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Abstract
Emerging fromWuhan, China, SARS-CoV-2 is the new global threat that killed millions of people, and many are still suffering.
This pandemic has not only affected people but also caused economic crisis throughout the world. Researchers have shown good
progress in revealing the molecular insights of SARS-CoV-2 pathogenesis and developing vaccines, but effective treatment
against SARS-CoV-2-infected patients are yet to be found. Several vaccines are available and used in many countries, while
many others are still in clinical or preclinical studies. However, this involves a long-term process, considering the safety
procedures and requirements and their long-term protection capacity and in different age groups are still questionable.
Therefore, at present, the drug repurposing of the existing therapeutics previously designed against other viral diseases seems
to be the only practical approach to mitigate the current situation. The safety of most of these therapeutic agents has already been
tested. Recent clinical reports revealed promising therapeutic efficiency of several drugs such as remdesivir, tenofovir disoproxil
fumarate, azithromycin, lopinavir/ritonavir, chloroquine, baricitinib, and cepharanthine. Besides, plasma therapies were used to
treat patients and prevent fatal outcomes. Thus, in this article, we have summarized the epidemiological and clinical data from
several clinical trials conducted since the beginning of the pandemic, emphasizing the efficiency of the known agents against
SARS-CoV-2 and their harmful side effects on the human body as well as their environmental implications. This review shows a
clear overview of the current pharmaceutical perspective on COVID-19 treatment.
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Introduction

The recent outbreak of COVID-19 caused by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) has
spread from Wuhan province in China to other countries. On
March 11, 2020, the WHO (World Health Organization) de-
clared the SARS-CoV-2 pandemic (WHO 2020). By
March 26, 2021, there were 126,417,043 cases and
2,771,626 deaths reported (Kolluri and Murthy 2021).
Figure 1 shows the severity of this infection around the globe.
The information is retrieved from the coronavirus online por-
tal. Many cities were being placed in lockdown, and strict
restrictions were imposed on human interactions soon after
the pandemic declaration. The restrictions on travel and busi-
nesses significantly impacted the economic condition,
resulting in the financial index’s decline. The epidemiology
and the transmission of virus patterns were confoundedly cru-
cial for understanding these difficulties; the infections and
mortality rate was increased daily. TheWHO called the infec-
tion induced by this new coronavirus strain as COVID-19
(corona virus disease 2019) (Zed 2020; Ashour et al. 2020).
The signs of COVID-19 are similar to those of a respiratory
infection or pneumonia. The gradual respiratory failure ob-
served leads to injuries, with the number of cells in mono-
cytes, lymphocytes, leukocytes, cytokines, T cells, and
biomarker-related infections changing in the serious cases
(Wang et al. 2020c). These infection strategies of COVID-
19 are depended explicitly on their strains and genomic pat-
tern (Torres et al. 2021; Hasana et al. 2021). However, it was
quickly shown that COVID-19 also targets other organic sys-
tems, whether through overt viral infection or indirect immune
response results. Various studies have identified that signs of
the virus have been found in the body in many organs, includ-
ing the pharynx, trachea, lungs, blood, heart, vessels, intes-
tines, male brain, and kidneys. The virus has also been found
in a number of body fluids, including mucus, saliva, urine,
semen, feces, cerebrospinal fluid, and breast milk

(Nakagawa et al. 2016; Chen et al. 2020). Many research
studies have shown that the coronavirus’s genome is similar
to that of SARS-CoV, responsible for the epidemic in 2002–
2003 (Zhou et al. 2020b). Coronavirus is a positive-stranded
RNA virus that contains an envelope. It is a virus of the genus
beta coronavirus that can affect humans, birds, and other
mammals (Bai et al. 2020; Zhu et al. 2020). Four types of
coronavirus, such as Hku1, NL63, 229E, and OC43, are re-
sponsible for triggering common cold manifestations among
the six species (Bai et al. 2020). The viral genomic makeup,
evolution, transcription mapping, and virus-human protein in-
teraction were collected a few months after the outbreak.

The data was required to identify therapeutic drugs, vac-
cine development, patient care, and preventive informational
policies. Many treatment strategies have been adopted to pre-
vent the outspread of SARS-CoV-2, with social isolation be-
ing the most efficient among them (Cascella et al. 2020). The
most widely used testing system against COVID-19 is carried
out by detecting the virus’s nucleic acid and antibody (IgM,
IgG) determination in the patient’s serum (Esbin et al. 2020).
Drug treatments like lopinavir/ritonavir, ribavirin, chloro-
quine, umifenovir, alpha interferon, and plasma therapy could
be applied, but they have many side effects (Million et al.
2020). Various multinational vaccine developers (like Pfizer,
Janssen, GlaxoSmithKline, Sinopharm, Sinovac, IMBCAMS,
NOVAVAX, Zhifei Longcom, Vector State Research Centre
of Virology and Biotechnology, CanSinoBIO, Gamaleya
Research Institute of Epidemiology and Microbiology,
Moderna, Serum Institute of India, and Sanofi, SK BIO) are
engaged in COVID-19 vaccine development, 11 vaccines
have been approved, and six have been authorized for emer-
gency use around the world, including Pfizer/BioNTech vac-
cine; Moderna vaccine; the Russian Sputnik V vaccine;
AstraZeneca vaccine in partnership with the University of
Oxford; and Sinovac Biotech vaccine.

In this review, we aim to scrutinize the mechanism of ac-
tion of some selected antiviral drugs that could be used for

Fig. 1 Current statistics of
COVID-19 incidence around the
globe until March 26, 2021
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COVID-19 treatment and many other possible outbreaks in
the future, and the adverse side effects on the human
bodye, as well as environmental implications of these
drugs.

Structure, genomic properties,
and morphology of SARS-CoV-2

SARS-CoV-2 has a particular viral protein on its surface,
commonly known as spike glycoprotein (S), which mimics a
crown-like structure and hence named coronavirus, belonging
to the Coronaviridae family (Pillay 2020; Yan et al. 2020).
Coronavirus is a positive-sense single-stranded RNA virus
of ~26 to 32 kb with 29,891 nucleotides encoded for 9860
amino acids (Wang et al. 2020b). It was discovered that the
virus belongs to the Betacoronaviruses (β-CoV) (Pillay
2020). The SARS-CoV-2 genome has approximately 80%
match to the SARS-CoV genome and about more than 90%
similarity to the RaTG13 (bat coronavirus) (Pillay 2020; Yan
et al. 2020). Its genome was annotated to have ~14 ORFs that
encode 27 proteins (Huang et al. 2020a).Morphologically, the
virus has four fundamental proteins represented by the S
(spike), M (membrane), E (envelope), and N (nucleocapsid)
proteins (Mousavizadeh and Ghasemi 2020; van der Hoek
et al. 2004). The S protein, which is ~150 kDa, is the major.
It uses an N-terminal flag arrangement to collect the viral
genome and transport it to the endoplasmic reticulum and is
intensely glycosylated at N-terminal (Malik 2020). It contains
two functional subunits: one is the S1 subunit (binds to the
host cell receptor) towards the N-terminal, and another one is
the S2 subunit (directly confers the fusion of the viral and
cellular membrane) residing at the C-terminal (Walls et al.
2020; Zhou et al. 2020a; Yuan et al. 2020). The membrane
protein is the superabundant viral protein (Malik 2020).

Later studies proposed that the M protein has a dimeric
configuration within the virion. It can portray different con-
formational changes permitting the binding to the nucleocap-
sid. On the other hand, the E protein is present in small pro-
portions in the viral proteome (Malik 2020; Pillay 2020).
Subsequent studies have proposed that the M protein and the
virion are dimers and the M protein portrays two di-
verse conformations that allow the binding to the nucle-
ocapsid. On the other hand, protein E, which is ~8–12
kDa, is less in the virion. The N-terminal and C-
terminal domain of nucleocapsid protein are responsible
for packaging the viral RNA utilizing diverse mecha-
nisms (Blaising et al. 2013). N protein also ties nsp3,
a vital element of the replicase complex (Blaising et al.
2013). The HE (hemagglutinin-esterase) is another es-
sential protein in a group of β-coronaviruses (Fehr and
Perlman 2015).

Pathogenesis

HACE2 (human angiotensin-converting enzyme 2) is the
key receptor for cellular entry (Jin et al. 2020). Here,
hACE2 provides a direct binding site for the superior
surface glycoprotein called spike (S) proteins of nCoV-
19. The S protein’s receptor-binding domain has a
higher affinity than the other SARS-CoV, and infection
severity is more critical (Hu et al. 2020). In addition,
the COVID-19 infection manifests in the cytokine storm
induced by the activation of vast amounts of leukocytes
such as T cells, B cells, NK (natural killer) cells, den-
dritic cells, macrophages, neutrophils, monocytes, and
resident tissue cells (epithelial and endothelial cells),
which secrete vast amounts of proinflammatory cyto-
kines (Azkur et al. 2020). Recently, a study reported
that high amounts of cytokines and chemokines were
included during the infection time. The cytokines are
IL10, IL9, IL8, IL7, IL1-β, IP10, IFNγ, TNFα,
MIP1α, FGF2, VEGFA, PDGFB, GCSF, GMCSF, etc.
(Rothan and Byrareddy 2020). Consequently, some se-
vere cases found high amounts of proinflammatory cy-
tokines, including the following IL2, IL10, IL7, MCP1,
TNFα, GCSF, IP10, and MIP1α are critical for escalat-
ing disease complications (Asrani and Hassan 2020).
Figure 2 depicts the viral pathogenesis of common
RNA viruses.

