

[image: image1]
Atorvastatin Effectively Inhibits Ancestral and Two Emerging Variants of SARS-CoV-2 in vitro
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This article evaluated the in vitro antiviral effect of atorvastatin (ATV) against SARS-CoV-2 and identified the interaction affinity between this compound and two SARS-CoV-2 proteins. The antiviral activity of atorvastatin against this virus was evaluated by three different treatment strategies [(i) pre-post treatment, (ii) pre-infection treatment, and (iii) post-infection treatment] using Vero E6 and Caco-2 cells. The interaction of atorvastatin with RdRp (RNA-dependent RNA polymerase) and 3CL protease (3-chymotrypsin-like protease) was evaluated by molecular docking. The CC50s (half-maximal cytotoxic concentrations) obtained for ATV were 50.3 and 64.5 μM in Vero E6 and Caco-2, respectively. This compound showed antiviral activity against SARS-CoV-2 D614G strain in Vero E6 with median effective concentrations (EC50s) of 15.4, 12.1, and 11.1 μM by pre-post, pre-infection, and post-infection treatments, respectively. ATV also inhibited Delta and Mu variants by pre-post treatment (EC50s of 16.8 and 21.1 μM, respectively). In addition, ATV showed an antiviral effect against the D614G strain independent of the cell line (EC50 of 7.4 μM in Caco-2). The interaction of atorvastatin with SARS-CoV-2 RdRp and 3CL protease yielded a binding affinity of −6.7 kcal/mol and −7.5 kcal/mol, respectively. Our study demonstrated the in vitro antiviral activity of atorvastatin against the ancestral SARS-CoV-2 D614G strain and two emerging variants (Delta and Mu), with an independent effect of the cell line. A favorable binding affinity between ATV and viral proteins by bioinformatics methods was found. Due to the extensive clinical experience of atorvastatin use, it could prove valuable in the treatment of COVID-19.
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INTRODUCTION

COVID-19 (coronavirus disease 2019) is a disease caused by the SARS-CoV-2 virus (Severe Acute Respiratory Syndrome Coronavirus 2), reported for the first time in Wuhan, China (Lotfi et al., 2020). On March 11, 2020, the WHO (World Health Organization) declared COVID-19 a pandemic (WHO, 2020a). Since then, it has affected 221 countries and territories worldwide, causing enormous human health consequences (Lotfi et al., 2020; WHO, 2020b).

SARS-CoV-2 is an enveloped virus. Its viral particle has 80–160 nm in diameter and is characterized by the presence of Spike (S) protein homotrimers that protrude from the viral envelope, a helical nucleocapsid, and a single-stranded positive-sense RNA [ssRNA (+)], of approximately 30 kb in size that is translated into 16 non-structural proteins (NSPs), four structural, and nine accessory proteins, each one with important participation in the viral replicative cycle (Blaess et al., 2020; Kumar et al., 2020; Mendonça et al., 2020; Simabuco et al., 2021; V’kovski et al., 2021).

Currently, COVID-19 disease control has been based on symptom management, including the use of convalescent plasma, synthetic antibodies, interferon, low-dose corticosteroids, IL-1 and IL-16 inhibitors, Remdesivir, Baricitinib, Lopinavir/Ritonavir, and in severe cases, supportive care (oxygen and mechanical ventilation; Esakandari et al., 2020; Singh et al., 2020). Although there are some approved drugs (Boopathi et al., 2020; FDA, 2020; Pan et al., 2021), there is still no conclusive information on their effectiveness. For instance, Remdesivir, a nucleotide analog prodrug that inhibits the activity of SARS-CoV-2 RdRp, was approved by FDA (Food and Drug Administration) for the treatment of COVID-19 in adults and certain pediatric patients who require hospitalization (Ader et al., 2021; FDA, 2021a). However, several trials have found no clinical benefits or faster viral clearance associated with the use of this drug in severe COVID-19 patients (Wang Y. et al., 2020; Ader et al., 2021). On the other hand, the FDA approved the combination of remdesivir with an anti-inflammatory agent (baricitinib) to improve the clinical results of monotherapy (FDA, 2021b). This combination managed to reduce recovery time and accelerate improvement in clinical status among COVID-19 patients (Kalil et al., 2020); however, it is only approved in hospitalized patients requiring supplemental oxygen, mechanical ventilation, or extracorporeal membrane oxygenation (FDA, 2021b).

Considering the above, it is necessary to continue with the search for effective and specific anti-SARS-CoV-2 antivirals (Sacco et al., 2020). The development of new drugs involves the evaluation of pharmacokinetics and pharmacodynamic safety, with the implementation of large-scale production and distribution, a process that takes many years. Due to this panorama and the rapid expansion of the pandemic, the repurposing of clinically approved drugs may represent a useful COVID-19 treatment option in terms of safety, cost-effectiveness, and timeliness (Yuan et al., 2020).

Atorvastatin (ATV) belongs to statins, a group of hypolipidemic drugs that inhibit HMG-CoA reductase. ATV was approved by the FDA and EMA (European Medicines Agency) to prevent cardiovascular events in patients with cardiac risk factors or with abnormal lipid profiles (PFIZER, 2010; McIver and Siddique, 2020). The ability of ATV to modulate cholesterol synthesis has previously been related to antiviral activity against viruses such as Hepatitis C virus (HCV; Kim et al., 2007), Dengue virus (DENV; Villareal et al., 2015), Zika virus (ZIKV; Españo et al., 2019), Influenza A virus (IAV; Mehrbod et al., 2012), and human parainfluenza virus type 1 (HPIV-1; Bajimaya et al., 2017). This drug also modulates several cellular metabolic pathways that could affect the viral replicative cycle (Feng et al., 2011; Villareal et al., 2015).

