S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Life Sciences 266 (2021) 118889

Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

ELSEVIER

Screened antipsychotic drugs inhibit SARS-CoV-2 binding with ACE2 At
in vitro

Jiayu Lu, Yajing Hou, Shuai Ge, Xiangjun Wang, Jue Wang, Tian Hu, Yuexin Lv, Huaizhen He,

Cheng Wang

School of Pharmacy, Xi’an Jiaotong University, Xi’an 710061, China

ARTICLE INFO ABSTRACT

Keywords: Aim: The coronavirus disease 2019 (COVID-19) pandemic has swept the globe and no specific effective drug has
Antipsychotic drugs been identified. Drug repurposing is a well-known method to address the crisis in a time-critical fashion. Anti-
Phenothiazines psychotic drugs (APDs) have been reported to inhibit DNA replication of hepatitis B virus, measles virus
:ﬁl;z—CoV-z germination, and HIV infection, along with replication of SARS-CoV and MERS-CoV, both of which interact with

host cells as SARS-CoV-2.

Methods: Nineteen APDs were screened using ACE2-HEK293T cell membrane chromatography (ACE2-HEK293T/
CMC). Cytotoxicity assay, coronavirus spike pseudotype virus entry assay, surface plasmon resonance, and vir-
tual molecular docking were applied to detect affinity between ACE2 protein and drugs and a potential antiviral
property of the screened compounds.

Key findings: After the CMC screening, 8 of the 19 APDs were well-retained on ACE2-HEK293T/CMC column and
showed significant antiviral activities in vitro. Three quarters of them belong to phenothiazine and could
significantly inhibit the entrance of coronavirus into ACE2-HEK293T cells. Aother two drugs, aripiprazole and
tiapride, exhibited weaker inhibition. We selected five of the drugs for subsequent evaluation. All five showed
similar affinity to ACE2 and virtual molecular docking demonstrated they bound with different amino acids
respectively on ACE2 which SARS-CoV-2 binds to.

Significance: Eight APDs were screened for binding with ACE2, five of which demonstrated potential protective
effects against SARS-CoV-2 through acting on ACE2. Although the five drugs have a weak ability to block SARS-
CoV-2 with a single binding site, they may provide a synergistic effect in adjuvant therapy of COVID-19 infection.

Drug repurposing

1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19) has become a
global pandemic since the end of 2019 [1]. At present, most countries in
the world continue to suffer from the epidemic, and there are yet no
effective drugs to combat the novel coronavirus. The coronavirus found
in the bronchoalveolar lavage fluid of patients with COVID-19 has been
named SARS-CoV-2 [2]. Although it is quite different from the SARS-
CoV genetics, it has a similar binding site to SARS-CoV despite amino
acid variation in some key residues [3]. Current research suggests that
SARS-CoV-2 enters host cells through the ACE2 protein with the S pro-
tein on the virus shell. Therefore, it might be possible to prevent and
treat COVID-19 pneumonia by blocking or antagonizing ACE2 to pre-
vent the virus from infecting cells [4].

Since the development of new drugs is a long and costly process, the

urgency of the pandemic demands that possible therapeutic agents are
found among approved drugs; this process is known as drug repurposing
or reprofiling. Here we employ this well-known strategy to identify anti-
SARS-CoV-2 agents in a time-critical fashion [5].

Antipsychotic drugs (APDs) ameliorate hallucinations and delusions
in patients with neuropsychiatric disorders such as schizophrenia and
bipolar disorder. Classical phenothiazine APD possesses many different
biological effects due to their tricyclic structures. It has been reported
that thiazine and phenothiazine scaffolds are often present in com-
pounds with biological properties such as antiproliferative, antibacte-
rial, antipsychotic, anti-inflammatory, antifungal, and antiviral [6,7].
Chlorpromazine is a representative phenothiazine that has frequently
been used in vitro to explore its antiviral properties. Studies have sug-
gested that chlorpromazine can inhibit DNA replication of hepatitis B
virus (HBV) [8], measles virus germination [9], HIV infection [10], and
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replication of SARS and human coronavirus 229E in a low micromole
range [11]. A study suggested that APDs inhibit SARS-CoV or MERS-
CoV, and chlorpromazine and trifluoperazine can inhibit both [12].

