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Abstract

Coronavirus Disease 2019 (COVID-19) cases and deaths are still rising worldwide,
there is currently no effective treatment for severe inflammation and acute lung
injury caused by new coronavirus (SARS-COV-2) infection. Therapies to prevent or
treat COVID-19, including antiviral drug and several vaccines, are still being develop-
ment. Human angiotensin-converting enzyme 2 (ACE2), expressing in lung, has been
confirmed to be a receptor for SARS-COV-2 infection, interventions for attachment
of spike protein of SARS-CoV-2 to ACE2 may be a potential approach to prevent
viral infections and it is considered as a potential target for drug development. In this
study, we observed that seabuckthorn and its flavonoid compounds quercetin and
isorhamnetin were shown strong retention to ACE2 overexpression HEK293 (ACE2M)
cells by CMC analysis. Based on drug receptor interaction analysis and viral entry
studies in vitro, we evaluated the interaction of two flavonoid compounds and ACE2
as well as the inhibitory effect of the two compounds on viral entry. Surface plasmon
resonance assay proved the effect that isorhamnetin bound to the ACE2, and its
affinity (KD value) was at the micromolar level, that was, 2.51 + 0.68 pM. Viral entry
studies in vitro indicated that isorhamnetin inhibited SARS-CoV-2 spike pseudotyped
virus entering ACE2" cells. Based on promising in vitro results, we proposed iso-

rhamnetin to be a potential therapeutic candidate compound against COVID-19.
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is under development (Flanagan et al., 2020; Jeyanathan et al., 2020;
Tregoning et al., 2020). Drug repurposing has been used to deal with

The disease caused by SARS-CoV-2 virus infection has been named
Coronavirus Disease 2019 (COVID-19). Its pandemic is one of the most
serious global public health crises to date. It produces clinical symptoms
that include fever, dry cough, dyspnea, headache, pneumonia with
potentially progressive respiratory failure owing to alveolar damage, and
even death (Nishiga et al., 2020; Patel et al., 2020; Scimeca et al., 2020).
Currently, at the end of 2020, the death toll from the COVID-19
pandemic worldwide reached 1.6 million, as the total number of infec-
tions exceeded 72 million. The treatment options for COVID-19 are

very limited, and several vaccines can be prevented SARS-CoV-2 virus

emerging infectious diseases so as to quickly discover potential treat-
ments. Unfortunately, remdesivir, an Ebola virus (EBOV) inhibitor, that
were once considered the most promising therapeutic drug has also
been confirmed to be ineffective in clinical studies (Pruijssers
et al., 2020; Spinner et al., 2020; Wang, Zhang, et al., 2020). To date,
there is no effective prevention and treatment strategy for this dis-
ease, the main treatment strategy is limited to symptomatic treatment
and organ support for patients with COVID-19 and severe or critical
iliness, such as corticosteroid therapy and antiviral therapy, oxygen
therapy (Zumla et al., 2020).

1124 | © 2021 Wiley Periodicals, LLC.
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The therapeutic target of COVID-19 can be directed against the
SARS-CoV-2 virus and its protein or host cell targets. Angiotensin-
converting enzyme 2 (ACE2), an important metalloprotease, is a nega-
tive regulator of the renin-angiotensin system, which balances the
function of ACE to maintain blood pressure homeostasis (South et al.,
2020). Evidence shows that ACE2 is expressed in tissues such as
heart, lung, kidney, liver, intestine, and testis (Imai et al., 2010; Tipnis
et al., 2000), and it has been confirmed to mediate COVID-19 virus
infection (Bourgonje et al., 2020; Devaux et al., 2020). It is known that
one approach of SARS-CoV2 entering the recipient host cell is inter-
action with angiotensin-converting enzyme (ACE) 2 on the cell mem-
brane of pulmonary epithelial cells (Hassan et al, 2020; Lu
et al., 2020; Shang, Wan, et al., 2020; Walls et al., 2020). Structural
analysis shows that the spike protein of SARS-CoV-2 attaches to
ACE2 by contacting the apex of subunit | of the ACE2 catalytic
domain (Seyran et al., 2020). Once attached by SARS-CoV-2, the
ectodomain of ACE2 will be cleaved and the transmembrane region or
whole molecule of ACE2 along with the virus enters the cell by endo-
cytosis (Wrapp et al., 2020). Therefore, interventions for ACE2 have
aroused great interest in reducing viral infections. Interruption of
interaction between spike protein and ACE2, thereby preventing
SARS-CoV-2 receptor binding and subsequent spread of infection
might be a potential approach to treat COVID-19 patients (Barlow
et al,, 2020; Wu et al., 2020).

