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Abstract: The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a betacoronavirus responsible for the COVID-19 
pandemic, causing respiratory disorders, and even death in some individuals, if not appropriately treated in time. To face the pandemic, 
preventive measures have been taken against contagions and the application of vaccines to prevent severe disease and death cases. For 
the COVID-19 treatment, antiviral, antiparasitic, anticoagulant and other drugs have been reused due to limited specific medicaments 
for the disease. Drug repurposing is an emerging strategy with therapies that have already tested safe in humans. One promising 
alternative for systematic experimental screening of a vast pool of compounds is computational drug repurposing (in silico assay). 
Using these tools, new uses for approved drugs such as chloroquine, hydroxychloroquine, ivermectin, zidovudine, ribavirin, 
lamivudine, remdesivir, lopinavir and tenofovir/emtricitabine have been conducted, showing effectiveness in vitro and in silico against 
SARS-CoV-2 and some of these, also in clinical trials. Additionally, therapeutic options have been sought in natural products 
(terpenoids, alkaloids, saponins and phenolics) with promising in vitro and in silico results for use in COVID-19 disease. Among 
these, the most studied are resveratrol, quercetin, hesperidin, curcumin, myricetin and betulinic acid, which were proposed as SARS- 
CoV-2 inhibitors. Among the drugs reused to control the SARS-CoV2, better results have been observed for remdesivir in hospitalized 
patients and outpatients. Regarding natural products, resveratrol, curcumin, and quercetin have demonstrated in vitro antiviral activity 
against SARS-CoV-2 and in vivo, a nebulized formulation has demonstrated to alleviate the respiratory symptoms of COVID-19. This 
review shows the evidence of drug repurposing efficacy and the potential use of natural products as a treatment for COVID-19. For 
this, a search was carried out in PubMed, SciELO and ScienceDirect databases for articles about drugs approved or under study and 
natural compounds recognized for their antiviral activity against SARS-CoV-2. 
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Introduction
The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a betacoronavirus containing positive-sense, 
single-stranded RNA, which shares genetic similarities with the severe acute respiratory syndrome coronavirus (SARS- 
CoV) and the Middle East respiratory syndrome coronavirus (MERS-CoV). SARS-CoV-2 is a new strain responsible for 
the global Coronavirus disease 2019 (COVID-19) pandemic that first emerged in China (Wuhan) in 2019, causing severe 
respiratory disorders and even death if not treated in time and adequately.1

COVID-19 is a systemic disorder that includes fever, dry cough, fatigue, headache, sore throat, rhinorrhea, dyspnea and 
anosmia that become significant symptoms for clinical diagnosis. Immunological characteristics include lymphopenia, 
infiltration of immune cells such as T cells, monocytes, macrophages, NK cells and dendritic cells into the lungs, along 
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with a cytokine storm, leading to acute respiratory distress syndrome (ARDS), and eventually to death.2 Figure 1 summarizes 
the pathophysiology and multisystem manifestations of COVID-19.3–6

During SARS-CoV-2 entry into the host cell (cells from the lungs, heart, kidneys, nasal and oral mucosa, stomach, 
small intestine, and colon), the spike glycoprotein (S protein) binds to angiotensin-converting enzyme 2 (ACE2) its 
cellular receptor. Then, the S protein is cleaved by the cellular transmembrane serine protease (TMPRSS2), allowing the 
fusion of the viral envelope and the host cell membrane.

In cells expressing low TMPRSS2 or not producing this enzyme, the viral particles can enter by endocytosis. Inside 
the endosomes, the cathepsins cut the protein S to allow the fusion of the viral envelope and the endosome membrane.7 

After this, the viral RNA is released and translated in the cytoplasm, generating polyproteins that are cleaved into 
individual non-structural proteins (nsps) by viral proteases, the papain-like protease (PL pro) and the chymotrypsin-like 
protease (3CL pro) better known as major protease (Mpro). The generated viral proteins form the replication- 
transcription complex (RTC), which includes RNA-dependent RNA polymerase (RdRp).8 Subsequently, the structural 
proteins are synthesized; these move to the membranes of the endoplasmic reticulum (ER) and to the intermediate 

Figure 1 Pathophysiology of COVID-19 disease and its systemic manifestations. Once SARS-CoV-2 enters the upper respiratory tract, it begins to replicate and spread 
there, in the hair cells. Infected people may remain asymptomatic but infectious or present with fever, cough, sputum, headache, or myalgia. At this time, innate immunity 
mediated by cytokines and interferons is responsible for controlling viral replication and limiting the severity of symptoms. If this does not happen, the disease worsens and 
the virus spreads to the lower respiratory tract where infects the alveolar type II cells and develops cough, sputum, dyspnea or ARDS, disseminated intravascular 
coagulation, and vascular permeability that affects the diffusion of oxygen, which contributes to a fatal disease. The factors that contribute to pulmonary and systemic disease 
are: 1. Direct cytotoxic effect: Persistent viral replication generates cell death and the release of DAMPs, PAMPs and cytokines causing endothelial inflammation. 2. 
Dysregulation of the renin-angiotensin-aldosterone system (RAAS): The RAAS is formed by different peptides, among which is the membrane ACE2 that cuts angiotensin 
I (Ang I into angiotensin 1–9 and Ang II into Ang 1–7 which have vasodilator, antiproliferative and antifibrotic functions. Decreased ACE2 enzymatic activity leads to 
vasoconstriction (hypertension) and thrombus formation. 3. Endothelium damage, inflammation and thrombus formation: Patients with COVID-19 may present excessive 
thrombin production (Endothelial cell damage activates the coagulation cascades) and inhibited fibrinolysis and complement activation, which causes microthrombi formation 
and vascular dysfunction. 4. Dysregulation of the immune response. Severe COVID-19 is characterized by T cell lymphopenia and hyperactivation of the immune system 
mainly neutrophils and macrophages that release an enormous amount of proinflammatory cytokines (cytokine storm) such as IL-1, IL-6, IL8, IL-10 and TNF, in addition, the 
formation of neutrophil extracellular traps (NETS) contributing to hyperinflammation. This figure was created in BioRender.
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compartment between the Golgi and the ER (ERGIC), where they interact with the viral RNA to assemble new viral 
particles, then they are released by exocytosis (vesicles).9,10

COVID-19 has left more than 6.6 million deaths and approximately 646 million infected worldwide.11 To face the 
pandemic, preventive measures have been taken against transmission, such as social distancing, hand washing, use of 
masks, social isolation and the most important strategy, vaccine development,12 to prevent severe disease and death 
cases. For the COVID-19 treatment, antiviral, antiparasitic, anticoagulant13,14 and other drugs have been reused due to 
the absence of specific medicaments for this disease; however, two new drugs (baricitinib and sotrovimab) were recently 
approved to treat symptoms and fight infection, but they are not available for the general population yet. The World 
Health Organization (WHO) recommends the use of baricitinib in severe cases by increasing the probability of surviving 
the complications and reducing the need for mechanical ventilation. In contrast, sotrovimab is recommended in moderate 
cases to prevent it from worsening.15

New drug development is a long process; for this, drug repurposing (use of drugs that have shown to be safe in 
humans for the treatment of other diseases) emerged as a strategy to treat COVID-19 during the pandemic. However, 
a systematic experimental screening of a vast pool of drugs for repurposing is impossible because this process becomes 
very long and expensive.16 To get over these restrictions, one favorable alternative is computational drug repurposing or 
in silico assays, which use algorithms and database information to designate the best drugs for repositioning.

