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Abstract The first appearance of SARS-CoV-2 is
dated back to 2019. This new member of the corona-
virus family has caused more than 5 million deaths
worldwide up until the end of January 2022. At the
moment, and after intensive vaccination programmes
throughout the world, the pandemic is still active,
whilst new mutations constantly appear. Researchers
are working intensively to discover antiviral drugs to
combat the severe cases in intensive care units, giv-
ing the overloaded hospital units a breather. Along-
side various research projects focusing on developing
small pharmaceutical molecules, a significant propor-
tion of the research community has shifted towards
paying attention to metal drugs. In this small review,
we make brief reference to the use of metal drugs
in therapeutics and provide some examples of metal
drugs that are of extreme interest in the current pan-
demic. At the same time, we will also examine some
of their promising mechanisms of action and possible
effectiveness against COVID-19.
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Introduction
General for COVID-19 and the pandemic

In December 2019, the outbreak of a new coronavi-
rus, known as SARS-CoV-2, broke out in Wuhan
(Santos 2020). This outbreak has turned into a pan-
demic, affecting most countries dealing with it
(Bonotti and Zech 2021). Based on history, the most
effective method of dealing with viral epidemic cri-
ses is vaccination (Taylor 2014). Many countries have
had to speed up the licensing procedures for the cir-
culation of vaccines to limit the spread of the virus.
Up until the beginning of June 2021, 18 vaccines had
been approved in at least one country worldwide for
mass vaccination of the citizens (COVID-19 Vac-
cine Tracker 2021). Due to the intensive vaccina-
tion programmes, until mid-June 2021, about 22%
of the world’s population had received at least one
dose of vaccine against SARS-CoV-2 (Coronavirus
(COVID-19) Vaccinations - Statistics and Research
2021). Despite the rapid and massive vaccinations
of the public, the pandemic is still active, and there
remains a need to find a drug against COVID-19. The
primary purpose of this drug will be to treat mainly
those cases that relapse and end up in intensive care
units with serious health risks. Vaccines offer pro-
tective coverage and have no efficacy in patients suf-
fering from the disease (Weisblum et al. 2020). This
effort would significantly relieve hospitals and better
manage the pandemic itself. So far, only one drug,
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remdesivir, is approved for emergency use by the
Food and Drug Administration (FDA) for this dis-
ease. At the same time, regarding the drug remdesi-
vir, large-scale clinical trials in coronavirus patients
have not been carried out so far (Commissioner 2021;
Naveed et al. 2021). The pharmaceutical formula-
tion, molnupiravir, which so far seems to be the first
oral pharmaceutical formulation for the treatment of
severe symptoms, has been tested in various clinical
studies (COVID-19 First In Human Study to Evalu-
ate Safety, Tolerability, and Pharmacokinetics of
EIDD-2801 in Healthy Volunteers - Full-Text View
- ClinicalTrials.gov [Internet] 2021; Safety 2021;
Efficacy and Safety of Molnupiravir (MK-4482) in
Non-Hospitalized Adult Participants With COVID-
19 (MK-4482-002) - Full Text View - ClinicalTri-
als.gov [Internet]. 2021). This formulation has been
approved by the United Kingdom (First oral antiviral
for COVID-19, Lagevrio (molnupiravir), approved
by MHRA [Internet]. 2021) whilst still under inves-
tigation by the FDA and European Medicines Agency
(EMA) (FDA to Hold Advisory Committee Meeting
to Discuss Merck and Ridgeback’s EUA Applica-
tion for COVID-19 Oral Treatment [Internet]. 2021;
COVID-19: EMA starts rolling review of molnupira-
vir - European Medicines Agency [Internet]. 2021).
Despite the publicity that molnupiravir has recently
received, its effectiveness appears limited only in
patients with early-stage COVID-19.

In contrast, in patients hospitalised with an
advanced stage of the disease, its effectiveness is min-
imal and causes drawbacks for the research commu-
nity (Singh et al. 2021). It is therefore apparent that
there is an immediate need to find a new medicine to
deal with the pandemic. The recent studies of Mes-
sori (Cirri et al. 2021), Bergamini (Paiva et al. 2020),
(Karges and Cohen 2021) and (Paiva et al. 2020) have
shown that metallodrugs may also be possible options
for use against COVID-19. In this small review, we
explore the potential usefulness of metallodrugs
against SARS-CoV-2. At the same time, we will
focus on their potential advantages over other organic
molecules.

