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Abstract

Introduction Drug repositioning is a strategy to identify a new therapeutic indication for molecules that have been approved
for other conditions, aiming to speed up the traditional drug development process and reduce its costs. The high prevalence
and incidence of coronavirus disease 2019 (COVID-19) underline the importance of searching for a safe and effective treat-
ment for the disease, and drug repositioning is the most rational strategy to achieve this goal in a short period of time. Another
advantage of repositioning is the fact that these compounds already have established synthetic routes, which facilitates their
production at the industrial level. However, the hope for treatment cannot allow the indiscriminate use of medicines without
a scientific basis.

Results The main small molecules in clinical trials being studied to be potentially repositioned to treat COVID-19 are chlo-
roquine, hydroxychloroquine, ivermectin, favipiravir, colchicine, remdesivir, dexamethasone, nitazoxanide, azithromycin,
camostat, methylprednisolone, and baricitinib. In the context of clinical tests, in general, they were carried out under the
supervision of large consortiums with a methodology based on and recognized in the scientific community, factors that
ensure the reliability of the data collected. From the synthetic perspective, compounds with less structural complexity have
more simplified synthetic routes. Stereochemical complexity still represents the major challenge in the preparation of dexa-
methasone, ivermectin, and azithromycin, for instance.

Conclusion Remdesivir and baricitinib were approved for the treatment of hospitalized patients with severe COVID-19.
Dexamethasone and methylprednisolone should be used with caution. Hydroxychloroquine, chloroquine, ivermectin, and
azithromycin are ineffective for the treatment of the disease, and the other compounds presented uncertain results. Preclinical
and clinical studies should not be analyzed alone, and their methodology’s accuracy should also be considered. Regulatory
agencies are responsible for analyzing the efficacy and safety of a treatment and must be respected as the competent authori-
ties for this decision, avoiding the indiscriminate use of medicines.
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Introduction

Drug repositioning is a strategy to identify a new therapeu-
tic indication for molecules that have already gone through
all phases of clinical research and the regulatory approval
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process and, therefore, are bioactive compounds that have
already had their safety, efficacy, and adverse effects
reported [1, 2]. Based on knowledge of the mechanisms
of action of drugs and the pathophysiology of diseases, it
is possible to infer new indications for use, thus exploring
non-traditional metabolic pathways or non-typical molecular
targets for the drug under study [3-5].

The repositioning aims to accelerate the traditional
drug development process, which takes an average of 12
to 15 years, but with this strategy can be reduced to 12 to
18 months [1, 2], with a total cost that can oscillate between
350 million and 2 billion dollars for the development and
execution of the clinical studies per molecule [4]. Therefore,
the repositioning strategy leads to a reduction in costs since
the production and distribution chains of these drugs are
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already established [6]. In addition, phases I and II studies
may not be necessary [6] as the pharmacokinetic and phar-
macodynamic profiles of the compounds have already been
established for the indications for which they were originally
approved [2, 7].

However, considering factors such as the tissue location
of the target in the new indication and the pharmacokinetic
process for this novel biological action, the dosing schedule
must be redetermined. The assumption of dose equivalence
for different diseases can lead to a false result during the
clinical study, in which the treatment may not be efficacious
due to the failure of the dose regimen and not due to the
inaction of the drug on the disease itself. For this reason,
preclinical and clinical studies may also be necessary for
drug repositioning studies [8].

The rationale behind drug repositioning is due to mol-
ecules that have certain promiscuity in their interactions,
often binding to targets beyond what was intended. Another
recurring factor is that different diseases can share the same
molecular pathway [1, 9]. With this in mind, it is possible as
well to search for new targets of a molecule used in therapy
and to find a novel indication for one of the targets on which
the drug interacts [7].

The development of new drugs by the traditional process
has a failure rate that has been growing in recent decades and
now reaches about 90%, despite advances in pharmaceutical
technologies and scientific knowledge about diseases. From
1975 to 2010, the amount invested in Research and Develop-
ment (R&D) grew from 4 to 41 billion dollars, but due to fac-
tors such as time, cost, and laboratory and clinical resources,
the approval of new drugs by the US Food and Drug Admin-
istration (FDA) has largely remained the same, and only in
the last 5 years has this number been growing [4, 10].

In view of this information, drug repositioning has gained
prominence in the scientific community for providing an
increase in the success rate in the application of molecules
that have the safety and toxicity profiles outlined for other
therapeutic indications of interest [4]. Thirty percent of FDA
approvals in recent years were due to this strategy [11], and
it is estimated that 75% of drugs already in use can be repo-
sitioned for new indications [7].

In the context of pandemics, drug repositioning is
extremely advantageous by reducing the time required for
clinical trials until the drug is made available with the effi-
cacy and safety of the population that needs it [4]. In recent
years, the World Health Organization (WHO) has been
dealing with several outbreaks of viral diseases with pan-
demic potential that do not have a specific treatment, such
as those caused by the Zika virus, Ebola, and MERS-CoV.
Viral diseases, especially, suffer from the reduced number
of therapies: from 2012 to 2017, only 12 antivirals were
approved by the FDA, these being aimed at the treatment
of pathologies related to the hepatitis C virus and human
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immunodeficiency virus (HIV) [3]. The current coronavirus
disease 2019 (COVID-19) pandemic, caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
virus, configures a global public health crisis, which requires
that effective and safe therapies be developed quickly, and
the repositioning of drugs is the rational way to increase the
pharmacotherapeutic scope of existing treatments [9].

COVID-19 had its first case reported on 8§ December
2019, in the city of Wuhan, China, when a group of patients
showed symptoms of pneumonia of undetected origin. Con-
firmation of infection with the new coronavirus was made
by the Chinese Center for Disease Control and Prevention
and the WHO on 9 January 2020, the day on which the first
death from the disease also occurred [12]. The first case
outside China was reported on 13 January 2020 in Thailand,
and the disease has since spread virtually throughout the
world, having been declared a pandemic by the WHO on
11 March 2020.

Before the COVID-19 vaccines were available, the dis-
ease had a high prevalence, incidence, and fatality rate,
emphasizing the importance of finding a safe and effective
treatment for the disease in a short period of time. Thank-
fully, this epidemiology has changed considerably, but much
of what was reported in the mainstream media about drugs
in clinical trials led to indiscriminate use of drugs without
scientific basis in the hope of a treatment, which can be
dangerous to people’s health.

Thus, the present review aims to bring together the evi-
dence from the main drug repositioning trials for the treat-
ment of COVID-19 that were carried out until the beginning
of 2022, focusing on small molecule candidates. Further-
more, besides describing the pathophysiology of the dis-
ease, this work will focus on the proposed mechanism of
action, synthetic routes, and main clinical studies of the
drugs listed herein.

Pathophysiology of COVID-19

The transmission of SARS-CoV-2 occurs through respira-
tory droplets from an infected person that reach the mucous
membranes (eyes, nose, and mouth) of a person who, more
commonly, is close at the time of the release of this material,
through cough or sneeze [13] There is also the possibility
of transmission through contaminated objects, as the virus
can survive in aerosols and various materials from 3 h to
3 days, depending on the type of surface and environmental
conditions [14]. After exposure, the virus has an incubation
period of 5 to 6 days, during which there are no symptoms,
but transmission can occur to other individuals as the virus
replicates in nasal epithelial cells [13]. Incubation can reach
14 days, which reinforces the importance of social distanc-
ing and the use of a mask for the population.
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SARS-CoV-2 is a pleomorphic, enveloped, positive-
sense, single-stranded RNA virus [7] and has four struc-
tural proteins: spike, membrane, envelope, and nucleocapsid
(Fig. 1A) [15]. The S protein is a transmembrane trimer
that gives the virus its crown appearance, hence the name
coronavirus [15]. It is responsible for the penetration of the
virus into the host cell, which occurs through its two func-
tional subunits: S1 and S2 [13]. Initially, the receptor bind-
ing domain (RBD) of the S1 subunit binds to the host cell
receptor angiotensin-converting enzyme 2 (ACE2) (Fig. 1B)
[16, 17]. The transmembrane serine protease 2 (TMPRSS2)
of the target cell then participates in cleavage at a catalytic
site similar to furin [18] between the S1 and S2 subunits,
activating the spike protein and causing its conformational
change [13, 16]. The S1 subunit is released [17] and the S2
is stabilized, resulting in fusion between the host cell and
virus membranes [13]. It is worth noting that the furin-like
site is not present in other coronaviruses and is an adap-
tive evolution of SARS-CoV-2 that gives it a higher level
of infectivity [18].