An enormous advantage of in silico approaches is the large number of molecules that can be evaluated quickly and 
the possibility of identifying other benefits of the drugs developed for different diseases. Meanwhile, experimental drug 
repurposing is usually carried out in closely related diseases.17

In the search for an effective treatment, clinical trials for new uses of approved drugs such as chloroquine, hydroxychlor-
oquine, ivermectin, zidovudine, ribavirin, lamivudine, remdesivir, lopinavir/ritonavir and tenofovir/emtricitabine18,19 have been 
conducted, which were used based on their effectiveness in other viral pathologies such as SARS-CoV, Middle East Respiratory 
Syndrome (MERS), ARDS, and evidence of in vitro and in silico activity17 against SARS-CoV-2.20 The most recently 
approved second-use drugs by WHO, baricitinib and sotrovimab, have been previously used in other pathologies. Baricitinib 
is a Janus kinase inhibitor drug; it works mainly to reduce inflammation and is used to treat rheumatoid arthritis. Sotrovimab is 
a monoclonal antibody usually administered to transplant recipients, cancer patients and other high-risk groups.21,22

Additionally, new therapeutic options have been sought in natural products (compounds or substances produced by 
living organisms that humans have not modified)23 that, historically, have been very important for discovery of new 
treatments for cancer and infectious diseases.24 To treat SARS-CoV-2 infection, it has been found that essential oils25 and 
plant extracts26–29 have promising results in vitro and in silico trials.

Many natural products that have shown antiviral activity belong to the families of terpenoids, alkaloids, saponins and 
phenolics (including flavonoids and phenolic acids).8 For instance, hispidulin, quercetin, rutin, saikosaponin D, glycyrrhizin 
and hesperidin showed in vitro and in vivo antiviral activities against different respiratory viruses, including SARS-CoV-2.30 

Terpenoids such as ursolic acid, oleanolic acid and carvacrol are inhibitors of the 3CLpro protease of SARS-CoV-2 using in 
silico assays and molecular modeling.31,32 Also, traditional medicine can be considered as one of the treatments. For example, 
in vitro investigations with Lianhuaqingwen (LH), a traditional Chinese medicine, showed a significant reduction in SARS- 
CoV-2 replication in Vero E6 cells and decreased expression of the pro-inflammatory cytokines.33 Without effective 
treatments for SARS-CoV-2 infections, natural products might be potential alternative therapies.

This review shows the evidence of drug repurposing efficacy and the potential use of natural products as a treatment 
for COVID-19. For this, a search was carried out in PubMed, SciELO and ScienceDirect databases for recent review and 
scientific articles published from 2020 of some drugs under study and natural compounds recognized for their antiviral 
activity that could be effective in treating SARS-CoV-2 infection. Some search terms were the following: “Antivirals 
AND SARS-CoV-2”, “Drug repurposing AND SARS-CoV-2”, “Bioactive compounds AND COVID-19” or “Natural 
products AND SARS-CoV-2”.

Drug Repurposing Strategies for COVID-19 Treatment
Since the beginning of the application of vaccines to prevent COVID-19, the number of infections and deaths due to the disease 
has gradually decreased; however, many variants have been reported and approved anti-coronavirus drugs are limited, which has 
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become a global challenge. Therefore, searching for new effective therapeutic agents to treat and manage COVID-19 is urgent. 
Drug repurposing is an effective strategy to identify new drugs with few clinical trials.

The conventional process to discover new drugs is expensive, long (10–15 years), risky and has a low success rate. 
Drug repurposing or drug repositioning is an effective way to overcome these difficulties and explore new uses of drugs 
approved or under investigation for their application in new medical prescriptions. Drug repurposing requires shorter 
investigations; therefore, the development process is less expensive, besides these second-use medicines present a lower 
risk of binding to different therapeutic targets or going through other pathways.16,34

For these reasons, drug repurposing is a quick alternative to find a treatment for the COVID-19 pandemic. Some 
drugs act on the RNA genome as nucleotide analogs, such as remdesivir, favipiravir, ribavirin and tenofovir, which are 
joined with the replicating genome of the virus, stopping the RdRp activity. The protease inhibitors block the proteolytic 
processing of polypeptides into non-structural proteins. Examples are saquinavir, indinavir, ritonavir and lopinavir.35 

Entry blockers block the proteins that participate in the entry of the viral particle into the cell, such as chloroquine, 
hydroxychloroquine and arbidol, and other drugs have immunomodulatory properties, for which they were proposed as 
potential agents for the COVID-19 treatment, among these are nitazoxanide, ivermectin, statins, vitamin D and 
anticoagulants.36

Antiparasitic
Chloroquine (CQ) was synthesized in 1934, and it is an aminoquinoline, a weak base that increases the pH of acid 
vesicles. It is concentrated in organelles with a low pH, such as endosomes, lysosomes, and Golgi vesicles. CQ interferes 
with sialic acid synthesis, which participates in the interaction between the virus and the cell, avoiding the recognition 
and attachment of the virus to the cell. Furthermore, after endocytosis of the viral particle, CQ prevents endosome 
maturation and, thus, the release of the viral genome into the cytoplasm, preventing viral replication.37

The CQ can affect viral infections in different ways, but its antiviral activity depends mainly on the use of endosomes 
for viral entry; it has been demonstrated to have antiviral activity against SARS-CoV-2 in primate cells. This drug has 
been effective and commonly used in treating malaria, amoebiasis, human immunodeficiency virus (HIV) infection and 
autoimmune diseases with few and mild side effects.38

Hydroxychloroquine (HCQ) is a CQ derivative (Figure 2) and an antiprotozoal drug that penetrates cell membranes, 
accumulating in the acidic lysosomes and increasing the pH, inhibiting lysosome functions. According to a study by 
Alsuwaidan et al, this prevents coronavirus entry into target cells and reduces body temperature.39

The HCQ is a drug with potential antiviral activity; however, clinical trials done during the pandemic have suggested no 
benefit for patients with COVID-19, including those treated in an outpatient setting.40,41 In addition, patients treated with HCQ 
for a non-COVID-19 indication were not associated with preventing infection with SARS-CoV-2.42 Moreover, in another 
study, it was found the use of HCQ was not associated with decreased COVID-19 mortality among people who received this 
drug for treatment of rheumatoid diseases prior to experiencing COVID-19.43 Additionally, combined with azithromycin, it 
was not associated with decreased mortality in patients hospitalized for mild and moderate COVID-19;44,45 furthermore, it did 
not change the number of days of hospitalization to discharge or death.46

Figure 2 Molecular structure of chloroquine, hydroxychloroquine and ivermectin.
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In contrast, observational studies have suggested a clinical benefit in patients treated with azithromycin combined 
with HCQ or ivermectin in viral shedding, clinical duration, hospitalization, mechanical ventilation, death and post- 
COVID symptoms; however, these studies are subject to bias and confounding factors.47 Regarding the safety of HCQ, 
cardiomyopathy causing heart failure has been reported, with fatal cases in long-term therapy with high doses; 
monitoring of patients and stopping treatment in case of symptoms is recommended. The QT interval prolongation has 
also been reported; thus, constant monitoring is suggested, especially in patients with risk factors such as a history of 
prolonged QT interval, ventricular arrhythmias, bradycardia, and other cardiac abnormalities.48,49

CQ and HCQ inhibit the replication of coronaviruses such as SARS-CoV and SARS-CoV-2 in vitro;50–53 however, the 
clinical study results have not been consistent with the in vitro findings, which suggests that the antiviral mechanisms of 
CQ and HCQ are not fully understood. Tichauer et al demonstrated in a cell-free in vitro model that CHQ inhibits the 
function of the ACE2 enzyme in a dose-dependent manner. Still, the interaction between ACE2 and the S protein of 
SARS-CoV-2 generates structural changes that disrupt the binding of HCQ to ACE2. These findings suggest that there 
may be variations in the human body that affect the effectiveness of HCQ in clinical trials.37

The Food and Drug Administration (FDA) authorized the emergency use of HCQ for adults hospitalized with 
COVID-19 on March 28, 2020; however, this permit was revoked on June 15, 2020.54 The results of a clinical study 
on hospitalized patients with COVID-19 showed that HCQ is not effective in treating the disease, did not reduce death 
rates or shorten recovery time for patients. These findings are consistent with the results of another study showing that 
the suggested dose of HCQ is unlikely to inhibit or eliminate SARS-CoV-2.55

Ivermectin (IVM) is a semisynthetic and anthelmintic agent (Figure 2), which attracted the interest of the world scientific 
community due to some in vitro studies and animal models in which antiviral activity against SARS-CoV-2 was evidenced,56 

increasing the demand by the general population. This drug binds to chloride channels in nerve and muscle cells of 
invertebrate animals and opens these channels, increasing the flow of chloride ions and hyper-polarizing the cell membranes, 
causing paralysis and death of the invertebrate. It also acts on different intracellular proteins to reduce the replication of some 
viruses.57 The IVM is a specific inhibitor of nuclear importation, blocking replication of HIV-1 and dengue viruses;58 it also 
blocks the attachment of the SARS-CoV-2 spike protein to the ACE2 molecule (binding energy −18 kcal/mol) in the in silico 
assays.59 However, the clinical trials and medical observations report conflicting results on the effectiveness of ivermectin to 
treat SARS-CoV-2 infection.