Target-disease association
Owing to the dangerousness of the situation, a large

part of the scientific community is engaged in identi-
fying and verifying possible molecular targets for the
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fight against SARS-CoV-2. Many candidate targets
were proposed, and research continues in this direc-
tion (Prajapat et al. 2020). The study focuses on the
RNA genotypic sequence of SARS-CoV-2 and has
already been identified (GenBank: MN908947.3).
By studying the virulent life cycle of the new coro-
navirus, some specific targets have emerged and are
engaging in the possibility of their use as therapeu-
tic targets. In its general set, the genome of the virus
revealed 29,891 nucleotides which encode 9860
amino acids. As a result, four structural proteins and
even 16 non-structural proteins have been charac-
terised, which appear to have regulatory properties.
Researchers identified at least three essential pro-
tein targets from the early stages of the research: (1)
spike protein; (2) RNA-dependent-RNA-polymerase
(RdRp); and (3) 3-chymotrypsin-like protein (3CL-
PR) (Artese et al. 2020). At this stage, the structural
verification of the characteristics of these proteins has
begun to help target them better (Wrapp et al. 2020).
More specifically, the spike protein is responsible for
the virus’s connectivity to the host cells of the human
body. It achieves this by binding to angiotensin-con-
verting enzyme 2 (ACE2) receptors via the S protein
of the virus. This feature is common for both SARS-
CoV-1 and SARS-CoV-2, demonstrating that the spe-
cific protein and the receptor are essential drug tar-
gets (Li et al. 2003; Yang et al. 2003; Lan et al. 2020;
Krumm et al. 2021).

An excellent drug target is RARp. RdRp is respon-
sible for both replication of the virus RNA genome
and removal of the RNA and is used to translate
structural and auxiliary proteins at the 3’ end of the
genome. With this polymerase inactive, the virus can-
not reproduce and generate the necessary proteins
(Gao et al. 2020; SARS-coronavirus replication is
supported by a reticulovesicular network of modified
endoplasmic reticulum 2021). Remdesivir can inhibit
the activity of RNA polymerase, and relevant stud-
ies have shown the response to this formulation in
the treatment of RNA coronavirus infections (Jordan
et al. 2018; Pruijssers et al. 2020). RdRp inhibitors
have been used several times, thus being amongst the
most used drugs against viral RNA infections (Kumar
et al. 2021; Favipiravir 2021). In turn, it shows how
a particular inhibitor for SARS-CoV-2 polymerase
could be a promising solution to the pandemic cri-
sis. Owing to the high rate at which virus mutations
occur, the design of an inhibitor of this polymerase
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must be carried out with extreme caution. It is con-
firmed that we have already observed a mutation of
the RdRp protein of SARS-CoV-2, but it is not clear
whether this mutation has influenced the targeting of
this protein (Pachetti et al. 2020).

Following and based on the knowledge that we
have so far regarding the characteristics of the coro-
navirus, another critical and promising protein target
for the development of drugs against SARS-CoV-2 is
the 3CLpro protease. This protease has a vital role in
the virus’s life cycle since it processes the two main
viral polyproteins, ppla and pplab (Kuzikov et al.
2021). 3CLpro proteolytically processes these poly-
proteins to create a series of non-structural proteins
that appear essential for virus replication and tran-
scription processes, including RdRp protein (Boras
et al. 2020). Based on previous drug development that
targets virus protease for human immunodeficiency
virus (HIV) and hepatitis C virus, the result of a drug
that selectively targets this SARS-Cov-2 protease is
a desirable target for developing new pharmaceutical
formulations (Brower et al. 2008).

Of course, the number of candidate targets for the
development of drugs to combat SARS-CoV-2 is sub-
stantial. The scientific community is constantly add-
ing new targets that may be of significant interest in
developing pharmaceutical molecules. Closing this
section, we consider it essential to mention the exam-
ple of the protein target NTPase/helicase (nspl3).
NTPase is a critical protein in the SARS-CoV-2 rep-
lication-transcription complex that catalyses the sepa-
ration of double oligonucleotides into single strands
in a manner dependent on nucleotide triphosphate
hydrolysis (Gil et al. 2020). Previous studies proposed
this target by examining the effectiveness of bismuth
complexes in targeting this protein (Karakiiciik-
Iyidogan et al. 2011; Nareetsile et al. 2020). Based
on this, we will list some medicinal metal compounds
used in the past. We will explore the possible advan-
tages that such compounds may have in the treat-
ment of viral infections and at the same time, we will
consider the use of these formulations in the current
pandemic.

