the supernatant were detected by ELISA. The expression profile of mRNA expression was examined by 
NGS for the PD-treated or non-treated LPS-induced inflammatory responses in THP-1 cells. C. Volcano plot of DEGs is shown. DEGs were thresholded as |logFC|≧1 
and value ≦ 0.05. D, E. Enrichment analysis of DEGs was done by Cluego. DEGs are enriched in “Cytokine activity”, “Signal transduction”, “Cell communication” and 
“Regulation of immune system process”. *p < 0.05, **p < 0.01, tested by Right-sided hypergeometric test. Data are expressed as the mean ± S.E.M. of three in
dependent experiments. (B). ##p < 0.01, ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS group, tested by one-way ANOVA followed by 
Tukey’s multiple comparisons. 
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followed by Tukey’s multiple comparisons post-hoc test. Comparison 
between the two groups were assessed by unpaired t-test with Welch’s 
correction. Data were analyzed by using GraphPad Prism 8.0 (San Diego, 
CA, USA). No samples or animals were excluded from the analysis. Ex
periments were performed at least in triplicates. Differences were 
considered significant when p < 0.05. 

3. Results 

3.1. PD inhalation ameliorates LPS-induced lung inflammation and 
pathology 

The therapeutic effects of PD on LPS-induced lung inflammation 
were determined in mice (Fig. 1B). LPS-treated mice had significant 
morphological changes in lung tissue, including edema, hemorrhage, 
alveolar collapse, and neutrophil and macrophage infiltration, which 
were significantly improved by PD-treatment at 20 μg/kg by inhalation 
and 50 mg/kg by intragastric administration (Fig. 1C). Compared to 
intragastric administration, inhalation of PD attenuated the severity of 
lung pathology at a lower dose (Fig. 1D). Furthermore, the LPS-induced 
animal model exhibited a significant accumulation of inflammatory cells 
in the lungs, including macrophages, neutrophils, and lymphocytes in 
the BALF (Fig. 1E and F). The inflammatory cells were significantly 
suppressed by inhalation administration of PD at 20 μg/kg and by 
intragastric administration at 50 mg/kg and DEX (Fig. 1F). 

Next, the pharmacokinetics of PD inhalation (0.75 mg/kg) or intra
gastric administration (3.5 mg/kg) were assessed in rats. Plasma drug 
concentrations were measured at various time points (Fig. S2A). At 24 h, 
PD was substantially metabolized in plasma after administration. We 
found inhalation resulted in a higher Cmax and AUClast, indicating 
inhalation administration had better drug utilization than intragastric 
administration (Fig. S2B, C). 

3.2. LPS-induced inflammatory cytokines in the lungs are attenuated by 
PD inhalation 

RNA-seq sequencing was used to assess the mechanisms underlying 
the effects of PD on lung inflammation in mice. Compared to the model 
group, the PD group downregulated 156 genes and upregulated 173 
genes (Fig. 2A). "Negative regulation of leukocyte-mediated cytotox
icity" enriched 62.50% of the terms (Fig. 2B and C). “Antimicrobial 
humoral response” and “lymph node development” were also enriched. 
Then, the levels of inflammatory factors were examined for lung tissues. 
LPS significantly increased the levels of IL6, IL1β and TNFA in the BALF 
and lung tissues compared with the control group. The cytokines were 
significantly inhibited by PD treatment, particularly at a dose of 20 μg/ 
kg by inhalation administration (Fig. 2D and E). 

The proinflammatory cytokine levels in LPS-stimulated THP-1 cells 
were measured to assess the effects of PD (Fig. 3A). The expression of 
IL6, IL1β and TNFA was significantly increased after LPS stimulation and 
was reduced by PD in a dose-dependent manner (Fig. 3B). Next, RNA-seq 
was performed to investigate the mechanisms behind the effects of PD 
on inflammation in macrophages. Compared to the model group, PD 
treatment downregulated 548 genes and elevated 292 genes (Fig. 3C). 
Among these DEGs enriched terms, 18.22% were enriched in “regulation 
of immune system process”, 16.95% in “cytokine activity”, 11.44% in 
“signal transduction”, and 5.93% in “cell communication” (Fig. 3D and 
E). Notably, numbers of viral immune pathways were enriched, 
including “defense response to virus”, “regulation of viral life cycle”, 
“negative regulation of viral genome replication”, and “regulation of 
viral process”. These results suggest PD may exert anti-inflammatory 
effects as well as antiviral function by regulating immune responses. 

