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A B S T R A C T   

Ethnopharmacological relevance: Keguan-1, a new traditional Chinese medicine (TCM) prescription contained 
seven Chinese herbs, is developed to treat coronavirus disease 19 (COVID-19). The first internationally registered 
COVID-19 randomised clinical trial on integrated therapy demonstrated that Keguan-1 significantly reduced the 
incidence of ARDS and inhibited the severe progression of COVID-19. 
Aim of the study: To investigate the protective mechanism of Keguan-1 on ARDS, a lipopolysaccharide (LPS)- 
induced acute lung injury (ALI) model was used to simulate the pathological state of ARDS in patients with 
COVID-19, focusing on its effect and mechanism on ALI. 
Materials and methods: Mice were challenged with LPS (2 mg/kg) by intratracheal instillation (i.t.) and were 
orally administered Keguan-1 (low dose, 1.25 g/kg; medium dose, 2.5 g/kg; high dose, 5 g/kg) after 2 h. 
Bronchoalveolar lavage fluid (BALF) and lung tissue were collected 6 h and 24 h after i.t. administration of LPS. 
The levels of inflammatory factors tumour necrosis factor alpha (TNF-α), interleukin (IL)-6, IL-1β, keratinocyte- 
derived chemokine (KC or mCXCL1), macrophage inflammatory protein 2 (MIP2 or mCXCL2), angiotensin II 
(Ang II), and endothelial cell junction-associated proteins were analysed using ELISA or western blotting. 
Results: Keguan-1 improved the survival rate, respiratory condition, and pathological lung injury; decreased the 
production of proinflammatory factors (TNF-α, IL-6, IL-1β, KC, and MIP2) in BALF and the number of neutrophils 
in the lung tissues; and ameliorated inflammatory injury in the lung tissues of the mice with LPS-induced ALI. 
Keguan-1 also reduced the expression of Ang II and the adhesion molecule ICAM-1; increased tight junction 
proteins (JAM-1 and claudin-5) and VE-cadherin expression; and alleviated pulmonary vascular endothelial 
injury in LPS-induced ALI. 
Conclusion: These results demonstrate that Keguan-1 can improve LPS-induced ALI by reducing inflammation and 
pulmonary vascular endothelial injury, providing scientific support for the clinical treatment of patients with 
COVID-19. Moreover, it also provides a theoretical basis and technical support for the scientific use of TCMs in 
emerging infectious diseases.   
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1. Introduction 

Coronavirus disease 19 (COVID-19), caused by the highly infectious 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is 
characterised by a long incubation period, high infectivity, and general 
susceptibility among various age groups (Wei et al., 2020; Yang et al., 
2020b; S. Zhang et al., 2020a). The COVID-19 pandemic has become a 
severe public health crisis worldwide since December 2019. As of July 
26, 2021, more than 194 million people have been reported to be 
infected by SARS-CoV-2 and over 4 million people worldwide have died 
due to SARS-CoV-2 infection (data compiled by Johns Hopkins Uni-
versity). Studies have shown that approximately 80% of COVID-19 pa-
tients showed mild and flu-like symptoms, such as fever, headache, dry 
cough, shortness of breath, and fatigue, which are generally self-limited. 
However, severe patients could develop ARDS characterised by dyspnea 
and low blood oxygen saturation, which may further progress into 
multiple organ failure, or even death (Karmakar et al., 2021; B. Zhang 
et al., 2020). Currently, the treatment for ARDS is relatively limited. If 
the disease progresses to a severe stage, the mortality rate might reach as 
high as 40%–70% (Tay et al., 2020). The key to COVID-19 management 
is to prevent the occurrence of ARDS and to control the disease pro-
gression from mild to severe. 

COVID-19 has emerged as a pandemic and public health crisis due to 
a lack of specific antiviral drugs and vaccinations for treatment and 
prevention. Traditional Chinese medicine (TCM) has a long history and 
plays an indispensable role in preventing and treating several epidemic 
diseases (Ni et al., 2020; Ren et al., 2020). TCMs have shown the unique 
advantage of having a rapid response to new outbreaks, a major feature 
of epidemic prevention and control in China. TCMs have been used to 
control infectious diseases for many years because they can treat a dis-
ease before its onset, with treatment determination based on syndrome 
differentiation and multi-target intervention. It has been reported that 
patients with SARS-CoV-2 infection have benefited from comprehensive 
TCM treatment and Western medicine (Hu et al., 2021; Yang et al., 
2020a; Zhao et al., 2021). At the beginning of the SARS-CoV-2 outbreak, 
we developed TCM prescriptions to treat COVID-19 based on clinical 
experience and molecular docking technology. Thereafter, we devel-
oped a therapeutic plan for integrating traditional Chinese and Western 
medicine for the treatment of SARS-CoV-2-infected patients. Based on 
the similarities and differences between COVID-19 and SARS in terms of 
disease characteristics, clinical symptoms, TCM syndrome, and the law 
of transmission and transformation, the clinical team initially proposed 
the prevention and treatment of COVID-19 based on the Yinqiao powder 
(yinqiaosan), Sangju drink (sangjuyin), and Sanren decoction (sanren-
tang). In addition, 46 Chinese herbal active ingredients were detected 
using molecular docking, which could act on the binding region of the 

spike (S) protein of SARS-CoV-2 and angiotensin-converting enzyme II 
(ACE2). These ingredients mainly belong to ten Chinese herbal medi-
cines, including Lonicera japonica Thunb. (Jinyinhua), Morus alba L. 

