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Danshensu alleviates pseudo-typed SARS-CoV-2 induced
mouse acute lung inflammation
Wei Wang1, Sha-sha Li1, Xin-feng Xu1, Chan Yang1, Xiao-ge Niu1, Shu-xian Yin2, Xiao-yan Pan3, Wei Xu1, Guo-dong Hu2,
Chan Wang1 and Shu-wen Liu1,4

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can induce acute inflammatory response like acute lung
inflammation (ALI) or acute respiratory distress syndrome, leading to severe progression and mortality. Therapeutics for treatment
of SARS-CoV-2-triggered respiratory inflammation are urgent to be discovered. Our previous study shows that Salvianolic acid
C potently inhibits SARS-CoV-2 infection. In this study, we investigated the antiviral effects of a Salvia miltiorrhiza compound,
Danshensu, in vitro and in vivo, including the mechanism of S protein-mediated virus attachment and entry into target cells. In
authentic and pseudo-typed virus assays in vitro, Danshensu displayed a potent antiviral activity against SARS-CoV-2 with EC50 of
0.97 μM, and potently inhibited the entry of SARS-CoV-2 S protein-pseudo-typed virus (SARS-CoV-2 S) into ACE2-overexpressed
HEK-293T cells (IC50= 0.31 μM) and Vero-E6 cell (IC50= 4.97 μM). Mice received SARS-CoV-2 S via trachea to induce ALI, while the
VSV-G treated mice served as controls. The mice were administered Danshensu (25, 50, 100 mg/kg, i.v., once) or Danshensu (25, 50,
100mg·kg-1·d-1, oral administration, for 7 days) before SARS-CoV-2 S infection. We showed that SARS-CoV-2 S infection induced
severe inflammatory cell infiltration, severely damaged lung tissue structure, highly expressed levels of inflammatory cytokines, and
activated TLR4 and hyperphosphorylation of the NF-κB p65; the high expression of angiotensinogen (AGT) and low expression of
ACE2 at the mRNA level in the lung tissue were also observed. Both oral and intravenous pretreatment with Danshensu dose-
dependently alleviated the pathological alterations in mice infected with SARS-CoV-2 S. This study not only establishes a mouse
model of pseudo-typed SARS-CoV-2 (SARS-CoV-2 S) induced ALI, but also demonstrates that Danshensu is a potential treatment for
COVID-19 patients to inhibit the lung inflammatory response.
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INTRODUCTION
The World Health Organization (WHO) issued that SARS-CoV-2
began to spread on a community scale, and the outbreak was
pandemic. As of May 14, 2021, 161 million confirmed COVID-19
cases worldwide have been reported, and more than 3.3 million
deaths from SARS-CoV-2. SARS-CoV-2, an enveloped single-
stranded RNA β-coronavirus, is highly closed to the virus severe
acute respiratory syndrome CoV (SARS-CoV) and Middle East
respiratory syndrome CoV (MERS-CoV) [1]. Coronaviruses are not
the dangerous factors in a broad sense, as they are found in
nature and rarely infect humans, and only cause common upper
respiratory tract infections, except for SARS-CoV in 2002 [2–4]. The
high degree of infectivity and serious complications from SARS-
CoV-2 [5] have come to a formidable challenge to the clinical and
public health.
To date, there are still no clinically prophylactic drugs

available for COVID-19 therapy. To understand the seriousness
of SARS-CoV-2 to global health and optimize the treatment of

infected persons for patients, we must develop new anti-SARS-
CoV-2 preparations to deal with various infection symptoms. In
addition to respiratory system involvement, SARS-CoV-2 infec-
tion can also cause multiple organ dysfunction [4, 6, 7].
However, the respiratory system is the main target area for
SARS-CoV-2 infected patients, and SARS-CoV-2 induces severe
inflammation and damage in the lung environments. Previous
studies showed that less than 20 (%) of patients were observed
in complex or extremely complex symptoms, mild symptoms
were observed in most cases, and the most common symptoms
were pneumonia and acute respiratory distress syndrome
(ARDS) [8]. In the period of the SARS-CoV-2 epidemic, the most
patients suffered from respiratory disease, even developed to a
severe pneumonia. The observation results reflected the course
of COVID-19, indicating that the lung is the main target of SARS-
CoV-2 [9, 10].
The occurrence of ARDS in patients with COVID-19 is a threat to