Cathepsins B and L are cysteine proteases and have also
been reported to have a role similar to that of TMPRSS2,
although they are not essential to the viral spike protein
cleavage step [19]. In cells that do not express TMPRSS2,
cathepsins may be an alternative for the virus to enter the
cell [20] and may play a more important role in the elderly,
where they are overexpressed as a consequence of the aging
process [16].

After membrane fusion, the virus releases its genetic
content into the cytoplasm, and transcription of its single-
stranded RNA occurs by the host cell machinery, generating
two polyproteins (ppla and pplab) [15]. These are processed
into 16 nonstructural proteins (nsp) [14, 15], one of which is
RNA-dependent RNA polymerase (RdRp) [15], that forms
the replication—transcription complex (RTC) in a double-
membrane vesicle [17]. The complex is responsible for the
synthesis of subgenomic RNAs [17] that encode the four
structural proteins spike, membrane, envelope, nucleocapsid,
and other accessory proteins for the formation of new viral
particles [1, 21].

The N protein is responsible for the helical formation
of the nucleocapsid with the new genome [17], while the
membrane facilitates the assembly of the viral particle and
shapes it by interacting with the nucleocapsid and the other
membrane proteins [22]. On the other hand, the envelope
protein participates both in the assembly of the particle and
in its release and viral pathogenesis [22].

Virions, as the new viral particles are called, are assem-
bled in the endoplasmic reticulum and then transported in
vesicles to the cell membrane, where they are released by
exocytosis and proceed to infect adjacent cells, where the
replication process is repeated [1, 13].

The infection begins in the nasal epithelium, where cells
exhibit high expression of the SARS-CoV-2 entry factors:
ACE2 and TMPRSS?2 [20, 23]. In the first 2 days, the virus
replicates and propagates through an initial and limited host
immune response. As the infection progresses through the
upper respiratory tract, mild symptoms such as cough, fever,
and malaise may arise due to the release of cytokines by the
immune system, which in most cases is sufficient to control
the spread of infection to the lower respiratory tract [13].

In the lungs, the virus primarily invades types I and II
pneumocytes. Continued viral replication and exocytosis
generate progressive damage to the epithelial-endothelial
barrier. A process of release of pro-inflammatory cytokines
such as IL-1p, IL-6, tumor necrosis factor (TNF), nitric
oxide, and the recruitment of innate and adaptive immune
system cells such as T lymphocytes, monocytes, and neutro-
phils begins. These cells are chemoattracted by IL-8 released
by infected cells and alveolar macrophages and infiltrate
the lung tissue in order to fight the virus. The inflamma-
tory response that is increasingly amplified is called the
“cytokine storm” and contributes to increased vascular per-
meability and tissue damage, resulting in pneumonia with
diffuse alveolar damage, edema, and hyaline membrane for-
mation, which presents as a serious acute respiratory syn-
drome [13, 23-26].

The most common form of presentation of COVID-19
is pneumonia, but the disease affects several organs [24,
27]. From the alveoli, the virus enters the bloodstream
[28] and infects other tissues, especially the kidneys, heart,
and gastrointestinal tract, which are the ones that most
express the ACE2, TMPRSS?2, and cathepsins B and L
genes [16]. In addition to these sites, the virus also attacks
the central nervous system through the presence of ACE2
in glial cells, neurons, capillary endothelium, and olfac-
tory bulbs [24] or even through the alternative receptor
CD147 [16]. Venous and arterial thrombosis are com-
mon complications, which also occur from the invasion
of the virus into endothelial cells through ACE2, leading
to damage to the endothelium, alteration in fibrinolytic
function, the release of prothrombotic factors, and more
pro-inflammatory cytokines [24].

It is important to point out that many of the complications
are caused by the inflammatory response rather than the virus
itself, and the level of the immune response generated by the
host dictates the severity of the systemic disorder [29].

Pancreatic and liver dysfunctions presented by patients
are examples of complications that are likely to occur as a
result of the indirect effects of the cytokine storm caused by
the virus [16, 24]. Further corroborating this relationship is
the fact that inflammatory cytokines are higher in patients
who need care in intensive treatment units (ITU) compared
to patients who do not require an ITU [17].
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A Brazilian study proved the role of SARS-CoV-2 in the
activation of the NOD-like family pyrin domain—containing
receptor 3 receptor (NLRP3) inflammasome, especially
in patients with severe conditions requiring hospitaliza-
tion. NLRP3 activates caspase-1, leading to the release of
gasdermin-D, which induces pyroptosis, and the inflam-
matory cytokines IL-18 and IL-1f, which contribute to the
cytokine storm [30]. This mechanism also supports obesity
and diabetes as risk factors for COVID-19, given that these
patients have the NLRP3 inflammasome pathway chroni-
cally overactivated [31].

Approximately 80% of patients develop mild to moderate
symptoms of the disease, 15% have a severe condition and
require hospitalization, and the other 5% are critically ill
patients who require intensive care and respiratory support
[14]. The ideal scenario is for the immune response to act
in balance to ensure viral clearance, without causing immu-
nopathogenesis [12].

Drug repositioning in the context
of the COVID-19 pandemic

The management of COVID-19 infection depends on the
severity of the disease and can include hydration, oxygen
administration, pain control, mechanical ventilation, and
drugs [32]. Until January 2022, the antiviral remdesivir
was the only drug approved by the FDA for the treatment
of COVID-19, which was granted in October 2020 [33].
Fourteen other drugs got emergency use authorizations for
disease management, among monoclonal antibodies, seda-
tives, convalescent plasma, an anticoagulant, and only three
antivirals [34]. In Brazil, remdesivir and baricitinib had also
obtained indications for COVID-19 by the Brazilian Health
Regulatory Agency (ANVISA) [35, 36]. Monoclonal anti-
bodies were approved for emergency use only [37, 38].
From the first confirmed case until October 2022,
623,740,954 COVID-19 cases were reported to the WHO
worldwide, resulting in 6,564,715 deaths [39]. Although
more than nine billion vaccine doses were administered [39],
factors such as economic inequality between countries, non-
adherence to vaccination, and new coronavirus variants [40]
do not stop new cases and deaths from happening. Because
of that, an effective and safe treatment makes itself necessary,
and drug repositioning is a fast strategy to achieve this goal.
Besides being able to provide effective treatment and
reduce the number of deaths due to COVID-19, drug repo-
sitioning is an important strategy to expand the knowledge
about viral biology. This is a big challenge to combat emerg-
ing viruses, as replication, pathogenesis, and host interac-
tion are still uncertain for most of them, and to develop an
effective drug, it is necessary to have this information [41].
Furthermore, the small molecules under investigation are

means for this better understanding, possibly leading to the
discovery of new molecular pathways, cell targets, or even
an antiviral activity that had not been described yet. All of
this is of great scientific value, even if the molecule does not
get approval for the new therapeutic indication it is being
investigated for [42].

The drugs chosen to be studied for repositioning against
SARS-CoV-2 in clinical trials are those promising to act by
inhibiting one or more steps of the viral lifecycle or to act on
the effects caused by the infection, such as the host immune
response [43]. Experimental and computational approaches
can be used to identify candidates by screening drug librar-
ies. In this sense, the search for effective compounds can be
based on the structure of the target, which can be both from
the host or the virus, aiming to find a drug that can act on
it, or based on the structure of the drug, aiming to find the
target it can act on. Regardless of the methodology, after a
candidate is identified, the drug still has to go through pre-
clinical and clinical studies to have its mechanisms of action,
effects, and safety investigated [44].

Most tested molecules for repositioning
for the treatment of COVID-19

According to the global clinical trials portal ClinicalTrials.
gov, the small molecules with the highest number of clinical
trials registered worldwide (at least ten studies) for the treat-
ment of COVID-19 were chloroquine (1) and/or hydroxy-
chloroquine (2), ivermectin (3), favipiravir (4), colchicine
(5), remdesivir (6), dexamethasone (7), methylprednisolone
(8), nitazoxanide (9), azithromycin (10), camostat (11), and
baricitinib (12). The chemical structure of these compounds
(1-12) is represented in Fig. 2A.

When analyzing the pharmaceutical classes of the most
studied compounds, it was possible to observe that anti-
inflammatory compounds received most of the attention
(30.8% of the studies), followed by antivirals (23.1%). Alto-
gether, six classes were mostly investigated, and Fig. 2B
shows the graphic distribution of these data.

Chloroquine and hydroxychloroquine

Chloroquine (CQ—1; Fig. 2A) is a drug widely used for the
prophylaxis and treatment of malaria and for the treatment
of inflammatory and immunological diseases, such as rheu-
matoid arthritis and systemic lupus erythematosus. The first
report of its synthesis was in 1934, and it was introduced in
therapy the following year.