(Sangye), and Prunus armeniaca L. var. ansu Maxim. (Kuxingren). After 
combining the results of clinical and basic research, we developed the 
TCM therapeutic prescription named Keguan-1 with the following seven 
Chinese herbs: Lonicera japonica Thunb. (Jinyinhua), Forsythia suspensa 
(Thunb.) Vahl (Lianqiao), Morus alba L. (Sangye), Chrysanthemum mor-
ifolium Ramat. (Juhua), Coix lacryma-jobi L. var. mayuen (Roman.) Stapf 
(Yiyiren), Fritillaria thunbergia Miq. (Zhebeimu), and Prunus armeniaca L. 
var. ansu Maxim. (Kuxingren). A randomised clinical trial (RCT; 
NCT04251871) was conducted to determine the efficacy of integrated 
traditional Chinese and Western medicines for the effect of Keguan-1 in 
the COVID-19 treatment. The results showed that the incidence of ARDS 
decreased from 26.1% to 4.2% (P < 0.05) following Keguan-1 treatment, 
as compared with the control group, and Keguan-1 effectively prevented 
the progression to severe disease (Wang et al., 2020). The results of the 
RCT established that Keguan-1 significantly reduced the incidence of 
ARDS, providing strong clinical evidence that TCMs could be a valuable 
strategy for COVID-19 treatment. 

This study focused on the inhibitory effect of Keguan-1 on ARDS and 
explored the possible mechanism of inhibition of inflammation, 
improvement of vascular endothelial injury, and elucidation of the 
entire intervention characteristics of Keguan-1, which will provide the 
scientific support for the clinical treatment of COVID-19 (Huppert et al., 
2019; Nile et al., 2020; Varga et al., 2020). Lipopolysaccharide 
(LPS)-induced acute lung injury (ALI) simulates the key pathological 
process seen during ARDS, including inflammatory protein secretion, 
neutrophil infiltration, and changes in endothelial injury (Dagvadorj 
et al., 2015; Ma et al., 2014; Reis Gonçalves et al., 2012). Therefore, the 
LPS-induced ALI mouse model was applied to explore the underlying 
mechanism of action of Keguan-1. 

2. Materials and methods 

The data on COVID-19 infections and deaths is compiled by the 
Johns Hopkins University (https://coronavirus.jhu.edu/map.html). 

2.1. Reagents 

Keguan-1 was obtained from the Fifth Medical Center of the PLA 
General Hospital. In our previous study, we conducted a quality control 
assessment by analysing the relative number of standard compounds 
using high-performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS). Hence, the quality of Keguan-1 was guaranteed 
(Wang et al., 2020). LPS (Escherichia coli 055:B5) was purchased from 

Abbreviations 

TCM traditional Chinese medicine 
ARDS acute respiratory distress syndrome 
RCT randomised clinical trial 
LPS lipopolysaccharide 
ALI acute lung injury 
BALF bronchoalveolar lavage fluid 
COVID-19 coronavirus disease 19 
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 
HPLC-MS high-performance liquid chromatography-tandem mass 

spectrometry 
DXM dexamethasone 
TNF-α tumour necrosis factor alpha 

IL-6 interleukin-6 
IL-1α interleukin-1alpha 
IL-1β interleukin-1beta 
KC keratinocyte-derived chemokine 
MIP2 macrophage inflammatory protein 2 
Ang II angiotensin II 
PBS phosphate-buffered saline 
PMSF phenylmethanesulfonyl fluoride 
PaCO2 CO2 partial pressure 
PaO2 O2 partial pressure 
SO2 oxygen saturation 
ACE2 angiotensin-converting enzyme II 
ICAM-1 intercellular adhesion molecule-1  
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Sigma-Aldrich (St. Louis, MO, USA); dexamethasone (DXM), from 
HARVEYBIO (Beijing, China); Formalin fixative solution, from Yili Fine 
Chemicals Co., Ltd. (Beijing, China); the tumour necrosis factor alpha 
(TNF-α), interleukin (IL)-6, and IL-1α ELISA kits, from Dakewe Biotech 
Co., Ltd (Shenzhen, China); the IL-1β ELISA kit, from R&D Systems 
(Minneapolis, MN, USA); the keratinocyte-derived chemokine (KC or 
mCXCL1) and macrophage inflammatory protein 2 (MIP2 or mCXCL2) 
ELISA kits and Annexin V-PE/7-AAD apoptosis kit, from MultiSciences 
(Lianke) Biotech Co., Ltd (Hangzhou, China); the Angiotensin (Ang) II 
ELISA kit, from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China); the BCA protein assay kit, from Thermo Fisher Scientific (Wal-
tham, MA, USA); FITC anti-mouse Ly6G and APC anti-mouse F4/80 
antibodies, from Biolegend (San Diego, CA, USA); intercellular adhesion 
molecule-1 (ICAM-1) and claudin-5 antibodies, from Abcam (Cam-
bridge, UK); JAM-1, VE-cadherin, and GAPDH antibodies, from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA); and Evans blue stain, from 
Sigma-Aldrich. 