A clinical study carried out in adult patients with mild COVID-19 showed that IVM is effective for treating this 
disease; viral shedding was earlier in the group treated with IVM than in the control group.60 Another study administered 
IVM with doxycycline to patients with mild-to-moderate disease, and they recovered sooner and fewer of these patients 
progressed to severe COVID-19.61

Okumuş et al evidenced that IVM can increase clinical recovery, improve laboratory results and reduce mortality in 
patients with severe symptoms of COVID-19;62,63 also, it was reported a reduction in viral shedding, disease duration, 
respiratory complications, length of hospitalization or mechanical ventilation, number of deaths and post-COVID 
manifestations.47

Regarding the dose, an investigation recommended the use of low doses (0.05 and 0.1 mg/kg) of inhaled IVM as a possible 
treatment in COVID-19 cases because of its safety.64 Still, Krolewiecki et al identified a significant reduction in the number of 
SARS-CoV-2 viral particles in respiratory secretions of patients with COVID-19 treated with high dose IVM, compared to 
untreated controls. In addition, no toxicity related to the high doses of ivermectin (0.6 mg/kg/day for 5 days) was observed.65

In contrast, some studies have shown adverse effects or non-clinical improvement in patients treated with IVM. López- 
Medina et al showed that treatment for five days with IVM in adults with mild COVID-19, compared to the control group, did 
not significantly improve the symptom resolution time; therefore, the results do not support the treatment of mild COVID-19 
with IVM.66 A recent study on 3515 patients found no significant effects of IVM use, and the treatment with IVM does not 
reduce the incidence of hospitalizations or the length of stay in the ICU of patients diagnosed with COVID-19.67

The IVM is generally safe when prescribed but can generate toxicity in overdose cases or by inappropriate use. The 
American College of Medical Toxicology collects reports of unfavorable reactions to COVID-19 treatments, and they 
have received, since August 2021, many reports of patients becoming ill due to the use of IVM to prevent SARS-CoV-2 
infection or treat disease; some of these reports included severe toxicity.68 This trend is similar to national data collected 
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by Poison Control Centers and the US Centers for Disease Control and Prevention (CDC), which reported an increase in 
IVM poisoning cases.69 Clinical manifestations differ in severe cases and may include gastrointestinal symptoms like 
nausea, vomiting, abdominal pain and diarrhea, furthermore, headache, dizziness, fatigue, visual changes, fast heart rate, 
low blood pressure, and skin rashes.68,70

Additionally, one of the most important studies supporting IVM as COVID-19 treatment was withdrawn over ethical 
concerns after independent researchers found discrepancies in the data. The study about the efficacy and safety of IVM in 
the treatment of COVID-19, managed by Dr Ahmed Elgazzar from Benha University in Egypt, was published on the 
Research Square website in November and affirmed that patients with COVID-19 treated with IVM early reported 
substantial recovery, improvement and a reduction of 90% in mortality rate; however, the utility of IVM to treat SARS- 
CoV-2 infection is questioned after significant irregularities were identified on the paper, leading to the retraction.71,72

Due to these latest and important findings, the FDA has not authorized the use of IVM to prevent or treat COVID-19 
in humans; it is approved only for the treatment of some infections caused by intestinal and scalp parasites, but animal 
IVM products are very different (often highly concentrated) from those approved for humans and taking large doses of 
this drug is dangerous; an overdose can cause even death.73

Table 1 summarizes the possible therapeutic targets and mechanism of action or antiviral activity of the previous 
antiparasitics.

Table 1 Drugs: Potential Therapeutic Targets and Their Antiviral Effects

Drug Therapeutic Targets Antiviral Effect or Mechanism of Action Refs

-Antiprotozoal

Hydroxychloroquine ACE, endosomal Ph. Directly inhibits the activity of human ACE2. Inhibit 

coronavirus membrane fusion through an increase in 
endosomal pH and disrupt the glycosylation of their 

glycoproteins.

[37,74,75]

-Anthelmintic

Ivermectin Spike protein and ACE2 receptor. 
3CLpro, RdRp, Intracellular 

protein binding sites.

Interfere with the attachment of the spike protein to the 
human cell membrane. Blocks 3CLpro and RdRp, preventing 

the posttranslational processing of viral polyproteins and viral 

RNA replication. Inhibits the nuclear import of selected 
cytoplasmic proteins (Impα/β1 heterodimer) to reduce the 

inhibition of the antiviral responses.

[59,76,77]

-Antivirals

Zidovudine (Synthetic analog 
of the nucleoside thymidine)

RdRp Inhibits RdRp acting as a viral RNA chain terminator. [78]

Lamivudine (Synthetic 
nucleoside analog)

RdRp In silico studies evidenced the ability of lamivudine to be 
incorporated, in SARS-CoV-2 RdRp.

[79,80]

Lopinavir (Dicarboxylic acid 
diamide, peptidomimetic)

Mpro Binds to the active site of SARS main proteinase. [81,82]

Abacavir (nucleoside analog) RdRp It was demonstrated with molecular basis, the ability of this 
viral polymerase inhibitor to be incorporated by SARS-CoV-2 

RdRp, competing with the natural substrate and stopping 

DNA chain elongation.

[83,84]

Remdesivir (nucleoside 

analog)

RdRp Delayed translocation inhibitor of the SARS-CoV-2 RdRp. 

Blocks the translocation after the incorporation of the fourth 
Remdesivir monophosphate

[85]

(Continued)
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Antivirals
Among the drugs with antiviral activity used to control the SARS-CoV2 pandemic are zidovudine, lamivudine, abacavir, 
efavirenz, lopinavir, remdesivir and tenofovir administered with emtricitabine, below are some of the most relevant findings.

Zidovudine (AZT) is a synthetic analog of the nucleoside thymidine (Figure 3) and inhibits reverse transcriptase after 
being incorporated into newly synthesized viral DNA strand in place of thymidine, acting as a viral DNA chain 
terminator.90 AZT has been used as a reverse transcriptase (RT) inhibitor of HIV, and it has also been demonstrated 
its capability to incorporate and terminate nucleotide extension of SARS-CoV RdRp, which is nearly identical to the 
SARS-CoV-2 RdRp (amino acid similarity of 98%), suggesting that it might also inhibit the SARS-CoV-2 polymerase.91

In silico trials of screening, molecular modeling and docking of ligands against N protein of SARS-CoV-2 have 
shown that AZT has a more robust and stable interaction with this protein structure (docking scores of −9.75 and binding 
free energies of −59.43) than Valganciclovir and Ribavirin, others FDA-approved drug.78

Therefore, AZT can be further evaluated in clinical trials as a potential treatment for COVID-19.
Like AZT, lamivudine is a synthetic nucleoside analog (Figure 3) used to treat HIV infection; it is integrated into the 

viral DNA chain by the reverse transcriptase of the virus, causing premature termination of viral chain synthesis.80

In vitro, lamivudine exhibited antiviral activity against the D614G strain of SARS-CoV-2 at 100 µM (inhibition 
percentage of 66.7%) and yielded favorable binding energies with SARS-CoV-2 RdRp (−4.9 Kcal/mol) and 3CLpro 
(−5.8 Kcal/mol) using bioinformatics methods.92

Table 1 (Continued). 