Although chronic use of 1 can cause significant adverse
effects, such as cardiotoxicity or neurotoxicity [45], it is
still widespread due to its high effectiveness in controlling
plasmodium and low cost of production. Studies aimed at
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obtaining a more active and less toxic 1 derivative led to The synthesis of both 1 and 2 starts with the construction
the discovery of hydroxychloroquine (HCQ—2, Fig. 2A) in  of the 4,7-dichloroquinoline ring (13). Commonly, the ring
1950. The efficiency was the same but with 40% less toxic-  is prepared from an addition reaction of a diethyl ester deriv-
ity [46, 47]. ative (14) and 3-chloroaniline (15), leading to the formation
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of an intermediate enamine (16). The 17 bicycle is obtained
by heterocyclization at high temperatures (around 250 °C).
The next step is the hydrolysis of 17 and then the decarboxy-
lation of the 18 in an acidic condition at a high temperature.
Compound 18 is then subjected to an addition/substitution
reaction to exchange the hydroxyl function for a chloride,
leading to the formation of 13 (Scheme 1).

The 4-diethylamino- 1-methylbutylamine (19) can be pre-
pared via an alkylation reaction between the acetoacetic ester
(20) and 2-diethylaminoethylchloride (21), which results in
the formation of 22. The 23 intermediate is obtained after
the acid hydrolysis reaction, followed by the decarboxylation
of the compound. In the final step, the reductive amination
reaction catalyzed by Raney nickel in the presence of ammo-
nia and hydrogen results in the formation of 19. Compound 1
can be obtained through a nucleophilic substitution reaction
between 13 and 19 (Scheme 1).

HCQ (2) can be prepared by the same synthetic route
used for the preparation of 1, simply by replacing 19 for
diethylethanolamine (24). Compound 24 can be prepared
by a nucleophilic substitution reaction between 1-chloro-
4-pentanone (25) and 2-ethylaminoethanol (26), which
results in the formation of the intermediate 27. Like in 19,
the reductive amination reaction catalyzed by Raney nickel
can be used to obtain 24. The substitution reaction between
13 and 24 also led to compound 2 (Scheme 1).

CQ and HCQ have diverse anti-infective and anti-
inflammatory mechanisms of action, but not all of them are
completely elucidated. Because they are weak bases, drugs
accumulate in lysosomes and endosomes (acidic cell com-
partments) and increase the pH of these organelles, going
against the processes of membrane fusion and maturation
and the release of virions [32, 48]. Cathepsin B activity is
also reduced by the alkalization process [49].

The step of virus entry into the host cell can also be
impaired due to the binding of 1 and 2 to sialic acids and
gangliosides used by SARS-CoV-2 [50]. Immunomodula-
tory activity occurs by suppressing the release of various
pro-inflammatory cytokines by monocytes, lymphocytes,
and macrophages.

In 2020, the result of an in vitro study carried out to ver-
ify the cytotoxicity and efficacy of seven drugs on Vero E6
cells infected with SARS-CoV-2 was published. Compound
1 was one of the drugs that showed the potential to prevent
infection by the virus (ECsy: 1.13 pM and ECy,: 6.90 pM),
with action at the entry stage and after entry into the cell,
and with a dose that could be reached clinically [51]. The
same group of researchers carried out a study to analyze the
in vitro effectiveness of hydroxychloroquine and reached the
same conclusion, but with less potency compared to 1. [48]
A third in vitro study demonstrated good antiviral activity
by both molecules, but with 2 achieving greater potency
(EC5,=0.72 pM) [52]. Due to the promising results, it was

recommended that both compounds be tested in patients
with COVID-19.

In March 2020, the FDA approved the emergency use of
1 and 2 for adolescents and adults hospitalized with COVID-
19 based on the positive results of two clinical trials for viral
load reduction [53, 54], although both had several meth-
odology problems such as a small number of samples and
the absence of randomization and blinding. However, given
that the safety profile of the compounds was known, that
the indicated dose was already approved in the medicine
leaflet, that both had similar clinical trial results, and that
patients were being monitored in the hospital environment,
emergency approval was granted [55].

Among the 26 clinical studies with results published in
scientific journals analyzed in this work, none presented
efficacy results in favor of 2 and/or 1 in accordance with
their proposed objectives. The main parameters evaluated
were, among others, time to reach a negative RT-PCR test,
clinical improvement, hospitalization, mechanical ventila-
tion rate, and mortality. These studies include different sam-
ple sizes, study designs, and case severity. [56—79]. The two
largest studies, conducted by the WHO Solidarity Consor-
tium [80] and the Oxford University Recovery group [81],
were no different.

The Solidarity trial, which involved over 7000 patients
across multiple countries, concluded that 1 and 2 have no
effect on the reduction of mortality, initiation of mechani-
cal ventilation, and duration of hospitalization in patients
hospitalized with COVID-19 [80]. Similarly, the RECOV-
ERY, which involved over 4000 patients in the UK, found
no evidence of benefit from 2 in reducing mortality rates or
improving clinical outcomes. Furthermore, it was observed
that patients who received this treatment were hospitalized
for a longer time and were at great risk of death, needing
mechanical ventilation [81].

Axfors et al. [82] published in 2021 a systematic review
and meta-analysis of 29 studies that investigated the effec-
tiveness of 1 and 2 in the treatment of COVID-19. The stud-
ies involved over 100,000 patients from multiple countries.
The analysis found no significant reduction in mortality or
need for mechanical ventilation with the use of these drugs
in COVID-19 treatment. The results are consistent with
other studies that have also shown no significant clinical
benefit of these drugs in COVID-19 treatment. The authors
also suggest that the use of these drugs in COVID-19 treat-
ment should be discouraged and that research efforts should
focus on other potential treatments.

Three months after the start of larger clinical studies, the
FDA revoked the emergency authorization of 1 and 2 for the
treatment of COVID-19 based on the non-reproducibility of
clinical results favorable to the compounds. The analysis of
the collected results showed that the dose needed to achieve
an antiviral effect should be higher than the authorized one,
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and therefore, it would not be feasible due to the risks of
toxicity. Thus, the use of the drugs was recommended only
in clinical trials [55].

In Brazil, ANVISA approved in March 2020 the conduc-
tion of clinical trials in the country with 1 and 2, in addition
to the compassionate use in patients with severe disease, but
making it clear in a technical note that “for the inclusion of
therapeutic indications new in drugs, it is necessary to conduct
clinical studies in a representative sample of human subjects,
demonstrating safety and efficacy for the intended use” [83].

Among the risks of using 1 and 2 are the increased likeli-
hood of serious adverse events, diarrhea, elevated transami-
nase levels, and QT interval prolongation, especially in
patients with cardiac comorbidities, which are more pro-
nounced when associated with 10 [84-87].

Ivermectin

Ivermectin (3, see Fig. 2A) is a drug approved for use in
clinics, and it has been widely used for antiparasitic treat-
ment in humans since 1987 after being approved for vet-
erinary use in the 1980s [88]. Commercial compound 3 is
actually a mixture of two homologous (avermectin B ;)
16-membered macrocyclic lactones, called avermectins,
produced by the bacterium Streptomyces avermitilis. It was
isolated from woodland soil samples for the first time in
1970, in a collaborative work between Kitasato University
and Instituto Merck [89].

The first total syntheses of avermectin B, (28) date from
the 1990s, and the main challenge was to obtain the 18 chiral
carbons present in the molecule [90-92]. In 2016, Yamashita

glycosidation

29
OH
avermectin B4, (28)
TBDPSQ_
/ 0 aldol reaction
) D e ——
07 “OTES
OTBS
33

H, -
+. lactonization

et al. [93] published a synthetic proposal to obtain 3, starting
from three key fragments (29-31) in a convergent synthesis.
Figure 3 presents the retrosynthetic analysis planned by the
authors. In total, 50 steps were necessary to obtain the final
product. As 3 is commercially produced by the biocatalytic
process (production by a microorganism), the total synthesis
of avermectin B, has not yet been published.

Compound 3 selectively acts on the gamma-aminobutyric
acid (GABA)-mediated anion channels of the parasite, which
have their activity increased, leading to an enhanced cellular
influx of chloride ions that generates paralysis and death of
the parasite [94, 95].

In 2012, screening for compounds capable of inhibiting
the transport of viral proteins between the nucleus and the
cytoplasm of the host identified ivermectin as one of the
possible drugs for this purpose. Ivermectin has been found
to have a specific inhibitory action on importin o/f3 depend-
ent transport, which is important for many viral infections,
in addition to in vitro evidence of antiviral activity against
dengue and HIV viruses due to this mechanism [96].

The antiviral mechanism described and based on previ-
ous experiments on the role of importins in the life cycle of
SARS-CoV, an in vitro study was conducted with promis-
ing results of efficacy and toxicity of ivermectin on SARS-
CoV-2 at the applied dose (ICsy,~2 pM) [97]. This study
was the basis for human intervention clinical studies with 3.