Symptoms

The primary and most common manifestation of the
disease consists of the following symptoms fever, dry
cough, severe pneumonia, anemia, dyspnea, myalgia, fa-
tigue, lymphopenia and difficulty in breathing, normal
or decreased leukocyte counts, in addition to the less
common symptoms that include headache, diarrhea,
aches and pains, and loss of taste or smell (Khalaf
et al. 2020). Depending on the viremia load, the lungs,
cardiovascular tissue, kidneys, upper respiratory, and
gastrointestinal tract can be affected, worsening the clin-
ical picture of the disease (Robba et al. 2020).

Antiviral therapeutics against COVID-19

While several COVID-19 vaccines are available, their
reliability among different age groups and their long-
term protection capacity is still questionable. Therefore,
it is necessary to develop antiviral drugs against SARS-
CoV-2. However, until now, no antivirals have been
thoroughly proven effective. The antiviral acts by vari-
ous mechanisms such as blocking the viral particle’s
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entry, preventing virus-encoded enzymes, attacking a
specific host needed to block the formation of viral
particle, or replicating the virus (Kumar et al. 2020;
Zumla et al. 2016). The following antiviral drugs’ list
works by disrupting the entry, inhibiting the protease,
and several other methods in the table below
(Table 1). Some antiviral drugs have shown positive
results in treating patients and reducing the risk of dis-
ease and unfavorable clinical outcomes. Antiviral drugs
are aimed at curing the disease caused by a viral infec-
tion. Further research and studies are needed to make
the drugs listed against COVID-19 or other viruses re-
ceive positive and progressive results. These drugs can
be used effectively as therapeutic agents against similar
viruses in future cases. Figure 3 depicts chemical struc-
tures of the selected candidate antiviral drugs.

Mechanism of action of the candidate
antiviral drugs against SARS-CoV-2

SARS-CoV-2 entry inhibitors

Remdesivir

Remdesivir (RDV, Fig. 3) is an antiviral drug with broad-
spectrum potential that works against the RNA virus. The
drug was initially created to be used to treat Ebola disease
(Gordon et al. 2020). Many research studies have recently
demonstrated that this antiviral drug has shown significant
efficiency against SARS-COV-2 and SARS-COV (Ko et al.
2020; Al-Tawfiq et al. 2020). Moreover, they have revealed
that remdesivir (RDV) exerts its antiviral activity by inhibiting
the RNA transcription by blocking the function of RdRp,

Fig. 2 Pathogenesis of human
infection causing common RNA
viruses. HCV, hepatitis C virus;
VSV, vesicular stomatitis virus;
CHIKV, chikungunya virus.
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Table 1 Mechanism of action and side effects of candidate drugs for COVID-19 treatment.

Drugs name Mechanism of action against
SARS-CoV-2

Drug target Side effects References

SARS-CoV-2 entry inhibitors

Remdesivir
(RDV)

Inhibition of viral RNA transcription by
blocking the function of the
RNA-dependent RNA polymerase en-
zyme (RdRp)

Viral RNA-dependent RNA polymerase
(RdRp)

Liver damage,
high allergic
reaction, and
low blood
pressure

Wang et al.
(2020a); Food
and
Administration
(2020b)

Tenofovir
disoproxil
fumarate (TDF)

Suppression of viral reverse transcriptase
enzyme activity

Viral reverse
transcriptase
enzyme

Headache, dysentery, and vomiting of low
to medium speed

Ruane et al.
(2013); Del
Amo et al.
(2020)

Azithromycin
(AZ)

Suppresses the viral replication process by
detaching the viral genetic materials from
the lysosomes by increasing pH levels. It
also shows effective antiviral activity in
combination with hydroxychloroquine
(HCQ) or chloroquine (CQ)

Viral endosomal
vesicles and
lysosomes

Sudden cardiac failure, cardiovascular
death, heart dysfunction, and
inflammation or laryngitis

Damle et al.
(2020); Lane
et al. 2020;
Lighter and
Raabe (2020)

SARS-CoV-2 protease inhibitors

Lopinavir/riton-
avir

Suppress the activity of 3CLpro and
interrupt with the replication mechanism

Viral protease Gastrointestinal complications, including
anorexia, nausea, abdominal pain, or
diarrhea

Zhang et al.
(2020)

Chloroquine Hinders molecular crosstalk governed by
SARS-CoV-2 by inhibiting MAP kinase
and altering viral assembly, budding, and
interfering with the proteolytic processing
of protein M

Viral protease Arrhythmias, heart failure, ventricular
hypertrophy, hypokinesia, valvular
dysfunction, and pulmonary arterial
hypertension

Wang et al.
(2020a); Hu
et al. (2020)

Other mechanisms of action

Baricitinib Stops downstream signaling molecules and
proinflammatory mediators’ activation,
through inhibiting JAK1/2 activity

Viral reversible
Janus kinase 1
(JAK1) and 2
(JAK2)

Decreased neutrophils as well as
lymphocyte counts

Fleming (2016);
Cingolani et al.
(2020)

Cepharanthine
(CEP)

Suppresses the activation of nuclear factor
kappaβ, nitric oxide and cytokine
production. Cyclooxygenase expression
inhibits the viral replication

Viral replication
enzyme

Headaches, dizziness, and stomach ache Zhou et al.
(2020b); Pillay
(2020)

Favipiravir When consecutively added and
incorporated, Favipiravir-RTP into the
RNA strand completely restricts the
elongation or extension by cap-snatching

Viral RdRp
(RNA
dependent
RNA
polymerase)
protein

Weight loss and increased serum
concentration of liver function enzymes,
such as aspartate aminotransferase,
alkaline phosphatase, and alanine
aminotransferase

Jin et al. (2013)

Ribavirin Ribavirin triphosphate (RTP) directly binds
the nucleotide-binding site of the enzyme
that does not allow the correct nucleotide
to attach. Thus, inhibits the synthesis of
viral RNA

Viral RdRp (RNA-dependent RNA polymerase)
protein

Nausea, weight
loss or gain, and
diarrhea

Wishart et al.
(2008); Law
et al. (2014)

Galidesivir The modified residue of this drug causes
premature interruption of the synthesis of
viral RNA

Viral RdRp (RNA-dependent RNA polymerase)
protein

Muscle weakness,
changes in
vision,
vomiting,
headache,
allergic
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which leads the viral particle to avoid its proofreading mech-
anism by its exoribonuclease enzymes (Huang et al. 2020b).

Studies have also noted that the RDV shows an effective
response against various virus families known as the
Filoviridae, Pneumoviridae, Orthocoronavirinae, and the
Paramyxoviridae (Tchesnokov et al. 2019a). A research study
noted that the RDV could target RdRp of the SARS virus and
its nsp14 exoribonuclease by inhibiting its RNA transcription
(Agostini et al. 2018). The pharmacokinetics of RDV in the
human body has been evaluated through modulating various
dose interventions among 3 mg and 225 mg, which show no
adverse effects or toxicity in the kidney or liver (Cao et al.
2020b). Pharmacokinetics data of RDV have shown that the
half-life of RDV is approximately 35 h, including the fact that
the dose range of RDV for treating nSARS-COV-2 patients is
approximately 200 mg for the first day and 100 mg after 10
days, and these doses are injected intravenously over 30–60
min (Tempestilli et al. 2020). Pre-clinical research studies
using an in vivo model of COVID-19 in mice reported
that RDV prohibitively reduces pulmonary uptake of
COVID-19. Consequently, there is a reduction in disease
progression and improvement in respiratory functions
(Pruijssers et al. 2020). Recently, a hospital-based re-
search study has disclosed that a group of scientists used
RDV on 53 patients hospitalized with SARS-CoV-2 in-
fection. They reported that among the 53 patients who
received the dose of RDV for 10 days, 25 patients were

released from the hospital due to recovering from the
nSARS-COV-2 viral infection (Pundi et al. 2020). The
antiviral strategy adopted by RDV in inhibiting SARS-
CoV-2-mediated pathogenesis is illustrated in Fig. 4.