2.2. Animals and experimental procedures 

Healthy male C57BL/6 mice (7–8-week-old, weighing 20 ± 2 g) were 
obtained from SPF (Beijing) Biotechnology Co., Ltd., with the certificate 
number SCXK (Jing) 2019–0010. The animals were housed at 25 ± 2 ◦C 
with a relative humidity of 50% ± 5% under a 12 h light/dark cycle and 
were given a standard laboratory diet and water. The experimental 
procedures were conducted in accordance with the Guiding Principles 
for the Care and Use of Laboratory Animals of China and the Institu-
tional Animal Care and Use Committee of the Fifth Medical Center of 
PLA General Hospital. All animal studies were approved by the Com-
mittee on the Ethics of Animal Experiments of the Fifth Medical Center 
of the PLA General Hospital. 

Mice were anaesthetised using intraperitoneal isoflurane. During the 
following procedures, the mice were spontaneously breathing (Reis 
Gonçalves et al., 2012; Soni et al., 2016). Mice in the LPS and LPS +
Keguan-1/DXM groups were administered LPS (2 mg/kg, 0.8 mg/mL) 
suspended in saline solution by intratracheal instillation (i.t.), whereas 
those in the control and Keguan-1 groups were administered an equiv-
alent volume of saline solution in the same manner. After 2 h, the ani-
mals were orally administered with Keguan-1. The clinical daily dose of 
Keguan-1 is 19.4 g/day for patients, and the dosages of Keguan-1 used in 
mice were calculated according to the recommended human–mouse 
conversion ratio (Nair and Jacob, 2016; Zhou et al., 2021). Three 
different final doses were selected: low dose (1.25 g/kg), medium dose 
(2.5 g/kg), and high dose (5 g/kg). These doses were equivalent to 0.5 ×
, 1 × , and 2 × the clinical dose. Intraperitoneal injection of DXM was 
used as a positive control (Brotherton et al., 2020; Ledford, 2020; 
Chaomin Wu et al., 2020; Zhang et al., 2017). Bronchoalveolar lavage 
fluid (BALF) and lung tissue were collected 6 h and 24 h after i.t. 
administration of LPS. For the survival study, a lethal dose of LPS (50 
mg/kg) was administered to the mice, and the survival rate was recor-
ded every 12 h up to 72 h after LPS administration. 

2.3. Examination of vital signs and blood gas analysis 

The anal temperature was recorded using an anal thermometer. For 
the blood gas analysis, blood was drawn from the abdominal aorta, 
anticoagulated with heparin lithium, and investigated using a blood gas 
analyser (Epoc blood analysis, USA). 

2.4. Histological staining of lung tissue and immunofluorescence staining 
for Ly6G 

After 6 h and 24 h of LPS administration, the lungs were collected 
and fixed with 4% paraformaldehyde, dehydrated using a graded 
ethanol series, embedded in paraffin wax, cut into 5-mm-thick slices, 
and stained with haematoxylin and eosin. The histopathological features 

of the tissues were assessed using a light microscope. The lung injury 
scores ranged from 0 to 4 and were evaluated by two pathologists in a 
blinded manner (INHAND scoring standard: 0 = no abnormality; 1 =
lesions are not obvious, between normal and abnormal; 2 = lesions can 
be observed but not serious; 3 = the lesions are significant and may 
become more serious; 4 = lesions occurring in large areas of tissues and 
organs). The severity of ALI was quantified by adding the individual 
scores of each category. The sections used for immunofluorescence were 
incubated with rabbit antibody (1:300) against Ly6G after being blocked 
with bovine serum albumin and then incubated with a fluorescent sec-
ondary antibody. Images were captured using a digital camera con-
nected to a microscope. Quantification of immunofluorescence staining 
was performed using the HALO analysis software. The HALO analysis 
software is a digital pathological image analysis platform based on 
artificial intelligence learning launched by Indica Labs in the United 
States. The instructions for use are as follows: enter the HALO analysis 
software, set the target area for measurement in images, apply the Indica 
Labs – HighPlex FL module automatically identified and set all red cells 
on tissue sections as positive and blue nuclei as other cells. After ana-
lysing each section, the positive cell number and the total cell number 
was obtained, and the percentage of positive cells (number of positive 
cells/total number of cells × 100) was calculated. 