3.3. TNFAR, IL7R, CXCR5 and their ligands are decreased by PD- 
treatment in LPS-induced inflammation models 

Downregulated receptors were identified in PD-treated lung tissues 
from the lung inflammation model in mice. Downregulated ligands were 
identified in the PD-treated THP-1 cells from the LPS-induced inflam
mation cell model (Fig. 4B and C). Using a database of ligand-receptor 
pairings, the identified receptors and ligands were paired (Fig. 4A). 
The results revealed the downregulated signaling by PD centered on 
three receptors (Fig. 4D), namely, TNFAR (TNFRSF1A), IL7R and 
CXCR5. These results suggest PD downregulated all three pathways. 
IL7R expresses in various organs according to NIH data (https://www. 
ncbi.nlm.nih.gov/gene/3575), particularly highly expresses in the 
lungs (Fig. 4E). In PD-treated lung tissues, the mRNA levels of all three 
receptors were reduced (Fig. 4F). In addition, PD-treatment also resulted 
in a decrease in ligands associated with these three receptors (Fig. 4F). In 
the in vitro models, the mRNA levels of TNFA, TNFAR, IL7R and IL7 
were decreased by PD-treatment in the LPS model in A549 and THP-1 
cells (Fig. 4G). 

3.4. PD inhibits TNFAR and IL7R signaling in the LPS model 

The effects of PD on reducing inflammation were determined in a 
coculture model of macrophage and epithelial cell experiments. The 
culture medium from THP-1 cells was applied to A549 cells to assess the 
effects of cytokines released by macrophage cells on epithelial cells 
(Fig. 5A). PD significantly reduced the increased level of TNFAR and 
IL7R induced by LPS. Either IL7 or TNFA supplementation increased 
IL7R and TNFAR at protein levels (Fig. 5B). The activation of TNFAR and 
IL7R initiated JAK1-mediated signaling [21]. For testing the activation 
of IL7/IL7R and TNFA/TNFAR signaling, the p-JAK1 level was measured 
in A549 cells treated with PD (Fig. 5C). The level of p-JAK1 was 
significantly increased in the model group, which was significantly 
inhibited under PD treatment. The effects of PD were blocked after the 
addition of IL7 or TNFA. 

PD treatment decreased the apoptosis rate of A549 cells cultured in 
LPS-treated THP-1 medium from 17.00% to 3.02%. However, the 
addition of IL7, TNFA, or both enhanced the apoptosis rate in the LPS +
PD group to 7.71%, 4.95%, and 8.41%, respectively. The addition of a 
selective JAK1 inhibitor, upadacitinib, in LPS + PD + IL7+TNFA group 
reduced the apoptosis rate from 8.41% to 4.27% (Fig. 5D). Interestingly, 
PD also increased the proliferation rate of A549 cells treated with the 
medium from LPS-treated THP-1 cells, which were reversed by addition 
of IL7 or IL7 and TNFA (Fig. 5E). In addition, the JAK1 inhibitor also 
increased the proliferation rate of the LPS + PD + IL7+TNFA group on 
the 5th day (Fig. 5E). 

3.5. PD protects epithelial cells by suppressing inflammation in a human 
BALF cell model 

The anti-inflammatory effects of PD were validated in human BALF 
cells (Fig. 6A). Consistently, LPS significantly increased the levels of IL6, 
IL1β and TNFA in the BALF cells compared with the control group, 
which were significantly suppressed by PD (Fig. 6B). Subsequently, the 
culture medium from BALF cells was applied to A549 cells to assess the 
effects of the factors released from the BALF cells on epithelial cells. PD 
reduced the apoptosis rate of A549 cells cultured in LPS-treated BALF 
cell medium from 12.44% to 4.70%, which were reversed to 4.70% to 
6.6%, 5.44%, and 9.02% by the addition of IL7, TNFA or IL7 and TNFA, 
respectively (Fig. 6C). 

4. Discussion 

Lung inflammation is the main cause of the occurrence and aggra
vation of symptoms in a variety of lung diseases [10,22,23]. In this 
study, we found inhalation administration of PD was more effective than 
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intragastric administration at reducing inflammatory cell infiltration 
and inflammatory cytokine production in mice with LPS-induced lung 
inflammation. PD also suppressed the production of inflammatory fac
tors in THP-1 cells or human BALF cells stimulated by LPS. RNA-seq 
analysis revealed PD inhibits the expression of TNFA/TNFAR and 
IL7/IL7R. Indeed, TNFA and IL7 reversed the inhibition of the JAK1 
signaling pathway and blocked the anti-apoptotic effects of PD in a 
coculture model of epithelial cells and macrophages. These results 
suggest PD can reduce macrophage-driven inflammation and its induced 
apoptosis in epithelial cells through the TNFA/TNFAR and IL7/IL7R 
pathways, which can be used to treat severe symptoms in diseases with 
lung inflammation. 

