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Abstract

Since December 2019, the new coronavirus (also known as severe acute respiratory
syndrome coronavirus 2 [SARS-CoV-2, 2019-nCoV])—induced disease, COVID-19,
has spread rapidly worldwide. Studies have reported that the traditional Chinese
medicine Salvia miltiorrhiza possesses remarkable antiviral properties; however, the
anti-coronaviral activity of its main components, salvianolic acid A (SAA), salvianolic
acid B (SAB), and salvianolic acid C (SAC) is still debated. In this study, we used Cell
Counting Kit-8 staining and flow cytometry to evaluate the toxicity of SAA, SAB, and
SAC on ACE2 (angiotensin-converting enzyme 2) high-expressing HEK293T cells
(ACE2" cells). We found that SAA, SAB, and SAC had a minor effect on the viability
of ACE2" cells at concentrations below 100 uM. We further evaluated the binding
capacity of SAA, SAB, and SAC to ACE2 and the spike protein of 2019-nCoV using
molecular docking and surface plasmon resonance. They could bind to the receptor-
binding domain (RBD) of the 2019-nCoV with a binding constant (Kp) of
(3.82+0.43) e-6 M, (5.15+0.64)e-7 M, and (2.19 £ 0.14)e-6 M; and bind to ACE2
with Kp (4.08 +0.61)e-7 M, (2.95+0.78)e-7 M, and (7.32+0.42)e-7 M, respec-
tively. As a result, SAA, SAB, and SAC were determined to inhibit the entry of
2019-nCoV Spike pseudovirus with an ECsq of 11.31, 6.22, and 10.14 uM on ACE2"
cells, respectively. In conclusion, our study revealed that three Salvianolic acids can
inhibit the entry of 2019-nCoV spike pseudovirus into ACE2" cells by binding to the
RBD of the 2019-nCoV spike protein and ACE2 protein.
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dry cough, fever, headache, dyspnea, and pneumonia, with an

estimated mortality rate ranging from 3% to 5%, which is lower

Since December 2019, coronavirus disease (COVID-19) has been
affecting global health and thus far, there has been no sign of the
pandemic subsiding. As of August 28, 2020, more than 10 million
people had been infected, with 830,057 deaths recorded
worldwide.>? Patients infected with novel coronavirus (2019-
nCoV; also known as severe acute respiratory syndrome
coronavirus 2 [SARS-CoV-2]) manifest many symptoms, such as

than that in individuals infected with pathogenic SARS-CoV
(2002-2003) and Middle East respiratory syndrome coronavirus
(MERS-CoV, 2012).>°> Therefore, it is urgent to develop an
effective program for the prevention and treatment of
COVID-19-associated pneumonia.

2019-nCoV is a positive-sense single-stranded RNA virus with
a crown-like appearance due to the projection of surface spike
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glycoproteins (S proteins) from its envelope.® Coronaviruses use
the homotrimeric S protein (comprised of an S1 subunit and S2
subunit in each spike monomer) on the envelope to bind to their
cellular receptors.® This binding triggers a cascade of events that
lead to the fusion of the cell and viral membranes, enabling entry
into the cell. As with SARS-CoV, the receptor binding domain
(RBD) of the 2019-nCoV S protein binds to the angiotensin-
converting enzyme 2 (ACE2) cell receptor.” * However, the RBD
of 2019-nCoV has a higher binding affinity for ACE2 than that of
SARS-CoV.° RBDs of S proteins of SARS-CoV or 2019-nCoV can
both be used as vaccines to induce the production of cross-
reactive or cross-neutralizing antibodies for preventing viruses
from entering their target cells expressing its receptor ACE2.'°
Similarly, the S protein can also be used as a target for the creation
of a COVID-19 vaccine. Such vaccines can be based on the 2019-
nCoV full-length S protein and its RBD; moreover, vaccines could
be based on DNA, viral vectors and subunits.'* A candidate mes-
senger RNA vaccine stabilized the coronavirus S proteins by
substituting two prolines at the top of heptad repeat 1, thereby
preventing structural rearrangements of the fusion (52) subunit,
and successfully induced anti 2019-nCoV immune responses in all
participants.?