Metal-based drugs

e Some examples of metal-based drugs in modern
therapeutics

Metallodrugs, as a chemical class of pharmaceu-
tical compounds, are not new in therapeutics. Since
ancient times, there have been examples of such
compounds in traditional therapeutics. An example
is arsenic trioxide, used in Chinese medicine as an
antiseptic agent and for the treatment of psoriasis and
syphilis (Nagi et al. 2017). Other metals, such as gold
and copper, treat syphilis in Chinese and Egyptian
therapeutics (Pricker 1996; Norn et al. 2008; Sodhi
and Paul 2019). More generally, metallodrugs, over
time, have been found in many applications and used
in various diseases, as summarised in Table 1.

Cisplatin is the best-known pharmaceutical com-
pound in this category. This compound belongs
chemically to the class of platinum compounds.
Barnett Rosenberg first discovered it in 1960 (Padua
et al. 1987) and therapeutically, it belongs to anti-
cancer agents (Jungwirth et al. 2011). Cisplatin and
its derivatives revolutionised modern therapeutics in
many cancers. The characteristics of this compound

Table 1 Metals complexes and their uses in modern therapeu-
tics (Sodhi and Paul 2019)

Metals Uses in therapeutics
1 Aluminium Heartburn, diarrhoea
2 Antimony Leishmaniasis
3 Arsenic Sleeping sickness
4 Bismuth Heartburn, diarrhoea, peptic ulcer
5 Calcium Heartburn, diarrhoea, peptic ulcer
6 Copper Menkes disease
7 Caladium Cancer
8 Gold Cancer, arthritis, hypertension
9 Iron Hypertension
10 Lithium Manic depression
11 Magnesium Heartburn, constipation
12 Platinum Cancer
13 Rhenium Bone cancer
14 Ruthenium Parasitic diseases, cancer
15 Samarium Bone cancer
16 Silver Burns, cancer, anti-microbial
17 Sodium Heartburn
18 Strontium Bone cancer
19 Titanium Hip, surgical knee replacement
20 Vanadium Diabetes
21 Yttrium Bone and liver cancer
22 Zinc Sunblock, anti-microbial
23 Zirconium Anti-perspirant
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have been studied extensively and have been very
carefully mapped, both for its mechanism of action
and its pharmacokinetic and pharmacodynamic char-
acteristics (Franz and Metzler-Nolte 2019). Metallod-
rugs have many applications in modern therapeutics,
e.g. as an anti-diabetic, anti-inflammatory, anti-manic
(against mania), anti-parasitic (Navarro et al. 2010)
and anti-hypertensive. At the same time, their use is
constantly extended (Bharti and Singh 2009; Singh
and Sharma 2018). Since the purpose of this small
review is to explore the possible benefits of metallo-
drugs against the current pandemic of SARS-CoV-2,
we will see some specific examples of pharmaceu-
tical compounds based on metal ions against viral
infections.

Several studies have examined possible metal-
lodrug antiviral activity against HIV. The earliest
study we found was done by controlling the possi-
ble interaction of complexes with surface proteins,
gp120 and CD4, so as to explore the potential abil-
ity of complexes to inhibit the entry of the virus into
the human cell (Clercq 1997). A more recent study
by McGuire (McGuire et al. 2020) and his collabora-
tors attempted to investigate the antiviral activity of
copper complexes against the influenzas virus whilst
controlling the likelihood of developing strain toler-
ance. The study showed promising results leaving
room for further research of these metal complexes
for antiviral activity. In 2010, Chang, Simmers and
Knight released a review that was intended to present
the antiviral and antimicrobial activity of cobalt com-
plexes. The review as a whole showed the prospects
of cobalt complexes for the development of antiviral
drugs (Chang et al. 2010). More specifically, studies
by Epstein and his collaborators show that a series of
cobalt complexes, also known as CTC, show antiviral
activity against herpes simplex virus type 1 (HSV-1),
which causes herpetic epithelial keratitis (Asbell et al.
1998).