Drug Therapeutic Targets Antiviral Effect or Mechanism of Action Refs

Tenofovir (nucleoside analog) RdRp May interfere with the SARS-CoV-2 RNA-dependent RNA- 

polymerase.

[86]

Efavirenz (non-competitive 

inhibitor)

Mpro Binds to the SARS-CoV-2 protease Mpro. [87]

-Statin

Atorvastatin Immune system cells. 

Vascular endothelium. 

RdRp and 3CL protease.

Modulates the immune response and restores the vascular 

redox balance. It showed antiviral activity in vitro against the 

ancestral SARS-CoV-2 D614G strain and two emerging 
variants (Delta and Mu). 

It was found a favorable binding affinity with SARS-CoV-2 

RdRp and 3CL protease by bioinformatics methods.

[50,88]

-Vitamin

Vitamin D Bones, kidneys, brain, and immune 

cells.

Helps to achieve a satisfactory cellular response and 

protection against the severity of infections caused by 

microorganisms.

[89]

Figure 3 Molecular structure of zidovudine, lamivudine, lopinavir and Abacavir.
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Other in silico studies showed the ability of lamivudine to bind to SARS-CoV-2 RdRp catalytic site (interacts with 
serine 682, threonine 687, asparagine 760 and 761) where are incorporated the corresponding natural nucleotide 
substrates with comparable inhibition constant (Ki) value and similar interactions than remdesivir, tenofovir and 
emtricitabine.79,93 In addition, lamivudine and lopinavir (Figure 3) bind with high affinity and lower free energy to 
Mpro of the SARS-CoV-2, which would lead to inhibition of replication and maturation in host cells.82

In a retrospective study, patients with Hepatitis B virus (HBV) infection taking lamivudine treatment showed a lower 
risk of SARS-CoV-2 infection. Approximately 2% of patients treated with lamivudine were diagnosed with COVID-19 
compared to 48.4% of patients not treated with this antiviral. These results suggested that individuals with HBV treated 
with lamivudine are less susceptible to SARS-CoV-2 infection, probably due to structural similarities of some proteins in 
both viruses.94 Therefore, this drug is an excellent candidate for effective therapy against COVID-19.

Another synthetic nucleoside analog and an antiviral agent is abacavir (ABC) (Figure 3); its active metabolite, carbovir 
triphosphate, inhibits the RT activity of HIV-1 by competing with dGTP, the natural substrate, and stopping DNA chain 
elongation.83 The results presented by Chien et al provided a molecular basis that demonstrated this viral polymerase inhibitor 
is incorporated by the SARS-CoV-2 polymerase; therefore, it is considered a potential candidate for clinical trials to evaluate 
its effectiveness as a prophylaxis and treatment of COVID-19.84,95 Tomic et al, using the VINI in silico model for virtual drug 
screening, demonstrated that the combination of cobicistat-ABC-rilpivirine had the highest predicted efficacy in inhibiting 
SARS-CoV-2 spike glycoprotein,96 and Del Amo et al reported the incidence of COVID-19 and the severity of this disease in 
patients with HIV treated with antiretrovirals. They found that patients treated with ABC/lamivudine had a 32% lower risk of 
being diagnosed with COVID-19 than those who received tenofovir alafenamide/emtricitabine.97 Therefore, more clinical 
trials on COVID-19 patients with moderately severe and severe conditions are warranted.

Lopinavir is a peptidomimetic (Figure 4) that inhibits the HIV protease, preventing the cleavage of the Gag-Pol 
polyprotein, thus reducing the number of mature and infectious viral particles.81 It is generally administered with ritonavir 
(Figure 4), which increases plasma levels of lopinavir and inhibits its metabolism. Lopinavir/ritonavir have been included in 
drug protocols to prevent and treat COVID-19.98 WHO selected these drugs for evaluation in clinical trials, alone or combined 
with Ribavirin and interferon beta. It was considered an appropriate second option due to the clinical experience in the context 
of MERS and the preclinical data that show some clinical benefit, for which they recommend investigating it, especially in 
severe cases.99

Fan-Ngai et al reported that in a Phase 2 trial in adults with COVID-19 early treatment with triple antiviral therapy 
(lopinavir, ritonavir and ribavirin every 12 h and three doses of interferon beta-1b) was safe and more effective than lopinavir 
and ritonavir in reducing symptoms, reducing viral-shedding time and hospital stay in patients with mild-to-moderate 
disease.100 However, some investigations with lopinavir-ritonavir in combination with other drugs have not shown clinical 
effects. In a randomized controlled trial conducted in hospitalized adults with severe COVID-19, no benefit was observed with 
lopinavir combined with ritonavir treatment compared to control interventions (arbidol, navaferon or lopinavir-ritonavir + 

Figure 4 Molecular structure of ritonavir, lopinavir and remdesivir.
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novaferon). In addition, it did not significantly accelerate the clinical recovery of the patient; it did not reduce mortality, or 
decrease viral RNA detection in throat swabs and did not shorten the duration of SARS CoV-2 shedding.101,102

Another study conducted by Ader et al showed that patients with COVID-19 treated with lopinavir/ritonavir, 
lopinavir/ritonavir plus IFN-β-1a and hydroxychloroquine had no clinical improvement after 15 and 29 days of clinical 
follow-up, no decrease in viral shedding time was observed and there were significantly more adverse effects in the group 
treated only with lopinavir and ritonavir.103 Likewise, other research found that critically ill patients with COVID-19, 
treated with lopinavir-ritonavir and hydroxychloroquine or combination therapy, presented worse outcomes compared to 
patients who did not receive antiviral therapy.104 Other studies simply do not recommend the use of these drugs as 
treatment for hospitalized patients with COVID-19.103,105

Most research does not support using lopinavir-ritonavir for the treatment of COVID-19. Therefore, several clinical 
studies may be done to evaluate the effectiveness of lopinavir-ritonavir in combination with ribavirin or other drugs.

Remdesivir is a monophosphoramidate prodrug (Figure 4) and an adenosine analog developed initially to treat Ebola virus 
infections. In several countries, it was the first antiviral approved or authorized for emergency use to treat COVID-19.106

Remdesivir is a delayed translocation inhibitor of the SARS-CoV-2 RdRp; it blocks the translocation after the 
incorporation of the fourth remdesivir monophosphate (RMP), which leads to a stop in the RNA synthesis process due to 
a steric clash between the 1′-cyano group of RMP and viral polymerase.85

Beigel et al conducted a double-blind, randomized, placebo-controlled trial of intravenous remdesivir in adults 
hospitalized with moderate-to-severe COVID-19. They found that remdesivir was better than placebo in reducing 
recovery time and improving clinical outcomes.107 Furthermore, Olender et al reported more significant recovery in 
patients with severe COVID-19 and 62% fewer odds of death with remdesivir than standard treatment.108

A meta-analysis of 10 clinical trials found that remdesivir treatment significantly improves patient recovery and 
lowers the need for mechanical ventilation.109

In a recent study published in 2022, with no hospitalized patients at high risk for COVID-19 progression, the treatment 
with remdesivir for 3 days was safe and reduced hospitalization or mortality rates by 87% compared to placebo.110

In contrast to previous findings, in a mortality trial recommended by WHO (December 2020), four repurposed 
antiviral drugs (remdesivir, hydroxychloroquine, lopinavir and interferon beta-1a) were evaluated in patients hospitalized 
with COVID-19. In this study participated, 405 hospitals in 30 countries and 11,330 randomly selected adults; 2750 
received remdesivir, 954 hydroxychloroquine, 1411 lopinavir (without interferon), 2063 interferon (including 651 to 
interferon plus lopinavir), and 4088 no received trial drug. It was concluded that these drugs did not reduce the mortality 
rates, time to start ventilation, or duration of hospital stay in patients with COVID-19.20

However, to date, the use of remdesivir is approved by the FDA to treat adults 18 and over and children 28 days of 
age or older with COVID-19.