It has been proposed that statins could be an effective therapeutic strategy against SARS-CoV-2 infection (Castiglione et al., 2020). Recently, it has been reported that statin treatment was associated with a reduced risk of mortality in patients diagnosed with COVID-19 (Tan et al., 2020; Wang et al., 2021). However, there is no in vitro evidence of its antiviral effect against SARS-CoV-2. This article evaluated the in vitro antiviral effect of the ATV against the D614G strain, Delta, and Mu variants of SARS-CoV-2, and identified the interaction affinity between ATV and two viral proteins, using an in silico structure-based molecular docking approach.



MATERIALS AND METHODS


Preparation of Compounds

ATV was purchased from Biogen Idec, Inc. (Cambridge, MA). It was solubilized in dimethyl sulfoxide (DMSO; Sigma-Aldrich) at a final concentration of 100 mM. For in vitro assays, ATV was used at concentrations of 0.98–250 μM, in which its biological activity has been reported (Isusi et al., 2000; Parquet et al., 2010; Jones et al., 2017; Shrivastava-Ranjan et al., 2018). Chloroquine (CQ) was bought from Sigma-Aldrich (St. Louis, MO, United States), and it was diluted to 15 mM in phosphate-buffered saline (PBS, Lonza, Rockland, ME, United States). CQ concentrations (6.3–100 μM) were selected according to previous studies (Uzunova et al., 2020). Heparin was bought from B. Braun Melsungen AG and was diluted to 1 mg/ml in PBS. Heparin was used at concentrations from 6.3 to 100 μg/ml (Mycroft-West et al., 2020). ATV and CQ stock solutions were frozen at −80°C, and Heparin was stored at 4°C, until use.



Cells and Virus

Vero E6 cells from Cercopithecus aethiops kidney were donated by Instituto Nacional de Salud, Bogotá-Colombia (Dr. José Usme, 11 April 2020), and human colon carcinoma Caco-2 cells (HTB37) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States). Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) supplemented with 2% heat-inactivated fetal bovine serum (FBS, Gibco), 2 mM L-glutamine (Gibco), and 1% Penicillin–Streptomycin (Gibco). The incubation conditions were 37°C, 5% CO2 atmosphere, and relative humidity. The cells were infected with viral stocks produced from three Colombian isolates of SARS-CoV-2: D614G strain (EPI_ISL_536399; Díaz et al., 2020), Delta (EPI_ISL_5103929), and Mu (EPI_ISL_4005445) variants. Vero E6 cells were used to produce the viral stocks. All experimental studies involving infectious SARS-CoV-2 were conducted within a biosafety level 3 laboratory (BSL3), according to the conditions set out in Biosafety in Microbiological and Biomedical Laboratories (Meechan and Potts, 2020).



Cytotoxicity Assay

Cytotoxicity of ATV was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Briefly, Vero E6 and Caco-2 cells were seeded in 96-well plates at a density of 1.0 × 104 and 2.5 × 104 cells/well, respectively. Cultures were incubated for 24 h at 37°C and 5% CO2. Then, double serial dilutions of ATV ranging from 0.98 to 250 μM were prepared and added to each well. After 48 h of incubation, the supernatants were removed, cells were washed twice with PBS, and an MTT solution (2 mg/ml) was added. Plates were incubated for 2 h at 37°C, with 5% CO2, protected from light. After, DMSO was added to each well to solubilize the formazan crystals. Optical density (OD) was recorded at 570 nm using a Multiskan GO spectrophotometer (Thermo). Cell viability was calculated based on the OD of the untreated controls compared with treated cells. Concentrations that maintained more than 80% of cell viability after treatment were considered nontoxic and were used for the antiviral evaluation. Chloroquine (from 6.3 to 100 μM) and Heparin (from 6.3 to 100 μg/ml) were used as positive inhibition controls. For the MTT assay, two independent experiments with four replicates each were performed (n = 8).



Evaluation of the Antiviral Activity

The antiviral activity of ATV against SARS-CoV-2 was evaluated initially through a pre-post treatment in Vero E6 cells. Briefly, cells were seeded in 96-well plates at a density of 1.0 × 104 cells/well. Cells were incubated for 24 h, at 37°C, with 5% CO2, and then pretreated with double dilutions of ATV (3.9–31.2 μM) for 1 h before infection. Treatment was then removed, and cells were infected with SARS-CoV-2 stock at an MOI (multiplicity of infection) of 0.01 in DMEM with 2% FBS. Cultures were incubated for 1 h at 37°C. The inoculum was removed and replaced newly by the same pre-treatment dilutions of ATV. After 48 h of treatment, the cell culture supernatants were harvested and stored at −80°C to be quantified by plaque assay. The supernatant of infected untreated cells was used as the infection control.

Additionally, two antiviral strategies were done: pre-infection treatment (ATV was added 1 h before infection and was removed before viral infection) and post-infection treatment (ATV was added after infection). The viral titer in cell culture supernatants was quantified by plaque assay for both strategies. For post-infection treatment, viral RNA in Vero E6 monolayers was also quantified by real-time RT-PCR. Chloroquine (Uzunova et al., 2020; from 12.5 to 100 μM) and Heparin (Mycroft-West et al., 2020; Tandon et al., 2021; 12.5–100 μg/ml) were included as positive inhibition controls. Two independent experiments with four replicates per experiment were performed (n = 8).