In contrast, later studies confirm their claim for
efficacy against the virus (Schwartz et al. 2001).
Moreover, this series of cobalt complexes, and espe-
cially CTC-96, has been tested for its effectiveness
against adenovirus in vitro and in vivo on rabbit mod-
els showing positive results (Epstein et al. 2006).
Studies have also been performed on potential antivi-
ral platinum(Il) and palladium(II) compounds. More
specifically, in a study by Karakiigiik-iyidogan and
his collaborators (Karakiiciik-Tyidogan et al. 2011),
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conducted in 2011, a series of derivatives of platinum
and palladium complexes were selected for possible
antiviral potency. Studies were performed on several
different strains of various viruses, such as HSV-1,
HSV-2, RSV, HIN1, H3N2 and others. However, the
researchers observed no characteristic antiviral activ-
ity for any of the variants of the compounds except
one that showed activity against the human cytomeg-
alovirus virus.

Researchers state the need for further studies on
specific compounds and their analogues. In similar
studies by Pelosi and his collaborators, two metal
complexes (nickel, copper) of thiosemicarbazone
were tested for their effectiveness against HIV-1 and
HTLV retroviruses. The results showed that both
complexes appeared effective against HIV-1, with
the copper complex being effective, whilst neither of
the two seemed to be effective against HTLV (Pelosi
et al. 2010). With a brief review of the systematic lit-
erature, it appears that the study of metallodrugs for
HIV candidate drugs remains quite promising. Many
metals, such as vanadium, manganese, iron, copper,
cobalt, nickel, zinc, ruthenium, platinum and gold are
still good candidates for further development to com-
bat this virus (Nareetsile et al. 2020). Generally, con-
cerning the antiviral activity of medicinal compounds
containing metals, the literature is limited. Some
characteristic reports comment that this category of
drugs will be helpful in the fight against viral infec-
tions, but no further studies have appeared to date.

Metallodrugs and COVID-19: is there so far any
effort?

e Auranofin hypothesis

Even though metallodrugs are constantly expand-
ing their therapeutic usefulness, so far, no signifi-
cant efforts to control their effectiveness against
the current pandemic have been made. Despite
that, the literature highlights some specific efforts
of considerable interest. Marzo and Messori made
the first attempt to include metal-based drugs in the
fight against the pandemic. They proposed using
the pharmaceutical compound, auranofin, for its
possible action against SARS-CoV-2 (Marzo and
Messori 2020). This proposal was made by the two
researchers based on the general characteristics
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of the combination. Amongst other things, the
researchers highlighted the excellent tolerance
of the compound in the body, its low toxicity and
its multi-targeting ability. An essential role in this
choice was played because, based on previous stud-
ies, auranofin appears to show efficacy against HIV,
a statement confirmed after pilot clinical trials
(Diaz et al. 2019).

Furthermore, in their review, Sanarino and Shytaj
concluded that auranofin is more effective than chlo-
roquine in the treatment of HIV (Savarino and Shy-
taj 2015). Within a few months, the hypothesis of
Marzo and Messori was significantly strengthened by
two subsequent experimental studies. This time, the
auranofin hypothesis results showed meaningful use
of this organometallic compound. More specifically,
a study on human cells showed that auranofin, at low
micromolar concentrations, managed to suppress the
virus by 95% after 48 h. It had significantly reduced
the expression of cytokines in human cells (Rothan
et al. 2020).

Furthermore, a study by Gil-Moles and her col-
laborators showed that auranofin could inhibit the
interaction of the spike protein with the active cen-
tre of the enzyme, ACE2. As mentioned above, it is
the leading portal of entry of the virus into the human
cell. They also observed strong evidence of the com-
pound’s ability to inhibit the papain-like protein
(PLpro) of SARS-CoV-1 and SARS-CoV-2, a cru-
cial enzyme for virus replication. They reported that
inhibition of this enzyme is the first experimentally
confirmed inhibition of this target protein (Gil-Moles
et al. 2020). Based on what was mentioned above, we
suggest investigating auranofin further to verify its
effectiveness against COVID-19.

e Bismuth citrate hypothesis

Bismuth complexes are another class of promis-
ing metal complexes for their usefulness in the face of
the current pandemic. This category has been studied
to verify its effectiveness against SARS-CoV-1. In a
2007 study, researchers examined the ability of bis-
muth complexes to bind to the 100-residue cysteine-
rich metal-binding domain of the SARS coronavirus
(SCV) NTPase/helicase, enzymes that are essential
for the life cycle of these viruses (Yang et al. 2007).
Their study showed a significant ability of bismuth
complexes to inhibit the enzymatic activity of SCV

helicase, thus creating a later study of these com-
plexes against SARS-CoV-2.

