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A B S T R A C T   

Background: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-threatening diseases 
and could occur in severe COVID-19 patients. Re-Du-Ning injection (RDN) is a tradition Chinese medicine 
preparation which has been clinically used for treatment of respiratory diseases including COVID-19. 
Purpose: To elucidate the potential mechanisms of RDN for the treatment of ALI. 
Methods: Female C57BL/6J mice were used to establish ALI model by intraperitoneal injection 10 mg/kg LPS, 
and RDN injection was intraperitoneally administered with the dose of 5 and 10 ml/kg. The cytokines were 
measured by ELISA and qPCR. The data related to NETs were analyzed by ELISA, immunofluorescence, Western 
blotting and network pharmacological approach. 
Results: RDN robustly alleviated LPS-induced ALI. Meanwhile, RDN downregulated the expression of pro- 
inflammatory cytokines, such as IL-1β, IL-6 and TNF-α. Specifically, RDN treatment inhibited the formation of 
neutrophil extracellular traps (NETs) and remarkably suppressed the protein of PAD4. The active compound from 
RDN decreased the phosphorylation of ERK1/2. 
Conclusion: These findings demonstrate that RDN ameliorates LPS-induced ALI through suppressing MAPK 
pathway to inhibit the formation of NETs.   

Introduction 

Acute lung injury (ALI) and acute respiratory distress syndrome 
(ARDS) are still the main cause of mortality in patients with severe lung 
diseases in the world (Liu et al., 2018; Matthay et al., 2012). Inflam-
mation is one of the main reasons for ALI (Mikacenic et al., 2018). ALI 
can cause a large number of neutrophils flooding into the lung, releasing 
pro-inflammatory cytokines, damaging the lung epithelium and endo-
thelium, increasing gas exchange and leading to pulmonary edema, 
which is an excessive inflammatory response (Gong et al., 2014; Jin 

et al., 2007). ARDS often occurs in cases of pneumonia, sepsis, aspiration 
of gastric contents or severe trauma (Matthay et al., 2019). 

Neutrophils are the first barrier against inflammation. They include 
three main functions: phagocytosis, degranulation and release of 
neutrophil extracellular traps (NETs). NETs are reticular, extracellular 
structures consist of cytosolic and granule proteins Papayannopoulos 
(2018). In mouse model of acute lung injury, a large number of NETs 
were detected in the lung tissue. (Mikacenic et al., 2018; Liu et al., 
2016). In 2019, the coronavirus disease (COVID-19) is spreading all over 
the world, and the death rate of patients remains high. Notably, the main 
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cause of death is that patients infected with COVID are transformed into 
acute respiratory distress syndrome in the later stage, and the normal 
function of lung tissue is lost. Recent evidence suggests that the for-
mation of NETs in COVID-19 patients has increased (Veras et al., 2020). 

Re-Du-Ning injection (RDN) is a traditional Chinese medicine prep-
aration, consisting of Lonicera Japonica Thunb., Gardenia Jasminoides 
Ellis and Artemisia Annua L. (Gao et al., 2019; Geng et al., 2015). Arte-
misia Annua L. can promote cellular immunity. Lonicera Japonica Thunb. 
has the effects on clearing heat, detoxicating and dispelling cold. 
Gardenia Jasminoides Ellis has the effects on protecting liver, hemostasis 
and detumescence. RDN is clinically used to treat cough, cold and upper 
respiratory diseases (Gao et al., 2019). It has the effects on clearing heat 
and detoxicating. Previous research indicates RDN moderates 
paraquat-induced acute lung injury through inhibition of the 
AMPK/MAPK/NF-κB signaling pathway (Jiang et al., 2019). However, 
the ameliorative effect and mechanism of RDN on ALI are still unclear. 
In the present study, we demonstrated that RDN alleviated LPS-induced 
ALI through suppressing MAPK pathway to inhibit the formation of 
NETs. 

Methods and materials 

Animals 

Eight-week-old female C57BL/6J mice were purchased from Gem-
Pharmatech Co. Ltd. (Nanjing, China). Mice were fed water and standard 
chow in a specific, pathogen-free room. A total of forty mice were used 
in this study and the mice were acclimatized to the standard laboratory 
conditions for one week prior to experiments. 