In April 2020, the NIAID (National Institute of Allergy and
Infectious Diseases) of the USA revealed the preclinical data
of RDV on COVID-19-infected patients. They showed that
they used RDV in 1,063 COVID-19 patients, and the recovery
in these patients was 31% faster compared to patients treated
with placebo (Beigel et al. 2020). On April 29, 2020, the
Gilead reported three clinical RDV trials on the hospitalized
COVID-19 patients. They revealed the clinical results by reg-
ulating two-dose criteria known as the 5-day and 10-day du-
rations to identify the antiviral efficiency of RDV on the
COVID-19-hospitalized patients. They noted that the patients
with a 10-day dose duration showed a significant improvement
compared to the patients with a 5-day dose duration (Singh
et al. 2020). Consequently, on May 1, 2020, the FDA (Food
and Drug Administration) of the USA temporarily allowed the
health authorities to use the RDV on the patients hospitalized
with COVID-19 based on the significant efficiency of RDV’s
clinical studies (Food and Administration 2020a).

Tenofovir disoproxil fumarate

Tenofovir disoproxil fumarate (TDF, Fig. 3) is a primary
precursor product of tenofovir, a nucleotide analogue that

Table 1 (continued)

Drugs name Mechanism of action against
SARS-CoV-2

Drug target Side effects References

Taylor et al.
(2016)

Umifenovir In the case of enveloped viruses, it interacts
closely with the lipid envelope of the
virus by intracellular trafficking and
clathrin-mediated exocytosis

Viral spike
glycoprotein

Acute allergic reaction in the human body
with hypersensitivity, nausea/vomiting

Blaising et al.
(2013)

Nitazoxanide Inhibition of viral transcription factor IE2
(immediate early 2) and hemagglutinin

Viral N protein Abdominal pain, nausea, diarrhea,
headache, and changes in urine

Shakya et al.
(2018)

Tocilizumab T-cells, fibroblasts, monocytes,
lymphocytes, and B-cells produce IL-6,
which is a proinflammatory cytokine.
IL-6 works rapidly and induces the se-
cretion of many substances like serum
amyloid A, haptoglobin, C-reactive
protein, α-1-antichymotrypsin, and fi-
brinogen

IL-6 Upper respiratory tract infection, headache,
nasopharyngitis, injection site reaction,
and hypertension

Tanaka et al.
(2014) Guaraldi
et al. (2020)

Dexamethasone Emargination and inhibition of neutrophil
apoptosis and phospholipase A2. This
results in the inhibition of NF-κB and
other inflammatory transcription factors.
Also decreased the production of arachi-
donic acid derivatives. Glucocorticoids
induce the expression of
antiinflammatory genes such as IL-10

COVID-19 main
protease

Stomach pain or cramp, headaches,
dizziness, insomnia, menstrual cycle
changes, and weight gain,
hyperglycemia, gastrointestinal
hemorrhage, and psychosis

Solinas et al.
(2020);
Group (2020)
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can exhibit its antiviral role against several types of retrovi-
ruses known as hepadnaviruses, HIV-1, and HIV-2 (Gengiah
et al. 2012). This nucleotide analogue exhibits its role by
possessing an explicit pharmacological activity, low physio-
logical toxicity, and antiviral resistance against viral patho-
gens (Callebaut et al. 2015). TDF consumption results in an
immediate modification into tenofovir-diphosphate that can
suppress the activity of reverse transcriptase enzyme of
HIV-1 virus and the DNA replication of the body’s macro-
phages; consequently, the several cells do not naturally di-
vide. To block the HIV-1 virus reverse transcriptase enzyme
activity, tenofovir-diphosphate mimics deoxyadenosine 5′-tri-
phosphate, accumulating in the DNA fragment of the HIV
during the transcription process (Ruane et al. 2013).
Consequently, after incorporating itself into the DNA frag-
ment of the HIV, the tenofovir-diphosphate inhibits the HIV
reverse virus transcriptase activity and blocks the DNA rep-
lication process that is the leading cause for suppressing the
DNA development of many viruses (Ray et al. 2016). The
TDF half-life of serum and intracellular are respectively 17 h
and >60 h, which is a longer half-life compared to other rival
or similar nucleosides, demonstrating the role of TDF against
viral pathogens (Chapman et al. 2003). The pharmacological
efficiency of TDF is related to its volume of dose production.
The maximum dose of TDF for adults is around 300 mg per
day (Gordon et al. 2013). Many clinical research studies of
TDF on SARS-CoV-2 patients showed significant results for
using it as a therapeutic agent. An experimental research
study on SARS-CoV-2 examined the activity of TDF in both
vivo and vitro models and observed a beneficial change
(Clososki et al. 2020).

Azithromycin with or without other drugs

Azithromycin (AZ, Fig. 3) is a macrolide-based antibacterial
agent with a large spectrum performance and has a big scale of
allocation and the expansive activity of half-life time (Lode
et al. 1996). This drug is mostly used to treat bacterial infec-
tions in the human body’s enteric, genitourinary, and respira-
tory systems (Noedl et al. 2007). There is no significant evi-
dence for AZ’s use to treat viral infections, and there is no
significant clinical information about AZ’s use in the treat-
ment of COVID-19. However, several mechanisms of action
have been reported for the alleged antiviral activity exerted by
AZ. The AZ is not an acute base, but it can coagulate at the
intracellular ventricles of endosomes and lysosomes, which
increase the pH level. This effectively suppresses the viral
replication process by detaching the lysosomes’ viral genetic
materials (Tyteca et al. 2002). Furthermore, a low pH envi-
ronment is needed to disrupt the coated envelope of viruses
like HIV, influenza, and SARS-CoV-2 viruses (Homolak and
Kodvanj 2020).

AZ’s alleged antiviral activity is regulated by the general
increase in the host body’s interferon (IFN) to induce antiviral
activities (Li et al. 2019). Many studies have suggested that
AZ is responsible for inducing identification receptors, IFNs,
and IFN expression genes that cause the suppression of the
viral replication process (Menzel et al. 2016). Moreover, AZ
plays a crucial role in bronchial epithelial cells by regulating
its function and minimizing the mucosal secretion rate to reg-
ulate the lung’s specific functions (Cramer et al. 2017).
Recently, a quantum mechanics research study suggested that
for the distinct SARS-CoV-2, AZ is fast enough to play an

Fig. 3 Chemical structures of selected candidate antiviral drugs for COVID-19 treatment
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efficient role in inhibiting viral penetration by attaching to the
body’s ACE2 (angiotensin-converting enzyme-2) receptors
(Braz et al. 2020). Hospitals and several scientists have started
using AZ in patients with SARS-CoV-2, combining it with
other drugs, such as hydroxychloroquine (HCQ) or chloro-
quine (CQ) (Damle et al. 2020). However, clinical data have
reported that AZ can generate more acute disintegration of the
acidic environment than HCQ or CQ (Principi and Esposito
2020). A research study found that HCQ showed antiviral
activity against SARS-CoV-2 by reducing viral load, and
AZ amplifies HCQ’s antiviral activity. The same research
group has revealed AZ’s clinical data combined with HCQ,
concluding that after 7-day dose period, 83% of patients
showed a negative COVID-19 result and 93% after 8 days
(Gautret et al. 2020a).

SARS-CoV-2 protease inhibitors

Lopinavir/ritonavir

Lopinavir (Fig. 3) is an antiretroviral human immunodeficien-
cy virus (HIV) protease inhibitor used in combination with
other antiretrovirals created in 1998 to prevent HIV resistance
against ritonavir, another protease inhibitor (De Clercq 2007).
It is used exclusively in combination with ritonavir. The com-
bination is necessary due to the low oral bioavailability and
biotransformation of lopinavir (Zhang et al. 2020). Ritonavir
is a drug that inhibits the enzymes responsible for the metab-
olism of lopinavir. Therefore, the administration of both drugs
simultaneously increases exposure to lopinavir and enhances
antiviral activity. It was demonstrated that it has more advan-
tageous properties in co-administration with low-dose ritona-
vir and other protease inhibitors that an independent inhibitor.
Thus, it is currently most commonly used as a reinforcement
of other protease inhibitors. The enzyme 3-chymotrypsin-like
protease (3CLpro) of SARS-CoV-2 plays an essential role in
processing the viral RNA. As lopinavir and ritonavir both are
protease inhibitors, they may inhibit the action of 3CLpro and
interrupt the viral replication process’ and exit from host cells
(Fig. 4) (Anand et al. 2003; Zhang et al. 2020). Several re-
search studies have been conducted to test the efficiency of the
lopinavir/ritonavir combination in patients with COVID-19.

Recent research did not show any promising potential for
using lopinavir/ritonavir drug combinations against patients
with COVID-19. In a trial by Cao et al. (2020a) in Wuhan/
China, which involved 199 adult patients hospitalized with
SARS-CoV-2 infection including COVID-19 pneumonia,
oral administration of 400 mg lopinavir and 100 mg ritonavir
twice a day for 14 days did not reveal any promising results,
compared to the other group (100 patients) that received stan-
dard care treatment (Cao et al. 2020a). Also, comparing with
standard supportive care, lopinavir/ritonavir treatment did not
reduce the duration of viral RNA detectability or viral RNA

loads. At the end of 28-day trial, the viral RNAwas still found
in about 40.7% of the patients in the lopinavir/ritonavir group.
Another randomized trial revealed that lopinavir/ritonavir
contributes little benefit to improving COVID-19 hospitalized
patients’ clinical outcome over supportive care (Li et al.
2020). This study enrolled a total of 86 mild/moderate
COVID-19 patients, of which 34 patients were randomly
assigned to receive lopinavir/ritonavir, 35 to umifenovir, and
17 to placebo. It was found that the average time of positive-
to-negative conversion of SARS-CoV-2 nucleic acid and con-
version rates on the 7th and 14th day was similar between
these groups.