In a survey by Yuan and his collaborators (Yuan
et al. 2020), the efficacy of a bismuth complex (raniti-
dine bismuth citrate) for the suppression of COVID-
19 was investigated both in vitro and in vivo. The
studies showed efficacy in both cell cultures and ani-
mal models. Specifically, the researchers stressed that
this complex has low toxicity and protection against
SARS-CoV-2 in cell cultures with high selectivity. In
animal models using Syrian hamsters, this compound
dramatically reduces the replication of the virus, lead-
ing to a decrease in the viral load on these animals’
respiratory systems. The researchers also pointed
out that the in vitro studies showed a strong ability
of the complex to inhibit the processes of viral heli-
cases, confirming the previously existing studies on
the importance of this enzyme as a pharmaceutical
target (Frick 2003), and also the ability of bismuth
complexes to target this enzyme successfully. The
efficacy of these complexes has not been examined
in clinical trials. Still, a case study published in the
American Journal of Gastroenterology showed a pos-
sible improvement of a patient in whom Crohn’s dis-
ease had worsened due to confirmed SARS-CoV-2
infection (Wolf et al. 2020). His treating physi-
cians administered bismuth subsalicylate 525 mg
orally, 2—4 times per day. This therapeutic approach
improved the patient’s condition over 6 days, lead-
ing to decreased diarrhoea, cough, increased appetite,
energy and symptoms that the patient had after being
infected by the virus.

In Table 2, we can see some of the main antiviral
metal-based structures.

Investigating metallodrugs as candidates
against COVID-19

e Studying the action mechanism of antiviral met-
allodrugs and their advantages in treating SARS-
CoV-2

Metallodrugs have an important place in mod-
ern therapeutics. However, these molecules’ various
action mechanisms are known only recently. At this
point, we will explore some examples of the multiple
mechanisms of actions of pharmaceutical molecules
having antimicrobial and possible antiviral activity.
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Table 2 Main antiviral metal-based structures

No Chemical structure Viral target Mode of action References
1 0—__ _O Influenza M2 Blockers (McGuire et al. 2020)
o T” o Divalent copper cations block M2 current
N binding in the His37-Trp41 side chain
quadruplex
2 X HSV-1 Unverified (Chang et al. 2010)

HIV Proposed mechanisms:

CHy CHy }
m - i. Target the herpes virus maturational
2 *NC\O/N* Y Hlté, » protease (serine protease, containing a
N [ Yo { Reamine,ind, 2-nind large amount of histidine)
z CHy f CHy

ii. Inhibit Sp1, a DNA binding zinc finger

protein
iii. Superoxide scavenging properties
3 H HSV-1 Unverified (Karakiigiik-Tyidogan et al.
i Neoo~es. . HSV2 2011)
/©/ T ¥ > vsv
. s.. \WAY
/“ Sy HIN1
. H3N2
M=P(Il) or Pd(Il) FIVE
4 N_NH, HIV-1 Unverified (Pelosi et al. 2010)
SNOY T .
(5\\ M, )/\l/; NS J Proposed mechanisms:
Y A A A Non-nucleoside

o . reverse transcriptase inhibitors (NNR-
{ TIsa)
N, = \'f—":)"‘": c - HO
0-Cu-S

5 HIV Unverified (Nareetsile et al. 2020)
O Inhibition of reverse transcriptase or
protease activity
Production of reactive oxygen species

Unverified (Marzo and Messori 2020)
Multi-targeting action
Thioredoxin reductase one as the primary

target, leading to perturbation of

the main oxidoreductase pathways,

dysregulation of intracellular redox

homeostasis and reactive oxygen spe-

cies induction
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Table 2 (continued)