Previous studies reported that plant secondary metabolites
are helping to prevent viral infection, such as sea-buckthorn,
green tea, honeysuckle, and so forth (Choi et al, 2012;
Enkhtaivan et al.,, 2017; Patil et al., 2013). Seabuckthorn, also
called Hippophae rhamnoides L., belonging to the family of
Elaeagnaceae, is a berries plant native to the Asian and Europe.
Berries of Seabuckthorn were used as traditional medicine in Asia
(Bal et al., 2011; Enkhtaivan et al., 2017). Seabuckthorn berries
contain lots of chemical compounds, nearly 200 bioactive ingredi-
ents have been found in seabuckthorn fruits, including flavonoids
(isorhamnetin, quercetin, kaempferol, etc.), phenolic acid (gallic
acid, vanillic acid, P-coumaric acid, etc.), vitamin C, vitamin E,
carotenoids, amino acids and minerals (iron, calcium, phosphorus
and potassium), and so forth (Kwon et al., 2017; Olas, 2016). Sea
buckthorn berries extract is proved to have the activities of anti-
oxidant, antiviral, anticancer, blood glucose and blood lipids regu-
lation, immune regulation and anti-inflammation (Cho et al., 2017;
Enkhtaivan et al., 2017; Larmo et al., 2013; Olas et al., 2018; Xing
et al., 2002). In this study, we investigated the antiviral activity of
active products of sea buckthorn berries against SARS-CoV-2
spike pseudotyped virus in vitro and found that isorhamnetin
antagonized ACE2 and blocked the entry of 2019-nCoV spike
pseudotyped virus into ACE2" cells. Some literatures reported
flavanols including isorhamnetin and quercetin are considered as
potential antiviral drugs targeting SARS-CoV-2 proteases, spike
protein, RNA-dependent RNA polymerase (RdRp) or ACE2 recep-
tor. However, these studies predicted targets of these com-
pounds based on computer-based analysis, such as network

pharmacological study (Huang et al., 2020), virtual screening or

molecular docking (Derosa et al., 2020). Our studies investigated
and confirmed experimentally the antiviral activity of iso-
rhamnetin against SARS-CoV-2 spike pseudotyped virus, which
might provide a new preliminary leading compound to be develop
as therapeutics against COVID-19.

2 | MATERIALS AND METHODS

2.1 | Materials and reagents

Sea-buckthorn was purchased from Tongrentang Pharmacy (Xi'an,
China), quercetin (Cat No. HR15522B1, purity >98%) and iso-
rhamnetin (Cat No. HR14528B1, purity 298%) were obtained from
Baoji Herbest Bio-Tech Co., Ltd. (Baoji, China). Fetal bovine
serum, DMEM high glucose and pH 7.4 phosphate-buffered saline
(PBS) were purchased from HyClone (Logan, Utah, USA). The
penicillin-streptomycin solution was purchased from Servicebio.
(Wuhan, China). Recombinant Human ACE-2 (C-6His) was synthe-
sized by Novoprotein (Cat: DRA110, Shanghai, China). SPR chip
was from Nicoya (Canada). The SARS-CoV-2 spike pseudotyped
virus was obtained from Sino Biological (PSC001, Beijing, China).
CCK8 were purchased from 7Sea Pharmatech Co., Ltd (Shanghai,
China). Fluo-3 AM and Pluronic F-127 were from Biotium
(Waltham, MA, USA).