There was no difference between antipyresis, cough allevi-
ation, or chest CT rates improvement on the 7th and 14th day.
On day 7th day, eight (23.5%) patients in the group that re-
ceived lopinavir/ritonavir, three (8.6%) in the group that re-
ceived umifenovir, and two (11.8%) in the control group had a
decline from critical to moderate clinical status. However, it
was observed that patients who received lopinavir/ritonavir
had more gastrointestinal symptoms, affecting their recovery.
Indeed, gastrointestinal complications were more common
among patients with COVID-19 in the lopinavir-ritonavir trial
group. The clinical trial by 90 reported that about 14% of the
patients treated with lopinavir-ritonavir were not able to com-
plete the 14-day course administrated. The main reasons for
this were gastrointestinal side effects, including nausea, acute
gastritis, abdominal pain, anorexia, and diarrhea. Moreover,
skin eruptions, risks of hepatic damage, pancreatitis, cutane-
ous eruptions, and QT prolongation were also documented
with the drug combination.

Chloroquine

Chloroquine (Fig. 3) is an amino quinolone derivative that
was created to be used to treat malaria in the 1940s.
Chloroquine and its derivative hydroxychloroquine (HCQ)
were also used to treat rheumatoid arthritis, HIV, systemic
lupus erythematosus, and several other conditions (Plantone
and Koudriavtseva 2018). The FDA of the USA revoked the
emergency use authorization, which allowed chloroquine and
hydroxychloroquine to treat certain hospitalized COVID-19
patients. It has been known from research procedures that
the antiviral and antiinflammatory activities of chloroquine
might have a significant role in treating patients with
COVID-19. Chloroquine showed the potential to stop the viral
infection, as it increases the endosomal pH and interferes with
the SARS-CoV cell receptor’s glycosylation (Wang et al.
2020a). In addition, chloroquine inhibits the quinone
reductase-2 involved in the biosynthesis of sialic acid, making
it a broad antiviral agent.

Furthermore, chloroquine interferes with the SARS-CoV-2
molecular crosstalk by inhibiting MAP kinase and altering
virion assembly, budding, and interfering with the proteolytic
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processing of protein M (Colson et al. 2020; Wang et al.
2020a). Previous researches demonstrated that chloroquine
has potent anti-SARS-CoV-I effects in an in vitro model.
SARS-CoV-2 also uses the ACE2 surface receptor-like
SARS-CoV-I. Researchers suggest that chloroquine may in-
terfere with the ACE2 receptor glycosylation and pre-
vent the attachment of SARS-CoV-2 in the target cells
(Lu 2020a; Zhou et al. 2016). The antiviral strategy
governed by chloroquine in blocking SARS-CoV-2
pathogenesis is represented in Fig. 4.

The first human trial using chloroquine as a treatment in-
volved more than 100 COVID-19 patients. It showed that chlo-
roquine is superior in reducing the duration of symptoms and
exacerbation of pneumonia (Sahraei et al. 2020). Radiological
improvement and promotion of negative viral seroconversion
were foundwithout any serious negative effects. Due to this early
positive result, China incorporated chloroquine in its guidelines
as an option to prevent and treat COVID-19 pneumonia. The
second human study conducted with HCQ was a non-
randomized trial (n = 36). It was found that, compared to control,
HCQ with and without azithromycin was significantly more ef-
fective in eliminating viral nasopharyngeal transport (as mea-
sured by the polymerase chain reaction), showing good results
in 3 to 6 days in patients with COVID-19 (Gautret et al. 2020b).
In day 6 post-inclusion, virological clearance with HCQ versus
control was 70.0% against 12.5%, respectively (p = 0.001).
Additionally, virological clearance at day 6 post-inclusion in
HCQ with azithromycin, HCQ alone, and control group was
100%, 57.1%, and 12.5% respectively (p < 0.001). This study
indicates a synergistic effect of azithromycin with HCQ.
Although there is not much available evidence until now, due
to the COVID-19 pandemic situation, institutions worldwide
have already acknowledged the use of chloroquine and HCQ
in COVID-19 treatment (Touret and de Lamballerie 2020).

It is important to highlight that chloroquine and
hydroxychloroquine can cause arrhythmias, which can be re-
duced by combining it with other medical products, like
azithromycin antibiotic, which has similar heart effects.
Other studies 41 have reported severe rhythm complications
associatedwith the use of chloroquine or hydroxychloroquine,
especially in high doses or with azithromycin antibiotic. It was
also known that cardiac side effects occurred mainly in wom-
en. Conduction disorders were the main side effects reported,
while the other side effects included heart failure, ventricular
hypertrophy, hypokinesia, valvular dysfunction, and pulmo-
nary arterial hypertension.

Other mechanisms of action

Baricitinib

Baricitinib (Fig. 3) is a reversible and selective JAK (Janus
Kinase) inhibitor important in rheumatoid arthritis

pathogenesis (Al-Salama and Scott 2018). JAKs are part of
the tyrosine-protein kinase group that plays a crucial function
in signaling the proinflammatory pathway, which is
overexpressed in rheumatoid arthritis. Baricitinib disrupts
the downstream signaling molecules and proinflammatory
mediators’ activation by blocking JAK1/2 actions. It is used
to treat adults with moderate-to-severe active RA in more than
50 countries across the world (Taylor et al. 2019). Interferon
activates transcription through the JAK-STAT signaling path-
way (JAK1/2 mediated), leading to the high expression of
many genes controlled by interferon that quickly kill cells
infected with virus. Most viruses have adopted several ap-
proaches to prevent interferons’ effects through the blockage
of their signaling pathway and viral-encoded factors that pro-
voke the JAK-STAT pathway. Consequently, when the JAK-
STAT signal is blocked by baricitinib, an antiviral response
mediated by interferon is produced, with a facilitating effect in
the COVID-19 evolution (Fleming 2016).

In research by Bronte et al. (2020), 88 patients (44 females/
44 males) with COVID-19 were under investigation
during their hospital stay. The patients received either
hydroxychloroquine or antiviral therapy (ritonavir/lopinavir)
alone or co-administration (hydroxychloroquine with antiviral
therapy). Due to malignancies clinical history, 12 patients (6
females/6 males) were discarded from the study. In the re-
maining group, 20 patients were included in the treatment
regimen with baricitinib, and the rest of the patients were part
of the control. They received baricitinib, 4 mg two times daily
for 2 days, followed by 4 mg daily for the other days, accord-
ing to the inclusion criteria and the baricitinib pharmacokinet-
ics. Patients aged above 75 years were given a low dose of
2 mg twice a day for 2 days, accompanied by 2 mg daily. No
differences were observed in the COVID-19 symptoms (fever
and cough) between the two groups. Patients from the two
cohorts had similar clinical respiratory parameters (respiratory
frequency, P/F ratio, and need for oxygen therapy). However,
regarding mortality, patients treated with baricitinib
showed a different outcome. Only about 5% of patients
died after the treatment, whereas 45% of death recorded
in the control group (p<0.001).

In a retrospective cohort of 15 patients with moderate/
severe COVID-19, a brief course of baricitinib combined with
hydroxychloroquine was used for treatment (Titanji et al.
2020). This was correlated with the clinical outcome’s ad-
vancement in 73% of patients and recovery in 80% of patients
(Titanji et al. 2020). Several parameters distinguished this
improvement, including decreased inflammation mediators,
need for oxygen therapy, body temperature normalization,
and recovery.

Baricitinib was found to present several side effects in RA.
These include decreased neutrophils and increases in low-
density and high-density lipoprotein, severe infections, tubercu-
losis, and some adverse cardiovascular effects (Dougados et al.
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2017). However, in COVID-19, baricitinib was well tolerated
with no serious side effects (Cingolani et al. 2020) (Cantini et al.
2020). Also, no concomitant infections were observed.

Cepharanthine

Cepharanthine (CEP, Fig. 3) is a bisbenzylsoquinoline
alkaloid that is collected in the tubers of Stephania
cepharantha. It can be found in China, Cambodia, Taiwan,
Vietnam, and some southeastern Asian countries and is used
to treat radiational leukopenia, alopecia, pityodes, middle-ear
catarrh viper bite alopecia, and areata since 1951 (Zed 2020)
(Rogosnitzky and Danks 2011a). It was used as a convention-
al remedy for Asia in the last 70–80 years. CEP is a
bisbenzylisoquinoline cyclic family member, which also in-
cludes naphazoline, tetrandrine, and berberine. It possesses
the antiinflammatory, anti-parasitic, anti-oxidative, and anti-
viral properties that are suggested in the possible use against

COVID-19 (Zed 2020; Ashour et al. 2020; Rogosnitzky and
Danks 2011a; Bailly 2019) (Fig. 5).