the life of them and is also a major factor of prognosis [11].
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Patients with SARS-CoV-2 associated pneumonitis or ARDS have
pulmonary inflammation, thick mucus secretions in the airways,
elevated levels of proinflammatory cytokines, extensive lung
damage and microthrombosis [7]. Among hospitalized COVID-19
patients, 20 (%) developed ARDS, about 65 (%) of ARDS patients
still died even though the mechanical ventilation strategies and
supportive treatment had been improved [4]. Pneumonitis or
ARDS is the common immune-pathological event for SARS-CoV-2
infections [11]. No effective pharmaceutical treatment for ARDS
has been approved by Food and Drug Administration, and lung-
protective mechanical ventilation is still an effective and
indispensable treatment for this symptom [12, 13]. It is hard to
be controlled in the late stage of the disease, thus early treatment
is essential to ameliorate the progression of infection and improve
the prognosis of SARS-CoV-2 patients.
Spike (S) protein, membrane (M) protein, envelope (E) protein

and nucleocapsid (N) protein are the structural proteins in
enveloped virus SARS-CoV-2, the S protein is responsible for virus
attachment and invasion of target cells [14–16]. In the considera-
tion of high risky infectivity and pathogenicity of SARS-CoV-2,
experiments with SARS-CoV-2 should be performed in a Level 3
biosafety facility (BSL-3), and antiviral research is limited without
BSL-3. To avoid dealing with infectious virus, we constructed a
COVID-19 pseudo-virus and delivered it directly to the lungs of
mice through the trachea, creating a mouse model of ALI induced
by Spike protein. As to the instable situation of controlling virus
with monotherapy, traditional Chinese medicines are also
suggested to be considered as combination therapies with anti-
coronavirus chemicals for combating COVID-19 in the rapid advice
guideline for the diagnosis and treatment of 2019 novel
coronavirus (2019-nCoV) infected pneumonia (standard version)
[17]. Danshensu (3-(3,4-dihydroxyphenyl)-lactic acid), a main
water-soluble phenolic component extracted from the dried root
of Chinese traditional medicine Danshen (Salvia miltiorrhiza) has
been used in treating cardiovascular, cerebral, and other diseases
[18, 19]. The antioxidation, anti-apoptosis, vasodilation, inflamma-
tion regulation and lipidemia control effect of Danshensu is
related with PI3K/Akt-ERK1/2/TLR4/NF-κB p65/Nrf2/HO-1, Bcl-2/
Bax, eNOS and some molecular signaling pathways [18, 20].
Previous studies showed that Salvianolic acid B and sodium
tanshinone II A sulfonate could prevent pulmonary fibrosis
through anti-inflammatory and anti-fibrotic process [21].
Ovalbumin-sensitized allergic asthma could be ameliorated with
the treatment of Salvia miltiorrhiza water extraction in mice [22].
Our previous results also indicated that Salvianolic acid C has
shown the ability of inhibiting SARS-CoV-2 infection [23]. In this
study, we discovered a Salvia miltiorrhiza compound, Danshensu,
which might have some beneficial effect on SARS-CoV-2 infection.
Thus, we evaluated the antiviral behaviors of this Salvia
miltiorrhiza compound in vitro and in vivo, including the
mechanism of S protein-mediated virus attachment and entry
into target cells.

MATERIALS AND METHODS
Chemicals
Danshensu (purity ≥ 98 (%)) was purchased from Macklin Bio-
chemical. (Shanghai, China); chloroquine (CQ) (purity ≥ 99.8 (%))
was purchased from TargetMol (Shanghai, China).

Animals
All animal experiments and protocols were approved by the
National Institutional Animal Care and Medical Ethics Committee
of Southern Medical University. And the methods applied in this
study were carried out in accordance with the approved guide-
lines. Adult BALB/c mice (male, 6–8 weeks, 20 ± 2 g) were obtained
from the Center of Experiment Animals of Southern Medical
University (Guangzhou, China). Mice were housed in standard

cages with adequate food and water. The temperature and
humidity of room were controlled.
A total of 48 mice were used in this study and randomly

separated into 6 groups (n= 8), including blank group (24 h and
72 h), VSV-G group (24 h and 72 h), SARS-CoV-2 S group (24 h and
72 h). ALI model was induced by SARS-CoV-2 S via trachea in
SARS-CoV-2 S groups, while blank groups received DMEM via
trachea and VSV-G groups received VSV-G via trachea.
Another total of 72 mice were used in this study and randomly