Salvianolic acid A (SAA), salvianolic acid B (SAB), and salvia-
nolic acid C (SAC) are phenolic carboxylic acids obtained from the
aqueous extracts of Salvia miltiorrhiza. SAA, SAB, and SAC, which
are major bioactive constituents of S. miltiorrhiza have been
reported to have anticancer, anti-inflammatory, and cardiopro-
tective effects.’®> ¢ S. miltiorrhiza exhibits inhibitory effects
against hepatitis B, hepatitis C, and SARS-CoV viruses.” 7
Although no drug has been confirmed to be effective in inhibit-
ing 2019-nCoV, treatment of COVID-19 symptoms is still
remarkable in clinic.?®?* This is partly due to traditional Chinese
medicine (TCM).?>?% Salvia miltiorrhiza is one of the five main
components of Xuebijing (XBJ) which is a five-herb combined
TCM, and other four components are Carthamus tinctorius, radix
paeoniae rubra, Ligusticum wallichii, and Angelica sinensis. XBJ is
widely used in China due to its anti-inflammatory and anti-
endotoxin effects. A clinical study has shown that XBJ significantly
improves the pneumonia severity index of patients with severe
community-acquired pneumonia.”* Based on the clinical evidence
for the benefits of XBJ in sepsis, bacterial pneumonia, and acute
respiratory distress syndrome (ARDS), which are three common
complications associated with COVID-19, China's National Health
Council has recommended i.v. XBJ as one of the treatment options
in the management of COVID-19 patients.>>?® However, the
efficacy and mechanism of SAA, SAB, and SAC in the treatment of
COVID-19 have not been established yet.

In this study, we have verified the inhibitory effects of SAA, SAB, and
SAC on 2019-nCoV spike pseudovirus infectivity in vitro and found that
they can bind to the RBD of 2019-nCoV spike pseudovirus, as well as to
its receptor ACE2, to inhibit the entry of 2019-nCoV spike pseudovirus
into ACE2 high-expressing HEK293T (ACE2") cells.

2 | MATERIALS AND METHODS

2.1 | Materials and reagents

SAA and SAC were purchased from Herbest Pharmaceutical Co.,
Ltd. SAB was purchased from Ambrosia Pharmaceutical Co., Ltd.
Chloroquine (CQ), purity of 98%, was from Macklin. Dulbecco's
modification of Eagle's medium (DMEM) with high glucose (Cat.
No.: SH30022.01), and fetal bovine serum (Cat. No.: 16140071)
were from HyClone. Penicillin-streptomycin solution was obtained
from Xi'an Hat Biotechnology Co., Ltd. The Annexin V-FITC/PI
Apoptosis Detection Kit (Cat. No.: A0O05-3) and Cell Counting Kit
were purchased from 7Sea Pharmatech Co., Ltd., the 2019-nCoV
spike pseudovirus (Cat: PSV001) was purchased from Sino Biolo-
gical. The VSV-G pseudovirus (Cat: GM-2439LV18) was purchased
from Genomeditech.

2.2 | Cell culture

ACE2" cells were constructed by Genomeditech. ACE2" cells were
maintained in DMEM high glucose medium containing 10% FBS, 1%
penicillin-streptomycin, 0.75 ug/ml puromycin and cultured at 37°C
in a 5% CO, incubator.

2.3 | Cytotoxicity assay

Cell viability was evaluated according to the manufacturer's
instructions. Briefly, ACE2" cells were seeded in 96-well plates at a
density of 5x10° cells per well and treated with different con-
centrations of SAA, SAB, and SAC (0, 25, 50, 100, 200, and 400 uM)
for 24 h. Then, 10 ul of Cell Counting Kit solution was added to each
well, followed by incubation for 2 h. Relative cell viability was as-
sessed by measuring the absorbance at 450 nm using a microplate
reader (Bio-Rad). The survival rate of ACE2" cells was calculated

using the following formula:

[(ODreated — ODgiank)/(ODcontrol — ODgiank)] X 100%.