22 | Cell culture

The ACE2" cell line was constructed by Genomeditech (Shanghai,
China). ACE2" cells were maintained in DMEM high glucose medium,
which contained 10% (vol/vol) fetal bovine serum (FBS), 1%
penicillin-streptomycin and 4 pg/ml puromycin. All cell lines were cul-
tured in a 5% CO, incubator at 37°C.

2.3 | Preparation of sea-buckthorn extract

The berries of Sea-buckthorn were commercially available as dry mat-
ter. The raw material was crushed and refluxed gently in 10 volumes
of 95% ethanol (vol/wt) for 1 h for two times. The merged extracting
solutions were filtered, and supernatant was evaporated under
reduced pressure and dried in vacuum conditions overnight. The dry

powder was stored at 4°C and dissolved in methanol before use.

24 | Preparation of sample solutions

The stock solutions of sea-buckthorn extract (SBE, 25 mg/ml), iso-
rhamnetin (1 mg/ml) and quercetin (1 mg/ml) were prepared by sepa-
rately dissolving the extract dry powder or the standard compounds
in methanol. All chromatographic experiments were conducted at

37°C and PBS was used as the mobile phase.
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Preparation of cell membrane stationary

ACE2" cells (1 x 107) were harvested and washed three times with
5 mM PBS by centrifuging at 3000xg for 10 min, and the pellet was
re-suspended with 50 mM Tris-HCI (pH 7.4), followed by ultra-
sonic destruction for 30 min. The homogenate was centrifuged at
1000xg for 10 min, and supernatant was collected and centrifuged
at 12,000xg for 10 min. The precipitate was then suspended with
5mM PBS. ACE2" CMSP was prepared by adsorption of the cell
membrane suspension (5 ml) on the activated silica (0.05 g) under
vacuum and with a gentle agitation. The CMSP was placed over-
night and then washed five times with 5 mM PBS. Finally, the mix-
ture obtained was packed into a column (10 x 2.0 mm I.D.) using a
wet packing method (5 MPa, 20 min). All the procedure was per-
formed at 4°C.

2.6 | Apparatus and conditions

CMC analysis was performed on a Shimadzu LC-2040C apparatus
(Shimadzu, Kyoto, Japan), and the data acquired by the LCsolution
software (Shimadzu, Kyoto, Japan) was processed by Graph-Pad Prism
version 6.0 (San Diego, CA, USA). The detection wavelengths were
205 nm for SBE, 292 nm for isorhamnetin, 273 nm for quercetin. The
chromatographic conditions were as follows: flow rate, 0.2 ml/min;

column temperature, 37°C; mobile phase, ultrapure water.

2.7 | Cytotoxicity assay

Cell viability was determined by CCK8 kit following the manufacturer's
instructions. First, exponentially growing ACE2" cells were collected and
seeded into 96-well plates at a density of 5 x 10° cells/well, and then
the cells were treated with different concentrations of drugs (0, 0.1,
1, 10, 50, 100, 200, 300 and 400 pM) for 24 h, then CCK8 solution were
added to each well and incubated at 37°C for 2 h. the absorbance at
450 nm was measured with a microplate reader (Bio-Rad, Carlsbad, Cali-
fornia) to evaluate the relative cell viability. The formula for calculating

the survival rate of ACE2" cells is as follows:

[(ODTreated _ODBIank)/(ODControl - ODBIank)] % 100%.

2.8 | Intracellular Ca%* mobilization assay

ACE" cells were seeded in 96-well plate at a density of 1 x 10 cells
per well, culture medium was removed after 24 h of incubation, cal-
cium imaging buffer (CIB: NaCl 125 mM, KCI 3 mM, CaCl, 2.5 mM,
MgCl, 0.6 mM, HEPES 10 mM, glucose 20 mM, NaHCO3; 1.2 mM,
sucrose 20 mM, brought to pH 7.4 with NaOH) was added to the
well, and cells were loaded with a fluorescent Ca?* indicator, 0.1%
Fluo-3 AM, along with 0.02% Pluronic F-127, for 45 min at 37°C.