separated into 9 groups (n= 8), including blank group, VSV-G
group, SARS-CoV-2 S group, Danshensu 25mg/kg group, Dan-
shensu 50mg/kg group, Danshensu 100mg/kg group, Danshensu
25mg/kg i.v. group, Danshensu 50mg/kg i.v. group, Danshensu
100mg/kg i.v. group. Blank group received distilled water orally,
VSV-G group received distilled water orally, SARS-CoV-2 S group
received distilled water orally. Danshensu i.v. groups received
distilled water orally, and only received Danshensu (i.v. 25, 50, or
100mg/kg, dissolved in normal saline for tail vein injection) once
before the intratracheally received SARS-CoV-2 S at the 7th day;
Danshensu groups received Danshensu (Oral administration. 25,
50, or 100mg/kg/d, dissolved in distilled water) orally. All groups
except Danshensu (i.v. 25, 50, or 100 mg/kg) were administrated
once daily for 7 continuous days, Danshensu (i.v. 25, 50, or 100
mg/kg) groups just received distilled water orally for 7 continuous
days before the tail vein injection. ALI model was induced by
SARS-CoV-2 S via trachea after the last treatment, blank groups
received DMEM via trachea and VSV-G groups received VSV-G via
trachea.

Hematoxylin-eosin (H&E) staining and immunohistochemistry
The lung tissues (n= 6 per group) were randomly selected in each
group for histologic analysis. Lung tissue samples were fixed in 4%
paraformaldehyde with 24 h before embedded in paraffin and cut
into 5 μm thick sections. Sections were stained with hematoxylin
and eosin (H&E) or SARS-CoV-2 Spike (40589-V08B1, Sino
Biological, Beijing, China). Finally, histopathology was observed
under an optical microscope (Zeiss, Oberkochen, Germany). The
lung injury score standard was followed with previous references
[24]. The following four indicators were used for scoring: 1)
Intrapulmonary hemorrhage; 2) The presence or absence of
congestion in the pulmonary capillary; 3) The presence of absence
of cell infiltration in lung interstitium; 4) Formation of hyaline
membrane (thickened alveolar wall); the lung injury score
standard was as follows: 0, normal; 1, extremely mild damage
(<25% area of visual field); 2, mild damage (25%–50% area of
visual field); 3, moderate damage (50%–75% area of visual field);
and 4, severe damage (>75% area of visual field) [24].

Table 1. Sequences for real-time PCR.

Gene Sequence (5’-3’)

GAPDH Forward AAATGGTGAAGGTCGGTGTGAAC

Reverse CAACAATCTCCACTTTGCCACTG

TNF-α Forward CCTCCCTCTCATCAGTTCTA

Reverse GGCAGCCTTGTCCCTTGAC

IL-1β Forward TTCGAGGCACAAGGCACAACA

Reverse AGGTCCTGGAAGGAGCACTTCA

IL-6 Forward CCACTTCACAAGTCGGAGGCTTA

Reverse CCAGTTTGGTAGCATCCATCATTTC

ACE2 Forward CTCTGGGAATGAGGACACGG

Reverse GGTTGGGCACTGCTTACAAC

AGT Forward TGTCTAGGTTGGCGCTGAAG

Reverse GATGTATACGCGGTCCCCAG
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qRT-PCR
Total RNA was extracted using the Total RNA Isolation Kit
(Foregene, Chengdu, China) and reverse transcribed using Prime-
Script™ RT Master Mix (Takara, Beijing, China) according to the
manufacturer’s instructions. The used sequences are shown in
Table 1.

Pseudo-virus transduction
Pseudo-typed SARS-CoV-2 plasmid was kindly provided by Prof
Shi-bo Jiang from Fudan University. Pseudo-typed SARS-CoV-2
particles were produced in HEK293T cells as previously described
[25]. In brief, cells were co-transfected with pNL4-3.luc.R-E- and
pcDNA-SARS-CoV-2 plasmids at a ratio of 2:1 by PolyJet (SignaGen,
Frederick, Maryland, USA). The supernatant containing the
pseudo-typed SARS-CoV-2 was harvested 48 h later, and enriched
with Amicon Ultra (Merck, Darmstadt, Germany), aliquoted and
stored at −80 °C until use.