Agents 

Re-Du-Ning injection and some related-compounds were provided by 
Kanion Pharmaceutical Co., Ltd. (Lianyungang, China). LPS (from 
Escherichia coli (0111:B4)) and Dexamethasone were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Cl-amidine and GSK484 were 
bought from Selleck Chemicals (Houston, TX, USA). ELISA kits for 
mouse IL-1β, IL-6 and TNF-α were purchased from Dakewei (Beijing, 
China); Human MPO ELISA kit was bought from Lianke (Hangzhou, 
China); Mouse NE and MPO kits were purchased from R&D Systems 
(Minneapolis, MN, USA). Anti-rabbit phosphorylation of ERK1/2 
(Thr202/Tyr204) monoclonal antibody and anti-rabbit ERK1/2 mono-
clonal antibody were purchased from Cell Signaling Technology (Bev-
erly, MA, USA). Anti-mouse PAD4 monoclonal antibody, anti-rabbit 
Histone H3 polyclonal antibody and anti-mouse Myeloperoxidase 
(MPO) monoclonal antibody was purchased from Abcam (Cambridge, 
UK). Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) cross- 
absorbed secondary Ab and Alexa Fluor 647-conjugated goat anti- 
mouse IgG (H+L) cross-absorbed secondary Ab were purchased from 
Fumaisi (Nanjing, China). Anti-mouse β-actin monoclonal antibody and 
anti-mouse GAPDH monoclonal antibody were purchased from Abmart 
(Shanghai, China). Anti-mouse CD3-AF488, F4/80-APC, Ly6G-PE/Cy7 
antibodies were purchased from Biolegend (San Diego, CA, USA). Anti- 
mouse CD45-AF700 and CD11b-PE antibodies were purchased from BD 
Pharmingen (San Diego, CA, USA). 

High performance liquid chromatography (HPLC) analysis of RDN 

Chlorogenic acid (10753-201716, 99.3%), geniposide (110749- 
201617, 97.6%), geniposidic acid (111828-201604, 97.4%), caffeic acid 
(110885-201703, 99.7%), isochlorogenic acid A (111782-201706, 
97.3%) and isochlorogenic acid C (111894-2010012, 89.6%) were 
purchased from National Institutes for Food and Drug Control (Beijing, 
China). Neochlorogenic acid (P13O8F45676, 99.6%), cryptochlorogenic 
acid (Y12O8H45678, 98.5%), shanzhiside (P30J9F64637, 99.4%) and 
isochlorogenic acid B (P20J9F53191, 97.3%) were purchased from 

Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China). Secox-
yloganin (17033103, 98.5%) and genipin-1-O-β-D-gentiobioside 
(18051408, 98.1%) were purchased from Chengdu Pufei De Biotech Co., 
Ltd (Chengdu, China). Secologanic acid (5685, 96.78%) was purchased 
from Shanghai shidande Standard Technology Service Co., Ltd 
(Shanghai, China). 

The fingerprint of Re-Du-Ning injection was established by using 
sample chromatography of 10 different production batches. HPLC 
analysis was performed on a Dionex UltiMate 3000 high performance 
liquid chromatography (Thermo Fisher Scientific, San Jose, CA, USA) 
comprising a quaternary pump, a diode-array detector (DAD), an auto-
sampler, and a column compartment. Samples were separated on an a 
Agilent ZORBAX Eclipse Plus-C18) 4.6 × 250 mm, 5 μm, Agilent, USA(; 
The mobile phase consisted of methanol (A) and water containing 0.1% 
formic acid (B). A gradient program was used as follows: 0–10 min, 
15–25% A; 10–60 min, 25–50% A; 60–65 min, 50–100% A; 65–70 min, 
100–100% A; 70–75 min, 100–15% A. The flow rate was 0.8 ml/min. 
The column temperature was 30 ℃. The DAD detector scanned from 190 
to 400 nm, and the samples were detected at 220 nm. 

Mouse acute lung injury model 

For LPS-induced lung injury, mice were injected intraperitoneally (i. 
p.) with 100 μl of 10 mg/kg LPS. In addition, the enunciative concen-
tration of RDN injection or vehicle was diluted in 100 μl sterile PBS and 
injected i.p. into the mice 1 h after the LPS application. Mice were 
euthanized 24 h after administration of LPS. 