2.5. Measurement of proinflammatory mediator and Ang II levels in BALF 

The mice were euthanised under deep anaesthesia after 6 h and 24 h 
i.t. administration of LPS. The trachea was exposed and cannulated 
using a 22-gauge angiocatheter. Both the lungs were lavaged with three 
separate 0.5 mL volumes of ice-cold phosphate-buffered saline (PBS). 
The BALF was centrifuged at 420 × g for 10 min at 4 ◦C to pellet the cell 
fraction, and the supernatant was prepared to analyse the total protein, 
cytokine, and chemokine levels. The cell pellet was resuspended in 500 
μL of cold PBS, and the total cell count was determined using a hae-
mocytometer. BALF protein levels were quantified using a BCA protein 
assay kit. 

The concentrations of the cytokines, including TNF-α, IL-6, IL-1β, IL- 
1α, KC, and MIP2, and Ang II in the cell-free BALF were measured using 
commercially available ELISA kits according to the manufacturer’s in-
structions. The absorbance values were measured at 450 nm using an 
ELISA reader (Bio-Rad, USA). 

2.6. Flow cytometry 

BALF cells were collected from the individual mice and probed with 
anti-F4/80, Annexin V-PE, and 7AAD. The percentages of annexin V and 
7AAD double-positive cells (necrotic cells) were determined. A total of 
1–10 × 105 cells were collected and washed with PBS. The cells were 
suspended in 500 μL binding buffer, and 10 μL of anti-F4/80 was added 
to each tube. After gentle vortexing, the cells were incubated at room 
temperature away from light for 10 min. Thereafter, 5 μL Annexin V-PE 
and 10 μL 7AAD were added to each tube, incubated at room temper-
ature without light for 5 min, and washed with PBS. After staining and 
washing, the cells were resuspended in PBS, and flow cytometry was 
conducted. The cells were analysed using a Cyan flow cytometer and 
analysed using the Flow.Jo10 software package (both from BD 
Biosciences). 

2.7. Vascular permeability 

Lung permeability was determined by assessing the tissue accrual of 
Evans blue. Animals were administered 30 mg/kg Evans blue by tail vein 
injection 2 h before the lungs were harvested. The lungs were perfused 
with 5 mL PBS and homogenised in 1 mL PBS before washing twice. 
Evans blue was extracted using 1 mL formamide at 60 ◦C for 24 h. The 
supernatant was separated by centrifugation at 5000 × g for 30 min. The 
optical density of the supernatant was measured spectrophotometrically 
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at 620 nm. Evans blue dye concentration was calculated against a 
standard curve and was presented as μg of Evans blue dye per gram of 
tissue. 

2.8. Western blotting analysis 

After 24 h of LPS administration, the lungs were homogenised in a 
tissue protein extraction solution (RIPA) containing 1% proteinase in-
hibitor phenylmethanesulfonyl fluoride (PMSF). After centrifugation, 
the protein concentration in the supernatant was determined using a 
BCA protein assay kit following the manufacturer’s instructions. Equal 
amounts of protein were subjected to gel electrophoresis according to 
standard procedures. The blots were then incubated with primary an-
tibodies at 4 ◦C overnight and then probed with secondary antibodies 
conjugated with horseradish peroxidase. GAPDH was used as the 
loading control. The membranes were incubated with appropriate 
horseradish peroxidase-conjugated secondary antibodies and were then 
visualised using an enhanced chemiluminescence reagent (Millipore, 
Massachusetts, USA). Image J software was used for gray value analysis. 
GAPDH was used as the internal control to calculate the gray scale ratio 
for each protein band in relation to internal control bands. 

2.9. Statistical analyses 

All data are shown as the mean ± SEM or the mean ± SD. Statistical 
comparisons were performed using an unpaired, 2-tailed t-test between 
the two groups. One-way ANOVA, followed by least significant differ-
ence (LSD) post hoc test, was used to assess the differences of multi- 
groups with GraphPad Prism 8.4.2 (GraphPad Software). Statistical 

significance was set at P < 0.05. 