Antiviral activity experiments in vitro
Vero-E6 cells were infected with SARS-CoV-2 (MOI= 0.05) at 37 °C
for 1 h before the pre-incubation of Danshensu and Vero-E6
cells for 1 h. After that, fresh medium with Danshensu was added,
150 μL supernatant was collected for testing after 24 h, the copy
number of the virus was determined by qRT-PCR, and the ability of
Danshensu resisting SARS-CoV-2 was evaluated.
SARS-CoV-2 S was mixed with Danshensu in different concen-

trations in advance at 37 °C for 30 min, and the 100 μL mixture was
added to ACE2 HEK-293T and Vero-E6 cells with ACE2 over-
expression. After co-incubation for 12 h, the supernatant was
discarded, and the same volume of fresh medium was replen-
ished. After 48 h, the cells were washed with PBS and lysed. The
Luciferase level in cell lysates was detected as previously
described [23] to evaluate the anti-SARS-CoV-2 S ability of
Danshensu.

Indirect immunofluorescence assay
After SARS-CoV-2 inhibition assay, Vero-E6 cells on 48 well plate
were fixed overnight with 4% paraformaldehyde (Bio-Rad,
Hercules, CA, USA), then infiltrated with 0.2% Triton X-100 (Sigma,
Shanghai, China) for 20 min and incubated by immunofluores-
cence staining of rabbit anti-NP polyclonal overnight at 4 °C. After
that, goat anti-rabbit IgG H&L was used as secondary antibody to
incubate for 1 h at room temperature and the nuclei were stained
by DAPI [23]. Axio Observer microscope (Zeiss, Oberkochen,
Germany) was used to acquire fluorescence images.

SARS-CoV-2 S-induced ALI
The model of SARS-CoV-2 S-induced ALI was previously described
in detail [26]. After 24 h, blank group (24 h), VSV-G group (24 h)
and SARS-CoV-2 S group (24 h) were sacrificed under anesthesia
for experimental evaluation. After a further 72 h, rest of mice were
sacrificed under anesthesia for experimental evaluation. The
concentration of p24 in SARS-CoV-2 S and VSV-G was detected
by ELISA and 2.5 mg/kg was settled to be the standard of SARS-
CoV-2 S and VSV-G dosage induced by intratracheal instillation
in vivo.

Western blot analysis
Protein was extracted from cells and mouse lung tissues, SARS-
CoV-2 Spike and SARS-CoV-2 Spike 2 (40590-T62 and 40589-
V08B1, Sino Biological), TLR4 (BA1717, Boster Biological Technol-
ogy, Wuhan, China), NF-κB p65 (8242 S, Cell Signaling Technology,
Danvers, MA, USA), Phospho-NF-κB p65 (p-NF-κB p65) (3033, Cell
Signaling Technology), and GAPDH (FD0063, Hangzhou Fude
Biological Technology, Hangzhou, China), were added to mem-
branes. Goat Anti-Rabbit HRP IgG (FDR007) and Goat Anti-Mouse
HRP IgG (FDM007) were obtained from Hangzhou Fude Biological
Technology.

Enzyme-linked immunosorbent assay (ELISA)
The serum of each mouse was collected, and tests were
manufactured according to instructions of each ELISA kit
(Shanghai Enzymelink Biotechnology, Shanghai, China).

Statistical analysis
Data were expressed as the mean ± SD and analyzed using one-
way ANOVAs. Differences were considered significant when P <
0.05. All analyses were performed using SPSS for Windows, version
22.0.0.0 (SPSS, Chicago, IL, USA) [27].

RESULTS
Effects of Danshensu on SARS-CoV-2 and S protein-pseudo-typed
virus in vitro
As shown in Fig. 1a, e, Danshensu showed the potent antiviral
activity with EC50 of 0.97 μM and a concentration-dependent
manner in inhibiting SARS-CoV-2. Danshensu was also identified
to potently inhibit the entry of SARS-CoV-2 S protein-pseudo-
typed virus (SARS-CoV-2 S) into ACE2-overexpressed HEK-
293T cells (IC50= 0.31 μM) and Vero-E6 cell (IC50= 4.97 μM)
(Fig. 1b, c), but it had no significant inhibitory effect on VSV-G
pseudo-virus (Fig. 1d). The S protein could only be detected from
supernatants containing SARS-CoV-2 S to confirm the pseudo-
typed SARS-CoV-2 as observed in Fig. 1f. In total, Danshensu has
shown a potential antiviral ability against SARS-CoV-2.