2.4 | Apoptosis assay

ACE2" cells were seeded in a six-well plate and treated with differ-
ent concentrations of SAA, SAB, and SAC (0, 25, and 50 uM) for 24 h.
Then, the cells were collected, washed with PBS and resuspended in
400 pl of 1 x binding buffer. Annexin V-FITC (5 ul) was added to the
cells and incubated 26°C in the dark for 15 min. Propidium iodide (PI)
(10 ul) was added to the cells and incubated in an ice bath for 5 min.
Detection was performed within 30 min. The excitation wavelength
of the flow cytometer (Accuri Cé Plus; BD Biosciences) was 488 nm,
and the emission wavelength was 530 nm to detect FITC, while Pl
was detected at 575 nm. Normal cells exhibited a low fluorescence

intensity, while apoptotic cells exhibited a strong green fluorescence
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intensity. Necrotic cells exhibited double staining with green and red

fluorescence.

2.5 | Docking studies

Molecular docking studies were performed using SYBYL-X 2.0
version. 6MO0J (protein data bank [PDB] ID: 6MO0J) is a crystal
structure of SARS-CoV-2 spike receptor-binding domain bound with
human ACE2 protein. 6MO0J has been published in the PDB. Subse-
quently, the compounds were screened based on the search space of
the S-RBD binding sites of human ACE2 (saved from 6MO0J) using
SYBYL-X 2.0 version. Water molecules were removed and hydrogen
was added. Tripos force field and Pullman charge were applied to
minimize. SAA, SAB, and SAC were depicted by the Sybyl/Sketch
module (Tripos Inc.), optimized by Powell's method with the Tripos
force field with convergence criterion set at 0.005 kcal/(A mol), and
assigned using the Gasteiger-Huckel method.

2.6 | Surface plasmon resonance

To assess the surface plasmon resonance (SPR), the ACE2 protein with a
6-His tag (30 ug/ml) or SARS-CoV-2 spike S1 protein was fixed on a
carboxyl sensor chip (Nicoya) via capture-coupling. Then, 12.5, 25, 50,
and 100 uM of SAA, SAB, and SAC were sequentially injected into the
chamber, dissolved in a running buffer (PBS). The interaction of ACE2
with the fixed small molecules was observed using Open SPR™ (Nicoya
Lifesciences) at 25°C. The binding and disassociation times were both
250s and the flow rate was 20 ul/s, the chip was regenerated with
hydrochloric acid (pH 2.0). A one-to-one diffusion-corrected model was
fitted to the wavelength shifts corresponding to the varied drug con-

centrations. The data were retrieved and analyzed using TraceDrawer.

2.7 | Detection of 2019-nCoV spike pseudovirus
entry into ACE2" cells

White 96-well plates were seeded with a solution of 5x 10* of
ACE2" cells in 100 ul of DMEM per well. The cells were cultured at
a 37°C incubator containing 5% CO,; subsequently, the culture
medium was removed and replaced with 100 ul of a medium con-
taining the corresponding dose of the test substances, which was
followed by incubation for 2h. Then, 5ul of 2019-nCoV spike
pseudovirus (PSC001; Sino Biological) was added. This was incubated
in a 37°C incubator containing 5% CO,. After 6-8h, the culture
medium containing the virus was removed and replaced by 200 pl of
fresh DMEM, and incubated continuously at 37°C for 48 h; the cul-
ture medium was aspirated and 20 ul of cell lysate was added from
the Luciferase Assay System (E1500; Promega) was added to each
well. Then 100 ul of luminescence solution was added to each well.
Chemiluminescence was detected at 560 nm using a microplate
reader, and the exposure time was 1s.
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2.8 | Statistical analysis

Data are presented as the mean + standard error of the mean (SEM)
and were statistically analyzed using analysis of variance. Two-tailed
tests were used for comparisons between two groups, and differ-
ences were considered statistically significant at p <.05.