Of the 12 clinical studies published in scientific journals,
three randomized, placebo-controlled, double-blind proto-
cols showed results in favor of ivermectin regarding the ini-
tially proposed objectives, including time to RT-PCR test
negativity and general improvement of symptoms [98—100].

o:
Julia coupling H
or OH

Witting coupling

Fig. 3 Retrosynthetic plan proposed by Yamashita and co-workers. Adapted from ref. [87]
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Despite this, few patients were included—60, 70, and
72, respectively—which compromises the reliability of the
results. In addition to these results, the study by Babalola
et al. [99] demonstrated that the inhibitory effect of iver-
mectin on SARS-CoV-2 is dose-dependent; furthermore,
the proportion of patients who became symptom-free by
day 6 was significantly higher in the group that received
3 (82.1%) compared to the control group (36.7%). The
dose-dependency relationship of 3 was also concluded by
Buonfrate et al. [101] and Krolewiecki et al. [102] although
they did not observe a decrease in viral load and signifi-
cant clinical improvement in relation to the control groups.
Buonfrate et al. [101] also reported adverse events in 50%
of patients in the higher-dose group, 37.5% of patients in
the lower-dose group, and 12.5% of patients in the placebo
group. Krolewiecki et al.’s [102] study observed no signifi-
cant difference in viral clearance between the groups on day
7 or 14 after treatment. The authors concluded that high-
dose ivermectin did not improve viral clearance or clinical
outcomes in early COVID-19 patients and may be associated
with adverse events. Abd-Elsalam et al. [103] and Chaccour
et al. [104] reported only positive trends regarding the use
of 3 but without statistically significant differences between
treatment and control groups.

In two broader studies, with 476 and 501 participants, the
results were not promising for 3 in preventing hospitalization
and resolving symptoms, the primary endpoints of each, nor
the secondary endpoints [105, 106]. Vallejos et al. [105] also
described the need for mechanical ventilation by patients who
received 3 much earlier than patients in the placebo group.
The results were also not positive for the studies conducted
by Ravikirti et al. [107] (115 patients), Mohan et al. [108]
(157 patients), and Galan et al. [75] (168 patients), who eval-
uated the parameters of the conversion to negative RT-PCR
test, decrease in viral load, need for oxygen supplementation,
mechanical ventilation, ICU admission, and death.

None of the studies cited raised concerns about the safety
of 3, but, in general, the evidence of efficacy does not point
to the indication of the drug as a treatment for COVID-19.
Comparison and analysis of studies were obstructed by dif-
ferences, mainly in sample sizes and administered doses.
Most of the published studies have a small sample, which
makes it difficult to extrapolate the results to the general
population. However, it is likely that larger studies will not
be the solution for the repositioning of this drug, since an
analysis carried out in 2020 by Momekov and Momekova
[109] showed that the dose used by Caly et al. [97] in their
in vitro trial is 17 times higher than the highest dose studied
in humans and even higher than the doses currently approved
for their labeling indications.

Ivermectin 3 is sold in two pharmaceutical forms: oral
approved for human use and intravenous for veterinary use.
It is important to note that the production process, dosage,
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safety, and efficacy analysis are specific for each use. How-
ever, the seek for animal-use 3 was common in the pan-
demic, high-risk conduct that can quickly lead to neurotoxic-
ity, with altered mental status, vomiting, and myoclonus, in
addition to causing liver complications and lymphopenia in
patients with COVID-19 [110]. Both the American Regula-
tory Agency (FDA) [111] and the Brazilian (ANVISA) [112]
have spoken out against this practice.

Despite having a good safety profile and a low risk of neu-
rotoxicity, the irrational use of oral 3 can be harmful to health.
The possibility of hyperinflammation, drug interactions,
hepatotoxicity, and polymorphisms in the P-glycoprotein
gene may increase the risk of toxicity, in addition to the most
common adverse events such as fatigue, headache, dizziness,
and itching [113].

Favipiravir

Favipiravir (4, see Fig. 2A) is an antiviral prodrug approved
in 2014, in Japan, for the treatment of influenza. It has also
been studied for activity against other viruses, such as Ebola,
West Nile virus, Heni Nipah virus, among others [114].
Compound 4 is a pyrazine derivative that can be synthe-
sized using various approaches, as the pyrazinamide ring is a
common building block with a variety of substituents [115].

The first synthesis of 4 was patented in the 2000s by
Furuta and Egawa [116], in a seven-step route starting from
3-aminopyrazine-2-carboxylic acid (34). Bromide was added
to the (36) ring after the esterification of 35. In the follow-
ing steps, the amino group is replaced by a methoxy group
(37), while the bromide is replaced by an amino group (38)
in a reaction catalyzed by (S)-BINAP. The amide 39 was
obtained by basic hydrolysis of the ester with ammonia as a
catalyst, while the fluorinated compound 40 was prepared
via treatment with the Olah reagent. The last step involves
the deprotection of the hydroxyl group. However, this
first synthetic proposal had an overall yield of only 0.44%
(Scheme 2) [115, 117].

Titova and Fedorova [115] published a complete
review in 2020 with different approaches for preparing 4.
Tiyasakulchai et al. [118] recently reported the use of flow
chemistry for two crucial steps in the synthetic route from
diethyl malonate (41). The oximino 42 was formed by treat-
ing 41 with glacial acetic acid and sodium nitrile. The next
step was carried out under flow conditions, leading to the
high yield of the reduced amine (43). Compound 43 was
hydrolyzed in the presence of ammonia, forming diamide
44. The cyclization step between 44 and glyoxal was per-
formed under acidic conditions, and pyrazinamide salt (45)
was obtained in good yield. The bromination reaction of
45 was carried out in good flow, and compound 46 was
obtained in good yield. After another 4 steps, compound 4
obtained in 17% overall yield (Scheme 2) [118].
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Once 4 is in the intracellular environment, it under-
goes phospho-ribosylation and transforms into its active
form, favipiravir-ribofuranosyl-5'-triphosphate (favipira-
vir-RTP), which is erroneously incorporated into nascent
viral RNA chains synthesized by RdRp, interrupting the
continuation of the process of viral protein synthesis and
consequent viral replication. In addition to the influenza
virus, favipiravir has also shown activity against other
RNA viruses in vitro and in vivo assays. [114, 119]

The preclinical in vitro evidence did not support favipiravir
against SARS-CoV-2. Studies performed showed that 4 did

O

ONa

44
45

tor; j 28% NH; in H,O, r.t.; k 45% NaOH, 39% glyoxal,—10 °C to
r.t.; 1 Br,, MeOH, MeCN, 30 °C, flow reactor; m KF, TBAB, DMSO,
60 °C; n AcONa, H,0, toluene, DMSO, 50 °C; and o H,SO.y1c
H,0, NaOH solution, 50 °C

not exhibit satisfactory inhibition activity under the conditions
tested [51, 120-123]. However, Wang et al. [51] pointed out
that, as obtained for SARS-CoV-2, the inhibitory concentra-
tion of 4 in a test against the Ebola virus was quite high, but
that this did not rule out the success of the in vivo study of the
compound. The work published by Lou et al. [121]. empha-
sized that the analyzed concentration of 4 was in the plasma
and not the intracellular concentration of the active metabo-
lite. Thus, 4 was subsequently extensively studied in humans.

Six of the nine included studies evaluated the time to
viral clearance as the primary efficacy endpoint of 4, as
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determined by a negative RT-PCR test. Of these, three
had no favorable results, with samples of 231, 30, and 147
patients each, presenting a viral clearance without signifi-
cant differences when compared to the control group [121,
124, 125]. The other three studies found that the use of favi-
piravir reduced the time to viral clearance, on average, by
2 days when compared to the placebo group; these studies
involved groups of 60, 168, and 55 patients [126—128].

The largest study, with 380 participants in a moderate to
severe condition, evaluated the number of ITU admissions
and intubations [129], but found no clinical benefits with
the use of 4, in agreement with the results obtained also by
Chen et al. [130] who evaluated clinical improvement in 240
participants in the same state. However, two other studies
found positive results for 4 in terms of clinical improvement
in mild to moderate patients, with significant improvement
in symptoms such as headache, myalgia or arthralgia, and
fatigue or tiredness [125, 131].

The evidence for the use of 4 against COVID-19 is very
divided. It would be interesting to conduct broader studies to
evaluate the effect of the drug on the different degrees of sever-
ity of the disease, in addition to verifying whether viral clear-
ance benefits from its use and whether it is correlated with the
clinical improvement of patients since many of the symptoms
are related to the inflammatory response of the host.