The primary pathogenic mechanism of lung disease is characterized 
as excessive inflammatory responses [24,25]. Pulmonary infections 
result in the invasion of inflammatory cells and the release of 
pro-inflammatory mediators, which accelerate the production and 
release of inflammatory factors by binding to various receptors, causing 
a cytokine storm [26]. Macrophages play a key role in the inflammatory 
response of lung inflammation [22]. In response to foreign pathogens, 
they secrete several inflammatory factors and chemokines, which 
initiate the chain reaction of inflammatory reactions and cause lung 
tissue damage [27–29]. Our findings that PD inhibited the release of 
inflammatory factors from LPS-stimulated THP-1 cells and human BALF 
cells indicate PD has therapeutic effects in suppressing inflammation. 

Recent research shows it is important for diagnosis and treatment to 
understand how the interactions between cells cause illness [30–32]. 
Alveolar macrophages (AMs) and alveolar epithelial cells (AECs) are the 
first cells contacting with pathogens and destroy them with limited 
damage to the lungs [33]. Through ligand-receptor interactions, 
CD200R, PD-1, and SIRP1 on AMs and CD200, PDL-1, and CD47 on AECs 
maintain quiescence in a steady-state microenvironment [34,35]. The 
relationship between AECs and AMs can change in the presence of 
inflammation, hypoxia, infection, and fibrosis, which in turn affects the 
progression of the disease [36–39]. We investigated the mRNA expres
sion profile of PD-treated lung tissues and THP-1 cells in LPS-induced 
models to understand the full picture of changes at the transcriptional 
level by RNA sequencing and analysis. We found 62.5% of DEGs 
enriched terms were enriched in "negative regulation of 
leukocyte-mediated cytotoxicity" in the tissue expression profile. This 
suggests PD can improve lung inflammation by "negative regulation of 
leukocyte-mediated cytotoxicity". In the THP-1 expression profile, DEGs 
were enriched in "cytokine activity", "signal transduction", "cell 
communication" and "immune system process regulation". The elevated 
number of DEGs in these four groups indicates PD may regulate cytokine 
signaling in the lung inflammation models in AECs and AMs. To study 
the relationship between AECs and AMs, we used a coculture model of 
epithelial cells and macrophages in which THP-1 cells and A549 cells 
were used to simulate the conditions of AMs and AECs, respectively. We 
found PD reduced the amount of apoptosis of A549 cells that were 
administered the supernatant of THP-1 cells treated with LPS. Previous 

studies have shown that AEC apoptosis aggravates lung inflammation 
and damage in multiple lung diseases, such as 
hypoxia/reoxygenation-induced injury, fibrosis, and chronic obstructive 
pulmonary disease [40]. These results suggest PD may ameliorate the 
alteration of the cell-to-cell connection between AECs and AMs, which 
results in reduced apoptosis of AECs and lung inflammation. 

To further understand the effects of PD on cell-to-cell interactions in 
lung inflammation, we investigated the downregulated pairs of ligands 
and receptors in THP-1 cells and lung tissues. Although more ligands 
were found, only three receptors were found in the investigation, 
namely, TNFAR, IL7R and CXCR5. TNFAR and IL7R are single trans
membrane receptors, whereas CXCR5 has seven transmembrane do
mains. IL7R is mostly found on B and T cells, where it facilitates their 
growth and sustains their survival. IL7R is expressed in lung tissues, and 
its expression level is positively correlated with the number of immune 
cells in the lungs [41]. We found PD decreased the levels of TNFA/TN
FAR and IL7/IL7R in models of lung inflammation in vivo and in vitro. 
Interestingly, PD suppressed p-JAK1 in a coculture model of epithelial 
cells and macrophages. p-JAK1 has been shown to be the downstream 
signal of IL7R and TNFAR activation [21,42]. The addition of IL7 and 
TNFA reversed the inhibition of p-JAK1 by PD and blocked the 
amelioration of apoptosis in A549 cells. These results proved the bio
informatics prediction that PD blocks IL7/IL7R and TNFA/TNFAR 
signaling. The role of IL7 in promoting or inhibiting apoptosis is still 
controversial. It was reported that IL7 can prevent T-cells and NK cells 
from apoptosis [43,44]. However, IL7 also can promote B cell apoptosis, 
and induce cardiomyocyte apoptosis through macrophages [45,46]. In 
our study, IL7 induced lung epithelial cells (A549) apoptosis induced by 
macrophages activation which can be inhibited by PD. In summary, our 
results suggest PD decreases apoptosis in epithelial cells through the 
suppression of the TNFA/TNFAR and IL7/IL7R pathways between 
macrophages and epithelial cells, which may contribute to the allevia
tion of severe symptoms in mouse models of lung inflammation. 