3. Results 

3.1. Effect of Keguan-1 on the survival rate and arterial blood gas in LPS- 
Induced ALI mouse model 

Stable ALI mice were successfully constructed by i.t. administration 
of 2 mg/kg LPS. The ALI mice were orally administered with Keguan-1 at 
2 h after LPS exposure or intraperitoneally injected with DXM (a positive 
control) at 1 h before LPS challenge. BALF and lung tissue were collected 
at 6 h and 24 h. To assess the effect of Keguan-1 on the survival rate of 
ALI, the mice were treated with a lethal dose of LPS (50 mg/kg). At 2 h, 
24 h, and 48 h after i.t. -administration of LPS, the mice were orally 
administered with Keguan-1, or injected with DXM at 1 h before LPS 
exposure and at 24 h, 48 h after LPS administration (Fig. 1A). By 
measuring the anal temperature of the ALI mice, we found that Keguan-1 
reduced the body temperature of ALI mice to normal levels (Fig. 1B). 
The survival curve results indicated that the survival rate of ALI mice 
was 20% (Fig. 1C). After intragastric administration of 2.5 g/kg Keguan- 
1, the survival rate reached 50%, which was the same as that in the LPS 
+ DXM group and was higher than that in the LPS group (Fig. 1C). After 
6 h of LPS (2 mg/kg) treatment, aortic blood was analysed using a blood 
gas analyser. Keguan-1 significantly reduced the CO2 partial pressure 
(PaCO2) and increased the O2 partial pressure (PaO2) and oxygen 
saturation (SO2) in the ALI mouse model (Fig. 1D–F), suggesting that 
Keguan-1 could improve the respiratory condition of ALI mice. These 
results indicate that Keguan-1 has a protective effect on ALI mice by 
improving the survival rate and respiratory condition. 

Fig. 1. Effects of Keguan-1 on survival rate and arterial blood gas concentration in LPS-induced ALI mouse model. (A) Schematic representation of ALI induction with 
LPS. The doses and time points of drug administration are indicated by arrows. a. The doses and time points of Keguan-1 administration in ALI mice; b. the doses and 
time points of DXM administration in ALI mice; c. the doses and time points of Keguan-1 and DXM administration in ALI mice for the survival study. (B) Anal 
temperature. (C) Survival rates were calculated at 12, 24, 36, 48, and 72 h after LPS challenge. Survival rate between the two groups was statistically analysed. (D–F) 
Arterial blood gas. Arterial partial pressure of carbon dioxide (PaCO2) (D), O2 partial pressure (PaO2) (E), O saturation (SO2) (F). The data are presented as the mean 
± SEM. #P < 0.05 and ###P < 0.001 vs. control; *P < 0.05 and **P < 0.01 vs. LPS group. 
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3.2. Keguan-1 alleviates histological changes in the LPS-Induced ALI 
mouse model 

The histopathology of the lung changed significantly 24 h after LPS 
stimulation, with lymphocytes and a few neutrophils infiltrating the 
locally widened alveolar septum and perivascular areas, alveolar wall 
thickening, alveolar space congestion, and alveolar oedema, eventually 
leading to microvascular hyperpermeability. Treatment with Keguan-1 
alleviated these effects (Fig. 2). These results suggest that Keguan-1 
has a protective effect against ALI. 

3.3. Keguan-1 reduces the proinflammatory mediator levels in the BALF 
of the ALI mice after LPS treatment 

The levels of proinflammatory cytokines (TNF-α, IL-6, and IL-1β) and 
chemokines (KC and MIP2) were examined in BALF to evaluate the ef-
fect of Keguan-1 on LPS-induced inflammation. Compared to those in 
control, the levels of TNF-α, IL-6, IL-1β, KC, and MIP2 in BALF were 

significantly elevated in mice after LPS exposure. Keguan-1 significantly 
reduced the production of TNF-α, IL-6, KC, and MIP2 (Fig. 3A–E). 
However, Keguan-1 was less effective in inhibiting IL-1β production. 
These results suggest that Keguan-1 could reduce the inflammatory 
response of lung tissue after ALI in mice. 

3.4. Effect of Keguan-1 on neutrophils and alveolar macrophages in the 
lung tissue of LPS-Induced ALI mouse model 

Neutrophil recruitment into the lungs is a hallmark of early ALI. 
Previous studies have shown that alveolar macrophage necrosis causes 
the release of IL-1α, activates vascular endothelial cells, and leads to 
increased vascular permeability (Dagvadorj et al., 2015), facilitating the 
entry of a large number of neutrophils into the lung and inducing a 
strong inflammatory response. Immunofluorescence staining showed 
that a large number of Ly6G+ neutrophils existed in the lungs at 6 h 
post-LPS administration. Keguan-1 treatment reduced the number of 
Ly6G+ neutrophils that infiltrated the lung tissue (Fig. 4A and B). 