The anti-SARS-CoV-2 activity of ATV (0.98–7.8 μM) was also evaluated in the Caco-2 cell line using the pre-post treatment strategy. Cells (2.5 × 104 cells/well) were infected with D614G strain at an MOI of 0.01 in DMEM with 2% FBS. Chloroquine was used as positive inhibition control (50 μM). The infectious viral particles in supernatants were quantified by plaque assay.



Viral Quantification by Plaque Assay

The reduction of SARS-CoV-2 titer in cell supernatants was quantified by plaque assay (Mendoza et al., 2020; Yepes-Perez et al., 2021). Briefly, tenfold serial dilutions of the supernatants obtained from the antiviral assay were prepared in DMEM with 2% FBS and used to inoculate confluent monolayers of Vero E6 cells into plates of 24 wells (1.1 × 105 cells/well). After 1 h of incubation, the viral inoculum was removed, and cells were overlaid with 1.5% carboxymethyl-cellulose in DMEM with 2% FBS. Then, the cultures were incubated for 4 days at 37°C, with 5% CO2. After incubation, the monolayers were washed twice with PBS, fixed with 4% Formaldehyde, and plaques were revealed with 1% Crystal violet solution (Sigma-Aldrich). Plaques were counted and used to calculate the number of plaque-forming units per milliliter (PFU/ml). The reduction in the viral titer after treatment compared to the infection control (untreated infected cells) was expressed as an inhibition percentage. Two independent experiments with two replicates per each were performed (n = 4).



Viral Quantification by Real-Time RT-PCR

Real-time RT-PCR quantified the reduction of viral RNA in Vero E6 monolayers treated by post-infection treatment. Viral RNA extraction was carried out from monolayers using the Quick-RNA™ Viral Kit (Zymo Research), following the manufacturer’s instructions. SARS-CoV-2 viral RNA was quantified using the Luna® Universal Probe One-Step RT-qPCR Kit (New England Biolabs, MA, United States). The reaction included the oligos and probe for the E gene and the conditions reported in the Berlin real-time RT-PCR protocol (Corman et al., 2020) with a modification, according to One-Step RT-qPCR Kit manufacturer recommendations in a reverse transcription (55°C for 18 min) and alignment/extension step (60°C for 30 s). The RT-PCR reactions were carried out in a CFX-96 Bio-Rad thermal cycler (Bio-Rad, CA, United States). Two independent experiments in duplicate were performed for each strategy.

The number of viral RNA copies was calculated by extrapolating the cycle at which viral stock or its dilutions cross the fluorescence threshold (Ct) in a standard curve constructed with a serially diluted 3,180 bp plasmid containing the E gene in a concentration of 2 × 109 copies/μl, gently donated by Dr. Jaime Castellanos from Universidad del Bosque (Bogotá, Colombia).



Molecular Docking

The molecular docking simulation was used to determine the binding affinity between atorvastatin with two SARS-CoV-2 proteins involved in the viral replication. The selected proteins were considered and obtained from the Protein Data Bank (PDB; Berman et al., 2000). RdRp (PDB: 6M71; Gao et al., 2020) and 3CL protease (PDB: 6M2N; Su et al., 2020) crystals from SARS-CoV-2 were selected. The protein structures were subjected to preparation at Discovery Studio (BIOVIA, 2020) and AutoDock Tools (ADT). The ligands were drawn and optimized using Avogadro software (Hanwell et al., 2012) and ADT.

PrankWeb (Jendele et al., 2019) was used to check the binding site coordinate and specify the amino acids in the SARS-CoV-2 proteins and pockets. Protein plus (Schöning-Stierand et al., 2020) was used to determine the size, shape, and functional group descriptors of the selected pockets. Couplings were carried out using Auto Dock vina version 4.2.6 (Trott and Olson, 2010), configuring a box with dimensions x: 24 Å, y: 24 Å, z: 24 Å for each simulation and using exhaustiveness of 20. The grid box coordinates were defined as follows: x: 116.7829 Å, y: 109.9570 Å, z: 123.9430 Å for RdRp (PDB:6 M71), and x: −47.585 Å, y: 1.135 Å, z: −5.600 Å for 3CL protease (PDB:6M2N; Table 1).



TABLE 1. PrankWeb result summary of RdRp and 3CL protease of SARS-CoV-2.
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Remdesivir (Koulgi et al., 2020; Kokic et al., 2021) and chloroquine (Li et al., 2020; Nimgampalle et al., 2020) were used as positive controls of RdRp and 3CL protease interactions, respectively.



Statistical Analysis

All data were analyzed with GraphPad Prism (La Jolla, CA, United States) and presented as mean ± SEM (standard error of the mean). Statistical differences were evaluated via Student’s t-test or Mann–Whitney U test, according to the normality of the data. A value of p ≤ 0.05 was considered significant. The EC50 values represent the concentration of each medicament that reduces viral titer by 50%. The CC50 values represent the concentration that causes 50% toxicity on Vero E6. The corresponding dose–response curves were fitted by non-linear regression analysis using a sigmoidal model. The calculated selectivity index (SI) represents the ratio of CC50 to EC50. The viral RNA copies of the treated Vero E6 monolayers were calculated by interpolating from the standard curve in a linear regression analysis.