The antiviral properties of cepharanthine have also been
exhibited against HCV-OC43 and SARS-CoV (Zhou et al.
2020b; Kim et al. 2019). Moreover, it was recently demon-
strated that, among the screening of 2406 clinically approved
drugs, this therapeutic agent works most effectively against
SARS-CoV-2 coronavirus (Zhu et al. 2020; Fan et al. 2020).
Cepharanthine has gained attention in the treatment of
COVID-19 because the genome sequences of SARS-CoV
and SARS-CoV-2 are closely related 106 (Ashour et al.
2020; Bailly 2019). Many scientists are conducting studies
to identify effective and safe treatment procedures for
COVID-19. Recently, many drugs like remdesivir were au-
thorized for COVID treatment by the FDA in the USA but
have still lacked information about its use (Wang et al. 2020d;
Cascella et al. 2020; Nagatsuka and Nakazawa 1982; Ershun
et al. 2014). Besides that, hydroxychloroquine and chloro-
quine granted by the FDA to treat COVID-19 were finally

Fig. 4 Treatment strategies of various antiviral drugs against SARS-CoV-2.

59579Environ Sci Pollut Res  (2021) 28:59570–59593



canceled due to the lack of efficiency (Esbin et al. 2020;
Fatima et al. 2020). So, it became essential to test the potential
role of cepharanthine (CEP) against COVID-19.

Cepharanthine has chemical properties such as solubility,
an optical activity that reduces various biological membranes
(Bai et al. 2020; Million et al. 2020; Nagatsuka and Nakazawa
1982; Zhang et al. 2005). This drug suppresses the activation
of nuclear factor kappaβ, cytokine, and nitric oxide synthesis,
as well as cyclooxygenase’s expression. There is no precise
specification of the doses, but 2–60 mg cepharanthine per day
is considered safe and effective for various conditions (Kim
et al. 2019; Zhou et al. 2020b). CEP has a half-life of 31.3–
36.9 h. After metabolizing in the liver, CEP is disseminated to
target tissues. Oshun et al. exhibited that cepharanthine shows
antiinflammatory properties by using in the vivomouse model
and examined that CEP reduces the interleukin-1β (IL-1β),
interleukin-6 (IL-6), and tumor necrosis factor α (TNF-α) in
response to natural inflammation (Ershun et al. 2014; Wang
et al. 2020b). Another experiment shows that CEP prevents
cell death by producing NO in macrophages (Sakaguchi et al.
2007; Paudel et al. 2016; Yan et al. 2020; Pillay 2020). It has
been demonstrated that this therapeutic agent has antiviral
potential on HIV (human immunodeficiency virus) by
inhibiting the replication of HIV-1 in monocyte and lympho-
cyte (OKAMOTO et al. 1998; Huang et al. 2020a) and is also
used as a preclinical treatment of SARS. Studies were con-
ducted to test the activity of cepharanthine in VeroE6 cells
infected by SARS-CoV (Wang et al. 2020d; Nabil et al.
2020). Scientists found four categories of cells in which the
first one received CEP treatment, and the second one received
CEP treatment post-infection. The third and fourth groups of
cells received coadministration of the virus and CEP. The
mixture of (cepharanthine and virus) in which the fourth group
was incubated at 37°C for 2 hours. Using the following tech-
niques, 10μg/ml concentrations of CEP reduced the cytopath-
ic effect in all groups. The ranges were between 6.0 and 9.5
μg/ml by 50% inhibitory concentration (IC50) for the fourth
treatment. The data demonstrated amazing results at inhibi-
tion, which are similar to the human coronavirus type OC43
(HCV-OC43). This data indicates that cepharanthine has the
potential against COVID-19 due to the similarities between
SARS -CoV - 2 , SARS -CoV , a n d HCoV -OC43
(Mousavizadeh and Ghasemi 2020; St-Jean et al. 2004).

Favipiravir

Favipi ravi r , somet imes regarded as favi lavi r or
fapilavir (Fig. 3), is a pyrazine carboxamide by-product that
is processed, by native enzymes, to the ribofuranosyl triphos-
phate derivative (Cai et al. 2020). It impedes the RdRp pro-
teins required for viral genome replication and transcription.
Initially, it was permitted its implication against resistant in-
fluenza. However, it is not only effective against Influenza A

and B, as it has also shown promising results for treating avian
influenza. It has been tested against some of the recent viruses
like the Ebola virus, Lassa virus, and now is being evaluated
against SARS-CoV-2 (Arab-Zozani et al. 2020).

Favipiravir works as a prodrug and is turned into active
favipiravir-RTP intracellularly when it undergoes ribosylation
and phosphorylation. It binds to the viral RdRp enzymes,
which is essential for mRNA processing and protein prepara-
tion. Compared to other influenza antiviral drugs, the mecha-
nism of action for favipiravir is novel. Two hypotheses are
prevailing about how favipiravir acts in the organism (Doi
et al. 2020). The first study was done by Jin et al. (2013),
who constructed panhandle structure RNA in the elongation
stage, which indicated favipiravir-RTP’s action in the elonga-
tion stage. When they incorporated the favipiravir-RTP into
the nascent RNA strand, it partially restricted the elongation
(single dose). When consecutively added and incorporated,
favipiravir-RTP into the RNA strand completely restricts the
elongation or extension (Jin et al. 2013). A study has showed
that incorporating a favipiravir-RTP molecule inhibits further
extension by cap-snatching. It also initiated a reaction related
to the influenza virus RNA polymerase transcription by
adding 32P-labeled 5′cap1 RNA into the virus-derived 255
RNA complex (Furuta et al. 2013a). In SARS-CoV-2,
favipiravir has shown potent antiviral activity, and an experi-
ment on 80 patients showed no serious side effects (Costanzo
et al. 2020).

Ribavirin

Ribavirin (Fig. 3) is an antiviral prodrug with a broad-
spectrum used against several RNA and DNA viruses.
Ribavirin is mainly synthetic guanosine and works against
hepatitis C. Ribavirin arrests the viral mRNA synthesis. It is
utilized against the HCV strain one and hemorrhagic fever of
different types prevailing in the USA. Ribavirin, along with
peginterferon alfa 2a/2b, was considered the standard antiviral
treatment before discovering new drugs. Ribavirin is a
prodrug that goes through phosphorylation for activation by
adenosine kinase. This yields ribavirin mono-, di-, and tri-
phosphate metabolites, which afterwards go through
deribosylation and amide hydrolysis (de Souza et al. 2017;
Hulseberg et al. 2019). Out of the different mechanisms of
action of ribavirin suggested by the studies, there is one that
turns into the active form of ribavirin monophosphate (RMP),
diphosphate (RDP), and triphosphate (RTP) and directly binds
the enzyme nucleotide-binding region that does not let the
correct nucleotide to add and thus inhibit viral RNA synthesis.
In the dengue virus case, RTP has the inhibitory role in
guanylyltransferase and mRNA 2′-O-methyltransferase,
resulting in the inhibition of posttranslational capping
of the viral mRNA on the 5′ end. Ribavirin binds to
the 5′ end in place of guanosine and thus inhibits the
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methylation stage (Hulseberg et al. 2019; de Souza
et al. 2017).

Inhibition of inosine monophosphate dehydrogenase
(IMPDH) is one of ribavirin’s major strategies after
transforming into ribavirin mono-, di-, and tri-phosphate; the
ribavirin monophosphate works as the competitive inhibitor of
IMPDH. An essential rate-limiting enzyme is IMPDH for the
purine metabolic pathway and works as a catalyst for guano-
sine synthesis. The triphosphorylated form of guanosine
(GTP) is required in viral RNA replication and lymphocyte
proliferation. As ribavirin monophosphate inhibits IMPDH, it
leads to the depletion of the GTP pool intracellularly. This
leads to RNA synthesis inhibition, resulting in suppressed
viral RNA replication and immunosuppression (Hofmann
et al. 2008) (Fig. 6).

Galidesivir

Galidesivir (Fig. 3) is relatively a new drug, an adenosine
analogue still under human trials. It has been tested against
Zaire ebolavirus (Tchesnokov et al. 2019b). It was successful
in increasing the survival rates when tested on animal models.
It was used in animal models against Zika, Marburg, Ebola,
and yellow fever viruses (Babu et al. 2000). In vitro studies
provided the following results: it delivered outcomes against
positive and negative-sense RNA viruses like arenaviruses
and coronaviruses. A clinical study in phase 1 is underway
to check this drug’s safety in the human body (Westover et al.
2018). The cellular kinase phosphorylates galidesivir into a
triphosphate. This modified triphosphate is mistakenly
regarded as natural triphosphate by the virus’s RNA polymer-
ase. Thus, the modified residue of the drug is taken into RNA
synthesis, but not more than one triphosphate, which can be
added. This modified structure leads to premature termination
of the RNA processing (Taylor et al. 2016).