Tenofovir and emtricitabine are other nucleoside analogs and viral reverse transcriptase inhibitors (Figure 5). This 
combination significantly reduced SARS-CoV-2 viral titers in non-hospitalized patients with COVID-19. These findings 
support the need of larger trials of therapy with tenofovir for the prevention and treatment of COVID-19.111

Figure 5 Molecular structure of emtricitabine, tenofovir and efavirenz.
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Molecular docking assays showed that tenofovir can tightly bind the RdRp of SARS-CoV-2 (−6.9 Kcal/mol)86 and 
a study in ferrets found that the group treated with tenofovir and emtricitabine decreased viral titers in nasal washes after 
8 days of infection compared to the control group treated with PBS;112 therefore, this combination of drugs could be 
considered an important alternative for clinical trials.

Efavirenz is a non-competitive inhibitor of the HIV-1 TR (Figure 5) and a candidate for COVID-19 treatment, based 
on the study using the MT-DTIa drug–target interaction model which identifies commercially available drugs that could 
act on the SARS-CoV-2 proteins. The results showed that efavirenz has inhibitory potency with a dissociation constant 
(Kd) of 199.17 nM against the SARS-CoV-2 protease; its activity is better than ritonavir that binds with inhibitory 
potency with Kd 204,05 nM.87

Although efavirenz is a potent drug available to treat SARS-CoV-2 infection, this drug may cause severe toxicity;113 

therefore, limiting its use or searching for treatment alternatives is advisable.
Table 1 summarizes the possible therapeutic targets and mechanisms of action of the previous antivirals.

Other Drugs
People with COVID-19, primarily those with severe disease, may have a series of coagulation disorders consistent with 
hypercoagulability (caused by virus-induced endothelial dysfunction), elevation of cytokine levels and activation of 
complement proteins.114 Therefore, these patients have been treated with anticoagulants in many cases. Observational 
studies evidenced the benefits of anticoagulation with a reduction in mortality, mainly in patients who require mechanical 
ventilation.115 Likewise, a randomized trial found that anticoagulation with prophylactic doses is equally effective than 
higher doses in reducing the risk of venous thromboembolism (VTE), even in patients at the intensive care unit (ICU), 
with trends towards lower rates of bleeding;116 these findings are confirmed by more recent research.117 Another study 
carried out by Jonmarker et al showed that among critically ill COVID-19 patients with respiratory failure, prophylactic 
use of high-dose anticoagulants was associated with a lower incidence of thromboembolic events and lower risk of death 
compared with lower doses.118

In a recently updated clinical guidance (2022) for anticoagulant therapies in patients with COVID-19, anticoagulant 
prophylaxis was not recommended in non-hospitalized adult patients with mild symptoms and no other indications for 
this use.

However, giving at least one prophylactic dose of anticoagulant to all hospitalized patients with COVID-19 is recom-
mended. For critically ill adult patients, prophylaxis with standard doses of anticoagulants is recommended (not intermediate 
or therapeutic doses). For non-critical ill patients but who are at risk of progressing to severe disease or at risk of developing 
thromboembolism and without a high risk of bleeding, prophylaxis with therapeutic doses of anticoagulant is 
recommended.119

In contrast, other studies have found that intermediate and therapeutic doses have a higher risk of bleeding and do not 
reduce the probability of suffering VTE events or mortality of critically ill patients with COVID-19.117,120 Other clinical 
investigations showed a high incidence of thrombotic complications in patients with COVID-19 even those with 
thromboprophylaxis with standard anticoagulants.121,122

The REMAP-CAP investigators showed that in critically ill patients with COVID-19, initial treatment with ther-
apeutic doses of the anticoagulant heparin does not increase the probability of survival after hospital discharge, and it 
does not significantly decrease the time with respiratory or cardiovascular support compared with routinely administered 
prophylactic anticoagulants.123

Despite the risk of anticoagulation therapy in some COVID-19 patients, the Anticoagulation Forum (the leading 
North American organization of anticoagulation providers) recommends the use of anticoagulants in critically or non- 
critically ill patients at high risk of progressing to severe disease.

Atorvastatin (ATV), a hypolipidemic drug (Figure 6), showed antiviral activity in vitro against the SARS-CoV-2 
D614G strain and the emergent delta and mu variants in the Vero E6 cell line. By bioinformatics methods, it was 
observed that ATV binds to the RdRp and Mpro with binding energies of −6.7 kcal/mol and −7.5 kcal/mol, respectively.50

The pharmacological use of statins, such as atorvastatin, seems to prevent death in patients infected with SARS-CoV-2 due 
to its effects on inflammation and oxidative stress, which positively impact cardiovascular disease. Statins modulate the 
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immune response, like immune cell adhesion and migration, antigen presentation, and cytokine production. Moreover, it 
reduces reactive oxygen species, increases antioxidants, and restores the function and integrity of the endothelium.88

In a study in which the effect of atorvastatin on the replication of SARS-CoV-2 in vitro and in silico was evaluated, it 
was found through bioinformatics methods that atorvastatin can bind to viral proteins, and its antiviral activity affects the 
replicative cycle at phases posterior to viral entry.124

A retrospective cohort study in adults with laboratory-confirmed COVID-19 reported lower mortality associated with 
atorvastatin in patients admitted to the ICU.125 An observational study supports these findings; this study found that statin 
treatment reduces mortality rates, decreases the need for ICU care, and decreases the need for mechanical ventilation in 
hospitalized ICU patients.126

Another observational study reported that statin treatment was associated with a decrease in mortality, decreased need 
for ICU care and a lower need for mechanical ventilation in ICU hospitalized COVID-19 patients,127 but controlled trials 
are needed considering the observational nature of these studies to confirm this benefit.

In contrast, the most recent observational and retrospective studies published with this drug in more than 1000 
patients hospitalized with COVID-19 have shown that previous treatment with statins does not decrease the likelihood of 
receiving mechanical ventilation and ICU care but reduce the mortality rates of these patients.128,129

Additionally, some studies in patients with COVID-19 treated with statins showed similar mortality to those without 
statins, but this finding was influenced by a higher prevalence of patients with risk factors for severe COVID-19 
presentation.130 These results were confirmed in an observational retrospective study, where statins did not reduce 
mortality in patients with COVID-19; it was also necessary to closely monitor for adverse effects during hospital 
admission because patients developed liver cytolysis, rhabdomyolysis and thrombotic and hemorrhagic events more 
frequently.124 These data do not support using statins as a therapy for hospitalized patients with COVID-19. However, for 
many researchers, the clinical experience of atorvastatin, its affordable price, availability, safety and known tolerability 
could be useful in the treatment of COVID-19 and reduce morbidity and mortality of this disease, but randomized 
controlled trials are needed for can to include atorvastatin as part of treatment, for COVID-19.131

Another drug with positive effects on the immune system is vitamin D (VitD) or ergocalciferol (Figure 6); this promotes 
intestinal absorption of calcium and phosphate and increases their reabsorption by renal tubules, thus increasing the serum 
levels to allow bone mineralization.132,133 Besides, adequate levels of VitD in blood also play an effective role in the function 
of the immune system, which can help to achieve a satisfactory cellular response and to protect against the severity of 
infections.89,134 Nimavat et al found an association between a low level of VitD and COVID-19 severity.135,136

In geriatric patients hospitalized for COVID-19 and supplemented with vitamin D for 3 months, better survival of 
these was observed; this result is consistent with observational data collected during the pandemic, where patients with 
COVID-19 and vitamin D deficiency were found to be more likely to experience severe COVID-19.137 Likewise, lower 
serum VitD levels also appear to be associated with hospital stay.138,139 On the contrary, higher levels are associated with 

Figure 6 Molecular structure of atorvastatin, ergocalciferol (D2) and cholecalciferol (D3).
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a lower risk of ICU admission due to COVID-19;140 or administration of high-dose calcifediol, a metabolite of VitD, 
significantly reduces the need for ICU admission of patients with severe COVID-19.141

These benefits have not been shown in other investigations where VitD supplementation (oral dose) did not reduce 
mortality, ICU admission rates, or the need for ventilation.142 In addition, the administration of high doses of vitamin D3 
in critically ill patients with COVID-19 and deficiency of this vitamin during ICU care did not reduce the need for 
intubation, length of hospital stay, and hospital mortality.143

In conclusion, calcifediol seems to reduce disease severity, but clinical trials with more significant numbers of 
patients and appropriately matched groups must show a definitive response.144

Table 1 summarizes the main antiviral mechanisms of previous medications.