3 | RESULTS

3.1 | Cytotoxicity of SAA, SAB, and SAC in
ACE2" cells

The effects of SAA, SAB, and SAC on ACE2" cell viability were de-
termined using a Cell Counting Kit assay, by evaluating their cytotoxic
effects. Cytotoxic screening of SAA, SAB, and SAC was performed at
different concentrations in the range of 25-400 uM. SAB and SAC
showed low cytotoxicity towards ACE2" cells even at a concentration
as high as 400 uM. SAA exhibited an inhibitory effect on cell viability
at concentrations above 200 uM (Figure 1B). It can be concluded that
at a given concentration, SAA, SAB, and SAC showed low toxicity on
ACE2" cells at different time points (Figure 1C). Figure 2 shows that
within 24 h, the concentrations of all three salvianolic acids had no

significant effect on apoptosis in the later experiments.

3.2 | Binding capacities of SAA, SAB, and SAC to
the RBD of 2019-nCoV

Existing studies have proved that the 2019-nCoV infects its host
cells through binding to ACE2 followed by cleavage of the S protein
of 2019-nCoV by human TMPRSS2.° This binding triggers a cascade
of events that lead to the fusion of the cell and viral membranes,
allowing for entry into the host cell.” Therefore, we analyzed the
binding capacities of SAA, SAB, and SAC to the RBD of 2019-nCoV
using molecular docking. Figure 3A showed that SAA binds to
GLN498, which is an active site on the RBD of 2019-nCoV via the
formation of a 2.12A hydrogen bond. SAC binds to ARG403,
GLU406, GLU484, and PHE490, which are all invalid sites of the RBD
of 2019-nCoV (Table 1). Notably, we found that SAB showed a
stronger binding ability to the RBD through the formation of more
hydrogen bonds. SAB binds to six amino acids of the RBD of
2019-nCoV. Among them, SAB binds to the active amino acid
TYR453 (via the formation of 1.91 A and 2.25 A hydrogen bonds),
ASN501 (via the formation of a 1.91 A hydrogen bonds) and THR500
(via the formation of 2.43A, 1.78A, 2.21A, 2.41A, and 2.37A
hydrogen bonds) (Table 1). We used SPR to further assess the
binding abilities of the three salvianolic acids to the RBD of 2019-
nCoV. The binding constant (Kp) between SAA, SAB, SAC, and S
protein of 2019-nCoV was (3.82+0.43)e-6 M, (5.15+0.64)e-7 M,
and (2.19 £ 0.14)e-6 M, respectively (Figure 3B). These results fur-
ther confirmed that SAB has a greater affinity for the RBD of 2019-
nCoV S protein than SAA and SAC.
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cells treated with SAA, SAB, and SAC for 24 h; (C) the toxicity of SAA, SAB, and SAC on ACE2h cells at different time points.
The experiments were repeat three times. Data are presented as mean = SD. *p < .05, **p < .01, **p <.001 compared with vehicle.
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3.3 | Binding abilities of SAA, SAB, and SAC
to ACE2

Based on the results of the study on the structure of ACE2,° we
evaluated the binding abilities of SAA, SAB, and SAC to ACE2 using
molecular docking and focused on whether SAA, SAB, and SAC could
bind to ACE2. We found that SAA, SAB, and SAC all have good
binding abilities, with respect to ACE2 protein (Figure 4A). Figure 4A
shows that SAA binds to HIS34, which is an active site on the ACE2,
by forming a 2.09 A hydrogen bond and three invalid amino acids,
GLU35, LYS31, TYR83. SAC bind to LYS353, which is an active site
on the ACE2 by forming a 2.02 A hydrogen bond and two invalid
amino acids, ARG393, and LYS31 (Table 1). Notably, SAB showed a
stronger binding ability to ACE2 via the formation of much more
hydrogen bonds. SAB binds to the active amino acids, ARG357,
LYS353, TYR41, GLN42, and three invalid amino acids, ASN330,
GLU329, ASP393 (Table 1). We used SPR to further assess the
binding abilities of the three salvianolic acids to ACE2. The Kp
between SAA, SAB, and SAC and ACE2 protein was (4.08 £ 0.61)e-7
M, (2.95+£0.78)e-7 M, (7.32+£0.42)e-7 M,

and respectively

(Figure 4B). These results further confirmed that SAB has a greater
affinity for ACE2 than SAA and SAC.