Umifenovir

Umifenovir (Arbidol, Fig. 3) is a direct antiviral or host-
targeting, indole-based, dual-acting agent used for influenza
and other respiratory infections. China has used this drug since
2006, and Russia had been using this for approximately 25
years. The drug was invented by Russian scientists from dif-
ferent institutes around 40–50 years ago as a collaborative
project. The chemical synthesis of the drug started in 1993,
as the reports suggest (Blaising et al. 2014). Umifenovir has
multiple pathways that work against viruses, and thus, several
studies have been conducted to check the efficiency against
non-enveloped and enveloped DNA and RNA viruses. These
studies include hepatitis B and C viruses, chikungunya virus,
Zika virus, herpes simplex, Lassa virus, foot-and-mouth dis-
ease, Hantaan virus, Flavivirus, Ebola virus, reovirus, and
coxsackievirus B5 (Blaising et al. 2014; Li et al. 2018; Fink
et al. 2018; Haviernik et al. 2018). The therapeutic potential of
this drug is now being evaluated in COVID treatment. A com-
bination of umifenovir and currently available HIV therapeu-
tics and investigational HIV therapeutics is being used (Lu
2020b; Wang et al. 2020f). Umifenovir works based on mul-
tiple pathways to exhibit antiviral activity. It is also a host
targeting agent as it influences one or more steps of the viral
life cycle. Due to this different working pathway, its broad-
spectrum antiviral activity is seen (Blaising et al. 2014). It can
establish non-bonding interactions with aromatic amino acid
residues, including tryptophan and tyrosine, being a hydro-
phobic agent. This enables umifenovir to act directly on the
virus. The antiviral activity can also occur due to intracellular
trafficking and exocytosis mediated by clathrin (Blaising et al.
2013). In the case of enveloped viruses, it might also directly
interact with the lipid envelope (Blaising et al. 2014; Teissier
et al. 2011). It could also be stabilized by contact with the
plasma membrane and avoid the viral route of entry. As seen

Fig. 5 The mode of action of
cepharanthine (CEP).
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in influenza, stabilizing the hemagglutinin affects the fusion
step and viral entry (Blaising et al. 2014).

As umifenovir interacts with both the viral protein and
lipid, the viral replication cycle’s downstream process might
be affected. The Flaviviridae family of the virus replicates in a
membranous-web sub-cellular compartment that requires in-
teraction between protein and lipid, which can easily be af-
fected by umifenovir (Blaising et al. 2014).

Nitazoxanide

Nitazoxanide (Fig. 3) is a thiazole, a class of broad-spectrum
drugs with antiviral and anti-parasitic activity. A vast range of
intracellular and extracellular pathogens such as protozoa, hel-
minths, microaerophilic and aerobic bacterial growth, surviv-
al, and proliferation are affected by it. Nitazoxanide is the
standard treatment for Giardia lamblia and Cryptosporidium
parvum infections in healthy (non-immunosuppressed) chil-
dren and adults. This drug can also be applied to other proto-
zoa, and helminth caused diseases (Shakya et al. 2018). In
anaerobic microbes, the drug disrupts the energy metabolism
by inhibiting the ferredoxin, flavodoxin oxidoreductase, or
pyruvate cycle (Broekhuysen et al. 2000). Nitazoxanide
causes damage to the cell membrane of parasitic protozoa.
Depolarizing mitochondrial membrane and inhibiting
nitroreductase-1, quinone oxidoreductase NQO1, and disul-
fide isomerase enzymes is the process of killing the protozoa.
Additionally, this therapeutic agent can inhibit the detoxifying
enzyme glutathione-S-transferase. Thus, modulating the Avr-
14 gene encodes the alpha-type subunit of glutamate-gated
chloride ion channel presented in nematodes. While these dif-
ferent modes of action are observed in protozoa and nema-
todes, it has a different pathway for viruses. Maturation inhi-
bition of viral transcription factor IE2 (immediate early 2) and
hemagglutinin is observed in nitazoxanide. The drug also

activates the intracellular protein eukaryotic translation initia-
tion factor 2α (Shakya et al. 2018).

Tocilizumab

Tocilizumab (Actemra, Fig. 3) is a monoclonal antibody used
to inhibit the IL-6 receptor in humans and is mainly used for
treating inflammation and autoimmune conditions. This IgG1
class of antibody works on the membrane-bound and soluble
receptor of IL-6 (Guaraldi et al. 2020). B-cells, fibroblasts,
monocytes, T-cells, and lymphocytes produce IL-6, which is
a proinflammatory cytokine. IL-6 works rapidly and induces
the secretion of many substances like serum haptoglobin, am-
yloid A, fibrinogen, C-reactive protein, and α-1-
antichymotrypsin. It simultaneously inhibits transferrin, albu-
min, and fibronectin production. These IL-6 promote cytotox-
ic T-cell differentiation and antibody production and inhibit
regulatory T-cell differentiation (Tanaka et al. 2014) (Fig. 7).

Dexamethasone

Dexamethasone (Fig. 3) is a synthetic corticosteroid which is
also known as MK-125. It is fluorinated at position nine and
used for endocrine, dermatologic, collagen, rheumatic, gastro-
intestinal, respiratory, neoplastic, and many other conditions
(Group 2020). Developed in 1957, this drug got FDA approv-
al in 1958, although the oral tablets are discontinued now.
Dexamethasone was selected for the randomized evaluation
for COVID-19 therapy on patients with severe respiratory
complications, which minimized one-third of the mortality
rate among patients requiring ventilation and one-fifth among
patients requiring oxygen (Johnson and Vinetz 2020). The
short-term effect of corticosteroids like dexamethasone has
decreased vasodilation, decreased permeability of capillaries,
reduced leukocyte migration to inflammation sites, and binds
glucocorticoid. It mediates a change in gene expression

Fig. 6 The mechanism of action
of ribavirin. IMPDH, inosine-5′-
monophosphate dehydrogenase;
RMP, ribavirin monophosphate;
GDP, guanosine diphosphate;
GTP, guanosine triphosphate;
dGDP, deoxyguanosine
diphosphate; dGTP,
deoxyguanosine triphosphate.
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(Lammers et al. 2020). Inhibition of neutrophil apoptosis and
emargination by glucocorticoid and the inhibition of phospho-
lipase A2 are caused by dexamethasone, resulting in a de-
creased production of arachidonic acid derivatives and inhibi-
tion of NF-κB alongside different inflammatory transcription
factors. Glucocorticoids induce the expression of
antiinflammatory genes like IL-10. The effects of glucocorti-
coids mainly depend on the dose used, as lower dosages of
glucocorticoids work as an antiinflammatory and higher dos-
age work as immunosuppressing agents (Solinas et al. 2020).

Adverse side effects of the candidate antiviral
drugs on human body

Remdesivir

In the clinical trial of RDV against the SARS-CoV-2, scien-
tists noted that the drug had some side effects in the human
body, such as increased expression of liver enzymes, which
can cause liver damage (Food and Administration 2020b).
Recently, scientists also reported several side effects of RDV
on the patients hospitalized with COVID-19 in the USA.
Furthermore, several research studies of RDV on patients with
COVID-19 have demonstrated a higher risk of an allergic
reaction, low blood pressure, trouble breathing, and other hu-
man body abnormalities (Wang et al. 2020e) (Fig. 8). The
scientists conducted the very first trial to investigate the effec-
tiveness of 5 or 10 days of routine treatment with remdesivir
for adults with mild pneumonia. Nausea, hypokalemia, and
headache were more common than normal in the treat-
ment group (Spinner et al. 2020). The risk of hepatic
disorder among patients treated with remdesivir was in-
creasing compared to hydroxychloroquine, lopinavir/

ritonavir, or tocilizumab, noticed by Montastruc et al.
(Montastruc et al. 2020). We are aware of the informa-
tion provided by Gilead in its EMA application for
compassionate use of Ebola virus patients. Pool studies
have observed adverse drug reactions (ADRs) in < 5%
of subjects. Phlebitis, constipation, headache, ecchymo-
sis, nausea, and pain in extremities have been the most
frequent ADRs (Charan et al. 2021a, b).

Tenofovir disoproxil fumarate

Pharmacological studies of TDF have reported that there
have been no side effects in the human body in general,
and it is well endured (Grim and Romanelli 2003).
Nevertheless, the clinical studies of TDF on COVID-
19 patients have shown that the TDF has some general
side effects such as headache, dysentery, and vomiting
o f low to med ium rap id i ty (De l Amo et a l .
2020) (Fig. 8). Long-term TDF therapy is also linked
to kidney damage in some patients, such as acute renal
failure, proximal tubulopathy, and in extreme cases,
Fanconi’s syndrome (Cooper et al. 2010; Viganò et al.
2014). Treatment with tenofovir disoproxil fumarate re-
sults in minor decreases in glomerular filtration rate,
which may be due to subclinical tubular injury (Hall
et al. 2009; Mallet et al. 2015).