Inhalation is one of the most important ways to administer medicine 
to people with lung diseases. Inhalation enables the medicine to travel 
directly to the lungs, which can boost drug use and enhance therapeutic 
effects [47]. Our study found that achieving the same efficacy by 
inhalation was 2,000 times lower than the intragastric administration 
dose. Pharmacokinetics showed higher Cmax and AUClast values for 
inhalation administration at 4.6 times lower doses, suggesting inhala
tion can be used to achieve efficacy with less drug exposure. 

In this study, we found that inhaled PD had better therapeutic effects 
compared to conventional administration. PD was effective in treating 
lung inflammation by inhibiting TNFA/TNFAR and IL7/IL7R pathways 
between macrophages and epithelial cells. We provide a drug candidate 
and suggest a more effective administration route for ginseng and its 
derivatives in the treatment of lung inflammation. 

Fig. 4. PD may inhibit the interactions between macrophages (THP1) and epithelial cells (A549) via suppression of TNFA and IL7 signaling. 
A. The pipeline of cell-cell interaction bioinformatics analysis is shown. Down-regulated DEGs from the mouse model were used to screen receptors and down- 
regulated DEGs from the cell model were used to screen down-regulated ligands. Ligand-receptor pairs were determined. B. Down-regulated ligands in the cell 
culture model (THP-1) treated by PD are shown. C. Down-regulated receptors in the mouse model treated by PD are shown. D. The pairing results of PD-induced 
downregulated ligands and receptors are shown. The lines stand for the interactions. The arrows stand for binding direction. TNFRSF1A is the formal symbol of 
TNFAR. E. IL7R RNA expression profile in different organs is shown. Data is from NIH (https://www.ncbi.nlm.nih.gov/gene/3575). F. Relative mRNA expression of 
various genes in lung tissues in the LPS-induced mouse model was assessed by qPCR. G. Relative mRNA expression of TNFA and TNFAR in the model of THP-1 and 
A549 cells was assessed by qPCR respectively. Data are expressed as the mean ± S.E.M., n = 6 mice or 6 independent experiments per group. ##p < 0.01, ###p <
0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS group, tested by one-way ANOVA followed by Tukey’s multiple comparisons. 
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Fig. 5. PD promotes the survival rate of epithelial cells via inhibiting TNFAR and IL7R signaling pathways in a LPS-induced THP-1 and epithelial cell coculture 
model. 
A. Experimental pipeline is shown. B. The protein levels of IL7R and TNFAR in A549 cells treated with 1 h of THP-1 culture medium. C. The protein levels of p-JAK1 
and JAK1 in A549 cells treated with 15 min of THP-1 culture medium. The left picture showed the legend for each group. This is not specifically for C but for all the 
bar charts in Fig. 5. D. The apoptosis of A549 cells cultured with THP-1 culture medium in 24 h were determined by flow cytometry. The concentration of upa
dacitinib in the cell medium was 20 nM. E. The proliferation of A549 cells 1, 3, and 5 days after culturing with THP-1 cell culture medium is shown. The con
centration of upadacitinib in the cell medium was 20 nM. Data are expressed as the mean ± S.E.M. of three independent experiments (B, C, D, E). ###p < 0.001 vs. 
control group; **p < 0.01, ***p < 0.001 vs. LPS group; &p < 0.05, &&&p < 0.001 vs. LPS + PD group, tested by one-way ANOVA followed by Tukey’s multiple 
comparisons, %p < 0.05 vs. LPS + PD + IL7+TNFA group.” 
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Fig. 6. PD promotes the survival rate of epithelial cells via inhibiting TNFAR and IL7R signaling pathways in a LPS-induced human BALF and epithelial coculture 
model. 
A. Flow chart of the acquisition of human BALF cells is demonstrated. B. The protein levels of IL1β, IL6 and TNFA in the supernatant were assessed by ELISA. C. The 
apoptosis of A549 cells cultured with medium from the LPS-treated BALF cells for 24 h were assessed by flow cytometry. Data are expressed as the mean ± S.E.M. of 
three independent experiments. ##p < 0.01, ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS group; &p < 0.05, &&&p < 0.001 vs. LPS 
+ PD group, tested by one-way ANOVA followed by Tukey’s multiple comparisons. 
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