3.4 | Effects of SAA, SAB, and SAC on the entry of
2019-nCoV spike pseudovirus into ACE2" cells

The pseudovirus system is a classic model to study the entry process of
enveloped viruses, as well as to assess the activity of antiviral agents
targeting the virus entry stage. Here, we developed a Pseudovirus system
using SARS-CoV-2 S protein to study the virus entry and tested SAA,
SAB, and SAC on this assay. There are reports that chloroguine (CQ) can
effectively treat COVID, and studies have shown that it can effectively
inhibit the entry of the 2019-nCoV spike pseudovirus into ACE2" cells.””
Therefore, CQ was selected as the positive control for the experiment.
The luciferase luminescence value of ACE2" cells infected with
2019-nCoV spike pseudovirus was defined as 1. Under the treatment
with 20 uM SAA, SAB, and SAC, the 2019-nCoV spike pseudovirus entry
ratio was reduced to 0.72+0.09, 0.43+0.10, and 0.66 + 0.08, respec-
tively (Figure 5). The inhibitory effects of SAB on the entry of 2019-nCoV
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FIGURE 2 The apoptosis of ACE2" cells treated with SAA, SAB, and SAC for 24 h. The experiments were repeated three times.

ACE, angiotensin-converting enzyme 2; SA, salvianolic acid

spike pseudovirus into ACE2" cells were greater than those of SAA and
SAC. As aresult, SAA, SAB, and SAC were determined to inhibit the entry
of 2019-nCoV spike pseudovirus with ECsg of 11.31, 6.22, and 10.14 uM
on ACE2" cells, respectively (Figure 6), while no inhibitory activities were
observed on vesicular stomatitis virus glycoprotein (VSV-G) pseudovirus
under the treatment of SAA, SAB, and SAC (Figure S1).

4 | DISCUSSION

COVID-19 has been affecting the health of individuals globally, and
there are currently no specific drugs against the 2019-nCoV virus
infection. In this study, we found that SAA, SAB, and SAC which are
the main active ingredients of S. miltiorrhiza, interacted with both
RBD of 2019-nCoV and its receptor ACE2 and further inhibited the
entry of 2019-nCoV spike pseudovirus into ACE2" cells.

Earlier studies in other cells such as HEK293/ETAR cell line,
human mesenchymal stem cells and neuronal cells revealed that
the inhibitory effect of SAA, SAB, and SAC had a minor effect on
cells viability.?® 2% In this study, at concentrations greater than
200 uM, only SAA showed ACE2" cytotoxicity and decreases cell
viability. Moreover, the concentrations we chose in our experi-
ment were below the toxic dose. To further evaluate the effects
of SAA, SAB, and SAC on ACE2" cell apoptosis, SAA, SAB, or SAC
has no effect on ACE2" cell apoptosis at 50 uM with the apop-
tosis rate of less than 10%.

The binding of 2019-nCoV with ACE2 is mediated mainly
through polar interactions.” As with SARS-CoV, S1 subunits of
2019-nCoV contains the RBD, which directly binds to the pep-
tidase domain (PD) of ACE2; whereas S2 is responsible for
membrane fusion.®**? An extended loop region of the RBD spans
the arch-shaped a1 helix of ACE2-PD like a bridge.” The contact
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SPR, surface plasmon resonance

can be divided into three clusters. The two ends of the bridge
interact with the N and C termini of the al helix, and two polar
residues are involved in strengthening the interaction in the
middle segment of a1.” From a structural perspective, SAA, SAB,
and SAC can bind to active sites on RBD or ACE2-PD to block
their polar interactions. SAA can bind to GLN498 on the RBD, as
well as HIS34 in the middle segment of a1 helix of ACE2-PD. SAC

TABLE 1 Amino acid residues that form hydrogen bonds
between the three salvianolic acids and ACE2 or RBD
ACE2 RBD
SAA TYR83, GLU35, LYS31, HIS34" GLU406, GLN498,” GLY496

SAB ASN330, GLU329, ARG357,°
LYS353," ASP38, TYR41,”
GLN42*

TYR453," GLN493, TYR449,
TYR505, ASN501,”
THR500°

SAC ARG393, LYS353,” LYS31 ARG403, GLU406, GLU484,

PHE490

Abbreviations: ACE, angiotensin-converting enzyme 2;

RBD, receptor-binding domain.