Then cells were washed three times with CIB and used immediately
for imaging. Cells loaded Fluo-3 were observed at 488 nm excitation.
Ten seconds after imaging starts, compounds were added to the
wells and responses were monitored at 1 s intervals for an addi-
tional 120 s.

2.9 | Surface plasmon resonance assay

For assessment of interactions of small molecules and ACE2 pro-
tein, surface plasmon resonance (SPR) was adopted in this experi-
ment. ACE2 protein with a 6-his tag (30 pg/ml) was covalently
attached to the NTA sensor chip via capture coupling. Then, small
molecules at different concentrations was injected into the cham-
ber in sequence. The interaction of fixed ACE2 with the small mole-
cules was detected using Open SPR™ (Nicoya Lifesciences,
Waterloo, Canada) at 25°C. The binding time and disassociation
time were both 250 s with the 20 pl/s of flow rate. A one-to-one
diffusion-corrected model was fitted to the wavelength shifts
corresponding to the varied drug concentration. The data were

retrieved and analyzed using TraceDrawer.

210 | Detection of SARS-CoV-2 spike
pseudotyped virus entry into ACE2" cells

Spike pseudotyped virus entry assay was conducted as described
previously (Wang, Han, et al., 2020). ACE2" cells at the density of
5x 10% in 50 pl medium per well were seeded into 96-well plates
and cultured in 37°C for 2 h. After adherent, 25 pl of medium per
well was discarded carefully, and same volume medium containing
the tested drugs was added into plate for 2 h treatment. Subse-
quently, 5 pl of SARS-CoV-2 spike pseudotyped virus was added
the plate and incubated at 37°C for 4 h, then 100 pl of complemen-
ted DMEM per well was added for 2 h incubation. Two hundred
microliters per well of fresh DMEM medium was added to replace
the culture medium containing the virus and incubated continu-
ously at 37°C for 48 h. Twenty microliters of cell lysate was mea-
sured by the Luciferase Assay System (Promega, E1500),
chemiluminescence was detected at 560 nm with a 1 s exposure

time using a microplate reader.

211 | Molecular docking assays

Molecular docking assays were carried out using SYBYL-X 2.0 ver-
sion. The small molecules and X-ray crystal structure of the protein
(PDB code: 6M0J) were imported. Water molecules were removed
and hydrogen was added. Tripos force field and Pullman charge were
applied to minimize. Isorhamnetin were depicted by the Sybyl/
Sketch module (Tripos Inc.), optimized by Powell's method with the
Tripos force field with convergence criterion at 0.005 kcal/(A mol),

and assigned using Gasteiger-Hickel method.
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212 | Statistical analysis

Data were shown as the mean = SEM, and statistical analysis was per-
formed by analysis of variance, two-tailed test was used for compari-
son between the two groups. The difference was statistically
significant at p < .05.

3 | RESULTS

3.1 | Chromatographic analysis studies

The ACE2"/CMC column was used to identify the active compound in
SBE which could target ACE2. We found that SBE showed retention
on the ACE2"/CMC column, and retention time was 28.4 min
(Figure 1a). Seabuckthorn berries contain a variety of flavonoids, and
it is known that the main active flavonoids in sea buckthorn are quer-
cetin and isorhamnetin, so we determined the binding of quercetin
and isorhamnetin to ACE2. Quercetin and isorhamnetin injected into
the ACE2/HEK293/CMC column. Figure 1b,c showed that the reten-
tion time of quercetin and isorhamnetin was 6.5 and 5.4 min respec-
tively, that was, both quercetin and isorhamnetin bind to the ACE2/
HEK293/CMC column. At the same time, all the tested samples had
no retention on the negative control column (blank silica gel, data not
shown), which indicated that quercetin and isorhamnetin had a strong

3.2 | Binding characteristics of quercetin and
isorhamnetin with ACE2

To measure the direct binding of quercetin and isorhamnetin to the
ACE2, the equilibrium dissociation constant (KD) of quercetin and iso-
rhamnetin binding to ACE2 was performed with SPR technology.
Increasing concentrations of compounds were injected on sensor
chips with immobilized recombinant ACE2. As shown in Figure 2,
quercetin bound to ACE2 protein with an KD (5.92 + 0.92) uM, and
isorhamnetin with an KD (2.51 + 0.68) pM. That was, both quercetin
and isorhamnetin showed affinity to ACE2 recombinant protein on
SPR chips.

