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 25 

Abstract 26 

The antiviral activity of chemical derivatives of diphenylmethyl piperazine together with 27 

diphenylbutyl or diphenylpropyl piperidine against SARS-CoV-2 was examined. The results 28 

revealed that diphenoxylate has the most potent antiviral efficacy, with an EC50 value of 1.4 29 

µM and a CC50 value of >100 µM, resulting in selectivity index >71.4. These data provide an 30 

insight into the treatment of SARS-CoV-2 infection using this opioid drug or into the 31 

development of antivirals via modification of diphenylpropyl piperidine. 32 
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Main text 36 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a member of the genus 37 

Betacoronavirus, harbors a positive sense RNA genome of approximately 30 kb in length. The 38 

genome has 14 ORFs that encode 27 proteins (1). The virus was first detected after people 39 

attending a seafood market in Wuhan, China, in December 2019 suffered pneumonia-like 40 

symptoms; the virus then spread rapidly to other countries (2). Within 6 months, the global 41 

outbreak of SARS-CoV-2 had caused 7.2 million confirmed infections and 413 thousand deaths 42 

(3). Unfortunately, the only drug available to treat this viral infection is remdesivir, which has 43 

been approved pre-emptively in some countries, including the United States, Japan, South 44 

Korea and India, but not worldwide. Remdesivir (also named GS-5734) is a 45 

monophosphoramidate prodrug of an adenosine analogue; the drug shows broad-spectrum 46 

antiviral activity against RNA viruses, including Ebola virus, Marburg virus, and Middle East 47 

respiratory syndrome coronavirus (MERS-CoV) (4). The search for alternative antivirals 48 

and/or synergistic drugs for use as combination therapy with remdesivir poses a significant 49 

challenge with respect to screening of chemical libraries comprising clinically approved drugs 50 

that could be repurposed. 51 

SARS-CoV-2 utilizes angiotensin converting enzyme 2 (ACE2) as a receptor for target 52 

cell recognition; this event relies on the interaction between the peptidase domain (PD) of 53 

ACE2 and the receptor binding domain of the viral S protein (5). A recent in silico prediction 54 

study proposed that structurally similar diphenylmethyl piperazine and diphenylbutyl 55 

piperidine compounds, e.g., buclizine and loperamide, could bind to the PD of ACE2, thereby 56 

antagonizing binding of the viral S protein to the host receptor (6). We wondered whether these 57 

two compounds, or their derivatives, could function as anti-SARS-CoV-2 inhibitory molecules. 58 

Therefore, our aim was to evaluate the antiviral activity of diphenyl compounds in virus-59 
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infected cells and to identify the most potent one for therapeutic treatment or further chemical 60 

modification. 61 

SARS-CoV-2, isolated from a patient, was provided by the Korea Centers for Disease 62 

Control and Prevention (hCoV/Korea/KCDC-03/2020) and amplified for three passages in 63 

Vero CCL-81 cells (American Type Culture Collection, Rockville, MD) cultured in Dulbecco’s 64 

modified Eagle’s medium (HyClone, South Logan, UT) at 37℃ in a biosafety level 3 (BSL3) 65 

laboratory. The viral titer was determined in a plaque assay, and stocks were stored at -80℃ 66 

before use. The control compound, remdesivir (purity, 99.74%), was purchased from 67 

MedChem Express (Princeton, NJ), while the test compounds, which included derivatives of 68 

diphenylmethyl piperazine, diphenylbutyl piperidine, and diphenylpropyl piperidine, were 69 

provided by the Korea Chemical Bank (KCB, Daejeon, Republic of Korea). These were 70 

dissolved in DMSO to yield a final concentration of 5 mM and were used for primary screening 71 

(Supplementary Figure 1). Solid diphenoxylate powder was also provided by KCB. The purity 72 

of the test compounds was verified as > 95% by liquid chromatography-mass spectrometry 73 

analysis. 74 

We examined whether the in silico simulation-derived compounds buclizine and 75 

loperamide inhibited SARS-CoV-2 infection in vitro. Vero CCL-81 cells were seeded in 96-76 

well plates (2  104 cells per well) and treated 24 h later with 3-fold serial dilutions of each 77 

compound (from 200 µM). Cells were then infected with an equal volume of virus at a 78 

multiplicity of infection (MOI) of 0.1. At 48 h post-infection, cells were fixed and 79 

permeabilized prior to immunofluorescence assays using a mouse anti-S-antibody (GeneTex, 80 

Irvine, CA) and Alex Fluor 488-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA). 81 

Cell viability was measured by counterstaining nuclei with 4´,6-diamidino-2-phenylindole 82 
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(DAPI; Invitrogen). The number of S-derived (green) and cell nuclei-derived (blue) signals 83 

detected from four spots per well was quantified in duplicate using the Operetta high content 84 

screening system (Perkin Elmer, Waltham, MA) and the built-in Harmony software. We found 85 

that buclizine had a 50% effective concentration (EC50) of 32.1 µM and was not toxic at a 86 

maximum concentration of 100 µM [50% cytotoxic concentration (CC50), >100.0 µM). By 87 

contrast, loperamide was more potent (EC50, 7.0 µM) but relatively toxic (CC50, 17.8 µM) 88 