Natural Compounds with Potential Use in the COVID-19 Treatment
Currently, few drugs are available to treat COVID-19; therefore, searching for new effective and safe antivirals against 
this infection is urgent. In this search, molecules with biological activity extracted from plants are being considered to 
treat coronavirus infection.145 The therapies with herbal medicines or their extracts (secondary metabolites or phyto-
chemicals) are frequently used to treat respiratory diseases and have been very effective in treating flu symptoms;146 

therefore, among the treatments proposed for COVID-19, compounds or molecules extracted from plants are promising 
source for developing drugs.

The primary classification system for these phytochemicals includes four major groups: alkaloids, phenols (including 
flavonoids and phenolic acids), terpenoids and saponins, families that, due to their antiviral properties, can be used in 
combination with antiviral drugs to treat infections caused by viruses.30

Alkaloids are low molecular weight nitrogenous compounds mainly produced by plants and animals; they have several 
biological effects and reported antimicrobial activity; the function is primarily defense against insect and herbivorous 
animals.147

Uncaria tomentosa, also known as Cat’s claw, produces more than 50 phytochemicals (compounds with biological 
activity) and is widely used as a treatment by the anti-inflammatory and immunoregulatory properties. Oxindole and its 
alkaloid derivatives are characteristic of this species, and several therapeutic effects have been discovered. Interestingly, 
Yepes-Perez et al found that the extract of U. tomentosa inhibited 92.7% of SARS-CoV-2 and decreased 98.6% the cytopathic 
effect caused by the virus on Vero E6 cells at 25 μg/mL with EC50 calculated by plaque reduction assay of 6.6 μg/mL.53

Another alkaloid, Isogranulatimide, a marine pyrrolocarbazole (Figure 7), is cell-permeable and was extracted from 
the marine sponge Didemnum conchyliatum, as a cell cycle inhibitor. It was identified by Humayun et al through virtual 
drug screening with a −6.9 kcal/mol docking score as a candidate to develop novel drugs against the SARS-CoV-2 due to 
its binding to neuropilin-1, a transmembrane glycoprotein that acts as a co-receptor for several extracellular ligands;148 it 
has also been determined to act as a co-receptor for SARS-CoV-2 to infect host cells.149

Figure 7 Molecular structure of Isogranulatimide and resveratrol.
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Alhadrami et al isolated three indole diketopiperazine alkaloids from the Red Sea-derived Aspergillus fumigatus, 
neoechinulin A, echinulin, and eurocristatine. Despite the structural similarity among these compounds, only neoechinulin 
A (Figure 8) showed significant SARS-CoV-2 Mpro inhibitory effects with an IC50 value of 0.47 μM compared to the 
positive control GC376 with an IC50 value of 0.36 µM. Moreover, in silico analysis showed that the amino acid in the 
active side of Mpro that contributed to the binding stability of neoechinulin A were LEU-141, ASN-142, GLY-143 and 
GLU-166 with hydrophobic interaction with HIS-41 (catalytic residue of the enzyme, participating in the hydrolysis of 
the substrate) which could predict the action mechanism of Neoechinulin A to inhibit SARS-CoV-2 Mpro.150

Polyphenols (made up of phenol units with hydroxyl groups) are plants’ most prevalent bioactive compounds. They 
can be categorized into flavonoids, phenolic acids, polyphenolic amides and other polyphenolic compounds.151

Mahmoud et al carried out in silico studies of some polyphenols found in Cuphea ignea plant extract, and they found that 
rutin (glycoside combining the flavonol quercetin and the disaccharide rutinose), myricetin-3-O-rhamnoside (flavonoid) and 
rosmarinic acid (phenolic ester compound) showed the most promising antiviral activity. Rutin binds to the active site of Mpro 
by hydrogen bonds with Glu166 and Thr26; myricetin forms H-bonds with the amino acids Glu166 and Met165, and 
rosmarinic acid with His41 and Met145 residues at the catalytic site of the protease. These results show that the compounds 
block enzyme function by binding to the Mpro active site with a similar affinity to the N3 control inhibitor.151

The natural compound resveratrol (trans-3,5,4′-trihydroxystilbene), a polyphenolic compound (Figure 7), was described to 
exhibit antiviral activity against HIV-1, influenza virus, MERS-CoV and SARS-CoV-2. Against SARS-CoV-2 showed an 
IC50 of 4.48 µM in Vero cells (MOI 0.01)152 and IC50 of 10.6 µM in Vero E6 cells (MOI 0.01).151 Bram et al demonstrated 
that resveratrol exhibited a dose-dependent antiviral effect and a 50% reduction in the production of viral particles at 66 µM 
against SARS-CoV-2 in Vero E6 cells (MOI 1) and in differentiated human primary bronchial epithelial cells (PBECs) isolated 
from healthy volunteers a 99.3% reduction of the viral titer at 150 uM up to 48 h post-infection.153

Resveratrol presents various biological properties, but this compound shows very low solubility and bioavailability; 
for this reason, large doses are required, generating nausea, vomiting, gastrointestinal symptoms and weight loss, mainly 
after the use of doses higher than 1g (single dose); moreover, alterations in the levels of liver enzymes have also been 
reported at doses lower than 1 g.154 For this reason, a micellar 10% resveratrol solubilization formulation (JOTROLTM) 
has been created to increase the bioavailability of resveratrol via lymphatic system absorption.155 However, the effect of 
this improved version of resveratrol in patients with COVID-19 must be evaluated.

Suru et al evaluated the pomegranate peel extract (PoPEx) employing in silico and in vitro methods and found that the 
polyphenols punicalin and punicalagin (Figure 9) block and decrease the interaction of S-glycoprotein and cellular 
receptor ACE2 with the highest docking scores (−9.25 and −7.79 Kcal/mol, respectively) compared to other compounds 
extracted from PoPEx. The in vitro results confirmed the in silico predictions; punicalin and punicalagin showed 
significant percentages of inhibition of viral replication and punicalin the best IC50 (0.14 mg/mL), providing evidence 
of the antiviral potential of pomegranate polyphenols against SARS-CoV-2.156

The curcumin polyphenol and the flavonoids quercetin and hesperidin (Figure 10) were evaluated by Kandeil et al; 
they observed that curcumin and quercetin had potent inhibitory effects on SARS-CoV-2 replication, at different 
multiplicities of infection in Vero E6 cells (IC50 = 0.44 and 18.2 µM, respectively) and reduced more than 90% in 
plaque counts and the copy number of viral RNA. In contrast, hesperidin showed the lowest antiviral activity compared 
to curcumin and quercetin.157