SARS-CoV-2 S protein could induce pathological changes in the
lung tissues
As shown in Fig. 2a, the mice in the blank group and VSV-G
group showed normal architecture morphologically, while the
mice in SARS-CoV-2 S group showed lung pathological damage
including hemorrhage in the alveolar spaces, thickened alveolar
walls, and inflammatory cells infiltration, and a large amount of S
protein (Fig. 2b). All these appearances were same as the ALI
induced by SARS-CoV-2, with severe acute lung inflammation
symptoms.

Danshensu could prevent SARS-CoV-2 S protein-induced acute
lung inflammation
H&E staining was conducted to observe the protective effect of
Danshensu on physiological impairment. As revealed in Fig. 3,
pathological changes in lung tissue of mice in each group were
observed with a microscopic analysis after H&E staining. The
alveolar structure of mice in the VSV-G group was normal,
without the hemorrhages, shrink of alveolar space, noticeable
thickening of the alveolar septum or inflammatory cell
infiltration. After establishing the model, mice in the SARS-
CoV-2 S group exhibited a thickened alveolar septum, collapsed
and reduced alveoli, and marked inflammatory cell infiltration.
In contrast, these changes were obviously alleviated by
Danshensu in a dose-dependent manner. In the Danshensu
50 and 100 mg/kg groups, the alveolar septum was slightly
thickened, a few inflammatory cells could be seen and some of
the alveoli were shrunken in appearance (Fig. 3c, d). Lung
histological scores in the SARS-CoV-2 S group were significantly
higher than the blank group and VSV-G group, while lung
histological scores in the Danshensu 50 and 100 mg/kg groups
and Danshensu i.v. 100 mg/kg groups were significantly lower
than in the SARS-CoV-2 S group (Fig. 3a, d) (all P < 0.05).
Analytical results demonstrated that Danshensu obviously
ameliorated the histopathological condition in SARS-CoV-2 S-
induced acute lung inflammation.

Danshensu ameliorated inflammatory cytokines in serum and lung
tissue
The effects of Danshensu on serum cytokines including IL-6, IL-1β,
and TNF-α were examined with ELISA kits. As revealed in Fig. 4a–c,
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the levels of TNF-α, IL-1β, and IL-6 in serum samples presented
apparent increases with SARS-CoV-2 S stimulation, compared to
the blank and VSV-G groups. However, Danshensu significantly
reduced the levels of TNF-α, IL-1β and IL-6 in the serum, compared
with those in the SARS-CoV-2 S group.

Expression of the mRNA for TNF-α, IL-1β, and IL-6 was detected
in the lung of all group mice, as shown in Fig. 4d–f. TNF-α, IL-1β,
and IL-6 were significantly reduced by the treatment with
Danshensu 50 and 100mg/kg, whereas SARS-CoV-2 S elevated
the mRNA levels of these pro-inflammatory biomarkers.

Fig. 1 The mechanism of Danshensu inhibits SARS-CoV-2 and SARS-CoV-2 S infection on 293 T/ACE2 cells. a Validation on the antiviral
activity of Danshensu against SARS-CoV-2 in Vero-E6 cells. b Danshensu inhibited the entry of SARS-CoV-2 S on ACE2-overexpressed HEK-
293T. c Danshensu inhibited the entry of SARS-CoV-2 S on Vero-E6 cells. d The inhibitory activity of Danshensu on VSV-G. e The inhibitory
activity of Danshensu on infections (green) was detected by indirect immunofluorescence assay. The nucleus (blue) was stained with DAPI,
scale bar= 200 μm. f Pseudo-typed SARS-CoV-2 on Western blotting analysis.
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The antioxidant system could be protected by treatment with
Danshensu
Fig. 4 illustrated the effects of Danshensu on oxidative stress.
SARS-CoV-2 S administration decreased CAT (Fig. 4h) and GPx
(Fig. 4i) activities. In contrast, pretreatment with Danshensu
enhanced the activities of CAT and GPx.