Bronchoalveolar lavage fluid analysis by flow cytometry 

The lung tissues of mice were perfused with ice PBS and washed 
three times. The total number of BALF cells was evaluated and the BALF 
cells were incubated with anti-mouse CD45-AF700, CD3-AF488, CD11b- 
PE, F4/80-APC and Ly6G-PE/Cy7 in PBS. Fluorescence-activated cell 
sorting (FACS) analysis was used to detect the number of immune cells. 

Histological analysis 

The mouse lungs were fixed in 10% formalin and removed for 
paraffin, and then sections were stained with hematoxylin and eosin. 
The pathologic scores were based on published criteria (Szapiel et al., 
1979) 

Cytokine analysis 

Serum and BALF samples were measured by instructions of ELISA kits. 

Real-time PCR 

RNA was extracted from the mouse lung and reversed to cDNA. 
cDNA was analyzed by qPCR using SYBR Green Realtime PCR Master 
Mix (Vazyme Biotech Co., Ltd., China) with the BioRad CFX Connect 
Real-Time System (Bio-Rad, Hercules, CA). The amplification program 
was 1 cycle of 95 ◦C for 2.5 min followed by 44 cycles of 95 ◦C for 15 s 
and 60 ◦C for 30 s. The murine primers used for RT-PCR were as follows: 

β-actin, 5’-GGCTGTATTCCCCTCCATCG and 3’- CCAGTTGGTAA 
CAATGCCATGT; 

Il-1β, 5’- GAAATGCCACCTTTTGACAGTG and 3’- TGGATGCTCTC 
ATCAGGACAG; 

Il-6, 5’- CTGCAAGAGACTTCCATCCAG and 3’- AGTGGTATAG 
ACAGGTCTGTTGG; 

Tnf-α, 5’- CCTGTAGCCCACGTCGTAG and 3’- GGGAGTAGAC 
AAGGTACAACCC. 
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Western blot 

Protein was isolated from lung tissue in lysis buffer. Samples were 
tested by BCA protein assay Kit (Pierce, Rochford, IL). Supernatant were 
run on the SDS-PAGE and transferred onto PVDF membranes. 

Membrane was blocked with 5% BSA and incubated with primary an-
tibodies overnight at 4 ℃. After washing, membranes were incubated 
with HRP-coupled secondary antibody for 90 min. LumiGLO chemilu-
minescent substrate system was used for detection. 

Fig. 1. HPLC analysis of the compounds from RDN. (A) HPLC fingerprints of RDN. (B) Chemical structures from RDN.  
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Immunofluorescence 

Tissue sections were blocked in Blocking buffer (1 × PBS, 5% anti- 
goat serum, 0.01% Triton X-100) for 1 h, and then incubated with the 
primary antibodies at 4 ℃ overnight. The sections were washed 3 times 
with PBST and used the secondary antibodies for 90 min at room tem-
perature. The nuclei were stained with DAPI. Samples were imaged with 
a confocal microscope (Carl Zeiss, Jena, Germany.) 

Human neutrophil isolation 

Neutrophils were isolated from the peripheral blood of healthy do-
nors and used immediately. Neutrophils were obtained by instruction of 
Human Neutrophil Isolation Kit (Haoyang, Tianjin, China). 

Network pharmacological approach 

The chemical ingredients from RDN were collected from TCMSP 
(http://tcmspw.com/) and DrugBank (https://drugbank.ca/). All tar-
gets related to ALI was collected from Genecards. The protein-protein 
interaction (PPI) network was visualized by Cytoscape (Version 3.8.0) 

software. KEGG enrichment analysis was performed on bioinformatics 
(http://bioinformatics.com.cn/). 

Statistical analysis 

GraphPad Prism version 7.0 was used for depictive statistical anal-
ysis. Data are presented as mean ± SEM and were analyzed by Student’s 
t-test method to evaluate the diversity between 2 groups. P values less 
than 0.05 were considered significant. 