Figure 8 Molecular structure of neoechinulin A.
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Curcumin affects the SARS-CoV-2 replicative cycle, exhibiting an antiviral effect on different variants and strains, 
and immunomodulatory properties. A study made by Marin et al showed that curcumin (10 µg/mL) exhibited an in vitro 
antiviral effect against the DG614 strain and delta variant (99% and 99.8%, respectively). Moreover, it decreased the 
inflammatory cytokine levels (mRNA and protein) of IL-1β, IL-6, IL-8, MCP-1 and TNF-α in peripheral blood mono-
nuclear cells (PBMC),51 cytokines that lead to the development of ARDS, multiorgan failure and coagulopathy.158

Curcumin has therapeutic potential against different diseases, including cancer and Alzheimer’s, but it has poor oral 
bioavailability, which limits its effects. Its safety profile was established several years ago. The daily intake value recom-
mended by EFSA (European Food Safety Authority)159 is 3 mg/kg body weight/day. However, in a dose–response study in 
which study subjects were given between 500 and 12,000 mg (in high single oral doses), they showed side effects such as 
headache, skin rashes, diarrhea, and yellow stools.160 In another study, people receiving between 450 and 3600 mg for 1 to 3 
months experienced nausea, diarrhea, and increased alkaline phosphatase and lactate dehydrogenase.161

To improve its bioavailability, a curcumin-galactomannoside complex (CurQfen) was recently developed, and it was 
tested in healthy volunteers in whom no adverse effects were observed at a concentration of 1000 mg/day for 3 months.162

It is expected that this new product will be evaluated in patients with COVID-19 to see if this better bioavailability 
can enhance its anti-inflammatory and antiviral effects.

Flavonoids are secondary metabolites formed by phenolic rings with different modifications and can be found in 
multiple fruits, vegetables, flowers, grains and their derivatives. These molecules are given many health benefits with 
anti-oxidative, anti-inflammatory, anti-mutagenic and anti-carcinogenic properties, and modulating important cellular 
enzymatic functions.114

Figure 10 Molecular structure of curcumin, hesperidin and quercetin.

Figure 9 Molecular structure of punicalin and punicalagin.
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Quercetin is a flavonoid produced by many fruits and vegetables (Figure 10). It is a promising candidate to treat 
SARS-CoV-2 infection due to its recognized antiviral activity against many viruses. In silico analyses suggest that this 
molecule interacts with the SARS-CoV-2 virus and could inactivate it.114 Abian et al recently reported that quercetin 
inhibited SARS-CoV-2 Mpro enzyme activity by binding to the active site and destabilizing its structure in molecular 
simulations.163 In addition, other molecular docking studies showed that quercetin could bind to the ACE2 receptor 
(Asp38 residue), preventing viral particle attachment to the cell.

These results indicate that quercetin is likely to prevent viral entry into lung cells by disrupting the ACE2 cell receptor, 
thereby inhibiting viral infection.164

Additionally, quercetin can suppress SARS-CoV-2 replication by activating nuclear factor erythroid 2-related factor 2 
(NRF2); this transcription factor stimulates the expression of genes responsible for regulating the cellular response 
against toxic and oxidative substances.114,165 The activation of NRF2 by quercetin suppresses NLRP3 inflammasome, 
which generates active forms of cytokines IL-1β and IL-18 (inflammatory cytokines), produced in response to cytosolic 
PAMP and DAMPs.165 Several studies have reported quercetin as a potent NRF2 agonist.166 Olagnier et al demonstrated 
that the NRF2 antioxidant gene is not expressed in the lungs of patients with COVID-19, and this gene is responsible for 
inducing an effective antiviral response (IFN-independent) that limits viral replication and reduces the inflammatory 
response against human pathogenic viruses such as SARS-CoV-2.167

Schetting et al reported that in patients with COVID-19 treated with hydroxychloroquine and antibiotics, the use of 
nebulized quercetin (20 mg/mL) and N-acetylcysteine (100 mg/mL) improved respiratory symptoms caused by SARS- 
CoV-2 infection.168 Another study that evaluated the efficacy of quercetin treatment combined with remdesivir and 
favipiravir (antiviral drugs) in patients with severe COVID-19 showed that although it did not reduce mortality, the 
length of stay in the ICU or the number of patients admitted there, the treatment with quercetin (1000 mg daily) reduced 
hospitalization time and serum levels of some analytes such as C-reactive protein (CRP), lactate dehydrogenase and 
alkaline phosphatase, markers of severity of COVID-19.169 These findings show the importance of conducting more 
clinical studies to evaluate flavonoids alone or combined therapies to treat this disease.

Quercetin is one of the most studied flavonoids due to its important biological activity in humans and, like curcumin, 
it is a compound with low bioavailability and solubility in water. It has been observed safe in doses between 100 and 
2000 mg administered for 3 months.154

Sumac, an oriental spice of the plant Rhus coriaria, possesses anti-inflammatory activities and recent studies of sumac 
phytochemicals Hinokiflavone (biflavonoid) and Myricetin (flavonoid) (Figure 11) indicated that their structures have 
significant energy of interaction and stability with the active site of SARS-CoV-2 Mpro, showing important pharmaco-
kinetic properties and bioavailability.170

Additionally, hinokiflavone can also bind and block the enzymatic activity of PLpro, the other viral protease, as 
demonstrated by Li et al through an enzyme assay with an IC50 = 9.5 μM171 and Xia et al confirmed that myricetin 
strongly inhibits the Mpro of SARS-CoV-2 by in silico (molecular docking) and in vitro (enzymatic assay) assays.172 In 
the in silico study using docking and molecular dynamics simulation, it was found that myricetin binds to the pocket of 
SARS-CoV-2 Mpro through four binding sites, His 41, Phe140, Glu166 and Asp187 with −32.98 kcal/mol free energy 

Figure 11 Molecular structure of hinokiflavone and myricetin.
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calculated using the MM/GBSA method. In the in vitro study, they showed that myricetin inhibited the Mpro enzymatic 
activity in 97.79% (IC50 = 3.684 ± 0.076 μM).172 Furthermore, in the in vivo study carried out by these same researchers 
in which the anti-inflammatory capacity of myricetin was studied on lung lesions (bleomycin-induced), it was found that 
myricetin at 100 mg/kg significantly reduces the infiltration and the number of inflammatory cells in damaged lung tissue 
from mice treated with this flavonoid in a dose-dependent manner.172 Additionally, myricetin inhibited the expression of 
proinflammatory cytokines such as IL-6, TNF-α, IFN-γ and IL-1α. The anti-inflammatory effect of myricetin at high 
doses (100 mg/kg) is comparable to that found with the positive control, pirfenidone.172

These results suggest that these flavonoids could be evaluated in vivo for the clinical management of COVID-19.
Terpenes and terpenoids are hydrocarbons that can be seen as a combination of numerous isoprene units; they are 

aromatic compounds that naturally occur in plants and create signature scents. Terpenes comprise 10–15 carbon atoms 
and terpenoids are terpenes with some modifications such as removing or relocating methyl groups after adding oxygen 
atoms.149 A member of this group is Betulinic acid, a plant-derived triterpene (composed of three terpene units) 
(Figure 12), this exhibited antiviral activity in an enzyme inhibition assay against SARS-CoV by binding to its main 
protease (IC50 = 10 µM)173 Hence, Alhadrami et al evaluated betulinic acid against SARS-CoV-2, and they observed that 
it inhibits Mpro at an IC50 = 14.55 µM (± 1.3 µM).174 Previous findings of Wen et al identified in this enzyme a hydroxyl 
group at C-3 (H-bond donor) essential for inhibiting SARS-CoV-2 Mpro in vitro.173 Moreover, Carino et al found that 
betulinic acid has robust binding selectivity toward the spike receptor-binding domain’s pocket 1 (RBD) with binding 
affinity −8.1 kcal/mol and incubating RBD with betulinic acid at a concentration of 0.1 μM, reduces binding of RBD by 
the immobilized ACE2 receptor.175

Table 2 summarizes the possible therapeutic targets, mechanisms of action and the IC50 of the previous natural 
compounds.