The regulation of p-NF-κB p65 and TLR4 expression in SARS-CoV-2
S-induced lung tissues by Danshensu
TLR4 is the traditional regulating receptor in the NF-κB p65
pathway and, indirectly, have operated an important role in the
upregulation of TNF-α, IL-1β, and IL-6. As depicted in Fig. 5a, SARS-
CoV-2 S-treated mice showed obvious upregulation of pneumonic
expressions of TLR4 and p-NF-κB p65. However, Danshensu
effectively suppressed the activations of TLR4 and NF-κB p65 in
the lung tissues of SARS-CoV-2 S-treated mice.

Danshensu could reverse the mRNA expression of ACE2, AGT, and
inflammatory cytokines in SARS-CoV-2 S-induced lung tissues
The lung of mice was analyzed by qPCR, to assess the induction of
mRNA for ACE2 and AGT. Expression of the mRNA for ACE2 and
AGT was detected in the lungs of all mice, as shown in Fig. 5b, c.
AGT was significantly reduced by the treatment of Danshensu
(Fig. 5c), whereas SARS-CoV-2 S elevated the mRNA levels of AGT.

The mRNA level of the ACE2 was significantly promoted by the
treatment with Danshensu (Fig. 5b). Danshensu i.v. at the dose of
100mg/kg and pretreatment with Danshensu effectively reduced
the mRNA expression of pro-inflammatory genes AGT to the
normal levels and elevated the mRNA expression of ACE2.
Danshensu i.v. at 50 mg/kg did also diminish the mRNA expression
of AGT in some cases.

DISCUSSION
Danshensu is a pure molecule derived from the root of Salvia
miltiorrhiza, it might be therapeutically used for antioxidation,
anti-apoptosis, and anti-inflammation in various diseases [18].
Previous studies indicated that Salvianic acid A and Salvianic acid
C has anti-inflammatory, antioxidant and anti-acute myocardial
ischemia effects and could protect against acute myocardial
ischemia, especially the Salvianolic acid C has shown the ability of
inhibiting SARS-CoV-2 infection by blocking the formation of six-
helix bundle core of spike protein [23, 28–30]. Our results showed
that Danshensu also has the antiviral properties with EC50 of 0.97
μM in SARS-CoV-2 infection, and inhibited SARS-CoV-2 S infection
in a dose-dependent manner as observed in Fig. 1, meaning that
Danshensu could be a potential treatment of COVID-19. More
reports on histopathological changes in COVID-19 patients were

Fig. 2 SARS-CoV-2 S induced acute lung inflammation. a Pathological changes in lung tissue of mice in each group. b
Immunohistochemistry of anti-SARS-CoV-2 Spike in SARS-CoV-2 S-induced mice lung tissue after 24 h and 72 h.
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providing and approving established effect of ACE2 expression
and activity in disease pathogenesis [31]. In the emergency of the
SARS-CoV-2 pandemic, chance of infection is equal for the tissues
and organs at which ACE2 is widely distributed, even a lot of
SARS-CoV-2 targeting determinants have been well recognized.
Respiratory system has always been the most influenced to the
pathophysiological changes in human body by the infection of
SARS-CoV-2, implying that some other mechanisms are involved
in respiratory system disease caused by SARS-CoV-2 infection.
The model of SARS-CoV-2 in mice was built by humanized ACE-

2 mice, we tried to find a SARS-CoV-2 model in BALB/c mice
without humanized ACE-2 in vivo. Pseudo-virus is always used to
be a common type in most anti-virus experiments. At present, it

has been reported that SARS-CoV-2 S was used to establish and
validate a pseudo-virus neutralization assay for SARS-CoV-2 [32].
Therefore, we developed a pseudo-virus model by SARS-CoV-2 S
to study the virus entry and test Danshensu on this assay in vivo.
ALI was successfully established after mice were injected in
tracheal administration route with SARS-CoV-2 S for 72 h,
evidenced by a significant increase in inflammatory cytokines
serum levels and accompanying histopathological changes.
Inflammatory cellular infiltration in alveolar walls and thickening

of alveolar walls were obviously observed in SARS-CoV-2
S-challenged mice. The ALI was scored with the scoring system
by Szarka et al. [33]. Pathology evaluation in SARS-CoV-2 S-
induced mouse acute lung inflammation model was higher than