3.3 | The toxicity evaluation of quercetin and
isorhamnetin on ACE2" cells

The toxicity of quercetin and isorhamnetin on ACE2" cells were
assessed by the change in cell viability and intracellular Ca2* flux.
CCKS8 assay was used to evaluate the effect of quercetin and iso-
rhamnetin on cell viability. As shown in Figure 3a,b, compared
with untreated group, there was no significant difference in
absorbance of quercetin or isorhamnol treatment for 24 h at the
concentration ranged from 0.4 to 200 pM, respectively, indicating
that there was no significant cytotoxicity within the concentra-

affinity for ACE2. tion range.
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FIGURE 1 The chromatograms of sea-buckthorn extract (SBE), quercetin and isorhamnetin on ACE2/HEK293/CMC affinity column
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FIGURE 3 Evaluation of the toxicity of quercetin and
isorhamnetin on ACE2" cells by the change of cell viability and
intracellular Ca* flux. (a and b) Effect of quercetin (a) and
isorhamnetin (b) on the viability of ACE2" cells. ACE2" cells were
treated with different concentrations of quercetin and isorhamnetin
for 24 h, cells viability was tested by CCKS8 assay. (c and d) Effect of
quercetin (c) and isorhamnetin (d) on intracellular Ca* flux change in
ACE2" cells. ACE2" cells were pretreated with 100 uM concentrations
of quercetin and isorhamnetin, intracellular Ca?* flux was tested by
Ca?* mobilization assay. The experiments were repeated three times.
Data are presented as mean + SEM
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FIGURE 4 Effect of quercetin and isorhamnetin on the entrance

of 2019-nCoV spike pseudotyped virus into ACE2" cells. ACE" cells
infected with 2019-nCoV spike pseudotyped virus were considered
as control, which luciferase luminescence value was defined as 1. The
experiments were repeated three times. Data are presented as

mean + SEM. **p < .01 compared with control

Ca®* is an important second messenger involving in several cell
pathways. The changes in Ca?* concentration in ACE2" cells were
investigated through calcium imaging in ACE2" cells probing with
Fluo-3 AM. Intracellular Ca%* mobilization assay results showed that
no change was observed in Ca®* fluorescence of ACE2" cells after
treatment with quercetin or isorhamnol at 100 pM, which indicated
that quercetin or isorhamnol almost had no influence on Ca?* influx in
ACE2" cells (Figure 3c,d).

FIGURE 5

Molecular docking results of isorhamnetin

3.4 | The effect of quercetin and isorhamnetin on
the entrance of SARS-CoV-2 spike pseudotyped virus
into ACE" cells

We performed SARS-CoV-2 spike pseudotyped virus assay to evaluate if
quercetin and isorhamnetin inhibited viral entry. Based on cytotoxicity,
at concentrations below 200 pM, no toxicity was observed, so we
detected the inhibition of quercetin and isorhamnetin on viral entry at
50 pM. The results showed that the SARS-CoV-2 spike pseudotypes
virus entrance ratio were reduced to 47.70 = 0.72% after treatment of
isorhamnol when compared to the control. In contrast of isorhamnetin,
there was no significant reduction of viral entry after quercetin treatment
(Figure 4). Taken together, there was evidence that isorhamnetin

prevented viral entry, possibly by binding ACE2.