Azithromycin

It has been demonstrated that AZ is responsible for side ef-
fects, such as nausea and headaches (Kremer 2002). However,
treating COVID-19 patients with AZ and HCQ combined has
shown some severe side effects with potential life risks, in-
cluding enhancing QT interspace and drug-mediated

Fig. 7 The mechanism of action
of tocilizumab. LPS,
lipopolysaccharide; MD-2,
myeloid differentiation factor 2;
TLR4, Toll-like receptor 4;
MyD88, myeloid differentiation
primary response 88; NF-kB, nu-
clear factor kappa light chain en-
hancer of activated B cells.
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unexpected death by a sudden cardiac failure (Bessière et al.
2020; Mercuro et al. 2020) (Fig. 8). A research group noted
that 3,231,222 patients treated by AZ with HCQ showed an
increased cardiovascular death rate, heart dysfunction, and
inflammation or laryngitis (Lane et al. 2020). Besides that,
the SARS-COV-2 effectively attacks the lung and heart cells,
which can further cause arrhythmia in COVID-19 patients
alongside AZ’s serious side effects in combination with the
HCQ. Consequently, the Centers for Disease Control and
Prevention, the National Institutes of Health, and the
Infectious Diseases Society of America of the USA have not-
ed that AZ is unsafe to be used in the treatment of COVID-19
patients (Lighter and Raabe 2020).

Lopinavir/ritonavir

However, it was observed that patients who received
lopinavir/ritonavir had more gastrointestinal symptoms along
with other complications, affecting their recovery. Indeed,
gastrointestinal complications were more common among pa-
tients with COVID-19 in the lopinavir-ritonavir trial group.
The clinical trial by 90 reported that about 14% of the patients
treated with lopinavir-ritonavir were not able to complete the
14-day course administrated. The main reasons for this were
gastrointestinal side effects, including nausea, acute gastritis,
abdominal pain, flatulence, anorexia, abnormal stools,

asthenia, and diarrhea (Fig. 8). Eventually, the skin eruptions
(rash), risks of hepatic damage (AST, ALT enzyme level ele-
vated), pancreatitis, cutaneous eruptions, elevated triglycer-
ides levels, and QT prolongation was also documented with
the drug combination therapy with other drugs (Mangum and
Graham 2001; Oldfield and Plosker 2006).

Chloroquine

Chloroquine manifests possible gastrointestinal symptoms,
for instant, abdominal discomfort, vomiting, nausea, and diar-
rhea. It is important to highlight that chloroquine exhibited
diverse cardiovascular problems as cardiac arrhythmias, hy-
potension, suppression of myocardial function, and
vasodilation (Figure 8). Eventually, it capable to block potas-
sium into the cells and also have an effect on the chloride
channels which are present in cardiac myocytes (Mubagwa
2020). In the COVID-19 patient, chloroquine and
hydroxychloroquine can cause arrhythmias, which can be re-
duced by combining it with other medical products, like
azithromycin antibiotic, which has similar heart effects.
Other studies 41 have reported severe rhythm complications
associatedwith the use of chloroquine or hydroxychloroquine,
especially in high doses or with azithromycin antibiotic. It was
also known that cardiac side effects occurred mainly in wom-
en. Additionally, conduction disorders were the main side

Fig. 8 Schematic representation of the primarily affected body parts from
adverse side effects of the candidate antiviral drugs for SARS-CoV-2.
Remdesivir (liver damage, high allergic reaction, and low blood
pressure); tenofovir disoproxil fumarate (headache, dysentery, and
vomiting); azithromycin (sudden cardiac failure, cardiovascular death,
heart dysfunction); lopinavir/ritonavir (abdominal pain, nausea, head-
ache); chloroquine (arrhythmias, heart failure, ventricular hypertrophy);
baricitinib (decreased neutrophils as well as lymphocyte counts);

cepharanthine (headaches, dizziness, and stomach ache); favipiravir
(weight loss and increased serum concentration of liver function); ribavi-
rin (nausea, weight loss); galidesivir (muscle weakness, vomiting, head-
ache, allergic); umifenovir (allergic reaction); nitazoxanide (abdominal
pain, nausea, diarrhea, headache); tocilizumab (upper respiratory tract
infection, headache); dexamethasone (stomach pain or cramp,
headaches).
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effects reported, while the other side effects included ventric-
ular hypertrophy, hypokinesia, valvular dysfunction, and pul-
monary arterial hypertension.

However, someminor neurological (like mental confusion,
coma, and seizures) adverse effects were found from the chlo-
roquine drug as well as it creates ocular problems, for exam-
ple, corneal deposition, accommodation defect, and retinopa-
thy (Leecharoen et al. 2007).

Baricitinib

Baricitinib was found to present several side effects in rheu-
matoid arthritis; these included decreased neutrophils as well
as lymphocyte counts, elevated serum creatinine level (mainly
creatine phosphokinase), reducing the hemoglobin level, in-
creases in lipid parameters (i.e., LDL, HDL), and in some
cases elevations in liver enzymes along with bilirubin
(Jorgensen et al. 2020). Also, severe infections, tuberculosis,
some adverse cardiovascular effects, and other major adverse
side effects manifest during the administration of this drug on
COVID-19 patients (Dougados et al. 2017). However, upper
respiratory tract infection, nasopharyngitis, and headache are
the most common side effect in COVID-19 patients when
administrated the drug baricitinib (Jorgensen et al. 2020;
Türsen et al. 2020) which reported that such a drug has several
cutaneous toxicity profiles including skin rashes with allergy,
skin cancers (melanoma and non-melanoma), viral reactiva-
tion (zona zoster and herpes simplex), urticaria, and
angioedema.

Cepharanthine

The activation of caspase-3 and caspase-9 in CCA
(Cholangiocarcinoma) cell lines was observed with the treat-
ment of 20 μg/ml of CEP. As a result, CEP induces cell apo-
ptosis in CCA cells via the caspase-3 and caspase-9 pathway
(Ohnishi 1983). NF-κB plays a key function in cell survival
and proliferation, but it was concluded that CEP suppresses
the potential activity of NF-κB; thus, it results in adverse
effects on cell proliferation. Study has examined that
CEP inhibits platelet aggregation. CEP has other side effects
such as headaches, dizziness, and stomach discomfort
(Rogosnitzky and Danks 2011b). Cepharanthine (CEP) pos-
sesses a few side effects on human body such as headaches,
dizziness, and stomach ache (Fig. 8).

Favipiravir

Favipiravir exhibits several negative effects including the re-
duction of locomotive activity, anemia, vomiting, weight loss,
increased vacuolization in hepatocytes, and increased serum
concentration of liver function enzymes, such as total albu-
min, alkaline phosphatase, alanine aminotransferase, and

aspartate aminotransferase (Fig. 8). It can also induce congen-
ital disabilities and should not be used during pregnancy
(Seneviratne et al. 2020; Hashemian et al. 2020). It has many
side effects including weight loss and increased serum con-
centration of liver function enzymes, such as aspartate amino-
transferase, alkaline phosphatase and alanine aminotransfer-
ase, diarrhea, decreased neutrophil count, and increased serum
uric acid level (Jin et al. 2013) (Pilkington et al. 2020).

Ribavirin

Ribavirin alone and ribavirin, along with lopinavir and ritona-
vir, have been tested on SARS patients. The first group was
out of 111 patients. The second group was out of 41 patients,
where the trial results have demonstrated that the combined
treatment lowers the acute respiratory distress syndrome
(ARDS) risk and death (Dong et al. 2020). Some patients
experienced some side effects of ribavirin like nausea, chang-
es in weight, diarrhea, stomach ache, dizziness, blurred vision,
and changes in sleep. Moreover, anemia can be caused by
ribavirin, and it is a dose-dependent adverse effect. Reduced
hemoglobin levels are also observed within the first 1–2
weeks included in the same therapy (Wishart et al. 2008)
(Law et al. 2014). This drugs has also been found some side
effects like nausea, weight loss or gain, diarrhea, stomach
upset, dry skin, blurred vision, trouble sleeping, dizziness,
headache, low appetite, and cough (Wishart et al. 2008; Law
et al. 2014).

Galidesivir

It contains some adverse effects on human body; for example,
muscle weakness, changes in vision, vomiting, headache, and
allergic reaction have been observed on human body (Taylor
et al. 2016) (Furuta et al. 2013b).

Umifenovir

As umifenovir interacts with both the viral protein and lipid,
the viral replication cycle’s downstream process might be af-
fected. The Flaviviridae family of the virus replicates in a
membranous-web sub-cellular compartment that requires in-
teraction between protein and lipid, which can easily be af-
fected by umifenovir (Blaising et al. 2014). Allergic reactions
and nausea/vomiting have been reported by patients with
acute hypersensitivity.

Nitazoxanide

Maturation inhibition of viral transcription factor IE2 (imme-
diate early 2) and hemagglutinin is observed in nitazoxanide.
The drug also activates the intracellular protein eukaryotic
translation initiation factor 2α (Shakya et al. 2018). It shows
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various side effects, including abdominal pain, nausea, head-
ache, change of urine, dizziness, diarrhea, and vomiting
(Mahmoud et al. 2020).