No Chemical structure

Viral target Mode of action

References

Inhibit the nucleoside triphosphate

(Yuan et al. 2020)

SARS hydrolase and DNA unwinding activi-

7 -0 H. pylori
NL
O MERS
\ 7
/ \ S\/\E H
o 2%
—N B
N o 0
_OMO"
O OH O

ties of the SARS coronavirus helicase

Metal-based drugs can be divided into several cat-
egories based on their mechanism of action. In a
review published in January 2020 (Boros et al. 2020),
researchers attempted to group metallodrugs in this
way, giving a clear view of the various mechanisms.
At this point, we will only refer to those mechanisms
that may, based on our judgment, have a relevant
application for the current pandemic.

The first mechanism is the covalent connection
of metallodrugs to biological targets (Riccardi et al.
2018). It is presented by the well-known anti-cancer
drug, cisplatin, and the anti-theumatic, auranofin.
These two pharmaceutical molecules exhibit activ-
ity through the covalent bonds of their biological
targets, causing stereochemical changes. This is fol-
lowed by the inhibition of their biological processes
(Fuertes et al. 2003). In the case of auranofin, the
molecule’s primary mechanism of action is its inter-
ference with oxidoreductive pathways of cell death.
Auranofin’s action mechanism includes the inhibition
of the redox enzymes of thioredoxin (Harbut et al.
2015), the induction of endoplasmic reticulum (ER)
stress (May et al. 2018), as well as the activation of
the unfolded protein response (UPR). Thioredoxin
has the role of transferring electrons to the enzymes
involved in protecting the cell by oxidative stress.
The proposed inhibitory effect of auranofin is based
on the displacement of the ligands of the gold com-
plex and the formation of a covalent bond to the mol-
ecule with cysteine residues of the active centre of
thioredoxin reductase (Roder and Thomson 2015). By
inhibiting these enzymes, auranofin leads the cell to a
state of apoptosis. Still based on its action as an anti-
rheumatic drug, auranofin exhibits anti-inflammatory
activity by reducing the production of the cytokines,

leading to the stimulation of cellular immunity (Walz
et al. 1983).

Regarding the usefulness of such a mechanism
of action against viral infections, both ER oxidative
stress and UPR activation contribute to the virulent
cycle of coronavirus (Fung and Liu 2014). Based on
relevant research, it was observed that cells infected
with viruses of this family could exhibit overexpres-
sion of the spike protein. Additionally, other viral pro-
teins increase UPR activation levels (Siu et al. 2014).
Thus, inhibition of thioredoxin reductase and other
redox enzymes may disrupt the protein synthesis of
SARS-CoV-2 (Rothan and Kumar 2019). Consider-
ing the anti-inflammatory activity of auranofin, we
have observed the interest in it as a pharmaceutical
molecule against COVID-19. It is now well-known
from systematic observation how SARS-CoV-2 infec-
tion leads to acute inflammation of the respiratory
system and a cytokine storm (Mehta et al. 2020) with
overexpression of interleukin-6 (IL-6). As reported
in a study by Nam-Hoon Kim and his colleagues,
auranofin blocks IL-6 signalling by inhibiting the
phosphorylation of both JAK1 and STAT3 (Kim
et al. 2007). The main objective of such a drug is to
treat severe cases of infection that end up in intensive
care units. The inhibition of the inflammatory state
in these patients would be potentially life-saving and
significantly reduce the likelihood of their death from
the virus. These drugs’ double activity makes them
an excellent choice for further study for their action
against COVID-19, shifting the scientific community
to searching for additional metallodrugs with similar
action mechanisms.