Concerns with the use of favipiravir include elevated
blood uric acid levels, which may be clinically significant
in patients with gout, hyperuricemia, and liver dysfunction
[132], QT interval prolongation, and teratogenic potential,
being contraindicated for pregnant women and women of
reproductive age [133].

Colchicine

Colchicine (S, see Fig. 2A) is a major alkaloid found in
meadow saffron (Colchicum autumnale L.), which is native
to North Africa and Europe. It is used in the treatment of
gout and familial Mediterranean fever [134]. Colchicine
was first isolated in 1820, but due to its structural complex-
ity, its correct elucidation took place only in 1952, using
X-ray techniques [135]. The existing tricyclic skeleton in §
has made finding a synthetic route to the compound one of
the biggest challenges in the synthesis of this natural prod-
uct. Thus, it was not until 1959 that the first total synthesis
of 5 was reported by Eschenmoser et al. [135] The biggest
challenge was constructing the unusual 20-membered ABC
(6,7,7) ring system and the presence of a chiral center in
the B ring at the carbon vicinal to the C ring.

This first work was a 22-step linear synthesis with an
overall yield of 0.00006%. The C ring was constructed from
compound 47, in which the hydroxyl group was protected,
and the B ring was reduced to form ketone 48. For the
construction of the tricyclic system, the Michael addition
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reaction between 48 and the propyne ester 49 was used, with
the intermediate formed on a second Michael addition result-
ing in the lactone 50 [135].

The key step of the synthetic route is the formation of
the Diels—Alder adducts (52) through the reaction between
50 and the chloromethylmaleic anhydride (51). Compound
52 was then hydrolyzed, and after treatment with base,
norcaradiene 53 was obtained, which is rapidly converted
to tropylidene diester 54. After 5 more steps of function-
alization and defunctionalization of the C ring, the second
key intermediate (55) was obtained. The next step involved
functionalizing the B ring, after bromination via a radical
reaction, followed by the ammonolysis reaction, with the
formation of 56. After the remethylation of the C ring and
acetylation of the B ring, a racemic mixture of compound
5 was obtained (Scheme 3). Schmalz and Graening [135]
published an extensive review in 2004, focusing on the main
pathways of obtaining S previously published.

Colchicine is an antimitotic compound whose mecha-
nism of action is to block the polymerization of microtu-
bules, which are cellular components responsible for main-
taining cell structure and cytokine secretion. The effect
occurs after binding with tubulin. The anti-inflammatory
activity of 5 is a side effect of microtubule depolymeriza-
tion, as neutrophil recruitment and adhesion to inflamed
tissue are impaired. A third activity attributed to colchicine
is the inhibition of activation of the inflammasome NLRP3
composed of caspase-1, consequently reducing the release
of gasdermin-D, which induces pyroptosis, and the inflam-
matory cytokines IL-18 and IL-1f, which participate in the
cytokine storm cascade [136].

Three clinical studies showed positive results in improv-
ing the clinical outcome of patients who received S com-
pared to patients who received a placebo. However, two of
these studies were carried out with a reduced number of
patients (n < 80), a factor that causes confirmation bias in the
results. [137, 138]. The third study, called COLCORONA
(Colchicine Coronavirus SARS-CoV?2 Trial-COVID-19),
had the participation of 4159 patients with a diagnosis of
COVID-19 confirmed by the positive RT-PCR test [139].

The primary endpoint of the study was a composite of death
from any cause, hospitalization for COVID-19, or mechanical
ventilation. The results showed that colchicine reduced the risk
of the primary endpoint by 21% compared to placebo (4.6% vs.
5.8%, respectively). The number needed to treat (NNT) to prevent
one primary endpoint event was 91. In addition, colchicine was
found to reduce the rate of hospitalizations by 25%, the need for
mechanical ventilation by 50%, and deaths by 44%. The safety
profile of colchicine was favorable, with no increase in adverse
events compared to the placebo. Overall, the COLCORONA trial
demonstrated that colchicine could reduce the risk of complica-
tions in non-hospitalized patients with COVID-19, providing a
new therapeutic option for this patient population [139].
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Scheme 3 Reagents and conditions: a Me,SO,, NaOH, H,0, 0 °C to
rt.; b H,, Pd, THF, 45 °C; ¢ LiAlH,, Et,0, 0 °C; d H;PO,, EtOH,
60-70 °C; e 49, Et;N, benzene, tert-amylalcohol, reflux; f Mel,
K,CO;, acetone, r.t.; g 51, 175°C; h H,SO,, MeOH, reflux; CH,N,;
i ‘BuOK, '‘BuOH, benzene, r.t.; j NaOH, H,0, MeOH, reflux; k OsO,,
py, Et,0, r.t, KC1O;, NaHCO;, MeOH, 100 °C; 1 NaOH, H,O, reflux;

The GRECCO-19 and COL-COVID studies concluded
that there was a trend in preventing the deterioration of the
clinical picture of patients who received the drug. None-
theless, these data were collected with a small sample, no
blinding, and no significant statistical borders [140, 141].
In contrast, at least three studies concluded that there was
no benefit from the use of 5 compared to the placebo. In
these studies, parameters such as disease progression, death,
and need for mechanical ventilation were the main variables
evaluated [142—-144]. Among them, the largest study, called
RECOVERY, recruited more than 11,000 participants.

The RECOVERY trial reported that there was no signifi-
cant difference in the primary endpoint of 28-day mortal-
ity between the colchicine group and the usual care group
(21.8% vs. 22.9%; rate ratio, 0.94 [95% CI, 0.83-1.07];
p=0.32). Similarly, there was no significant difference in
the secondary endpoints of the proportion of patients dis-
charged within 28 days, the proportion of patients receiv-
ing invasive mechanical ventilation, or the duration of
hospital stay. However, there was a small but statistically
significant reduction in the likelihood of progressing to
invasive mechanical ventilation or death in the colchicine

rac-5

m powdered quartz glass, 260-270 °C; n TsCl, py, .t.; o NH;, EtOH,
90-95 °C; p KOH,, EtOH, 130 °C; q CH,N,, Et,0, MeOH, 0 °C;
r NBS, benzoyl peroxide, CCl4, Av, reflux; s NH;, EtOH, H,0,
95-100 °C; t KOH,,, EtOH, 130 °C; u CH,N,, Et,0, CH,CL,,
MeOH, 0 °C; and v Ac,0, py, 100 °C

group compared to the usual care group (RR, 0.86 [95% CI,
0.77-0.96]; p=0.008) [144].

It is interesting to observe that the increase in sampling
in the COLCORONA [139] and RECOVERY [144] studies
led to contradictory results. This discrepancy can be directly
associated with the time of treatment and dosage of 5 used
in each study. While RECOVERY [142] adopted a 10-day
protocol, the COLCORONA [139] study was longer, with
30 days. Regarding dosage, the RECOVERY [144] study
opted for a higher dose than that administered to patients on
COLCORONA [139].

Thus, it is plausible to suggest that a longer anti-
inflammatory treatment, despite a reduced dose, is more
effective in preventing the outcome of death in the partici-
pants. In addition, one of the inclusion criteria for RECOV-
ERY was being in hospital treatment for COVID-19. On the
other hand, patients with COLCORONA were recruited if
they did not require admission, therefore, with milder cases
of the disease, which may have contributed to an apparent
greater effectiveness of 5. In view of these results, it is still
too early to determine the effects of colchicine as an option
for the treatment of all stages of COVID-19; further studies
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of prolonged treatment for patients in critical conditions
should be conducted.

Remdesivir

Remdesivir (6, see Fig. 2A) is a nucleoside analog prodrug
with high-spectrum antiviral activity that was developed by
Gilead Sciences Laboratories in 2009 [145]. In their pat-
ent, the synthetic route of 6 was described as a convergent
synthesis between two key fragments, the adenosine nucleo-
side (57) and the p-nitrophenolate 2-ethylbutyl-L-alaninate
(58). To prepare the 57 fragments, 2-formyl pyrrole (59) was
converted to 60 in a single step, in the presence of hydroxy-
lamine-o-sulphonic acid. In the next step, the cycloconden-
sation of 60 with formamide acetate (61) led to the formation
of the nitrogenous bicycle 62. After the selective iodination
reaction, 62 was converted into the adenine derivative 63
(Scheme 4) [146, 147].