RESULTS


Atorvastatin Did Not Affect Cell Viability of Vero E6 and Caco-2 Cells

Before the antiviral activity evaluation, the cytotoxic effect of ATV was determined by MTT assay. As shown in Figure 1A, Vero E6 viability was higher than 90% at 31.2 μM or lower ATV concentrations. In contrast, viability decreased drastically when the highest concentrations (62.5 to 250 μM) were assessed. On the other hand, Caco-2 cells treated with ATV showed viability percentages higher than 84% at 7.8 μM or lower ATV concentrations (Figure 1B). The CC50s calculated for ATV were 50.3 and 64.5 μM in Vero E6 and Caco-2 cells, respectively.

[image: Figure 1]

FIGURE 1. Atorvastatin did not affect the cell viability of Vero E6 and Caco-2. Viability of Vero E6 (A) and Caco-2 (B) after 48 h of atorvastatin treatment. Data were presented as Mean ± SEM. The viability percentages of the treated cell were calculated based on untreated control. Two independent experiments with four replicates each were performed (n = 8).


Vero E6 viability was not affected by CQ and Heparin treatments (positive inhibition controls) at any of the evaluated concentrations (Marín-Palma et al., 2021). The CC50s obtained for CQ and Heparin were more than 100 μM and 100 μg/ml, respectively, in Vero E6 cells. In addition, CQ at 50 μM did not affect the viability of Caco-2 cells.



ATV Exhibited Antiviral Effects Against SARS-CoV-2 D614G Strain in a Dose-Dependent Manner

To evaluate the antiviral activity of ATV against the SARS-CoV-2 D614G strain, a pre-post treatment strategy was performed on Vero E6 cells. ATV showed inhibition percentages for D614G strain of 79% (p = 0.002), 54.8% (p = 0.002), 22.6% (p = 0.04), and 25% (p = 0.03) at 31.2, 15.6, 7.8, and 3.9 μM concentrations, respectively (Figure 2). Based on these data, the EC50 calculated for ATV was 15.4 μM in Vero E6, with a selectivity index of 3.3 (Table 2).

[image: Figure 2]

FIGURE 2. Atorvastatin exhibited an antiviral effect against the SARS-CoV-2 D614G strain in a dose-dependent manner. (A) Schematic representation of the pre-post treatment strategy. (B) Reduction of the D614G strain titer (PFU/ml) in Vero E6 supernatants after pre-post treatment with ATV (n = 4). Data were presented as Mean ± SEM. Mann–Whitney test *p ≤ 0.05 and **p ≤ 0.01 (C) Representative plaques of each treatment condition are shown.




TABLE 2. CC50, EC50, and SI values for ATV in Vero E6 and Caco-2 cells infected with SARS-CoV-2.
[image: Table2]

Chloroquine (positive inhibition control) exhibited antiviral activity against D614G strain at 100 μM (100%, p = 0.002), 50 μM (99.9%, p = 0.002), 25 μM (97.5%, p = 0.002), and 12.5 μM (55.7%, p = 0.002; Supplementary Figure 1A). An EC50 value of 13.5 μM was calculated, with a selectivity index of >7.4.



ATV Inhibited D614G Strain Through Post-infection Treatment

Once an antiviral effect against the SARS-CoV-2 D614G strain was observed by pre-post treatment in Vero E6, the pre-infection and post-infection treatments were done separately to infer the step of the viral replicative cycle affected by the ATV treatment. The anti-SARS-CoV-2 activity in pre-infection treatment was observed at 31.2 μM (inhibition of 26.9%, p = 0.012; Figures 3A–C). The EC50 calculated for ATV was 12.1 μM, with a selectivity index of 4.2, through this treatment strategy (Table 2). In comparison, as shown in Figures 3D–F, the viral titer of D614G strain was significantly reduced through post-infection treatment with ATV at all evaluated concentrations. Inhibition percentages of 66.9% (p = 0.004), 75% (p = 0.004), 27.9% (p = 0.004), and 29.2% (p = 0.006) were obtained at ATV concentrations of 31.2, 15.6, 7.8, and 3.9 μM, respectively (EC50 = 11.1 μM, SI = 4.5).
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FIGURE 3. ATV inhibited D614G strain during pre-infection and post-infection treatment. (A) Schematic representation of the pre-infection treatment. (B) Reduction of the D614G strain titer (PFU/ml) in Vero E6 supernatants after pre-infection treatment with ATV. Data were presented as Mean ± SEM (n = 4). Mann–Whitney test *p ≤ 0.05 and **p ≤ 0.01. (C) Representative plaques of pre-infection treatment against the D614G strain are shown. (D) Schematic representation of the post-infection treatment. (E) Reduction of D614G strain titer (PFU/ml) in Vero E6 supernatants after post-infection treatment with ATV. (F) Representative images of plaques formed in each treatment condition are shown.


Heparin and Chloroquine were the positive inhibition controls during pre-infection and post-infection treatments, respectively. By pre-infection treatment, Heparin inhibited SARS-CoV-2 D614G strain at 100 μg/ml (80.6%, p = 0.028), 50 μg/ml (82.9%, p = 0.028), 25 μg/ml (87.3%, p = 0.028), and 12.5 μg/ml (79.9%, p = 0.028; Supplementary Figure 1B). On the other hand, as shown in Supplementary Figure 1C, CQ significantly inhibited D614G strain at 100, 50, 25, and 12.5 μM, with inhibition percentages of 99.2% (p = 0.009), 98.3% (p = 0.009), 74.8% (p = 0.009), and 23.6% (p = 0.033), respectively, by post-infection treatment (EC50 = 12.8, SI > 7.8).