The second mechanism of action of metal-
lodrugs against viral infections and possibly against
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SARS-CoV-2 is that of redox-active metal centres.
Several metals or metal ions can be in various oxida-
tive states. Their different oxidation states can affect
the kinetics of their substituents whilst also affecting
chemical and biological processes in the environ-
ment (Carter 1995; Nencioni et al. 2011). From stud-
ies conducted in the past, we know that, along with
other intracellular factors that affect the life cycle of
viruses, the oxidation state is also an important factor
(Khomich et al. 2018). As we know, viruses are intra-
cellular parasites and have various mechanisms to
exploit and to disrupt the cell’s interior for their ben-
efit. They create favourable conditions to carry out
their functions more efficiently (Mahalingam et al.
2002). Thus, the viruses, in the state of infection, alter
the redox balance towards the oxidative state (Gull-
berg et al. 2015). In the case of viruses of the respira-
tory system, it has been observed that they can cause
oxidative stress due to overproduction of reactive
oxygen species (ROS) and, at the same time, they sig-
nificantly reduce glutathione which is the central anti-
oxidant system in the cells. These conditions, which
are created by the increase in ROS and the reduction
of the glutathione system, are highly favourable to the
replication pathways of the virus (Chen et al. 2020).
The overproduction of ROS against infection condi-
tions is due to NOX oxidase’s activity, consisting of 7
members, with the most important, NOX 2, playing a
vital role in viral replication. Additionally, its absence
leads to a lower duration and severity of respiratory
infections (Vlahos et al. 2011). Another member of
the NOX family, NOX4, looks even more attractive
as a target.

The NOX4 isoform is overexpressed after infec-
tion in lung epithelial cells and generates ROS
(Amatore et al. 2015). ROS production from NOX4
is modulated by ACE2, the primary receptor used
by coronaviruses as an entrance to the cell (Meng
et al. 2015). ROS production, in turn, activates pro-
tein kinases (MAPKSs) and promotes nuclear extrac-
tion of the filial ribonucleoprotein leading to viral
replication (Nencioni et al. 2009). As a result of
this, studies have been conducted and have stated
that there is a correlation between the overexpres-
sion of ROS and NOX2 in SARS-CoV-2. Damiano
and her colleagues propose a possible therapeu-
tic approach for the current pandemic through the
reduction of oxidative stress in cells, which can lead
to a reduction in the number of worsening patients
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with COVID-19 and, at the same time, protect high-
risk patients (Damiano et al. 2020). Up to this point
and based on the research we conducted, we have
not identified any specific example of a metal-based
drug that has been examined for its effectiveness
in viral infections which has this particular mecha-
nism. Thus, based on the importance of redox state
for the life cycle of viruses, the investigation and
the possible use of metallodrugs can affect the oxi-
doreductive state of cells and their properties and
is likely to be a logical continuation in combatting
COVID-19.

The third and final mechanism covered in this
manuscript is the synthesis of photodynamic therapy
(PDT) and photoactivated metal drugs. Metal com-
plexes as a whole are excellent candidates for such
treatments due to their specific properties (McKenzie
et al. 2019). Such ideal properties are the abilities of
some metals to absorb light in the visible spectrum
whilst also exhibiting high diatomic absorptions of
two photons in the near infra-red region. Unlike other
molecules, the metals promote spin—orbit coupling
that allows the triplet state that leads to the produc-
tion of simple oxygen. Finally, another vital feature
of metal-containing compounds in PDT therapy is
their general photostability. We know that the most
remarkable application of this class of drugs concerns
mainly anti-cancer treatments (Photodynamic therapy
in cancer treatment - an updated review 2021). How-
ever, a part of this category of medicines involves
treating viral infections (Wiehe et al. 2019). The sen-
sitivity of viruses to photodynamic processes was
first reported in 1928 by Schultz and Krueger, and
in 1933, by Perdrau and Thedd (Perdrau and Todd
1933); however, there was no interest in the field until
several decades later. The first clinical application
of PDT against viral infections occurred in the early
seventies, targeting the herpes genitalis virus (Dai
et al. 2009). Since then, this method has been stud-
ied for its effectiveness in several target viruses such
as HPV, HIV, cytomegalovirus and others (Ichimura
et al. 2003; Tardivo et al. 2006). Following relevant
studies, enveloped viruses are more sensitive to PDT
than those without one. Since SARS-CoV-2 is an
enveloped virus, it may be a promising pharmaceuti-
cal approach (Kidsermann and Kempf 1997; Bianchi
et al. 2020).