Fig. 2. Effects of Keguan-1 on the histological changes in LPS-induced ALI mice. Representative images of mice lung tissue stained using HE after 24 h of LPS 
administration. (A) Control; (B) LPS; (C) LPS + 1.25 g/kg Keguan-1; (D) LPS + 2.5 g/kg Keguan-1; (E) LPS + 5.0 g/kg Keguan-1; (F) LPS + 2.5 mg/kg DXM. (G) Lung 
injury scores of mice in each group. The upper panel is low magnification (scale bar = 100 μm) of the images, the areas inside the boxes are shown in the lower panel 
at high magnification (scale bar = 50 μm). The data are presented as the mean ± SEM. ##P < 0.01 vs. control; *P < 0.05 and **P < 0.01 vs. LPS group. 
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Thereafter, we examined whether Keguan-1 decreased alveolar macro-
phage necrosis during LPS-induced ALI. BALF cells were isolated and 
analysed using flow cytometry for F4/80 (macrophages), Annexin V 
(apoptotic and necrotic cells), and 7AAD (necrotic cells). The results 
showed that after Keguan-1 treatment, alveolar macrophage necrosis 
significantly decreased in the LPS-induced ALI mouse model (Fig. 4D). 
Consistent with this finding, the level of IL-1α in BALF was attenuated by 
treatment with Keguan-1 (Fig. 4C), suggesting a positive role of 
Keguan-1 in alleviating the lung injury induced by LPS. 

3.5. Effect of Keguan-1 on pulmonary vascular endothelial injury in the 
LPS-Induced ALI mouse model 

Thereafter, we examined the effect of Keguan-1 on pulmonary 
vascular endothelial injury. The expression levels of total protein con-
tent, total cell counts in BALF, and Evans blue extracted from lung tissue 
were measured at 6 h after LPS administration (Fig. 5A–C). Keguan-1 
significantly reduced the exudation of inflammatory protein/cells and 
Evans blue extracted, indicating that Keguan-1 has the potential to 
reduce microvascular permeability in lung tissue of ALI mice. To explore 
the protective effect of Keguan-1 on pulmonary vascular endothelial 
cells, we examined the expression of ICAM-1, claudin-5, JAM-1, and VE- 
cadherin, all of which are associated with the function of vascular 
endothelial cells (Dagvadorj et al., 2015; Ma et al., 2014). The expres-
sion of ICAM-1 increased after 24 h of LPS administration and was 
attenuated by treatment with Keguan-1. Moreover, Keguan-1 evidently 
increased claudin-5, JAM-1, and VE-cadherin expression after 24 h of 
LPS treatment. 

Several studies have shown that elevated levels of Ang II may induce 
vasoconstriction, fibrosis, and inflammation (Amraei and Rahimi, 2020; 
Bourgonje et al., 2020). To determine whether Ang II is involved in the 
Keguan-1-mediated protective effect during LPS-induced ALI, we eval-
uated the concentration of Ang II in lung tissue using ELISA. As a result, 

the concentration of Ang II was markedly decreased in the lungs of 
Keguan-1-treated mice compared to that in the lungs of the LPS group. 

These results suggest that Keguan-1 improves pulmonary vascular 
permeability and endothelial injury by regulating the expression and 
secretion of adhesion molecules in vascular endothelial cells. Keguan-1 
also plays a protective role against pulmonary injury by reducing pul-
monary vasoconstriction and Ang II levels and improving pulmonary 
circulation resistance. 

4. Discussion 

ARDS is a life-threatening condition of ALI characterised by bilateral 
pulmonary infiltrates, severe hypoxemia, and non-cardiogenic pulmo-
nary oedema. It is thought to be a major cause of death in patients with 
COVID-19 (Berlin et al., 2020; Nile et al., 2020). The pathogenesis of 
ARDS is related to the hyperinflammatory response and endothelial 
injury (Huppert et al., 2019). Our previous clinical studies showed that 
Keguan-1 significantly reduced the incidence of ARDS in patients with 
severe COVID-19 and inhibited the progression to severe disease (Wang 
et al., 2020). Thus, this study aims to explore the effect and mechanism 
of Keguan-1 on ARDS in LPS-induced ALI model. In this study, we 
observed that Keguan-1 significantly decreased alveolar macrophage 
necrosis in an LPS-induced ALI model, thereby inhibiting the activation 
of vascular endothelial cells and reducing neutrophil infiltration. These 
results suggest that Keguan-1 can reduce the inflammatory response, 
inhibit endothelial cells injury, and alleviate severe pulmonary 
dysfunction, which may be an important mechanism for reducing the 
prevalence of ARDS in patients with COVID-19. 

Some studies have indicated that excessive and uncontrolled in-
flammatory responses in the lung are essential for ALI/ARDS, which 
could first recruit neutrophils to induce the production of multiple in-
flammatory mediators and activate effector cells (Grommes and 
Soehnlein, 2011; Zhou et al., 2012). In ALI, neutrophils are first 