Once it was demonstrated that ATV inhibits the number of infectious viral particles released by post-infection treatment in Vero E6, intracellular viral RNA was quantified to determine if this compound affects the viral replication stage. ATV inhibited the D614G strain RNA at 31.2 μM (30.17%, p = 0.03) and 15.6 μM (84.8%, p = 0.03; Figure 4). An inhibition of 99% (p < 0.0001) was obtained with CQ (positive control of RNA inhibition).
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FIGURE 4. ATV affected SARS-CoV-2 D614G replication. Infection percentage obtained of the quantification of SARS-CoV-2 RNA (E Gene RNA copies/μl) in Vero E6 monolayers after post-infection treatment with ATV. CQ was used as a positive control of viral RNA inhibition (n = 4). Student’s t-test or Mann–Whitney U test *p ≤ 0.05 and ****p < 0.0001.




The Antiviral Effect of Atorvastatin Was Independent of the SARS-CoV-2 Variant

Considering that ATV showed inhibition against the D614G strain, this compound was evaluated against the SARS-CoV-2 Delta and Mu variants in Vero E6 cells. ATV exhibited antiviral activity against Delta variant at 31.2 μM, 15.6, 7.8, and 3.9 μM concentrations, with inhibition percentages of 67.1% (p = 0.002), 37.6% (p = 0.002), 40.6% (p = 0.002), and 29.8% (p = 0.013), respectively, by pre-post treatment (Figures 5A,B). The EC50 value calculated for ATV against Delta was 16.8 μM, with a SI of 3 (Table 2). As shown in Figures 5C,D, ATV inhibited Mu variant at 31.2 μM (73.1%, p = 0.002) and 15.6 μM (32.2%, p = 0.002) using pre-post treatment. The EC50 for ATV against Mu was 21.1 μM, with a SI of 2.4 (Table 2). These results indicated that the anti-SARS-CoV-2 effect of ATV was independent of the infecting variant. Chloroquine showed antiviral activity against the Delta (99.99%, p = 0.002) and Mu (100%, p = 0.002) variants in Vero E6, by pre-post treatment (Figure 5).
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FIGURE 5. The antiviral effect of Atorvastatin was independent of the infecting SARS-CoV-2 variant. (A) Reduction of Delta variant titer (PFU/ml) in Vero E6 supernatants after pre-post treatment with ATV (n = 4). (B) Representative plaques of ATV treatment against the SARS-CoV-2 Delta variant are shown. (C) Reduction of Mu variant titer (PFU/ml) in Vero E6 supernatants after pre-post treatment with ATV (n = 4). (D) Representative plaques of ATV treatment against the SARS-CoV-2 Mu variant are shown. Chloroquine (CQ) was used as a positive inhibition control. Data were presented as Mean ± SEM. Mann–Whitney test *p ≤ 0.05 and **p ≤ 0.01.




Atorvastatin Inhibited SARS-CoV-2 in a Human Cell Line

Because ATV showed anti-SARS-CoV-2 activity in Vero E6, the antiviral effect of this compound was evaluated using the human epithelial cell line Caco-2. As shown in Figure 6, ATV inhibited significantly the SARS-CoV-2 D614G strain in Caco-2 at 7.8 μM (52.7%, p = 0.03), by pre-post treatment (EC50 = 7.4 μM, SI = 8.7). Further, CQ (50 μM) inhibited SARS-CoV-2 in Caco-2 cells (60.9%, p = 0.004) using a pre-post treatment strategy (Figure 6).
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FIGURE 6. Atorvastatin inhibited SARS-CoV-2 in a human cell line. (A) Reduction of D614G strain titer (PFU/ml) in Caco-2 cells supernatants after pre-post treatment with ATV (n = 4). (B) Representative plaques of ATV treatment against the SARS-CoV-2 D614G are shown. Chloroquine (CQ) was used as a positive inhibition control. Data were presented as Mean ± SEM. Mann–Whitney test *p ≤ 0.05 and **p ≤ 0.01.




Binding Site Determination of Viral Proteins

Before molecular docking, pockets and expected amino acids were selected to assess the interaction affinity of two SARS-CoV-2 proteins with ATV. SARS-CoV-2 RdRp (PDB:6 M71) had 37 pockets. The pocket with the best score was number one (value of 8.79). It consisted of 23 amino acids, a solvent accessible surface (SAS) of 88, and a surface area conformed with 49 atoms. This pocket was selected because it included the active site of the enzyme (SER 759, ASP 760, and ASP761; Ahmad et al., 2020). On the other hand, the 3CL protease (PDB:6M2N) showed 15 pockets. The highest score was obtained in the pocket number one, with a value of 12.65. It consisted of 19 amino acids, the solvent accessible surface (SAS) of 86, and a surface area conformed with 50 atoms. This pocket included the active catalytic-domain amino acids (CYS 145 and HIS41) of SARS-CoV-2 3CL protease (Alexpandi et al., 2020). Chemical properties, size description, and the grid centers of these pocket sites were shown in Table 1.



ATV Demonstrated Favorable Binding Affinities With SARS-CoV-2 Proteins by Molecular Docking

The binding affinity of atorvastatin revealed a high interaction affinity and coupling with the different hydrophobic pockets selected from the RdRp (−6.7 kcal/mol) and 3CL protease (−7.5 kcal/mol) of SARS-CoV-2 (Table 3).



