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Abstract

Oxazolidinones are groups of synthetic antimicrobial agents, which have a
novel chemical structure. Their mechanism of antimicrobial mainly bacte-
riostatic via inhibition of protein synthesis. Oxazolidinones are used in se-
rious cases of bacterial infections. Their spectrum of action against a lot of
microbes, which often infect humans vigorously, like penicillin and cepha-
losporin-resistant Streptococcus pneumonia, methicillin-resistant Staphylo-
coccus aureus (MRSA) and vancomycin-resistant enterococci. Oxazolidi-
nones chemical structure possesses a ring called oxazolidone, which is cha-
racterized by the Sconfiguration of the substituent at C5, the acyl-amino-methyl
group connected to C5 and the N-aryl substituent. Some oxazolidinones like
linezolid were believed to have a role in COVID-19 treatment. It is also no-
ticed that oxazolidinones have a role in improving clinical status of patients
with COVID-19 and in decreasing the risk of mortality caused by co-infections.
This review was conducted to discuss the chemistry, mechanism, applications
and role of oxazolidinones in the treatment of COVID-109.
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1. Introduction

The urgent need for new antibiotics is increasing due to surge of bacterial dis-
eases with resistant strains, in both hospital and community settings. Selman
Waksman was the first scientist mentioned the term antibiotic in 1941 which re-
ferred to the inhibition effect on the growth of other micro-organisms caused by
a small molecule. The golden age of antibiotics is between 1920-1940, penicillin,

chloramphenicol, tetracycline and others were developed [1] [2]. Many of these
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antibiotics have become ineffective due to the outspread of bacteria resistant to
counteracting many bacterial antibiotics [1]. Antimicrobial resistance indicates
some changes in micro-organisms, which make the drugs ineffective [3]. Micro-
bial resistance to a wide number of antimicrobial agents is an important interna-
tional medical problem and the spreading of bacterial multi-drug resistance rapid-
ly is alarming [4] [5]. Recently, bacterial resistance to first-generation drugs reaches a
very high level and become more common in second and third-generations. So,
one of the important aspect of medical scientific research is to develop agents
which capable of overcoming microbial resistance [6]. Thus, researchers basically
aim to discover and develop new technologies like new antibiotics, vaccines,
understand how antibiotics resistance can be emerged, design new strategies for
correct use of antibiotics and decrease the risk of microbial infections [6] [7].
For all that the search for newer antibiotics class and newer strategies to delay
the antibiotic resistance is become very important [1]. In the 1990s, new drugs
like oxazolidinones were introduced to overcome some infectious disease caused
by multi-resistant bacteria either Gram-positive or Gram-negative. The class,
Oxazolidinones antibiotics are recent synthetic compounds with special struc-
ture characterized by the presence of 2-oxazolidone nucleus (Figure 1), which
possess broad spectrum activity against resistant bacteria especially gram posi-
tive bacterial (GPB), like Mycobacterium tuberculosis (Mtb), vancomy-
cin-resistant Enterococcus (VRE), MRSA [8]. Oxazolidinones represent one of
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Figure 1. Oxazolidinones antibiotics core structure and structures of main derivatives (Linezolid, Sutezolid,
Eperezolid, Delpazolid, Tedizolid, Tedizolid phosphate Radezolid and TBI-223). Ring A: interaction with pep-
tidyltransferase centre (PTC) of 50S ribosome subunit; Side chain: hydrogen bond with the phosphate group
on a residue in the upper part of PTC; Ring B: interaction with PTC (n-Stacking); Ring C: modulation of
pharmacokinetic; Ring D: improvement of lipophilicity.
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the new classes of antibiotics that has entered into clinical application over the
past 40 years. Oxazolidinones acted by inhibition of protein synthesis in bacteria
through binding at the distinct region of 23S RNA adjacent to peptidyl transfe-
rase center of 50S ribosomal subunit [9]. Oxazolidinones have been shown to
have great potency for the treatment of infection caused by multidrug-resistant
bacteria [10]. Linezolid (LNZ) was the first clinically available antibiotic from
oxazolidinone class. LNZ was discovered in 1996 and then approved in 2000 for
clinical use by the FDA (U.S. Food and Drug Administration) [11]. LNZ is
represented as an efficient antimicrobial for surgical infection and has wide use
for GPB infections [12]. LNZ also showed a marked activity against pulmonary
infections even with resistant bacteria and against multidrug resistant tuberculo-
sis (MDR-TB). Besides LNZ many oxazolidinones are synthesized and approved
like tedizolid, radezolid, sutezolid [13]. LNZ and tedizolid are the only oxazoli-
dinones, which are clinically approved for (MDR-TB) infections. The second
generation of oxazolidinones was developed like tedizolid (TZD). This is also
indicated for the treatment of skin infections [12]. To overcome resistant LNZ
strains, radezolid (RZD), belonging to the biaryl oxazolidinones family was de-
veloped and proven its effectiveness. Several oxazolidinones analogs have been
synthesized, developed by international pharmaceutical companies, some of
which proved efficacy and suitable for treating MDR-TB [13]. One of them is
sutezolid (STD), the next analogue after LNZ, TZD and RZD, which has been
proven to be promising. Moreover, researchers proposed that Linezolid (LNZ)
can act against coronavirus disease 2019 (COVID-19) because it showed an ex-
cellent result to treat many bacterial co-infections that accompanies viral infec-
tion [14]. In March 2020 Duployes et al used Linezolid to treat covid-19 com-
plications in 30 years old man admitted in ICU with mechanical ventilation [15].
LNZ was included in protocols for the treatment of pneumonia associated with
COVID-19 according to national institute for health and care excellence, UK
(May 2020). Broad-spectrum antibiotics such as LIN, piperacillin-tazobactam,
ceftazidime, levofloxacin, vancomycin and teicoplanin are suspected to the
treatment guidance for sever hospital acquired pneumonia in COVID-19 pa-
tients [16]. Nelson ef al proved their hypothesis which believed that the role of
LNZ may be due to an interaction between (R and S)-linezolid with recep-
tor-binding domain (RBD) of SARS-CoV-2 spike protein complexed with hu-
man angiotensin converting enzyme2 (ACE2). This opinion was proven using
electronic and molecular docking [17]. Shengxian Zhao et al were synthesized
22 compounds of oxazolidinones derivatives (3a-3v) and screened them. They
found that compound 3 g displayed the most potent inhibitory activity with an
IC, value of 14.47 pmol-L™". Molecular docking analysis showed the modes of
action of compound 3 g with 3-chymotrypsin-like protease (3CLpro) which re-
sponsible for cutting at least 11 sites and is extremely important for coronavirus
replication [17]. Therefore, 3CLpro is an ideal target for the development of an-
ti-coronavirus drug [17]. Clinical applications showed that LNZ was a good an-