(Table 1). Remdesivir had an EC50 of 7.6 µM at sub-toxic concentrations (CC50, >100.0 µM), 89 

indicating the reliability of our image-based antiviral assay system (7). Although buclizine and 90 

loperamide were active against SARS-CoV-2, their selectivity indices (SI) (>3.1 and 7.2, 91 

respectively) were lower than that of remdesivir (>18.3).  92 

We obtained diphenyl derivatives from a chemical library and identified 12 new 93 

compounds (Supplementary Figure 1). Seven buclizine derivatives were subjected to antiviral 94 

examination (Table 1 and Supplementary Figure 1A). Only manidipine showed anti-SARS-95 

CoV-2 activity (SI, >3.7) as effective as buclizine; the other compounds showed reduced 96 

activity or higher cytotoxicity (SI, <2.5). Thus, an antiviral agent with markedly increased 97 

effects was not identified from these diphenylmethyl piperazine compounds. Therefore, we 98 

used an alternative approach to target five derivatives of loperamide that harbored 99 

diphenylbutyl or diphenylpropyl piperidine groups (Supplementary Figure 1B). The antiviral 100 

assay revealed that diphenoxylate inhibited SARS-CoV-2 infection with markedly improved 101 

antiviral activity (EC50, 1.4 µM; CC50, >100 µM and SI, >71.4). It is noteworthy that the 102 

potency of diphenoxylate is about 5-fold greater than that of remdesivir. Immunofluorescence 103 

analysis using a powder stock with a purity over 95% provided visual confirmation that 104 

diphenoxylate reduced expression of the viral S protein in a dose-dependent manner, but did 105 
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not affect the number of nuclei (Figure 1A and B). 106 

To confirm that diphenoxylate inhibits SARS-CoV-2 infection, we needed to exclude 107 

the possibility that the results from the image-based assays were not due to a fluorescence 108 

quenching effect by the compound or to non-specific binding of the antibody to a host protein 109 

regulated by viral infection. We performed western blot analysis additionally to examine 110 

antiviral activity directly. Vero CCL-81 cells were incubated in 6-well plates (5  105 cells per 111 

well) at 37℃ for 1 day. They were infected with SARS-CoV-2 at an MOI of 0.1 for 1 h and 112 

then were treated with diphenoxylate or remdesivir at 10 and 100 µM for 2 days. The results 113 

revealed that diphenoxylate inhibits expression of the viral S protein with two molecular 114 

weights of approximately 70 and 90 kDa in a similar way observed in the remdesivir-treated 115 

samples (Figure 1C). Thus, diphenoxylate is a potent antiviral compound that selectively 116 

blocks SARS-CoV-2 infection in vitro.  117 

Diphenoxylate is an opioid drug used to treat diarrhea in combination with atropine 118 

(8). To the best of our knowledge, this is the first report to show that diphenoxylate has antiviral 119 

activity against SARS-CoV-2. In the absence of CoV-specific antivirals, this finding is 120 

important because it shows that the antiviral efficacy of diphenoxylate is comparable to that of 121 

remdesivir at sub-toxic concentrations. Prior to clinical trials, the compound should be tested 122 

in animal models such as human ACE2-expressing transgenic mice or golden Syrian hamsters 123 

(9, 10) challenged with SARS-CoV-2. We plan to examine the synergistic effects of 124 

diphenoxylate when combined with remdesivir to evaluate its potential applicability as a 125 

treatment for COVID-19. 126 

 127 
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Figure legend 173 

 174 

Figure 1. Antiviral activity of diphenoxylate against SARS-CoV-2 in vitro. (A) Use of a 175 

fluorescent image-based assay system to visualize the antiviral activity of diphenoxylate. Vero 176 

CCL-81 cells were infected with SARS-CoV-2 at an MOI of 0.1 in the presence of the 177 

compounds (0.1, 1.2, or 11.1 µM). Mock-infected or virus-infected cells treated with DMSO 178 

were used as controls. On day 2 post-infection (p.i.), the viral S protein was probed with a 179 

mouse anti-S antibody, followed by Alexa Fluor 488-conjugated goat anti-mouse IgG (green). 180 

Cell nuclei were counterstained with DAPI (blue). Magnification, 20. (B) Dose-response 181 

curves of antiviral activity and cell viability on day 2 p.i. The number of green or blue spots 182 

per image was counted. Inhibitory activity (red line) and cell viability (black line) are expressed 183 

as percentages relative to the values obtained from SARS-CoV-2-infected cells in the presence 184 

of DMSO (defined as 100%). Data represent the mean ± standard deviation from triplicate 185 

samples. (C) Western blot showing reduced expression of the viral spike protein after exposure 186 

to diphenoxylate and remdesivir. Virus-infected cells were treated with DMSO delivery vehicle 187 

or each compound (10 or 100 µM). Two days later, cell lysates were harvested and loaded onto 188 

10% SDS-PAGE gels (30 µg per well). The viral spike protein was detected using a specific 189 

antibody, followed by HRP-conjugated goat anti-mouse IgG. ‘No virus’ means the mock-190 

infection control. Cellular β-actin was used as a loading control. Both proteins are indicated on 191 

the right side of the gels. 192 