TABLE 3. Molecular docking of atorvastatin and positive controls of interaction (Remdesivir and Chloroquine) with two SARS-CoV-2 proteins.
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The molecular interactions of ATV with RdRp and 3CL protease of SARS-CoV-2 were numerous and explained the high affinity presented (Figure 7). Specifically, ATV formed three conventional hydrogen bonds with the amino acids ARG 624 and one with ASP 760 of SARS-CoV-2 RdRp (distances of 3.88 Å, 2.52 Å, 3.16 Å, and 2.11 Å, respectively). Other types of interactions, such as hydrophobic and electrostatic interactions, were found. ATV formed π-alkyl and π-cation bonds with ARG 624 and LYS 621 of RdRp, respectively (Figures 7A,B). On the other hand, ATV formed six hydrogen bonds with HIS 164, CYS 145, ASN 142, LEU 141, SER 144, and THR 25 of 3CL protease, with distances of 3.12 Å, 3.20 Å, 2.64 Å, 2.48 Å, 3.02 Å, and 2.94 Å, respectively. In this complex, it also participated hydrophobic interactions such as π-sigma, π-alkyl, and π-Sulfur (Figures 7C,D).
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FIGURE 7. Interaction of ATV with SARS-CoV-2 RdRp and 3CL protease by molecular docking. 3D and 2D representations of the main interaction of ATV and two SARS-CoV-2 proteins by molecular docking. The images represent ATV interaction with: RdRp (PDB:6 M71) depicted in 3D (A) and 2D (B), and 3CL protease (PDB: 6M2N) of SARS-CoV-2 depicted in 3D (C) and 2D (D). The interactions formed in the complexes are described in each figure. The images were obtained using BIOVIA Discovery Studio Visualizer 16.1.


Remdesivir and Chloroquine (positive controls of interaction) showed a high affinity with RdRp (−7.1 kcal/mol) and 3CL protease (−6.3 kcal/mol), respectively. Remdesivir and RdRp formed 11 hydrogen bonds with ASP 623, ASP 623, ARG 553, LYS 798, LYS 621, LYS 621, CYS 622, CYS 622, ASP761, ASP 761, and PRO 620 (distances of 3.88, 3.10, 3.27, 3.27, 3.38, 2.92, 3.33, 3.40, 2.89, 2.91, and 3.39 Å, respectively). Other types of interactions, such as hydrophobic and electrostatic interactions, were found in this pocket (Supplementary Figures 2A–D). On the other hand, Chloroquine and 3CL protease formed 13 hydrogen bonds with CYS 44, HIS 164, HIS 164, HIS 164, HIS 164, HIS 164, HIS 164, HIS 163, HIS 163, HIS 163, HIS 163, HIS 163, and MET 49 (distances of 3.20 Å, 2.98 Å, 3.12 Å, 2.91 Å, 2.96 Å, 3.00 Å, 3.24 Å, 3.10 Å, 2.91 Å,3.16 Å, 3.54 Å, 3.04 Å, and 2.81 Å, respectively). Further, hydrophobic interactions such as π-alkyl, π-Sigma, and π-π T-shaped were found (Supplementary Figures 2C,D).




DISCUSSION

In the present study, the antiviral effect of atorvastatin against SARS-CoV-2 D614G strain (Korber et al., 2020; Khateeb et al., 2021) was identified by the treatment of Vero E6 cells at different times of infection. ATV has been shown to inhibit HMG-CoA reductase, affecting cholesterol synthesis and the production of isoprenoid metabolites (Españo et al., 2019). Previously, it has been reported that cholesterol-modifying drugs could exert antiviral effects by modulating cellular metabolic pathways required for the replicative cycle or by direct effect against viral particles (Sanders et al., 2020; Schmidt et al., 2020). Concerning SARS-CoV-2, it has been suggested that statins may help to reduce viral entry and transmission (Tan et al., 2020). Based on our results, ATV treatment seems to affect different stages of the SARS-CoV-2 replicative cycle, possibly, adhesion (Wang et al., 2021), endocytosis (Lu et al., 2008; Minz et al., 2020), fusion (Wang et al., 2021), replication (Wolff et al., 2020), or viral particle assembly (Klein et al., 2020; Mukherjee et al., 2020), where cholesterol is involved.

A previous study reported that another statin, Fluvastatin, reduced SARS-CoV-2 entry into the respiratory epithelium cells (Zapatero-Belinchón et al., 2021). Similar to this report, our study demonstrated that ATV inhibited D614G strain at 31.2 μM by pretreating cells for 1 h. These findings suggest that ATV treatment affects the early stages of the viral replicative cycle. This effect could be due to the fact that the ACE2 cell receptors are located in lipid rafts, cholesterol-rich microdomains present at the cell membrane (Lu et al., 2008; Minz et al., 2020). Wang et al. showed that cholesterol transports ACE2 to sites where SARS-CoV-2 effectively enters the cell (Wang et al., 2021). Therefore, an alteration at the cholesterol level present at the cell membrane by ATV treatment could affect viral attachment; however, additional experiments are needed to confirm this mechanism.