Fig. 3. Effects of Keguan-1 on the production of cytokines and chemokines in the lungs of the LPS-induced ALI mouse model. The concentrations of TNF-α (A), IL-6 
(B), IL-1β (C), KC (D), and MIP2 (E) in the BALF. The data are presented as the mean ± SEM. ##P < 0.01 and ###P < 0.001 vs. control; *P < 0.05, **P < 0.01, and 
***P < 0.001 vs. LPS group. 
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Fig. 4. Effects of Keguan-1 on neutrophils and alveolar macrophage in the LPS-induced ALI mouse model. (A) Representative immunofluorescent staining images for 
neutrophils in lung tissue at 6 h after LPS stimulation (Red, Ly6G staining; Blue, DAPI staining). (a) Control; (b) LPS; (c) LPS + 1.25 g/kg Keguan-1; (d) LPS + 2.5 g/ 
kg Keguan-1; (e) LPS + 5.0 g/kg Keguan-1; (f) LPS + 2.5 mg/kg DXM. The upper panel is low magnification (scale bar = 100 μm) of the images, the lower panel is 
high magnification image (scale bar = 50 μm). (B) Statistical result of the number of Ly6G+-positive cells. (C) The concentration of IL-1α in BALF. (D) BALF cells were 
probed with anti-F4/80 and stained with annexin V and 7AAD. The number of necrotic cells was determined by using flow cytometry. The data are presented as the 
mean ± SEM. #P < 0.05 and ##P < 0.01 vs. control; *P < 0.05 and **P < 0.01 vs. LPS group. 
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sequestered in the pulmonary microvessels following stimulation by 
many inflammatory mediators (such as LPS, TNF, and IL-1) and adhere 
to the endothelium where they become activated. In addition, neutro-
phils travel out of the pulmonary vascular bed and continue to activate 
and release a series of injury mediators that can cause diffuse alveolar 
damage, ultimately leading to ALI (Kolaczkowska and Kubes, 2013). 
Therefore, neutrophil infiltration is thought to play a key role in the 
progression of ALI/ARDS. In addition, studies have shown that LPS 
initiates pulmonary inflammation by inducing necrosis in alveolar 
macrophages, and subsequent endothelial cell activation allows 
neutrophil recruitment into the lungs and destroys the alveolar-capillary 
barrier (Dagvadorj et al., 2015). In this study, the results showed that 
Keguan-1 significantly decreased alveolar macrophage necrosis in BALF 
and neutrophilic infiltration in lung tissues of ALI mice, subsequently 
inhibiting the expression of inflammatory mediators, including TNF-α, 

IL-6, IL-1β, KC, and MIP2. These results suggest that Keguan-1 can 
alleviate ARDS by reducing the inflammatory response. 

Inhibiting the binding of SARS-CoV-2 S protein to host ACE2 has 
been shown to be effective in preventing viral entry, whereas inhibiting 
3ClPro activity can effectively block the replication and synthesis of 
RdRp and other key proteins of the virus, thus resulting in the loss of 
viral intracellular replication ability (Canrong Wu et al., 2020; Xian 
et al., 2020). Based on molecular docking technology, we previously 
found that several Chinese medicinal components in Keguan-1 had po-
tential inhibitory effects on several key proteins in the viral life cycle. 
The binding of the S protein to ACE2 could be inhibited by Lonicera 
japonica Thunb. (Jinyinhua), Forsythia suspensa (Thunb.) Vahl (Lian-
qiao), Morus alba L. (Sangye), Chrysanthemum morifolium Ramat. 
(Juhua), and Fritillaria thunbergia Miq. (Zhebeimu) in the Keguan-1 
formula. Moreover, some components of Lonicera japonica Thunb. 

Fig. 5. Effects of Keguan-1 on endothelial injury in the LPS-induced ALI mouse model. (A) The BALF protein concentration. (B) The BALF total cell count. (C) The 
levels of Evans blue extracted from lungs. (D) The concentration of Ang II in BALF. (E–H) The expression of ICAM-1 (E), claudin-5 (F), JAM-1 (G), and VE-cadherin 
(H) in mice lungs as determined by using western blotting. The data are presented as the mean ± SEM. #P < 0.05 and ##P < 0.01 vs. control; *P < 0.05 and **P <
0.01 vs. LPS group. 
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(Jinyinhua), Forsythia suspensa (Thunb.) Vahl (Lianqiao), and Morus alba 
L. (Sangye) can inhibit 3ClPro (Niu et al., 2020). Therefore, Keguan-1 
may have direct antiviral effects. In addition, a previous RCT demon-
strated that Keguan-1 significantly reduced the incidence of ARDS in 
patients with COVID-19 (Wang et al., 2020). Based on these findings, we 
propose that Keguan-1 may reduce the incidence of ARDS development 
in COVID-19 patients by inhibiting the inflammatory response, which 
warrants further investigation. 