Protected ribose 64 was oxidized to lactone 65 with
the DMSO/acetic anhydride mixture or catalyzed by
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). The ano-
meric mixture 66 was formed via condensation between 65
and 63 through the Grignard reagent. The last steps of the
route involve the replacement of the tertiary hydroxyl with
a nitrile and the deprotection of ribose, which results in the
formation of fragment 57. The preparation of the fragment
58 followed a shorter route, starting with 2-ethylbutyl-
L-alanine (67) in the presence of phosphorodichloridate
(68) and base, to which the resulting phosphate compound
4-nitrophenol was added, leading to the formation of 58.
After the MgCl,-catalyzed coupling reaction between 57
and 58, followed by the deprotection of the isopropylidene
group in acid conditions, compound 6 was obtained
(Scheme 4) [146, 147]. Because 6 and its derivatives have
piqued great interest in the scientific community, in 2022,
Braga et al. [148] published an extensive review of opti-
mized strategies for achieving 6.

Regarding the mechanism of action of 6, once it is inside
the host cell, it is metabolized to the active adenosine triphos-
phate (ATP) an analogous compound capable of inhibiting
RdRp by being incorporated into the RNA chain in the pro-
cess of synthesis, interrupting viral replication [44].

Initially, 6 was developed to act against the virus that
causes hepatitis C (HCV), which also has a single-stranded
RNA as its genetic material, such as SARS-CoV-2, but has
not shown positive results in clinical trials against HCV [44].
Studies on repositioning the compound for the treatment of
Ebola also did not provide encouraging results [44]. Nev-
ertheless, in vitro and in vivo studies in mice against the
MERS-CoV and SARS-CoV coronaviruses demonstrated
that remdesivir 6 had promising inhibitory activity [149].

Given the 90% similarity in the genetic sequence of
the RdRp between SARS-CoV and SARS-CoV-2 [150],
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remdesivir 6 has gained prominence as a potential drug for
the treatment of COVID-19. In vitro, the drug showed good
potential to prevent infection by SARS-CoV-2, in the same
trial that indicated the start of further studies with 1. [51]
In addition, the study concluded that the optimal drug con-
centration could be achieved in non-human primate models
and that remdesivir 6 inhibited the virus in a human cell line.
Due to the promising results, it was recommended that the
drug be tested on patients with COVID-19 [51].

One of the first published studies on 6 against COVID-
19 was the Adaptive COVID-19 Treatment Trial (ACTT-1),
which found a shorter recovery time from the disease for
the group that received the drug compared to the control
group (recovery time dropped from 15 to 11 days). This
result was even more expressive among patients in critical
condition, in addition to preventing the progression of the
disease due to the lower rate of respiratory failure [151]. In
two other studies, the time of administration of remdesivir
(5 or 10 days) was compared [152, 153]. Also, the results
reported for both patients with moderate and severe pneu-
monia showed a clinical improvement after treatment with
the drug. The duration of treatment did not show significant
differences [153].

In October 2020, based on these three clinical studies car-
ried out between February and April of the same year, the
FDA announced the approval of 6 as the first treatment for
COVID-19, having been indicated for hospitalized patients
from 12 years of age and with weights over 40 kg [154].
Another study carried out in the same period that evaluated
clinical improvement, mortality, and viral clearance reported
negative results regarding remdesivir; these parameters were
evaluated in patients with severe conditions [155]. In Brazil,
ANVISA granted approval for the drug in March 2021 also
for hospitalized patients 12 years of age and weighing over
40 kg without the need for mechanical ventilation [35].

WHO Solidarity also evaluated the use of 6 against
COVID-19, and the study carried out by the consortium did
not show benefits in the use of the drug in avoiding/decreas-
ing mortality, reducing hospitalization time, or preventing
the use of mechanical ventilation for any of the participants
[80]. Three complementary studies were performed in Soli-
darity and obtained similar results: in NOR-Solidarity, in
addition to the parameters evaluated in the primary study,
viral clearance was included and was not promising for
remdesivir 6. [65] In Canadian Treatments for COVID-19
(CATCO) and Discovery, despite having presented negative
results for mortality and length of hospitalization like Soli-
darity, both concluded that remdesivir could be beneficial in
preventing the need for mechanical ventilation, in line with
the ACTT-1 [156, 157]. Abd-Elsalam et al. [158] reported
that treatment with 6 in mild and moderately ill patients indi-
cated a trend towards reduced hospitalization. Although the
authors of the study recognize that the reduced number of
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patients evaluated hinders the generalization of the results,
these indications reinforce the preventive activity of 6 for
hospitalizations [158].

Recently, a study conducted on outpatients concluded that
the risk of hospitalization and death from COVID-19 was
reduced by 87% with the administration of remdesivir for
3 days compared to the placebo group [159]. Based on these
results, in January 2022, the FDA expanded the indication
of the drug to patients with mild to moderate disease at risk
of progression to a severe condition [160]. In Brazil, there
were no changes in the indications for use.

f TfOH, TMSOTT, TMSCN, CH,Cl,,—-78 °C; g BCl,, CH,Cl,,—20 °C;
h i. dimethoxypropane, H,SO,; ii. Et;N, CH,Cl,,—78 °C; i 4-nitrophenol,
E;N; j i-Pr,0; k i. MgCly; ii. (i-Pr),Net, MeCN; and 1 HCI, THF, r.t

Despite the approval of 6 for the treatment of severe
COVID-19, more affordable therapeutics are needed, as
the cost of treatment with remdesivir is still very expensive
[161] and is not consistent with the financial reality of most
countries, especially underdeveloped or developing nations.

Dexamethasone and methylprednisolone
Dexamethasone (7) and methylprednisolone (8) (see

Fig. 2A) are anti-inflammatory steroids of the glucocorti-
coid class. They are used in the treatment of inflammatory
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Scheme 5 Reagents and conditions: a MeMgl; b Ac,0, TsOH;
¢ PhCO;H; d MeOH, H,0, KHCO;; e Br,, f Nal, MeCO,K, ace-
tone; g CrOs; h Br,, AcOH, CHCl;; i H,NNHCONH,; j NaBH,,

diseases such as asthma, dermatitis, lupus, rheumatoid
arthritis, colitis, and Chron’s disease, among others.

The first synthesis of 7 was reported in 1958 by Arth et al.
[162] in the Merck Institute. A semi-synthetic steroid (69)
obtained after the derivatization of a bile acid isolated from
cattle was the starting material for the 17-step synthetic pro-
posal. The initial steps involved the functionalization of the
D ring of the steroid tetracycle. Compound 70 was obtained
using the Gridnard and the epoxidation reactions. To add an
acetoxy group to C21, the bromide addition strategy was used.
This was followed by substitution with potassium acetate
mediated by Nal, resulting in the compound 71. The next two
steps involved hydroxyl oxidation and obtaining an unsatu-
ration in the A ring. The double bond was accomplished
through a bromination reaction followed by the reaction of
bis(semicarbazide) formation in rings A and D ketones via
hydrazine. Dehydrobromination resulted in compound 72.
The reduction of the ketone in the C ring mediated by NaBH,
led to the removal of the semicarbazide group, and enzymatic
dehydrogenase was the strategy used to obtain dienone 73.
The C ring double bond was obtained after dehydration of
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H*; k enzymatic dehydrogenase; 1 MeSO,Cl, DMF, py; m HCIO, ag
NBS; n MeONa/MeOH, and o HF, THF, CHCl,

the secondary alcohol. The resulting triene was treated with a
solution of aqueous perchloric acid and N-bromosuccinimide
(NBS), leading to the formation of 74. To compound 74 was
added a basic solution which resulted in the output of bromide
by epoxidation, the ring opening was mediated by HF, result-
ing in the formation of 7 after the addition of fluoride in the
C ring (Scheme 5) [162, 163].

In 1959, the Merck Institute also published the synthesis
of methylprednisolone (8) as a derivatization of prednisolone
[164]. Using hydrocortisone (75) as the starting material, the
first step consisted of protecting the ketones from A and D
rings, via acetal. This reaction has the secondary effect of
shifting the double bond from C4-C5 to C5-C6, thereby
forming the diethyleneketal compound 76. For the methyla-
tion of the B ring, the double bond was previously epoxi-
dized (77). Epoxy ring opening was mediated by Grignard
reagent, leading to the addition of the methyl group to the
B ring, with subsequently, the removal of the acetal under
acidic conditions leading to the formation of compound 78.
Compound 8 was obtained after two more steps, dehydration
in an alkaline medium to remove the C5 hydroxyl, and the
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Scheme 6 Reagents and conditions: a 1,2-ethanediol; b PhCO;H; ¢ i. CH;MgBr; ii. Zn, H2SO4; d i. NaOH; ii. AcOH; and e microbiological dehydration

second double bond of the A ring mediated by enzymatic
catalysis (Scheme 6) [164, 165].

The mechanism of action of 7 and 8 is the intracellular
binding to glucocorticoid receptors (GRs), which complexes
migrate to the cell nucleus, acting as a transcription factor
and modulating the expression of several genes related to
the inflammatory response. In general, there is a suppres-
sion of the immune response, with a reduction in vascular
permeability, migration of leukocytes to the inflammatory
focus, release of inflammatory cytokines, and an increase in
anti-inflammatory cytokines, a situation that may be inter-
esting in patients in the inflammatory phase of the disease
(COVID-19) [166].