Results 

Identification of the components in RDN 

The HPLC analysis of 1 ml Re-Du-Ning showed these constituents: 
0.34 mg shanzhiside, 0.38 mg geniposidic acid, 2.51 mg neochlorogenic 
acid, 5.88 mg chlorogenic acid, 2.60 mg cryptochlorogenic acid, 0.81 
mg Genipin-1-O-β-D-gentiobioside, 3.66 mg secologanic acid, 0.19 mg 
caffeic acid, 10.07 mg geniposide, 1.32 mg secoxyloganin, 0.54 mg 
isochlorogenic acid B, 0.25 mg isochlorogenic acid A and 0.37 mg iso-
chlorogenic acid C (Fig. 1A). The major detected structures of the 

Fig. 2. Administration of RDN improved survival and reduced inflammation score during ALI. (A) Mice were intraperitoneally administered by Reduning 
injection (5 and 10 ml/kg) and Dex (1 mg/kg) for day 0. The animals were euthanized 24 h after LPS instillation. (B) Kaplan–Meier survival analysis of mice in 
different groups, n = 8 per group. (C) H&E staining of lung sections from each group, respectively. Scale bar, 100 μm. Values are shown as mean ± SEM of 8 mice. * p 
< 0.05, ** p < 0.01. 
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Fig. 3. Administration of RDN suppressed immune cell infiltration in lung. Flow cytometry of CD45+CD3+ (A), CD45+CD11b+Ly6G+ (B) and 
CD45+CD11b+F4/80+ (C). Statistical analysis of cells in BALF (D), T lymphocytes (E), neutrophils (F) and macrophages (G). Data are shown as the mean ± SEM, n =
4 mice per group. * p < 0.05, ** p < 0.01 vs. the LPS group. 
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compounds from Re-Du-Ning could be revealed in Fig. 1B. 

RDN injection ameliorated LPS-induced lung injury and improved survival 
in mice 

To assess the in vivo impact of RDN injection on lung, we used LPS- 
induced acute lung injury model (Fig. 2A). Compared with LPS group, 
RDN significantly improved survival of mice (Fig. 2B). The lung histo-
logical studies also showed that administration of RDN reduced peri-
bronchial and perivascular leukocyte infiltration (Fig. 2C, D). These data 
suggested that RDN can ameliorate LPS-induced acute lung injury. 

RDN injection inhibited infiltration of inflammatory cells 

Administration of LPS in C57BL/6 for 24 h can cause severe acute 
lung inflammation, which leads to an increase in the number of BALF 
cells (T cells, macrophages and neutrophils). However, RDN led to sig-
nificant and dose-dependent reductions in T cells (Fig. 3A, E), neutro-
phils (Fig. 3B, F), macrophages (Fig. 3C, G) and total cell numbers 
(Fig. 3D). 

RDN injection ameliorated inflammation in lung 

To explore the impacts of inflammatory cytokines, we detected 
typical cytokines in the plasma and BALF, such as IL-1β, IL-6, TNF-α, IL- 
17A and GM-CSF. The LPS group showed significantly high levels of 

inflammatory cytokines in the serum and BALF. However, administra-
tion of RDN effectively reduced the levels of cytokines contrasted with 
the LPS group (Fig. 4A, B). The mRNA expressions of cytokines, such as 
IL-1β, IL-6 and TNF-α, were remarkably elevated after LPS challenge. 
RDN decreased these cytokines in a dose-dependent manner (Fig. 4C). 

RDN injection reduced release of NETs 

NETs formation can occur in LPS-induced lung injury in mouse 
model (Khan et al., 2017). We inhibited NETosis by treating mice with 
Cl-amidine and GSK484, both PAD4 inhibitors. The Cl-amidine and the 
GSK484 group dramatically mitigated inflammatory pathological 
changes in lung tissues (Fig. 5A). We measured the levels of NE and MPO 
in the serum, BALF and lung tissue, and also found they were signifi-
cantly decreased after RDN treatment (Fig. 5B, C). Next, we performed 
immunofluorescence staining of lung sections and observed that NETs 
formation in RDN group was reduced compared with the LPS group 
(Fig. 5D). Western blot analysis revealed that the protein levels of PAD4 
decreased after RDN administration compared to LPS injection in mice 
(Fig. 5E). 