It was hypothesized recently that psychiatric patients could be pro-
tected from severe forms of COVID-19 by their psychotropic medical
treatments. In the GHU PARIS Psychiatrie & Neurosciences college
(Sainte-Anne hospital, Paris, France), a lower prevalence of symptom-
atic and severe forms of COVID-19 infections was seen in psychiatric
patients (~4%) compared to health care professionals (~14%). Similar
observations have been noted in other psychiatric units in France and
other countries [13]. Preclinical and clinical studies reported a high
chlorpromazine concentration in the lungs (20-200 times higher than in
plasma); this is critical when COVID-19 is considered [14]. We believe
that APDs may affect ACE2 potentially to cure this severe viral
pneumonia.

We screened APDs, tested their affinity for ACE2, and the ability to
inhibit the virus surface-anchored spike protein-mediated coronavirus
entry, hoping to find effective agents to prevent SARS-CoV-2 infection.

2. Materials and methods
2.1. Drugs and reagents

Dulbecco’s modified Eagle’s medium (DMEM) high glucose (Cat. No.
SH30022.01), and fetal bovine serum (FBS; Cat. No. 16140071) was
purchased from HyClone (Logan, UT, USA). Penicillin-streptomycin
solution was purchased from Xi’an Hat Biotechnology Co., Ltd. (Xi’an,
Shaanxi, China). Cell Counting Kit was purchased from 7Sea Pharma-
tech Co., Ltd. (Shanghai, China). Chlorpromazine (Chl), perphenazine
(Per), fluphenazine (Flu), thioridazine (Thi), promethazine (Pro), ari-
piprazole (Ari), tiapride (Tia), quetiapine (Que), haloperidol, olanza-
pine, risperidone, clozapine, succinylcholine chloride, and iohexol were
purchased from Meilunbio Co., Ltd. (Dalian, China) and purified to
>98%. Trifluoperazine (Tri) was obtained from TargetMol Co., Ltd.
(Shanghai, China). Diazepam injection was purchased from Jinyao
Pharmaceutical Co., Ltd. (Tianjin, China). 2-chlorothiazide was ob-
tained from Xiya Chemical Co., Ltd. (Shandong, China), and magnesium
valproate and iopromide were obtained from the National Institute for
the Control of Pharmaceutical and Biological Products.

2.2. Cell lines

ACE2 high-expressing HEK293T cells (ACE2M cells) were cultivated
in DMEM high glucose medium containing 10% FBS, 1% penicillin-
streptomycin, and 4 pg/mL puromycin, and cultured in an incubator
at 37 °C and 5% COx.

2.3. ACE2-HEK293T/cell membrane chromatography (ACE2-
HEK293T/CMC)

The ACE2-HEK293T/CMC column was prepared using ACE2M.
HEK293T cells. Cells were washed three times with saline solution by
centrifuging at 800 xg for 5 min at 4 °C. Tris—HCI (50 mM, pH 7.4) was
added before ultrasonication for 30 min and homogenization for 20 min
on ice. The resulting homogenate was centrifuged at 2300 x g for 10 min.
The supernatant was centrifuged at 12,000 xg for 20 min at 4 °C and cell
membrane sediment was obtained. The sediment was then mixed with
Tris-HCI (50 mM, pH 7.4). The membrane suspension was obtained after
the sediment was suspended in saline solution and kept at 4 °C.

The ACE2-HEK293T cell membrane stationary phase (CMSP) was
made up of cell membrane and silica. Briefly, 0.05 g of silica was acti-
vated at 105 °C for 30 min and was used as a carrier. The suspension was
slowly added to activated silica in a vacuum and agitated at 4 °C. The
obtained mixture was stirred for 30 min and left overnight at 4 °C to
obtain the CMSP. The CMSP was packed into the column by a wet
method to yield a CMSP column (10 mm x 3.1 mm, 5 pm).
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LC-2010AHT instrument (Shimadzu, Kyoto, Japan) was used under
the following conditions:10 mM of NapHPO4 mobile phase with 0.2 mL/
min flow rate, column oven kept at 37 °C, and UV detection at 254 nm.

2.4. Cytotoxicity assay

Cell viability was examined using Cell Counting Kit assays. ACE2™
cells were seeded into 96-well plates at a density of 5 x 103 cells per well
and precultured for 24 h. The cells were then treated with different
concentrations of each drug (0, 25, 50, and 100 pM) for 24 h. Next, 10 pL
of Cell Counting Kit solution was added to each well followed by incu-
bation for 2 h. The relative cell viability was assessed by quantifying
light absorbance at 450 nm using a microplate reader. The survival rate
of ACE2M cells was calculated using the following formula:

[(ODTrea&ed - ODBlank)/(ODComml - ODBlank) ] X 100%

2.5. The detection of coronavirus spike pseudotype virus entry into ACE2
cells

5 x 10* of ACE2M cells in 50 pL. DMEM per well were seeded into
white 96-well plates. The cells were cultured at 37 °C in an incubator
containing 5% COx for 2 H. medium (25 pL) was removed carefully from
96 wells and 25 pL of medium containing the test drugs was added. Cells
were incubated for 2 h, 5 pL of coronavirus spike pseudotype virus was
added, cells were incubated at 37 °C in 5% COx for 4 h, and 100 pL of
complemented DMEM per well was added. After 6-8 h of further incu-
bation, all the culture medium containing the virus was replaced with
200 pL of fresh DMEM and incubated at 37 °C for 48 h. The culture
medium was aspirated and 20 pL of cell lysate was added from the
Luciferase Assay System to each well. Then, 100 pL of luminescence
solution was added to wells before the luciferase chemiluminescence
was quantified using a microplate reader at 560 nm. The exposure time
was 1 s.

2.6. Docking studies

Molecular docking studies were carried out using the SYBYL-X 2.0
version to explore the binding mode of the five agents with ACE2. The X-
ray crystal structure of ACE2 (PDB code: 6M0J) was downloaded from
PDB Bank. Water molecules were removed, and hydrogen was added.
Tripos force field and Pullman charge were applied to minimize the
molecular energy. Each drug molecule was depicted by the Sybyl/Sketch
module (Tripos Inc.), optimized by Powell’s method with the Tripos
force field with convergence criterion at 0.005 keal/(A mol), and
assigned using the Gasteiger-Hiickel method.

2.7. Surface plasmon resonance assay

For assessment of surface plasmon resonance (SPR), ACE2 protein
with a 6-his tag (30 pg/mL) was bonded to a carboxyl sensor chip by
capture-coupling. Then, every drug at 5, 10, 20, and 40 pM was injected
in a row with PBS running buffer. The interactions between ACE2 and
every small molecule were detected using Open SPRTM at 25 °C. The
flow rate was 20 pL/min, and the chip was regenerated with hydro-
chloric acid (pH 2.0). A one-to-one diffusion-corrected model was fitted
to the wavelength shifts corresponding to the series of drug concentra-
tions. The data were extracted and analyzed using TraceDrawer software
to calculate the Kp value.

2.8. Statistical analysis

All the data are presented as mean + S.E.M. Unpaired t-test was
performed using Prism 8. Differences between data sets were considered
statistically significant at *P < 0.05, **P < 0.01, and ***P < 0.001.
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3. Results

3.1. The screening for antipsychotics using ACE2-HEK293T/cell
membrane chromatography

Modern pharmacological studies have shown that combination with
receptors or channels on the cell membrane is the first step of drug ac-
tion. Cell membrane chromatography (CMC) can screen many agents
based on this principle [15]. We used ACE2-HEK293T/CMC to select
drugs with strong affinity with ACE2. A total of 19 antipsychotics drugs
were screened, eight of which showed positive combinations on ACE2-
CMC in 10 mM NapHPO4 (Fig. 1A). Agent Que. had little retention in
the column and was used as a negative sample to illustrate visually the
difference. The graph shows that peaks of the first eight compounds
tailed heavily indicating a strong drug interaction with ACE2. Agent Thi
had the longest retention time (51.604 min) and Tia showed the weakest
combination with ACE2 peaking 7.789 min. Six drugs were phenothia-
zines, and the other three drugs, Ari, Tia, and Que. belong to phenyl-
piperazines, benzenesulfonyls, and dibenzothiazepines, respectively
(Fig. 1B). Since the majority of tested compounds showing high affinity
are phenothiazines, we expect that the phenothiazine structure might be
most suitable for binding with ACE2.

3.2. The effect of the nine antipsychotics on ACE2-293T cell viability

To ensure that the in vitro results were not affected by cytotoxicity,
CCK-8 was applied for 24 h to determine the proper concentration. As
shown in Fig. 2, except for Per and Flu, phenothiazines had no signifi-
cant effect on the activity of ACE2™ cells at 25 uM; however, the cell
survival decreased in a dose-dependent manner at concentrations above
25 pM. In contrast, Ari and Tia had no significant effect at concentra-
tions below 100 pM, indicating little cytotoxicity towards ACE2" cells.
The Que. agent showed no significant difference with the control group
at concentrations below 50 pM.

A B

Per Flu Tri
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©n

T T T T 7 r T T ]
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3.3. The antipsychotics suppressed the entrance of coronavirus spike
pseudotype virus into ACE2" cells

Phenothiazines can be classified into three subclasses according to
the structure of the side chain: aliphatic (Chl and Pro), piperidine (Thi),
and piperazine (Per, Flu, and Tri) [16]. Considering the structural sim-
ilarity and cytotoxicity, we selected representative agents from each
category to test their inhibition of coronavirus spike pseudotype virus
entering ACE2M cells: Chl, Thi, Tri, Ari, Tia, and Que. These drugs
showed no cytotoxicity to cells at 20 pM and this concentration was
selected for further testing.