Tocilizumab

Tocilizumab showed many antagonistic side effects in the
human, for example, upper respiratory tract infection, head-
ache, nasopharyngitis, injection site reaction, and hyperten-
sion (Alattar et al. 2020).

Dexamethasone

It has also shown some side effects, including stomach pain or
cramps, headaches, dizziness, insomnia, changes in the men-
strual cycle, weight gain, hyperglycemia, gastrointestinal
hemorrhage, and psychosis (Theoharides and Conti 2020).

Environmental implications of these
candidate antiviral drugs

The global market for of these candidate antiviral drugs has seen
an unexpected rise in prices, fueled by initial reports on its efficacy
in the treatment of COVID-19, resulting in an increase in produc-
tion. These candidate drugs were generated in large quantities and
have the potential to be persistent in the environment. Following
the administration, the candidate drugs undergo a series of bio-
transformations and are excreted in both hydrolyzed and unconju-
gated forms by feces and urine. The wastewater from the pharma-
ceutical plants has to go through a series of treatments during
processing, or the medication could end up in the water. Since
these candidate drugs relate to a class of anthracycline compounds
that are recalcitrant, toxic, persistent, teratogenic, and carcinogenic
to aquatic species, it poses a significant long-term threat to the
aquatic ecosystem, soil ecosystem, and finally human health
hazard.

So many researchers have initially demonstrated a seasonal
enhancement in antiviral medicinal products in wastewater
treatment plants (WWTP) and obtaining waters during influ-
enza pandemics (Azuma et al. 2015; Leknes et al. 2012;
Singer et al. 2014). In the majority of studies based on the
influenza treatment, oseltamivir and its metabolite,
oseltamivir carboxylate, were investigated, with simulated
and measured concentration levels in wastewater treatment
plants reaching 1 μg/l and measured concentration levels in
receiving water bodies getting up to 0.2μng/l. These estimates
and measurements correlate to levels of treatment for up to
40% of the human population, which is significantly lower
than the levels of treatment that may be required in the event
of a coronavirus pandemic. As the concentration level of sev-
eral antiviral drugs rises at the same time over the same

season, a variety of medications are likely being used mostly
during an influenza pandemic (Azuma et al. 2015; Ellis 2010).

If the systems are improved for the elimination rate, the use of
chloroquines is not known to cause significant environmental
harm, even within pandemic situations. Additional remediation
is achievable by planning the therapeutic regimen for medical
treatment in advance of the event. However, despite the signifi-
cant elimination of ivermectin by theWWTP, a high level of risk
is anticipated. Even with the WHO Defined Daily Dosage
(DDD) as human antiparasite, the utilization of 0.05% of humans
in a particular aquatic ecosystem could have environmental ef-
fects. Government agencies such as the USFDA warned against
the risk of distinctive Ivermectin self-treatment for COVID-19
after some pre-clinical research findings, which were provoked
by false news (Tarazona et al. 2021). Our interpretation and
projections have been indicated that this unauthorized use of
antiviral drugs in the coronavirus pandemic may also have rela-
tively significant environmental consequences. If dexamethasone
is used only for hospitalized patients with chronic signs and
symptoms, it is considered to pose a lower risk to the environ-
ment. In the case of azithromycin, widespread use for the treat-
ment of COVID-19 patients would significantly raise environ-
mental emissions, which already pose a risk in some of the coun-
tries (Grill et al. 2016; Loos et al. 2018; Rodriguez-Mozaz et al.
2020). Chloroquine act against the pathogens in the human body,
but 70% of this drug are excreted from the body through the
urine as well as feces, which are spread via the wastewater,
sludge, and potentially detrimental to the soil and water micro-
biota (bacteria, protozoa). It is worth noting that these drugs
affect the biota and are hazardous to soybean plants (Jjemba
2002). On the contrary, these non-biodegradable compounds
have negative effects on the aquatic biota, mainly fish, and yield
the toxicity of the underwater system (Zurita et al. 2005; Ramesh
et al. 2018).

There has been an unexpected increase in demand for
hydroxychloroquine (HCQ) on the international market,
prompted by preliminary reports on its efficacy in treating
COVID-19, likely to result in its manufacturing being scaled
up. HCQ manufactured in large quantities can be resistant to
biodegradation and biomagnification (Kumar et al. 2021).
Following administration, HCQ goes through a series of bio-
transformations and is excreted in both hydrolyzed and gly-
cosylated forms through the urine and feces. Throughout the
manufacturing process, wastewater from pharmaceutical plats
should perform various treatments to prevent the drug from
entering the aquatic ecosystems. HCQ poses a significant
chronic hazard to the marine ecosystem because it is an in-
transigent, toxic, persistent, teratogenic, and carcinogenic
compound for aquatic animals. One recently conducted re-
search study showed that chloroquine and HCQ kill the hair
cells of the zebrafish lateral line when used for 1–24 h in
different concentrations (Davis et al. 2020).
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Favipiravir has been linked to teratogenicity. Although the
toxicity evidence for this drug is minimal, single dosage tox-
icity studies indicate that favipiravir is lethal for mice for
2,000 mg/kg, dogs for 1000 mg/kg, and rats for 2000 mg/kg.
Ribavirin is commonly used in China for nucleoside agents
which possess the PNEC of less than 100 mg/l for green or
blue green algae. The over dosages of ribavirin may affect the
proper environmental growth for green algae. Umifenovir was
found to show high chronic toxicity to aquatic organisms with
predicted no effect concentration (PNEC) value of 9.3 ng/l
(Kuroda et al. 2021). Also, receiving river waters suggest high
ecotoxicological risk of umifenovir (Risk Quotients value of
1.7) (Kuroda et al. 2021). The half maximal effective concen-
tration of tocilizumab (EC50) reported by the safety data sheet
from the supplier shows no TCZ adverse effects for concen-
trations higher than 100 ppm (Race et al. 2020). Rapid biode-
gradability in sewage and surface waters and low ecotoxic
characteristics were also reported by biodegradability and
acute ecotoxicity studies (Race et al. 2020).

If the use is limited, low environmental concern is
estimated for dexamethasone to use in the treatment
with of hospital patients with severe clinical symptoms
(Kuroda et al. 2021). For standard relevant endpoints,
the NOEC (no observed effect concentrations) and
LOEC (lowest observed effect concentration) values
were in the mg/l range, and sublethal effects were re-
ported at much lower concentrations (Kuroda et al.
2021).

Conclusion

Since its emergence in Wuhan in 2019, SARS-CoV-2
has challenged countless countries and organizations
around the world. The virus, whose pathogenesis and
forms of transmission are more diverse than SARS-
CoV-1 and MERS, caused a brutal increase in morbidity
and mortality rates in several regions, spreading rapidly
across the six continents of the planet. Consequently,
numerous lifestyle changes were necessary, from social
isolation and movement restrictions to extremely strin-
gent hygiene measures. However, despite the reduction
in the number of cases in the locations where such
measures were adopted, they were insufficient to con-
tain the serious damage that the virus caused to our
infrastructure. Due to the countless spontaneous muta-
tions acquired over time, SARS-CoV-2 has shown its
high potential for infectivity. Although, until now, such
mutations have not been proven to be more lethal than
their previous versions, the growing need to identify an
effective treatment against the disease, which can cause
everything from mild manifestations of airway infection
to respiratory distress syndrome, is evident. Given the

dedication of many researchers, research centers, and
funding agencies around the world, at the end of
2020, the first vaccine against COVID-19 was ap-
proved. To date, another 11 vaccines have been ap-
proved or authorized for emergency use, and many
more are still being developed. However, the logistics
of vaccination campaigns, especially in too populous
countries, such as the USA, China, and India, associated
with the lack of confirmed data on the long-term pro-
tection capacity of vaccines already approved, reinforces
the aforementioned imminent need to identify effective
treatment against this disease. Given the pandemic’s ur-
gent demand, it is required to reuse pre-existing drug
therapies against other viral diseases.

Among the countless drugs on the market, this review iden-
tified the best therapeutic agents available on the market and
whose effectiveness has been evaluated since the beginning of
the pandemic. Information was presented on the respective
mechanisms of action, clinical and epidemiological data ob-
tained through cohorts, randomized and non-randomized
studies, data regarding posology and maximum dosage, out-
comes in preclinical studies of animal models of COVID-19,
and history of use in other diseases and potential side effects as
well as their possible environmental implications. The sum-
marized information can provide an overview of the main
points to be considered to assess whether or not a particular
drug should be used off-label for COVID-19 treatment.
Potential side effects, drug interactions, and environmental
impacts must be taken into account in this choice, and the
results of studies already carried out. The path to overcoming
the pandemic will be arduous. However, the prospects for the
future are positive when considering the use of drugs with the
potential to mitigate disease severity and minimize communi-
ty transmission. At the same time, we await the mass vacci-
nation of the population.
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