Drug-target, disease-target and target-pathway network analysis 

In order to obtain the targets of RDN, we collected from TCMSP and 
DrugBank database. A total of 249 RDN-related targets were obtained. 
The targets entries related to acute lung injury were collected from the 

Fig. 4. RDN reduced LPS-induced cytokine secretion. Cytokine levels in BALF (A) and serum (B) were measured by using ELISA. Values are shown as the mean ±
SEM of 3 mice. (C) The cytokine mRNA expression was measured in lung homogenates by using qPCR. Data are expressed as the mean ± SEM of 6 mice. * p < 0.05, ** 
p < 0.01 vs. the LPS group. 
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Fig. 5. RDN reduced the release of neutrophil extracellular traps. (A) Mice were intraperitoneally administered by Cl-amidine (20 mg/kg) and GSK484 (4 mg/ 
kg) for day 0. The animals were euthanized 24 h after LPS instillation. H&E staining of lung sections from each group, respectively. Scale bar, 100 μm. Concentration 
of MPO (B) and NE (C) in BALF, serum and lung tissue were determined by ELISA. (D) Immunofluorescence staining of lung tissue sections from mice was performed, 
with imaging for cit H3 (green) and myeloperoxidase (MPO; red) and staining with DAPI for DNA-blue. Scale bar, 50 μm. (E) Immunoblot analysis of the PAD4 
protein levels from lung tissues of each group. Data are expressed as the mean ± SEM of 5-6 mice. * p < 0.05, ** p < 0.01 vs. the LPS group. 
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GeneCards database and 1608 targets were obtained. As a result, there 
were 171 targets in overlapping part between the targets of RDN and 
acute lung injury (Fig. 6A). Some typical targets, such as PADI4 etc, were 
shown in Fig. 6B. Next, we analyzed 171 mutual targets via KEGG 
pathway enrichment (Fig. 6C). 

RDN injection suppressed the formation of NETs through MAPK pathway 

PADI4 (PAD4) exists in downstream of ROS and calcium signaling 
during NETosis Papayannopoulos (2018). Thus, we speculated that RDN 
and their representative compounds may regulate the formation of 
NETs. To verify this hypothesis, we used PMA induced NETs formation, 
and then MPO was measured. Secoxyloganin from Lonicera japonica 

Thunb. and scopoletin from Artemisia annua L. obviously inhibited the 
expression of MPO in a dose-dependent manner (Fig. 7A, B). As shown in 
Fig. 6C, RDN may inhibited the formation of NETs through MAPK 
pathway. We found that secoxyloganin suppressed the phosphorylation 
of ERK1/2 (Fig. 7C, D). 

Discussion 

Traditional Chinese medicines are generally used clinically to treat 
various diseases and have significant effect (Gao et al., 2013). However, 
it is hard to clarify the molecular mechanism of Chinese medicines due 
to their muti-component and muti-target functions. The efficacy of RDN 
as an anti-pneumonia agent has been demonstrated. A large number of 

Fig. 6. Network pharmacology analysis of RDN. (A) The number of Reduning and acute lung injury targets. (B) The blue circle represents the RDN-related 
biomarkers; the yellow circle represents the biomarkers of acute lung injury. (C) KEGG pathway enrichment analysis. 
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studies have shown that RDN can treat different types of lung injury by 
inhibiting MAPK, NF-κB and other signaling pathways (Huang et al., 
2019; Jia et al., 2021; Jiang et al., 2019; Tang et al., 2014). In this study, 
we verified that RDN injection can ameliorate LPS-induced acute lung 
injury and the RDN group extend survival time. A large amount of 
experimental data shows that RDN inhibited the formation of NETs and 
suppressed the phosphorylation of ERK1/2. 

Acute lung injury is characterized by pulmonary inflammation and 
impairment of the capillary endothelial barrier (Eckle et al., 2008; 
Matute-Bello et al., 2008; Wu et al., 2018). Previous studies demon-
strated that ALI could escalate inflammation, including 
pro-inflammatory mediators (IL-1β, IL-6, TNF-α) and chemokines (Ma 
et al., 2015; Jiang et al., 2019) and further damage the alveolar-capillary 
barrier (Peng et al., 2016). In accord with these results, we found RDN 
injection decreased the protein and mRNA levels IL-1β, IL-6 and TNF-α 
in serum and lung tissue of mice. In addition, we used flow cytometry to 
detect the number of cells in BALF and found RDN can significantly 
suppress inflammatory cells infiltration such as T cell, macrophage and 
neutrophil, which was consistent with the improved histopathological 
result. 