In the control group without any drug, the level for the luciferase
luminescence value of spike pseudotype virus-infected ACE2" cells was
defined as 1. Treatment with Chl, Thi, Tri, Ari and Tia reduced the
coronavirus spike pseudotype virus entry ratio to 0.76 + 0.11, 0.39 +
0.08, 0.31 + 0.06, 0.18 & 0.01, 0.10 £ 0.01, respectively (Fig. 3), which
indicated that drug treatment had a significant inhibiting effect on the
virus entry into ACE2M cells. Three phenothiazines (Chl, Thi, Tri) had
the strongest inhibitory effect; the value for Que. increased to 2.54 +
0.13 indicating that Que. did not inhibit the virus entry and may pro-
mote it. The results correspond to the retention values determined by
CMC.

3.4. The binding character of antipsychotics with ACE2

The ability of drugs to inhibit virus entry has been verified. To
elucidate binding with the ACE2, an SPR test was applied to determine
the Kp values. The Kp, values of the five drugs were (7.03 + 3.28)e % M,
(8.91 £ 5.25)e™> M, (1.38 + 0.38)e > M, (7.88 + 0.49)e ® M, and (3.33
+ 3.13)e™> M, respectively, demonstrating that each drug combined
with ACE2 receptor with similarly high affinity (Fig. 4A). To identify the
critically combined regions, molecular docking was carried out. It was
found that every agent binds to one amino acid of ACE2: K353 for Tri,
K31 for Thi, R357 for Chl, K353 for Ari, and E37 for Tia (Fig. 4B). Each
of the five drugs occupied one of the binding sites used by SARS-CoV-2;
this explains the viral entry inhibition by the five antipsychotics. The

a0 o
T O

Fluphenazine(Flu) Trifluoperazine(Tri)

O 3

Thioridazine(Thi)

4

w

Promethazine(Pro) Chlorpromazine(Chl)

= N/\|
K/N\/\O/\/OH
NH

(0]

Aripiprazole(Ari) Tiapride(Tia) Quetiapine(Que)

Fig. 1. The CMC chromatograms and structures of nine APDs. (A) The CMC chromatograms of nine drugs on the ACE2-CMC column and ACE2-CMC column 10 mm
x 2.0 mm; flow rate 0.2 mL/min; column temperature 37 °C; mobile phase 10 mM phosphate-buffer saline; pH 7.4; detection wavelength 254 nm. (B) The structures

of the nine compounds.



J. Lu et al.

Life Sciences 266 (2021) 118889

120- Per 120~ Flu 120- Tri
[ [ 8
€ 1004 € 100 £ 1004 -1
g s 3 g
80+ 80+ - 80 ok
s s = . ‘s
X 60+ X 60 e X804 xxx
© ] - ]
O 40- O 40 O 40
L L 2
8 20- | 20 ] 20
: g . ? >
0- T T 0- I T 0- ! !
0 25 50 100 0 25 50 100 25 50 100
Concentration(uM) Concentration(pM) Concentration(uM)
120+ Pro 1207 Chl 120~ Thi
2 5 00 — 3
£ 1007 £ 1007 £ 1007 -
5 804 5 801 - 80-
X 60 X 60 R 60
3 T) 3
3 404 *xk O 40 S 40+
2 2 o
S 201 ] 201 | 20-
; * Kk s :(: - S * kK .
0- T T 0- T T T 0- T T
0 25 50 100 0 25 50 100 25 50 100
Concentration(uM) Concentration(puM) Concentration(uM)
120+ Ari 120+ Tia 120+ Que
§ 100 § 100 § 100
= 4 = 4 = .
80 80 804
k] s s
X 60 R 60 X 60
3 3 3
O 401 o 404 O 40-
= 2 2 o
] 20 S 201 S 20- ==
> > >
0- T T 0- T T 0- T T
0 25 50 100 0 25 50 100 0 25 50 100
Concentration(uM) Concentration(uM) Concentration(pM)
Fig. 2. The cytotoxicity effect of the nine antipsychotic agents. Data are presented as mean + S.D. ***p < 0.001 compared with control group.
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Fig. 3. The inhibition effect of six representative drugs on the entrance of
coronavirus spike pseudotype virus into ACE2 cells. Data are presented as
mean + S.D. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group.

involvement of a single binding site also explains the lower affinity
observed in the SPR assay.