Numerous studies have shown that the mortality associated with 
SARS-CoV-2 was caused by the virus itself and the resulting inflamma-
tory cytokine storm and the microvascular dysfunction in the patients 
(Wei et al., 2020; S. Zhang et al., 2020b). When vascular injury is caused 
by SARS-CoV-2, especially in vulnerable patients with pre-existing 
endothelial dysfunction, the original microvascular dysfunction can be 
aggravated, which results in excessive vasoconstriction, organ 
ischaemia inflammation, and related tissue oedema. These responses 
could accelerate the disease progression and increase the mortality of 
patients with COVID-19 (Bilinska et al., 2020; Varga et al., 2020). As 
SARS-CoV-2 targets lung cells by binding to ACE2, unopposed Ang II 
accumulation occurs, leading to increased vascular permeability, 
oedema, inflammation, and fibrosis (Beyerstedt et al., 2021; Bilinska 
et al., 2020; Bourgonje et al., 2020; Walls et al., 2020). It has been re-
ported that the concentration of Ang II in the blood of COVID-19 patients 
is higher than that in healthy controls and is positively correlated with 
SARS-CoV-2 load and disease severity (Liu et al., 2020). In this study, 
Keguan-1 significantly downregulated the Ang II levels in the lung tissue 
of ALI mice, thereby mitigating the pulmonary vascular injury caused by 
its elevated levels. 

In addition, vascular endothelial cells could express receptors of 
several inflammatory mediators, including LPS, TNF-α, and IL-1 (Dag-
vadorj et al., 2015). Inflammatory factors released by a viral infection 
directly activates endothelial cells by binding to the receptors, thus 
disrupting adhesion protein secretion on endothelial cells, and 

increasing the adhesion of inflammatory mediators (such as neutrophils, 
monocytes, and macrophages) to blood vessels, and finally leads to 
vascular endothelial injury (Dagvadorj et al., 2015). ICAM-1, tight 
junction proteins (claudin-5 and JAM-1), and VE-cadherin play impor-
tant roles in the immune response. ICAM-1 has been considered as the 
most important adhesion molecule for inflammatory cells to gather at 
the inflammatory site. ICAM-1 mediates vascular endothelial injury 
induced by white blood cells by promoting the adhesion of white blood 
cells to endothelial cells (Ma et al., 2014). Downregulated expression of 
claudin-5 and JAM-1 increases vascular permeability, making it easier 
for inflammatory cells to penetrate through vascular endothelial cells, 
leading to inflammatory cells infiltrating the lung tissue and causing 
tissue damage (Ma et al., 2014). The main function of VE-cadherin is to 
maintain and regulate endothelial barrier function and endothelial 
permeability (Dagvadorj et al., 2015). In this study, Keguan-1 reduced 
the expression of endothelial cell adhesion molecule ICAM-1 and 
increased the expression of tight junction proteins (claudin-5 and 
JAM-1), and VE-cadherin in ALI mice, thus improving pulmonary 
vascular permeability, reducing vascular endothelial injury, and playing 
a protective role in the pulmonary microvascular injury. In conclusion, 
Keguan-1 may systematically improve pulmonary microvascular injury 
and prevent ARDS by reducing the expression of ICAM-1, and increasing 
the expression of claudin-5, JAM-1, and VE-cadherin in vascular endo-
thelial cells. 

Our previous RCT study demonstrated that Keguan-1 significantly 
reduced the incidence of ARDS in patients with COVID-19, prevented 
the progression to severe disease (Wang et al., 2020). Based on molec-
ular docking technology, we previously found that several Chinese 
medicinal components in Keguan-1 might also exert potential antiviral 
effects by targeting several key proteins in the viral life cycle (Niu et al., 
2020). In this study, we demonstrated that Keguan-1 could improve 
LPS-induced ALI by ameliorating inflammation and pulmonary vascular 
endothelial injury to improve LPS-induced ALI. Based on the 

Fig. 6. The mechanism of Traditional Chinese medicines (TCMs) against COVID-19. Keguan-1 can “resist foreign aggression” by directly inhibiting SARS-CoV-2 and 
the inflammation caused by the virus and “pacify the interior” by regulating pulmonary vascular endothelial injury, and then realise the comprehensive treatment of 
patient with COVID-19 via the effect on both the pathogen and host, which is the unique advantage and characteristic of TCMs in preventing and treating new 
complex diseases. The solid red line represents the regulation of Keguan-1 on pulmonary vascular endothelial injury and cytokine storm, and the red dotted line 
represents the potential inhibition of Keguan-1 on the binding of SARS-CoV-2 S protein to host ACE2. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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above-mentioned research results, we first proposed the hypothesis of 
“resisting foreign aggression and pacifying the interior” (Fig. 6): 
Keguan-1 can “resist foreign aggression” by directly inhibiting 
SARS-CoV-2 and the inflammation caused by the virus and “pacify the 
interior” by regulating pulmonary vascular endothelial injury, and then 
realise the comprehensive treatment of the patients with COVID-19 via 
the effect on both the pathogen and host, which is the unique advantage 
and characteristic of TCMs in preventing and treating new complex 
diseases. Although the antiviral effect and the substances and mecha-
nisms of Keguan-1 in the prevention and treatment of ARDS need to be 
further studied, the hypothesis of “resisting foreign aggression and 
pacifying the interior” provides guidance for the clinical application of 
TCMs in preventing and treating COVID-19 and other emerging infec-
tious diseases, and it is also instructive and meaningful to other diseases. 
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