The principle of this method is based on the acti-
vation of photosensitisers (PS) which have a light
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responding property and lead to the production of
ROS. To activate a PS it must first absorb radiation at
a specific wavelength. When the PS reaches its acti-
vation state by electron transfer, which lasts only for
a few nanoseconds, it goes into the triple state. This
state constitutes the last stage before entering one of
the two photochemical pathways through ROS pro-
duction. ROS production is significant as it leads to
oxidative stress causing damage both to biomolecular
structures (nucleic acids) and microbial systems. The
method is fundamental because PS are not toxic mol-
ecules and only present toxicity at the target site after
exposure to radiation of a specific wavelength (Alli-
son and Moghissi 2013; Hamblin 2016). Many PS are
used in various diseases, whilst others are developed
(Lan et al. 2019). A summary of the action mecha-
nisms of the metal compounds can be found in Fig. 1.

Regarding the usefulness of this technique for
combatting COVID-19 infection, it should be noted
that, based on our knowledge, there is no clinical
study that examines the effectiveness of the method
for the new coronavirus. However, we have identi-
fied critical in vitro studies that show the method’s
possible effectiveness (Svyatchenko et al. 2021; Wu
et al. 2021). In contrast, its potential efficacy against
other coronaviruses, such as MERS-CoV, has been
tested (Keil et al. 2016). Based on the structural
features of SARS-CoV-2, we can assume that PDT
can significantly affect the structural proteins of
the virus through the production of ROS, resulting
in its inactivation. Based on previous studies con-
ducted to examine the effectiveness of the method
for the treatment of coronavirus infections, it has
been shown that photochemical inactivators, such
as riboflavin, curcumin and various chlorophyll

UV Irradiation Phototherapy
<
\\{ L/ \L

Enzyme Inhibition

Fig.1 A summary of the mechanism of action of metal com-
pounds in living cells

derivatives, are effective in suppressing viruses of
this family (Ruane et al. 2004).

This approach is of interest, not only mechanis-
tically, but also in administration. Since SARS-
CoV-2 attacks epithelial cells of the nasal cavity and
oropharyngeal membrane, one possible approach to
administration is through nebulisation and the use
of a catheter for the light supply (Blanco et al. 2017,
Kassab et al. 2019). The combination of this tech-
nique may be of significant interest for the adjunc-
tive treatment of COVID-19 as Dias mentioned in
his recommendations, published in 2020 (Dias et al.
2020). Despite the specificity of the method and its
limited use against viral infections, we were happy
to identify that a significant number of research-
ers recommend this therapeutic approach against
SARS-CoV-2 (Moghissi et al. 2020). No research
effort has been recognised, however, that combines
PDT with the use of metal-containing PS. The result
is the exceptional properties of metals in such treat-
ments (Josefsen and Boyle 2008). So, given both
its particular mechanism of action and the original
methods of administration that can be applied for
PDT therapy, we can propose the development of
new PS metal compounds for the development of
protocols targeting the new coronavirus (Kipshidze
et al. 2020; Tariq et al. 2021).

We should mention that despite the absence of
specific examples of metal drugs in the fight against
viral infections through the mechanisms discussed
above, interest in studying such medicinal compounds
is essential. In general, viruses appear to have a sig-
nificant sensitivity to these mechanisms. So far, com-
monly used pharmaceutical molecules in the fight
against viral infections have the disadvantage of being
vulnerable to potential mutations of their viral tar-
gets (Irwin et al. 2016). In the case of SARS-CoV-2,
the virus’s increased mutation rate means that the
design of conventional antiviral drugs is quite risky.
From time to time, the virus may alter its protein tar-
gets leading to the non-efficacy of these drugs (Ivan
Lozada et al. 2020). On the other hand, through the
proposed mechanisms of action, metal-based drugs
do not seem to act through their interaction with a
specific molecular target of the virus. Their activity
lies in the virus’s general environment, an advantage
that makes them less vulnerable to various mutations
of the virus and, therefore, a better pharmaceutical
approach.
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Conclusion

The current pandemic proved to be a more significant
challenge than the predictions. Despite severe restric-
tions and rigid controls, the situation got out of the
government’s control, and the next step is crucial for
the future. Vaccination movements are progressing at
a breakneck pace without limiting the pandemic on
their own. The discovery and distribution of a phar-
maceutical formulation to combat SARS-CoV-2 are
imperative. The metal-based drugs, with their proper-
ties and various mechanisms of action, may present
an ideal perspective for further study. Up to this time,
there have been several research efforts but not a clin-
ical survey involving metal drugs. It is, therefore, our
strong suggestion to further study metal-based drugs
for their utilisation against the current pandemic and
to promote them in clinical trials.
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