4. Discussion

COVID-19 pandemic was declared on 11th March 2020 after the
virus appeared in late 2019 [17]. As of the writing of this paper, it has

BMLF1 [18]. Thioridazine, another antipsychotic drug, was confirmed
to inhibit the cell entry of EBOV by directly interacting with the
glycoprotein of EBOV. This suggests that antipsychotic drugs may
possess antiviral ability on SARS-CoV-2 [19].

SARS-CoV-2 is believed to enter the host cell by binding to ACE2 on
its plasma membrane of the cell and infect it [4,20,21]. Therefore, it
might be beneficial to prevent SARS-CoV-2 infection by blocking or
antagonizing the ACE2 signaling pathway of susceptible cells [22].

We established an ACE2-HEK293T/CMC model using ACE2™ cells
and used it to screen potential anti-SARS-CoV-2 compounds targeting
the ACE2 protein. Eight out of nineteen antipsychotic drugs including
Thi, Chl, Pro, Ari, Per, Flu, Tri, and Tia were found to be retained on the
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Fig. 4. The bind character of five antipsychotic drugs. (A) The SPR analysis of the five antipsychotic drugs. (B) The virtual molecular docking analysis of the

five APDs.

ACE2-HEK293T/CMC column indicating their potential affinity to
ACE2.

To evaluate their antiviral effect on SARS-CoV-2, a cytotoxicity assay
was carried out that indicated nearly no cytotoxicity of the above drugs
on ACE2" cells under 25 UM concentration. Based on the structural di-
versity and cytotoxicity, five antipsychotic drugs were selected for the
subsequent antiviral evaluations at 20 pM. It was observed that all five
tested drugs inhibited virus entry into ACE2" cells, indicating their
potential antiviral ability and the suitability of the HEK293T/CMC
model. And Tri has been identified as the most promising inhibition
agent based on the result of the coronavirus spike pseudotype virus
assay.

To further confirm the interaction between the antipsychotic drugs
and ACE2, SPR and molecular docking was performed. SARS-CoV-2 was
reported to bind to ACE2 at R393, R357, K353, Y83, Q42, Y41, D38,
E37, E35, K31, D30, and Q24 locations [23-25]. As shown in Fig. 4B, all
five drugs bonded to ACE2 at one critical amino acid with two different
binding characteristics, demonstrating the possible mechanism for pre-
venting virus entry into the host cells. Among them, Tri and Tia were
served as electron acceptor, and Thi, Chl and Ari were served as electron
donor during binding with ACE2. The SPR assay also revealed their af-
finity for ACE2. In general, antipsychotic drugs with phenothiazine
scaffolds showed more potential antiviral ability, drugs with cyclic
substituents showed greater potential than chain substituents. Since
each antipsychotic drug blocked only a small area occupied by SARS-
CoV-2, they could not completely prevent cell invasion. While using
these drugs individually may not benefit clinically, combined cocktails
may be effective due to each drug binding to different amino acids.

Our results suggest that APDs, especially phenothiazines, can
significantly block SARS-CoV-2 binding to ACE2. However, we cannot
completely exclude the possibility that phenothiazines possess the
ability to inhibit the replication of coronaviruses. Krystian Pluta deter-
mined a structure-reaction relationship law in which the tightest binders
with RNA of HIV were compounds with 3-4 carbons between tricyclic
structure and amino group [26]. In our study, Thi and Tri had the
strongest inhibitory effect with three carbon atoms between the
phenothiazine part and the amino group, and Chl has a weaker effect
with two carbon. This result is consistent with the rule mentioned above.
Therefore, it is likely that phenothiazines may have dual functions that
inhibit binding to ACE2 and virus replication. This double-target
involvement might result in a larger effect and deserves research to be
demonstrated.

Overall, our study demonstrated that antipsychotic drugs inhibit the
entry of SARS-CoV-2 into host cells by targeting ACE2 and offer a

possible option for treating SARS-CoV-2 infection.
5. Conclusion

Considering the current coronavirus pandemic, we utilized the drug
purposing principle to examine the possible antiviral activity of APDs via
binding to ACE2. Five out of nineteen APDs were found to significantly
inhibit the coronavirus spike pseudotype virus entry into ACE2" cells
and show parallel affinity to ACE2 protein in vitro. And trifluoperazine
was proposed to be most promising drug repurposing in COVID-19. The
results indicate that APDs such as thioridazine and trifluoperazine may
inhibit SARS-CoV-2 activity by binding to ACE2 when used in drug
cocktails or adjuvant therapy.
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