It has also been reported that statins upregulate ACE2 expression through epigenetic modifications (Fedson et al., 2020). Although this would be expected to promote viral infection, there is no current evidence indicating that statins enhance viral entry into host cells (Al-Horani et al., 2020). Conversely, the increase in the ACE2 receptor expression could be associated with a reduction of the severity of acute respiratory distress syndrome (ARDS; Wösten-van Asperen et al., 2013). In this regard, ACE2 metabolizes the vasoconstrictor peptide angiotensin II to produce angiotensin 1–7, which reduces inflammation, tissue damage, and pulmonary edema (González-Rayasa et al., 2020). Ongoing clinical studies would provide information on the effectiveness of ATV in preventing or mitigating these effects in patients with COVID-19 (ClinicalTrials.gov, 2020).

In this study, Vero E6 cells were treated with ATV for 48 h after infection, obtaining a reduction of the infectious SARS-CoV-2 D614G particles at all evaluated concentrations. Regarding this strategy, it has been reported that statins could affect steps, such as replication, glycoprotein maturation, assembly, and budding of virions (Delang et al., 2009; Martínez-Gutierrez et al., 2011; Bajimaya et al., 2017; Shrivastava-Ranjan et al., 2018; Episcopio et al., 2019). This effect could be explained because the late stages after viral entry of enveloped viruses also depend on cholesterol biosynthetic pathways (Schmidt et al., 2020). Specifically, it was reported that ATV can affect the virus-induced formation of lipid droplets (LD; Episcopio et al., 2019). Recently, these cell organelles have been proposed as hubs for SARS-CoV-2 genome replication and viral particle assembly (da Silva Gomes Dias et al., 2020; Pagliari et al., 2020). According to these antecedents, atorvastatin treatment could affect the replication and assembly stages of SARS-CoV-2 by blocking LD production. The results presented in this article also showed a reduction of the intracellular D614G strain RNA after post-treatment with ATV at 31.2 and 15.6 μM. These results are correlated with previous studies that reported that statins could inhibit the replication stage by modulating host pathways (Episcopio et al., 2019). Conversely, Martínez-Gutierrez et al. reported that a statin (Lovastatin) caused the accumulation of DENV RNA and reduced the release of infectious viral particles, indicating that these compounds could affect viral replication and subsequent steps (Martínez-Gutierrez et al., 2011). In accordance with this evidence, our results showed that ATV induces an accumulation of the viral RNA at 7.8 and 3.9 μM, suggesting a possible antiviral mechanism of ATV depending on concentration. The accumulation of viral RNA could be related to the decrease in isoprenoid formation by statin treatment, causing an alteration in the prenylation of host proteins, necessary in the post-translational modulation of viral proteins (Greenwood et al., 2006; Kumar et al., 2020). It has also been suggested by other viral models that statins can induce retention of structural proteins within the ER, interfering with viral assembly or intracellular transport of viral particles (Martínez-Gutierrez et al., 2011). Furthermore, ATV could be altering the envelope cholesterol of the nascent viral particles, affecting their infectivity (Sanders et al., 2020).

On the other hand, a previous study revealed that the antiviral activity of statins against rotavirus was independent of the cell line used (Ding et al., 2021). Consistent with this report, our data showed that ATV also inhibited D614G strain in Caco-2 (EC50 = 7.4 μM), a colorectal epithelial cell line highly permissive for SARS-CoV-2 infection (Uemura et al., 2021; Wurtz et al., 2021). This finding suggested that ATV treatment could modulate intracellular signaling pathways in both Vero E6 and Caco-2, affecting some of the cholesterol-dependent SARS-CoV-2 replicative cycle stages, such as those mentioned above. However, additional studies are required to elucidate the antiviral mechanism of this compound in both cell lines.

Additionally, taking into account that multiple SARS-CoV-2 variants have been reported around the world, we evaluated the antiviral activity of ATV against one variant of concern (Delta) and one variant of interest (Mu), which have been associated with altered fitness in terms of virulence, transmission, and evasion of host immune response (Khateeb et al., 2021; Otto et al., 2021). Similar to that was reported for IAV (Haidari et al., 2007), our results indicated that ATV had an independent-variant antiviral effect, with EC50 values of 16.8 and 21.1 μM for the Delta and Mu variants, respectively, using Vero E6 cells. These findings are promising because antiviral drugs with broad activity against SARS-CoV-2 variants could potentially help to reduce the chance of progress to severe disease and to solve the problem of the reduced response of variants to vaccines, especially for vulnerable populations, including children, pregnant women, immunocompromised individuals, and people with comorbidities for COVID-19 (Abdelnabi et al., 2021; Acharya et al., 2021).

On the other hand, previous in silico studies have suggested a possible effect of statins on the viral particle by interacting with several viral proteins involved in the later stages of the SARS-CoV-2 replicative cycle (Baby et al., 2020; Reiner et al., 2020; Harisna et al., 2021; Pawlos et al., 2021). According to the above and as a complementary of in vitro results, this study evaluated in silico the interaction of ATV with RdRp and 3CL protease of SARS-CoV-2, which are involved in the viral RNA replication (Calligari et al., 2020) and polyproteins processing, respectively (Reiner et al., 2020). Our results showed a high binding affinity of ATV with 3CL protease (−7.5 kcal/mol) and the active site of RdRp (−6.7 kcal/mol). These binding energies were even equal to or higher than previously reported candidates for COVID-19 treatment (Kumar et al., 2020; Naik et al., 2020). As shown in Figure 7, complexes between ATV and viral proteins were stabilized by hydrogen bonds, hydrophobic, and electrostatic interactions such as π-alkyl, π-Sulfur, and π-cation. According to our findings and the reported evidence (Reiner et al., 2020; Pawlos et al., 2021), it could be suggested that ATV, in addition to exerting an effect on the cholesterol-dependent cellular metabolic pathways that are necessary for the SARS-CoV-2 replicative cycle, is possible that interacts with viral proteins such as RdRp and 3CL protease. However, in vitro and in vivo experiments demonstrating these interactions and the biological response are necessary to identify whether this compound exerts a direct antiviral mechanism.