Fig. 3 SARS-CoV-2 S-induced acute lung inflammation with Danshensu treatment. a Pathological changes in lung tissue of mice in each
group. b Lung inflammation score of blank group, VSV-G group, SARS-CoV-2 S group and Danshensu i.v. groups. c Lung inflammation score of
blank group, VSV-G group, SARS-CoV-2 S group and Danshensu groups. d Representative microscopic pictures of H&E staining in each group.
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that of blank and VSV-G group (Fig. 2a). We found that Danshensu
pretreatment could ameliorate inflammatory cytokines levels and
improve histopathological changes in SARS-CoV-2 S-induced ALI.
Results of our experiments demonstrated that SARS-CoV-2 S
caused significant increases in the levels of inflammatory
cytokines, whereas Danshensu reduced the inflammatory changes
and the histopathological changes in SARS-CoV-2 S-induced ALI.
Our results indicated that ALI and overexpressed inflammatory
factor in the lung were developed by SARS-CoV-2 S in normal mice
without the involvement of humanized ACE2, other receptors
such as TLR4 could be the virus induced inflammation receptors.
The histological analysis showed that Danshensu performed a
protective effect against the inflammatory cell infiltration and
thickening of alveolar space caused by SARS-CoV-2 S in mice.

Inflammatory mediators, such as IL-1β, IL-6, and TNF-α were
involved in SARS-CoV-2 S-induced lung damage. These inflamma-
tory factors were significantly increased after SARS-CoV-2 S
treatment, and were alleviated by pretreatment with Danshensu
in our experiment. According to reports, macrophages could
release inflammatory cytokines with the stimulation of SARS-CoV-
2, and the secretome of many inflammatory diseases are affected
by the inflammatory cytokines TNF-α, IL-1β and IL-6 [34].
Furthermore, previous reports also demonstrated that the down-
regulation of TNF-α, IL-1 and IL-6 production could alleviate lung
inflammation. The results of this research showed that the
inflammatory cytokine was markedly inhibited by pretreatment
with Danshensu and SARS-CoV-2 S-induced acute lung inflamma-
tion could be reversed by ameliorating inflammatory responses.

Fig. 4 Effects of Danshensu on inflammatory cytokines in serum and lung tissue. a The levels of IL-1β in serum in different groups. b The
levels of IL-6 in serum in different groups. c The levels of TNF-α in serum in different groups. d The expression of the mRNA for IL-1β in lung
tissues. e The expression of the mRNA for IL-6 in lung tissues. f The expression of the mRNA for TNF-α in lung tissues. g The levels of SOD in
serum in different groups. h The levels of CAT in serum in different groups. i The levels of GPx in serum in different groups. Compared to SARS-
CoV-2 S group, *P < 0.05, **P < 0.01.
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The signal cascade that controls cytokine and stress response is
closely related to TLR4 and NF-κB p65 pathway [35–37]. The innate
immune receptor TLR4 could perform a role in the activation of
foam cell formation and pro-inflammatory cytokines transcriptions
by binding its ligands [38]. The inflammatory response mediating
mechanism is related with the motivation of myeloid differentia-
tion primary response protein 88 (MyD88)-dependent signaling
and NF-κB p65 pathway by the activated TLR4, previous research
showed that the NF-κB p65 signaling pathway is involved in the
regulation of inflammatory mediators and plays a vital role [39].
Inflammatory cytokines can be activated from the hyperpho-
sphorylation of the NF-κB p65 pathway and cause lung
inflammation [40]. NF-κB is a nuclear transcription factor that
regulates the expression of various genes, these genes are critical
for inflammatory responses [41, 42]. Many inflammation-
associated genes, such as TNF-α, IL-1β, and IL-6 are under the
regulation of p65 in NF-κB family which is activated by TLR4
[43, 44]. Reacting to oxidative stress, the onset of inflammation in
the lung is triggered by activated NF-κB transcription factor [45].
The former study reported that Danshensu exerted anti-
vasoconstriction effects with the concentration of 0.2 mg/mL in
CaCl2-induced rat models of vasoconstriction [46]. Danshensu also
attenuated streptozotocin-induced increases in the expressions of
RAGE, p-p38, and COX-2 and the activation of NF-κB p65 pathway,
ameliorated the inflammatory mediators TNF-α, IL-6, and PGE2
levels in the hippocampus from the cognitive decline resulting
from diabetes [18].
At the same time, the p-NF-κB p65/NF-κB p65 ratio was

reversed from the increasing tendency in the SARS-CoV-2 S and
Danshensu groups. These results suggested that Danshensu, a
p-NF-κB p65 inhibitor, performed a protective role against