Neutrophils are one of important cells in ALI/ARDS. We found that 
RDN can significantly inhibit the production of neutrophils in vivo. We 

collected from TCMSP and DrugBank database. A total of 249 RDN- 
related targets were obtained. Then we collected from the GeneCards 
database and 1608 targets on ALI were obtained. Significantly, PAD4 is a 
common target between RDN and ALI. Peptidylarginine deiminase 4 
(PAD4) can catalyze the transformation of arginine residues to citrulline 
in polypeptides. The formation of NETs needs PAD4-mediated deimi-
nation of histone H3 and H4 (Wang et al., 2004; Saskia et al., 2011; Li 
et al., 2010). Thus, we speculated that the inhibition of RDN in ALI may 
be related to NETs. NETs, consisted of modified cytotoxic granular 
proteins, are unique reticular structures released by neutrophils (Sol-
lberger et al., 2018). NETs will be formed during ALI and ARDS and are 
related to disease progression and severity (Saffarzadeh et al., 2012; 
Cahilog et al., 2020). Previous study has illustrated a connection be-
tween extreme NETs formation and LPS-induced acute lung injury in 
mice (Khan et al., 2017), consistent with the result that acute respiratory 
distress syndrome patients appear higher levels of NETs in plasma and 
BALF (Lefrançais et al., 2018; Gray, 2018). In this study, we found that 
RDN inhibited the protein level of PAD4 in mouse lung tissue. Mean-
while, immunofluorescence results showed that RDN inhibited the 
expression of cit H3 and MPO. In addition, RDN suppressed the levels of 
NE and MPO in BALF, serum and lung tissue. GSK484 and Cl-amidine 
are PAD4 inhibitors, which can inhibit the formation of NETs. 

Fig. 7. RDN injection reduced MAPK pathway in vitro. (A) Human neutrophils were stimulated with PMA (50 nM) for 3 hours. After 3 h, supernatants were 
collected (B) and the level of MPO was measured by using ELISA. (C) Western blot analysis of ERK 1/2, ERK 1/2 phosphorylation and PAD4. (D) The quantitative 
results of Western blot were shown. Data are shown as the mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01 vs. the PMA group. 
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Therefore, we used them to treat acute lung injury, which reduce peri-
bronchial and perivascular leukocyte infiltration. The above results 
indicate that an excessive NETs formation in LPS-induced acute lung 
injury. 

KEGG enrichment analysis predicted that RDN is associated with 
MAPK pathway and thus influence the formation of NETs. The MAPK 
pathway includes p38, ERK1/2 and JNK, all of which have essential 
functions in lung injury (Chen et al., 2015). Previous studies demon-
strated ROS-inducing receptors and kinases, such as MEK (MAPK/ERK 
kinase), ERK and PI3K, have been associated with PMA-induced the 
formation of NETs (Papayannopoulos, 2018; DeSouza-Vieira et al., 
2016; Hakkim et al., 2011). Thus, we examined the effect of RDN on 
PMA-induced NETs formation in neutrophils. We selected six pharma-
cological activity of compounds from Lonicera Japonica Thunb., 
Gardenia Jasminoides Ellis and Artemisia Annua L. based on HPLC results 
and literature reviews. The results showed secoxyloganin from Lonicera 
Japonica Thunb., scopoletin from Artemisia Annua L. and RDN signifi-
cantly suppressed the phosphorylation of ERK1/2 and PAD4. These re-
sults suggested that suppression of NETs formation might be involved in 
the treatment of RDN through MAPK pathway. It may reveal new light 
on the further mechanisms and the underlying material basis of RDN on 
ALI. 

Conclusions 

In conclusion, RDN inhibits the production of inflammatory cyto-
kines and the formation of NETs via down-regulating MAPK pathway, 
thus alleviating LPS-induced acute lung injury (Fig. 8). 
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