3.5 | Binding regions analysis of isorhamnetin
and ACE2

Literature studies have shown that the RBD binding domain of spike pro-
tein can bind to ACE2 at R393, R357, K353, Y83, Q42, Y41, D38, E37,
E35, H34, K31, D30, and Q24 locations (Lan et al., 2020; Shang, Ye,
et al, 2020; Yan et al., 2020), thereby infecting cells, causing toxicity.
Molecular docking was carried out to identify the critically binding
regions of the isorhamnetin with ACE2. As shown in Figure 5, iso-
rhamnetin bound with K353, E37, and H34 on ACE2. It was obvious that
isorhamnetin shared three amine acids of ACE2 with SARS-CoV-2.

4 | DISCUSSION

Developing the antiviral therapy drug is an urgent need to suppress the

spread of the epidemic SARS-CoV-2 virus. The application of botanicals in
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the treatment of infectious diseases can be traced back thousands of years
and they are potential sources of new drug candidates. This may be an
option for new coronavirus treatment, some effective compounds from
traditional Chinese medicine (TCM) are worthy of further verification
through rigorous antiviral research and clinical trials. Sea buckthorn berries,
a common TCM, was found to possess a very strong antiviral activity and
wide range of action against avian influenza and herpes viruses (Enkhtaivan
et al., 2017). In this study, we found that SBE exhibited strong interaction
with ACE2 by using CMC analysis. Isorhamnetin and quercetin are the
major compounds of flavonoid derived from Sea buckthorn berries, and
they are proved to inhibit atherosclerotic plagque development, protect
against cardiac hypertrophy, inhibit the production of reactive oxygen spe-
cies, and exert antioxidant properties in vitro (Luo et al., 2015). Thus, we
speculated quercetin and isorhamnetin might be the compounds binding to
ACE2, so we further explored their interactions with ACE2, as well as their
ability to prevent viral entry, thus might exerted potential antiviral in vitro.

ACE2 is proved to be the receptor for SARS-CoV-2, theoretically,
all organs with high expression of ACE2 are susceptible to SARS-CoV-2
infection. SPR analysis proved the two compounds could bind to ACE2
with the affinity at micromolar. The entry of viruses into host cells is a
crucial step in the process of viral infection, blocking the entry process
of the virus was considered to be the way to prevent infection. To fur-
ther evaluate the effect of quercetin and isorhamnetin on viral entry,
ACE2 overexpression HEK293 cells was constructed and used for
in vitro screening and characterization of quercetin and isorhamnetin
against SARS-CoV-2 in this study. Experiment studies performed on
highly pathogenic viruses like the novel SARS-CoV-2 virus must be car-
ried out in laboratories that satisfy strict biosafety level (BSL) require-
ments. Unfortunately, the requirements of high BSL, such as BSL-3 and
BSL-4 labs often prevent more than a few specific institutions from
handling these researches. The pseudovirus system is a useful alterna-
tive approach that can effectively screen drugs on pathogenic viruses
outside of a BSL-3 or BSL-4 level laboratory (Yang et al., 2020). The
SARS-CoV-2 pseudovirus was able to simulate the process of the virus
entering the cells and then infect cells, so it was used for this study to
detect the effect of the compounds on preventing the virus from enter-
ing the cells in vitro in BSL-2 laboratory. Unlike quercetin, isorhamnetin
exhibited inhibition on the entrance of SARS-CoV-2 spike pseudotyped
virus into ACE" cells in in-vitro cell experiments at concentrations that
are not toxic to host cells. Further molecular docking analysis explained
potential binding domain shared with spike protein of SARS-CoV-2 by
isorhamnetin. Isorhamnetin is an active constitute of sea-buckthorn,
which indicates that sea-buckthorn may exert preventive effect that
protect us against natural infections with SARS-CoV-2.

In summary, isorhamnetin could interact with ACE2, the func-
tional receptor for SARS-CoV-2, thus prevent SARS-CoV-2 spike
pseudotypes viral entry and infection of human cells expression
ACE2, which suggesting that isorhamnetin might be a ACE2-spike
protein interaction blocker and this study provided a new treatment
for the control of COVID-19.
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