SARS-CoV-2 S-induced acute lung inflammation in mice by
suppressing inflammatory mediators release through the TLR4
and NF-κB p65 pathway. The anti-inflammation in this model,
involving the attenuation of the TLR4 inflammatory signaling
pathway and the reduction of p-NF-κB p65 levels, was a
complicated mechanism. The release of inflammatory factors
was promoted by the SARS-CoV-2 S-activated NF-κB p65, the
critical transcription factor in inflammation, and was inhibited by
pretreatment with Danshensu. We also measured antioxidant
factors and found that CAT levels were reversed by Danshensu,
and GPx levels could be reversed in some cases. It indicated that
SARS-CoV-2 S-induced significantly elevated phosphorylation of
NF-κB p65 was attenuated by Danshensu pretreatment. We also
found that inflammatory responses regulated by TLR4 and NF-κB
p65, which was consistent with previous reports [47]. Taken
together, our results suggested that the production of TLR4/NF-κB
p65 signaling components-activated inflammatory cytokines were
decreased with the anti-inflammatory activity of Danshensu.
Previous evidence showed that nosogenesis of lung inflamma-

tion was caused by the entrance of binding of the SARS-CoV-2
Spike protein’s S1 subunit to ACE2 on the target cell surface [48–
50]. Under the circumstance of decline of ACE2 expression,
phosphorylation of NF-κB p65 releases inflammatory signaling. In
this study, different concentrations of Danshensu were conducted
to SARS-CoV-2 S-induced mice and we found it could significantly
promote the mRNA expression of ACE2 and reverse the mRNA
expression of angiotensinogen (AGT). More recently, plenty of
research indicated that ACE2 is the cellular receptor of SARS-CoV-2
[51–53], involvement of ACE2 in ALI has been confirmed in various
animal models aroused by SARS-CoV and SARS-CoV-2 [54, 55], the
established model of mice with humanized ACE2 has also been

Fig. 5 Effects of Danshensu on the protein expression of p-NF-κB p65 and TLR4 in SARS-CoV-2 S-induced lung tissues and the mRNA
expression of ACE2 and AGT. a Western blotting of proteins involved in TLR4, NF-κB p65 and p-NF-κB p65. b The mRNA level of ACE2. c The
mRNA level of AGT. Compared to SARS-CoV-2 S group, *P < 0.05, **P < 0.01.
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used for the anti-coronavirus in vivo experiments in BSL-3
equipment [56]. A careful intervention of ACE2/Ang 1–7 axis
could mitigate SARS-induced tissue injuries, which represents the
protection can be offered with ACE2 in ALI even it provides a
facilitation for virus entering at the epithelial surface [54, 57]. Our
results showed that ACE2 and AGT levels could be reversed by the
pretreatment with Danshensu after SARS-CoV-2 S stimulation. In
previous studies, administration of ACE2 was demonstrated to
ameliorate the damage in lung and vascular tissue and attenuate
the systemic inflammation, the disorder on the expression of ACE2
has also been involved in acute lung inflammation through an
imbalance in the RAS [58–61]. AGT is an acute-phase protein in the
inflammatory process of COVID-19 patients, and the deficiency of
ACE2 might result in marked upregulation of Ang II transformed
from AGT, while Ang II could directly stimulates pro‐inflammatory
mediators resulting in the infiltration of macrophages [62–64]. In
this study, results indicated that Danshensu mediated increase in
ACE2 and decrease in AGT expression, resulting in the upregula-
tion of antioxidant enzyme expression. There changes were
related with anti-inflammatory and antioxidant properties of
Danshensu.
Therefore, we confirmed that Danshensu could induce the

expression of antioxidant enzyme and suppress the production of
inflammatory mediator as a beneficial anti-inflammatory agent
in vivo. ALI in mice could be induced by SARS-CoV-2 S and reversed
in biochemical and pathological indexes by Danshensu. Meanwhile,
our results revealed that the model induced by SARS-CoV-2 S via
trachea could be used for the experiment in vivo of anti-
inflammatory drug for the inflammatory response of COVID-19.
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