The broader clinical study with 7, conducted by the
RECOVERY group, evaluated mortality at 28 days from
the randomization of 6425 patients. The results led to the
conclusion that the drug (6 mg once a day for 10 days) was
beneficial for patients who were receiving oxygen (23.3%
vs. 26.2%) or mechanical ventilation (29.0% vs. 41.4%),
reducing the mortality rate compared to the control group.
However, for patients with a milder condition, without any
type of respiratory support, the treatment did not generate
benefits and could cause the disease to aggravate (17.8%
vs. 14.0%). The rate of progression to invasive mechanical
ventilation or death was lower in the dexamethasone group
than in the usual care group (29.3% vs. 32.7%). Among
patients who were discharged from the hospital within the

first 28 days after randomization, the median duration of
hospitalization was shorter in the dexamethasone group than
in the usual care group (12 days vs. 13 days) [167].

In line with RECOVERY, the CoDEX study also showed
the benefits of 7 (20 mg daily for 5 days followed by 10 mg
daily for 5 days) in reducing the duration of mechanical
ventilation for critically ill patients. Even though mortal-
ity was low, there was no statistically significant difference
between the treatment and control groups [168]. Two studies
compared treatment with high-dose 7 vs. the monoclonal
antibody tocilizumab in severely ill patients, one of which
[169], that evaluated death in 14 days, presented a favorable
result for dexamethasone, while the other [170] had higher
mortality and rate of adverse events, discouraging the use
of the drug.

Studies that used high doses (> 10 mg/day) of 7 con-
verged on negative results for the use of the drug since no
clinical benefit was evidenced for patients with any degree
of severity. Additionally, an increase in the occurrence of
adverse events was attested [171-174].

The results of studies conducted to evaluate methylpred-
nisolone were similar to those in 7. The largest of them,
called METCOVID, with 393 participants included, did not
observe statistically significant differences in mortality after
28 days of study, considering the total number of patients
treated. However, in the stratification by age, among par-
ticipants over 60 years of age, the mortality rate was lower
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in the group that received the pharmacological intervention,
while in younger patients, there was a worsening of the clini-
cal picture [175]. After 120 days, the respiratory function
was assessed in 160 of the 393 METCOVID participants,
and a positive long-term effect was found in the methyl-
prednisolone-treated group vs. the placebo. Nevertheless,
this assessment was not performed in the acute phase of the
disease [176].

Two smaller studies, which included patients with mod-
erate-to-severe conditions, reported positive results for the
groups that received 8. [177, 178] However, Tang et al. did
not observe significant differences in the clinical deteriora-
tion of patients, but there was an increase in the time to
viral clearance, especially in milder cases without respira-
tory failure [179].

In a study comparing the two drugs, the results were more
favorable for methylprednisolone, with a more pronounced
improvement in clinical status and a lower mortality rate,
based on the 86 patients included [180]. Given these results,
it is possible to see that the use of glucocorticoids in patients
with COVID-19 should be done with caution.

The data collected seem to indicate a trend toward clini-
cal benefits in patients with a more severe condition when
applied at lower doses. On the other hand, for patients with a
milder condition, 7 and 8 do not seem to be the best choices,
as they may worsen the patient’s condition and increase the
number of adverse events.

Nitazoxanide

Nitazoxanide (9, see Fig. 2A) is an antiprotozoal prodrug
indicated against helminthiasis, amoebiasis, giardiasis, and
cryptosporidiosis, in addition to the treatment of gastroen-
teritis caused by rotavirus and norovirus infection [181]. Ini-
tially, compound 9 was intended as a bioactive molecule for
veterinary uses, and its first patent was published in 1974 by
Rossignol and Cavier [182]. In the early 2000s, both 9 and
some of its derivatives showed good activity against human
pathogens. Among the most common synthetic routes to
obtain 9, there is the use of coupling agents or acid chloride for
the conjugation reaction between the 2-amino-5-nitrothiazole
ring (79) and acetylsalicylic acid (80a). An average yield of
45% was obtained from compound 9 using oxyme/EDCI as a
coupling agent in the reaction between 79 and 80, prepared by
Irabuena et al. [183] Using the acid chloride derived from 80,
Ahmed et al. [184] obtained 9 with a yield greater than 90%,
indicating that the direct amidation reaction for these reagents
was more suitable (Scheme 7).

Compound 9 acts by various mechanisms of action: from
inhibiting the anaerobic energy metabolism of parasites to
blocking the maturation of viral proteins important for influ-
enza, rotavirus, and norovirus viruses, among others [185].
In COVID-19, the possible mechanisms of action against
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SARS-CoV-2 are the promotion of a balance between pro-
and anti-inflammatory cytokines and an inhibitory action on
the stages of the viral cycle [186, 187].

Trials conducted by Wang et al. [51] showed that 9 was
able to inhibit SARS-CoV-2 in vitro assay showing an ECy,
of 2.12 pM. It was therefore recommended that in vivo
evaluations could be performed for the drug, and the results
reported by Arshad et al. [188] reinforce this recommenda-
tion (ECyy>1 puM). Previously, 9 had already been identi-
fied as a potential inhibitor of coronaviruses [189] and the
RNA-virus EBOV [190], evidence that also supported the
investigation of the drug against COVID-19.

The study by Blum et al. [191] had only 50 participants
but identified improvements in viral clearance, reduced
length of hospital stay, and inflammatory markers in the
nitazoxanide-treated group compared to the placebo. The
proportion of patients with negative RT-PCR tests on day
7 was significantly higher in the 9 group (68%) compared
to the control group (20%). The 9 group had a significantly
shorter median time to clinical recovery (7 days) compared
to the placebo group (9 days). Furthermore, no serious
adverse events were reported in either group [191].

In another study, with 392 patients, the use of nitazoxa-
nide was given early in the course of the disease. The occur-
rence of symptoms: cough, fever, and fatigue, was evalu-
ated after 5 days of treatment, and compared to the control
group (placebo), no significant differences were observed.
However, it was observed that the treated group showed a
decrease in viral load, and negative RT-PCR tests at day 7
were observed in 25.9% of treated patients vs. only 12.8%
among control patients [192]. It should be noted that none
of the studies reported concerns about the safety of the drug.

Although little information has been released about 9 and
COVID-19, the initial evidence is uncertain and does not
point to an effective use against the disease. The drug has
a good safety profile, but it should not be used without a
medical indication.

Azithromycin
Azithromycin (10, see Fig. 2A) is a high-spectrum antibiotic

of the macrolide class that acts on the bacterial ribosome,
inhibiting protein synthesis, and is used in the treatment of
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bacterial infections of the respiratory tract and other tissues
[193]. In addition, it has antiviral and anti-inflammatory
effects, which have drawn attention to its possible applica-
tion in the treatment of COVID-19. It was discovered in
1980 by the pharmaceutical company PLIVA [194] and
entered therapeutic use in 1988. At first, compound 10 was
obtained by a semi-synthesis from the derivatization of
erythromycin A [195].

Only in 2009 did Kim and Kang [196] publish the first
total asymmetric synthesis of 10. Its complex stereochem-
istry makes it more difficult to get all the chiral centers.
To undertake this problem, the authors decided to use the
desymmetrization method for most chiral centers present in
10. The retrosynthetic disconnection of 10 (Fig. 4) proposed
by Kim and Kang resulted in two key fragments (81 and
82). A deoxyhexose ring (blue) would be added after the
formation of the macrolide, while the ring from desosamine
(aminosugar in red) would be obtained during the prepara-
tion of fragment 82. The final synthetic route to obtain 10
had a total of 30 steps with an overall yield of 0.007% [196].

Azithromycin acts by inhibiting the activation of tran-
scription factor activator protein 1 (AP-1) and nuclear factor
kappa B (NF-xB), thus being able to reduce the levels of
several inflammatory cytokines, such as IL-1p, TNF, IL-6,
IL-8, and IL-18 [197-199]. In vitro and in vivo antiviral
activities have also been described in rhinoviruses, Zika,
Ebola, enteroviruses, and coronaviruses [200]. Other effects
seen for the drug that may be of value against SARS-CoV-2
infection include increased intracellular pH that affects the
processes of fusion and endocytosis, suppression of T lym-
phocyte activity, and antifibrotic activity by inhibiting fibro-
blast proliferation [201].