#Amino residues are the active sites of ACE2 binding to RBD during virus
invasion.

can only bind to LYS353 for blocking the interaction with C
termini of the al helix. Interestingly, SAB can bind to almost all
active sites that play important roles in the interactions of RBD
and the N termini of the a1 helix of ACE2-PD and generates more
hydrophilic groups. Moreover, SAB can bind to TYR453 in the
middle segment of al. Therefore, we concluded that SAA, SAB
and SAC could bind strongly to 2019-nCoV-RBD, as well as to its
receptor ACE2. SAB could display a stronger binding ability to
2019-nCoV and ACE2 than SAA and SAC due to their structural
differences. Our SPR further confirmed that the salvianolic acids
showed strong binding to 2019-nCoV-RBD and ACE2. SAB can
bind to 2019-nCoV-RBD or its receptor ACE2, resulting in a
stronger binding effect than that of SAA and SAC.

A key step in the viral infection process is the entry of viruses
into cells.?” Considering the safety factors involved, the
throughput and accessibility of live-virus neutralization assays on
2019-nCoV are limited by the fact that the virus is a biosafety-
level-3 agent that must be handled in specialized facilities.**
Therefore, we used the 2019-nCoV spike pseudovirus for this
study. Pseudovirus refers to a retrovirus that can integrate the
membrane glycoproteins of a different kind of virus to form an

external viral membrane, while the genome retains the genomic
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characteristics of the retrovirus itself.>* The pseudovirus can
only infect cells once and is extremely safe. Although the pseu-
dovirus cannot portray all the characteristics of the live-2019-
nCoV, it can be used to simulate the process of viruses entry into
cells and evaluate the antiviral activities of compounds in vitro.*®

- -
o v
1 ]

Pseudotype Entry
(Percentage of Control)
o
L

0.0-
Control SAA SAB SAC cCaQ

FIGURE 5 The different effects of 20 uM SAA, SAB, and SAC on
the entry of 2019-nCoV spike pseudovirus into ACE2h cells. The
experiments were repeat three times. Data are presented as

mean = SD. *p < .05, **p <.01, ***p <.001 compared with control.
ACE, angiotensin-converting enzyme 2; nCoV, new coronavirus;

SA, salvianolic acid; SD, standard deviation

In this study, we used the 2019-nCoV spike pseudovirus to infect
ACE2" cells, as an infection model, to evaluate the antiviral ac-
tivities of SAA, SAB, and SAC. The results show that SAA, SAB,
and SAC can effectively inhibit the entry of viruses into cells. In
addition, the antiviral properties of SAB are greater than that
those of SAA and SAC, indicating that SAB may inhibit the
binding of the 2019-nCoV spike pseudovirus to ACE2. Recent
studies on SAC confirmed its inhibitory effects on live-2019-
nCoV.?¢ According to our research, we speculate that SAB may
show a better inhibition effect, with respect to the entry process
of the 2019-nCoV pseudovirus into ACE2" cells. Nevertheless,
whether SAC can elicit greater inhibitory effects than SAB in
other key steps in live-2019-nCoV infection, such as infection,
replication, and release, resulting in better antiviral effects, is yet
to be determined.

In conclusion, our study showed that SAA, SAB, and SAC inhibit
2019-nCoV spike pseudovirus viropexis by binding to both its RBD
and receptor ACE2, suppressing the entry of 2019-nCoV pseudo-
virus into ACE2" cells. Among these compounds, SAB showed the
greatest binding affinity and anti-2019-nCoV pseudovirus effect; this
provides new insights into the use of traditional Chinese medicine for
the treatment and control of COVID-19.
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SAA, SAB, and SAC inhibited the entry of SARS-CoV-2 pseudovirus on ACE2" cells. The experiments were repeat three times.

Data are presented as mean = SD. *p < .05, **p <.01, ***p <.001 compared with control. ACE, angiotensin-converting enzyme 2; SA, salvianolic
acid; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD, standard deviation
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