Medicinal Plants for COVID-19 Treatment
Medicinal plants are plants that produce substances or molecules that can be used to heal injuries or treat diseases, and it 
has been reported that approximately 80% of people in the world use them for these purposes.179

Medicinal plants of traditional Chinese medicine have been used in this country to treat approximately 91.5% of 
COVID-19 cases and have been shown to improve symptoms and reduce incidence and mortality.180 In Colombia, 
medicinal plants have been essential for mestizos, indigenous and Afro-Colombians to treat multiple diseases, and during 
the COVID-19 pandemic they have been used to treat this disease.181

Flórez et al evaluated some plant extracts used in Colombia by indigenous and Afro-American people against SARS- 
CoV in vitro on the Vero E6 cell line. They reported that Gliricidia sepium inhibited SARS-CoV-2 in vitro by 75.6% at 
10 mg/mL, and Piper tuberculatum reduced viral titer by 33.3% at 6 mg/mL after 48h.

These results demonstrate that these plants can be a therapeutic alternative to treat SARS-COV infection.182

Jaimes-Gualdron et al evaluated the in vitro antiviral activity of Corozo (Bactris guineensis) fruit extract and 
demonstrated that it inhibits the SARS-CoV-2 virus by 88.2% at 15.6 g/L. The extract of this fruit is rich in polyphenols 
such as anthocyanins (the main flavonoids in fruits and vegetables); these compounds could be responsible for the 
antiviral activity of corozo because they have shown effectiveness against other respiratory viruses in the past.183

Figure 12 Molecular structure of betulinic acid.
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In a Phase II multicenter randomized, double-blind clinical trial on COVID-19 patients, Urueña et al evaluated the 
effectiveness of an extract of seeds from Caesalpinia spinosa (P2Et) rich in polyphenols. Patients treated with P2Et were 
discharged on average two days earlier than the control group (7.4 and 9.6 days, respectively). A reduction in the proinflamma-
tory cytokines G-CSF, IL-6 and IL-18 was observed, which is related to the lower recovery of patients at long term. In mice 
injected with bleomycin, P2Et also decreased lung inflammation, fibrosis, and replication of human coronaviruses in vitro, 
showing its antiviral activity and anti-inflammatory capacity, two essential mechanisms to control the disease.184

Finally, it is important to note that our research has a couple of limitations. The included studies’ publication bias 
(overvaluation of the impact of the treatments) is beyond our control. Moreover, the number of studies published in the 
databases is less than the number of available studies. Some studies included in this review present contradictory results, 
and personal biases can affect the selection and interpretation of studies.

Conclusions
Limited approved therapies for treating or preventing COVID-19 have led to drug repurposing, allowing the discovery of 
new and better treatment strategies, thus providing fast and valuable assistance for treating this disease. In addition, in 
silico methods help to study molecular structures and analyze the interaction of potential inhibitors and their viral targets, 
facilitating the search for novel preventive and therapeutic agents.

One of the antiparasitic drugs that have been repurposed is the hydroxychloroquine. Although this antiparasitic drug 
showed antiviral effects during in vitro analysis, in many clinical trials, it was observed that it is inadequate for COVID-19 
treatment; whereby the FDA withdrew Emergency Usage Authorization on June 15, 2020.

The anthelmintic agent ivermectin improved the condition of some patients with COVID-19; however, toxicity was 
reported by the American College of Medical Toxicology, the Poison Control Centers and the US CDC in some patients 
who became ill after using IVM as prophylaxis or treatment of COVID-19, and for this reason, the FDA did not approve 
the use of ivermectin to prevent or treat COVID-19.

Table 2 Natural Compound: Potential Therapeutic Targets and Their Antiviral Effects

Natural 
Compound

Therapeutic 
Targets

Antiviral Effect or Mechanism of Action IC50 Refs

Isogranulatimide Neuropilin-1 Binds to neuropilin-1, a transmembrane glycoprotein that acts as 

a co-receptor for SARS-CoV-2 to infect host cells.

Not reported [149]

Neoechinulin A Mpro Binds to active site of Mpro (HIS-41, LEU-141, ASN-142, GLY-143 

and GLU-166).

0.47 µM [150]

Resveratrol Expression of 

ACE2

Increases the expression of ACE2 on the cell surface, beneficial for 

SARS-CoV-2 patients.

4.48 µM [176]

Punicalin, 
punicalagin

ACE2 Blocks the S-glycoprotein-ACE2 contact. 0.14 mg/mL [156]

Curcumin Pro-inflammatory 

cytokines.

Decrease the levels of pro-inflammatory cytokines. 0.44 µM [51,157,177]

Hesperidin TMPRSS2, ACE2 Binds to two cellular proteins: TMPRSS2 and ACE2, which are 

required for the cellular entry of SARS-CoV-2.

13.3 µM [157,178]

Quercetin 3CLpro, ACE2, 

NRF2

Binds to the 3CLpro active site, destabilizing its structure in 

molecular simulations. Alters host ACE2.

18.2 µM [157,163,164]

Hinokiflavone Mpro, PLpro Interacts with the active site of SARS-CoV-2 main protease. 9.5 µM [170,171]

Myricetin Mpro Binds to SARS-CoV-2 Mpro. 3.7 µM [170,172]

Betulinic acid Mpro, RBD Binds to active site of Mpro (HIS-41, PHE-140) and spike receptor 
binding domain.

14.5 µM [174,175]
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Among the drugs with antiviral activity reused to control the SARS-CoV2, the better results have been observed for 
remdesivir; in hospitalized adults, it improved clinical outcomes, showed greater recovery, and reduced odds of death; in 
no hospitalized patients, remdesivir showed a lower risk of hospitalization or death.

Other drugs like anticoagulants and statins have shown benefits in patients with COVID-19. The anticoagulation 
forum has recommended anticoagulants for all patients hospitalized with COVID-19, critically ill hospitalized adults and 
non-critically ill patients at risk of disease progression or thromboembolism. Statins like atorvastatin are associated with 
significantly reduced mortality in hospitalized patients with COVID-19.

Figure 13 shows the mechanisms of action of the second-use drugs in the replication cycle during SARS-CoV-2 infection.

Figure 13 Drugs with potential antiviral effects against SARS-CoV-2. The SARS-CoV-2 life cycle comprises eight main steps: 1. Virus entry by endocytosis or membrane 
fusion 2. Uncoating and release of viral RNA 3. Translation and cleavage of pp1a and pp1ab polyproteins (nonstructural proteins) 4. Assembly of the RTC 5. Replication or 
synthesis of full-length RNA copies 6. Translation or subgenomic RNA synthesis and translation of viral structural proteins (spike, membrane, envelope and nucleocapsid 
proteins) 7. Viral particles assembly in ERGIC 8. Release of the virus. HCQ could block the virus entry; the generation of viral proteins could be inhibited by the 
peptidomimetic lopinavir and efavirenz, which inhibit the posttranslational processing of viral polyproteins pp1a-pp1ab. The RNA replication and transcription can be affected 
by nucleoside analog zidovudine, lamivudine, Abacavir, remdesivir and tenofovir/emtricitabine, which prevent the proper functioning of RdRp and therefore inhibit negative- 
strand RNA and subgenomic RNA synthesis. Vitamin D and Atorvastatin modulate the immune response and protect against infection. This figure was created in BioRender.
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In silico studies of the viral proteins, RdRp, protein S, and Mpro showed that many plant metabolites have the same 
affinity as compounds currently used to treat SARS-COV2 infection. Compounds such as resveratrol, curcumin, and 
quercetin, widely known to have antiviral activity, have demonstrated in vitro antiviral activity against SARS-CoV-2. 
Among these, a nebulized formulation of quercetin alleviated the respiratory symptoms caused by SARS-CoV-2. This 
suggests the need for further clinical studies to assess the effectiveness of quercetin alone or in combination with other 
drugs to treat COVID-19.
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