Heparin and Chloroquine were used in this study as positive inhibition controls by in vitro assays. Heparin was selected as control of the pre-infection treatment because it is a glycosaminoglycan with a strong structural similarity with heparan sulfate, a SARS-CoV-2 coreceptor (Clausen et al., 2020). Heparin inhibited in vitro SARS-CoV-2 entry (Tandon et al., 2021) and has shown the ability of binding to RBD of Spike (KD = ~10–11 M; Clausen et al., 2020; Kwon et al., 2020; Mycroft-West et al., 2020), competing with heparan sulfate present on the cell surface and, affecting subsequently, the SARS-CoV-2 adhesion (Clausen et al., 2020; Zhang et al., 2020). Further, this study selected chloroquine as an internal control for pre-post and post-infection treatments. This compound showed in vitro antiviral activity against SARS-CoV-2 with EC50 values between 12.8 and 13.5 μM, which were consistent with previous results on Vero E6 cells (EC50 = 1.13–23.9 μM; Wang M. et al., 2020; Conzelmann et al., 2020). Previously, chloroquine has been evaluated through different in vitro antiviral assays against SARS-CoV-2, affecting the early and late stages of the viral replicative cycle (Uzunova et al., 2020). It has also been suggested that chloroquine may interfere with the glycosylation of ACE2 receptors and increase the endosomal pH required for the fusion step. It could also affect the post-translational modification of viral proteins and the maturation of the viral particle (Devaux et al., 2020; Wang M. et al., 2020).

In addition, Remdesivir and Chloroquine were selected as controls of the interaction with RdRp and 3CL protease of SARS-CoV-2, respectively, by in silico methodology. Remdesivir is a nucleoside analog that inhibited SARS-CoV-2 RdRp by in vitro and in silico methodologies (Koulgi et al., 2020; Kokic et al., 2021). On the other hand, chloroquine was identified as a SARS-CoV-2 protease inhibitor (Ki = 0.56 μM) by continuous kinetic assays (Li et al., 2020) and showed a favorable binding affinity with 3CL protease, using bioinformatical methods (Nimgampalle et al., 2020). According to the expected results, favorable binding affinities were obtained between viral proteins and selected positive controls (Table 3).

The concentrations in which ATV demonstrated antiviral potential were similar to those previously reported for other viruses such as the Ebola virus (EBOV; Shrivastava-Ranjan et al., 2018), DENV (Bryan-Marrugo et al., 2016), and ZIKV (Españo et al., 2019). Although the ATV concentrations used in vitro are not comparable with the doses applied in humans (Björkhem-Bergman et al., 2011), this work allows us to make an approximation to the benefits of this statin for the treatment of SARS-CoV-2; however, it is necessary to validate its antiviral effect in human cell lines (Li et al., 2020) and particularly, in a non-human animal model, in which the concentrations of the compound can be better adjusted to those of therapeutic use in humans (Minz et al., 2020).

Previous studies reported the multiple effects of statins, such as anti-inflammatory, antioxidant, and immunomodulatory effects (Castiglione et al., 2020). Following the above, it would be pertinent to in vitro evaluate the anti-inflammatory activity of ATV in SARS-CoV-2 infected peripheral blood mononuclear cells. Besides, given that statins are used for the treatment of dyslipidemias and are associated with a decrease in cardiovascular complications, it would be interesting to know and compare the benefits of ATV treatment in COVID-19 patients with and without a history of hypertriglyceridemia, hypercholesterolemia, cardiovascular diseases, or its risk factors (smoking, diabetes, and obesity), since they have previously been associated with increased severity and death in patients with COVID-19 (Choi et al., 2020; Ganjali et al., 2020; Matsushita et al., 2020; Sabatino et al., 2020). In addition, statins have shown to be beneficial as add-on therapy in patients with different autoimmune inflammatory diseases such as systemic lupus erythematosus, rheumatoid arthritis, and multiple sclerosis (Castiglione et al., 2020). Based on the above and our results, it would be pertinent to evaluate the effect of ATV in patients diagnosed with COVID-19 that had a history of autoimmune diseases.

ATV is a compound widely available, inexpensive, and safe. Furthermore, as it is a second-use drug, its evaluation as a treatment for COVID-19 would imply a shorter duration and cost (Rudrapal et al., 2020). Currently, some studies have shown that statin therapy is associated with a 30% reduction in fatal or severe COVID-19, a lower likelihood of admission to the intensive care unit (Kow and Hasan, 2020; Tan et al., 2020), and an increased chance of asymptomatic infection (Tan et al., 2020). However, more studies are needed to determine the in vitro and in vivo biological properties of ATV against SARS-CoV-2 infection, although the available evidence suggests that it could be an effective treatment.



CONCLUSION

Atorvastatin demonstrated in vitro antiviral activity against the ancestral SARS-CoV-2 D614G strain and two emerging variants (Delta and Mu), with an independent effect of the cell line. Due to low cost, availability, well-established safety and tolerability, and the extensive clinical experience of atorvastatin, it could prove valuable in the treatment of COVID-19.
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