Preclinical studies demonstrated the in vitro potential
of azithromycin against SARS-CoV-2 replication (ICy, of
0.32 pM [202] and ECs, of 2.12 pM [203]), which moti-
vated the conduct of interventional studies with the drug in
patients infected with the virus [202, 203]. However, only one
of the five studies conducted later showed positive results for
the use of 10. The parameters evaluated were the reduction
of time for the negativity of the RT-PCR test and the relief
of symptoms such as fever, cough, and dyspnea in patients
with mild COVID-19 [204]. No studies conducted by the

Fig.4 Key fragments proposed by Kim and Kang as starting material
for 10 asymmetric total synthesis. Adapted from ref. [191]

research consortia ACTION, ATOMIC2, RECOVERY, and
PRINCIPLE have obtained any data indicating the use of
azithromycin as a viable treatment for the disease [205-208].

Compound 10 has also been extensively studied in com-
bination with 2 (HCQ) due to preclinical evidence of a syn-
ergistic effect between the two molecules [209]. The studies
indicated that, as well as the use of these compounds in
monotherapy, there was no positive outcome in clinical prac-
tice with the simultaneous use of drugs, and this prescription
option was even associated with an increased risk of patient
mortality [210-212] and cardiac events [212].

A concern regarding the indiscriminate use of 10 in
the treatment of COVID-19 is that microbial resistance to
macrolides has been growing due to their large-scale use,
especially in infectious diseases of the respiratory tract with
an inflammatory background. [213]. A study carried out in
Brazil showed that the use of antibiotics in general increased
in 2020 compared to 2019, although bacterial isolates did
not follow this increase. This work attributed the increase
in the prescription of 10 to empirical use [214], a practice
that, in addition to contributing to resistance, should not be
endorsed since the rate of bacterial co-infection in patients
with COVID-19 is only 7% [215].

All the results observed for the use of 10 do not present
favorable points for the treatment of COVID-19. Its use
should be restricted only to patients with a confirmed infec-
tion caused by bacteria susceptible to the drug.

Camostat

Camostat (11, see Fig. 2A) is a drug approved in Japan for
the relief of symptoms of pancreatitis and for postoperative
use of esophageal reflux [216], but it does not have indi-
cations approved by other regulatory agencies outside the
Asian country. Compound 11 was developed at Ono Phar-
maceutical, and its first patent dates from 1977 [217]; it
was introduced in therapeutics in 1985. Compound 11 was
obtained in three steps and yielded 20% with an extremely
simple synthetic proposal. The synthesis began with the
alkylation of 4-hydroxyphenylacetic acid (83) with N,N-
dimethyl-2-bromoacetamide (84), resulting in the interme-
diate 85. In the sequence, the esterification reaction between
85 and the acyl chloride 86 led to the formation of 11, which
was isolated by precipitation (Scheme 8) [217, 218].

In the treatment of reflux, 11 acts to increase the release
of cholecystokinin, which leads to a decrease in endogenous
pro-inflammatory cytokines, such as IL-1beta, IL-6, TNF-
alpha, TGF-beta, and PSC [219]. The proposed mechanism
of action against the SARS-CoV-2 virus involves inhibiting
the activity of the TMPRSS?2 protease, thus preventing the
binding of the viral spike protein with ACE2, thereby pre-
venting cell invasion by the virus [19, 220].
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The only study that fulfilled the predefined inclusion
criteria assessed the median time to clinical improvement
and hospital discharge in 205 hospitalized patients under the
hypothesis that blocking the virus entry into the human cell
would reduce the viral load and subsequent disease progres-
sion and inflammation. Despite that, the results did not show
a statistical difference in the evaluated parameters between
treatment and placebo groups. One of the proposed expla-
nations was that most patients included had already been
presenting symptoms for 8 days before enrollment in the
trial [221]. Ono Pharmaceutical, a company that produces
this medication in Japan, announced that the clinical study
conducted by them did not reach the expected results either
regarding the time to a negative SARS-CoV-2 test in the 153
assessed patients with asymptomatic to moderate disease.
The detailed results were not found [222].

There is little evidence to state if 11 is effective against
coronavirus infection yet. Due to its mechanism of action on
a very specific target on the host cell entry, it would be inter-
esting to have studies conducted that included patients only at
the beginning of the disease to verify the true effects of this
drug, contrary to what happened in the study analyzed above.

Baricitinib

Baricitinib (12, see Fig. 2A) is a Janus kinase (JAK) inhibi-
tor, which are proteins that take part in cellular signaling ini-
tiated by extracellular cytokines and growth factors and that
can also modulate the immunological response. Therefore,
it was hypothesized that these drugs could act by modulat-
ing the cytokine storm present in patients with moderate-to-
severe COVID-19 [223].

Compound 12 was developed with a convergent synthetic
route between two key fragments (87 and 88) by Rodgers
and his team from Incyte Pharmaceuticals [224]. For the
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preparation of the 3-azetidinol ring fragment 87, epichloro-
hydrin (89) was reacted with benzhydrylamine (90), leading
to the production of intermediate 91. The Pd/C-catalyzed
hydrogenation reaction removed the benzhydryl group, and
the resulting primary amine was Boc-protected (92). In the
next step, the hydroxyl of 92 was oxidized to a ketone, and
this intermediate was used in the Horner—Emmons reaction
to obtain fragment 87. To obtain the second fragment (88),
6-chloro-7-deazapurin (93) was protected with SEM (2-(tri-
methylsilyl)ethoxymethyl) leading to the formation of 94.
The cross-coupling reaction between 94 and 95 led to the
production of compound 88. The Michael addition reaction
between vinyl nitrile 87 and imidazole 88 was mediated by
1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU) to obtain the
protected intermediate 96. The Boc-protecting group was
removed, and the sulfonamide 97 was obtained after the
sulfonylation reaction between the unprotected amine and
ethanesulfonyl chloride. After the removal of the SEM pro-
tecting group, compound 12 was isolated, with an overall
yield of 12% for 11 steps (Scheme 9) [224, 225]. A review
of the most frequent synthetic routes used to prepare 12 was
published in 2021 [226].

Baricitinib is approved for the treatment of moderate-to-
severe rheumatoid arthritis and atopic dermatitis. In Septem-
ber 2021, ANVISA approved the drug “for the treatment of
COVID-19 in hospitalized adults in need of oxygen via mask
or nasal catheter, or in need of high-flow oxygen or non-
invasive ventilation” [227]. The FDA also approved the drug
for the same scenario of the disease, but as an emergency
use authorization [228]. The clinical trial COV-BARRIER,
sponsored by Eli Lilly and Company, which manufactures
12, based this approval by reporting that the treatment suc-
ceeded in reducing the mortality rate or progression to inva-
sive mechanical ventilation by 38% compared to placebo in
the 1525 participants included in the trial [229].
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Conclusion

The scientific community around the world worked
together to find a solution to the treatment of COVID-19.
There is still an essential and rational process of searching
for candidates and preclinical tests before there are a large
number of registered clinical trials.

Only two of the 12 drugs analyzed achieved sufficient
results in clinical studies for approval to be used for the

/DMF; g DBU, MeCN; h HCI, dioxane; i EtSO,Cl, DIPEA, THF; and j TFA, CH,Cl,

treatment of COVID-19: remdesivir and baricitinib. Both
are indicated only for hospitalized patients with severe dis-
ease and can reduce the mortality of these patients. Dexa-
methasone and methylprednisolone also showed benefits
in critically ill patients but did not obtain label approval,
and should be administered with great caution in off-label
situations to avoid making the situation worse.
Chloroquine, hydroxychloroquine, ivermectin, and
azithromycin, which got a lot of media attention and
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caused people to use more of them at the beginning of the
pandemic, did not work to treat the disease. Nitazoxanide
has had few published results but has an uncertain mecha-
nism of action and does not show much promise. There are
studies with favipiravir and colchicine that have potential
in the inflammatory phase, and there are other studies with
both. More results are yet to be obtained from the studies
of camostat.

Despite having different outcomes in terms of effective-
ness, each of the drugs had a reason to have their studies
started. Even with repositioned drugs, the research process
is not trivial. A preclinical study that demonstrates, for
example, the high inhibitory potential of a drug on the
virus does not necessarily have its results translated into
the human body since this is a complex organism. Clinical
studies with positive results cannot be analyzed in isola-
tion since each study has a different design and analyzes
specific parameters to answer its objective. Each study
needs to consider its methodology and sample size in order
to reach a conclusion about whether or not the results are
applicable to the population for which it is intended.

Each piece of evidence is important, but not enough by
itself to prove that a treatment works, and for this reason,
there are regulatory agencies, like the FDA and ANVISA,
that carefully study the effectiveness or ineffectiveness of
treatments and must be respected as reliable authorities
on this, especially in public health emergencies like the
COVID-19 pandemic. The population has a reliable source
of information at a time when it is needed the most, and its
consequences are avoided.
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