tibiotic in treatment of nosocomial infections in COVID-19 patients. Better
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clinical and microbiological efficacy in COVID-19 patients who were suffering
from bacterial pneumonia received intravenous dose of 600 mg of linezolid every
12 hours for 7 to 10 days and all patients recovered and discharged from hospit-
al. In addition, Linezolid also showed superiority over other antibiotics may be
due to its better penetration into respiratory secretion [18]. This result encou-
rages synthesizing and developing series of new oxazolidinones compounds, in-
cluding bis-oxazolidinones, and screening of their antibacterial activities as po-

tential anti-tubercular agents [19].

2. Core structure of Oxazolidinones

Oxazolidinones are five-membered ring nitrogen heterocyclic molecules with
oxygen in a bridged with a carbonyl group (Figure 1). Linezolid is the first
member of the 3-aryl-2-oxzalidinones, its antibacterial activity is enhanced by
presence of fluorine at 3 positions on phenyl groups and also the hydroxyactetyl

group on the heterocyclic nitrogen increases its activity [20].

3. Mechanism of Oxazolidinones Antibacterial Effect

Oxazolidinones posse a novel antimicrobial action through binding to 50S ribo-
somal subunit then inhibiting the initiation of protein synthesis process [21].
The protein synthesis process in prokaryotic cells focusing on the site and the
way by which oxazolidinones make inhibition of this process is described below
(Figure 2). The component of prokaryotic cells ribosomes has 2 different sub-
units, the 30S and the 50S subunits. The 30S subunit contains 16S rRNA and 21
polypeptide chains, while the 50S subunit consists of 23S rRNA, 34 polypeptide
chains, and 5S [22]. There are 3 steps in protein synthesis process that are: 1st
initiation, 2nd elongation and 3rdtermination. Inside the cells, the transcription
and releasing of messenger RNA (mRNA) occur [22]. The starting of the trans-
lation process is by attaching the initiation factors to the 30S subunit along with
the initiator transfer RNA (tRNA)-N-formylmethionine (fMet) and the mRNA
then 50S rRNA subunit is attached and completed 70S which is the initiation
complex. Studies showed that oxazolidinones don’t interfere with termination
process of protein; as a result, the protein synthesis inhibition is the expected
mechanism [21]. Oxazolidinone binding was reported to be partitioned between
both ribosomal subunits. The binding of tRNA™ to the 70S particle occurs
through contacts with the peptidyl transferase region of the 50S particle as well
as through codon-anticodon interactions on the 30S subunit [23]. Oxazolidi-
nones were assumed to cause distortion in the binding site for the initiator-tRNA
which overlaps both ribosomal subunits Moreover, recent study by Matassova et
al, summarized that oxazolidinones able to inhibit elongation process through
the influence of the step of translocation in protein synthesis process [24]. Due
to the novel oxazolidinones mechanism of action as antibacterial agent, there is
no cross-resistance that has been reported between oxazolidinones and other

protein synthesis inhibiting antimicrobials [25] [26] [27].
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Figure 2. Oxazolidinones inhibition of protein synthesis steps of prokaryotic cells.

4. Mechanism of Anti COVID-19 Effect of Oxazolidinons

Firstly, patients with COVID-19 are at risk of developing serious infections.
Clinical applications of LNZ in the treatment of COVID-19 provide good results
than other antibiotics like bedaquiline and levofloxacin [28]. Hence, in Covid-19
patients linezolid (LNZ) was considered a useful treatment for associated bac-
terial nosocomial pneumonia so LNZ is included in covid-19 protocols. LNZ
may be considered one of the famous and common antibiotic prescribed and has
more superiority over some other antibiotics due to its better availability to pe-
netrate into respiratory secretion [29].

As for anti-corona virus mechanisms, one of the suggested mechanisms which
are widely studied in virus invasion of an organism is the formation of spike
protein complex of SARS-CoV-2 with ACE2 (29). SARS-CoV is a single-stranded
RNA-enveloped virus, targets cells through the viral structural spike (S) protein
that binds to ACE2 receptor [30]. Following receptor binding, the virus particle
uses host cell receptors and endosomes to enter cells. A host type 2 trans mem-
brane serine protease (T'TSPs) like TMPRSS2, facilitates cell entry by the S pro-
tein (28). Once inside the cell, viral polyproteins are synthesized that encode for
the replicase-transcriptase complex. The virus then synthesizes RNA via its
RNA-dependent RNA polymerase. Structural proteins are synthesized leading to
the completion of assembly and release of viral particles [31] [32]. These viral li-
fecycle steps provide potential targets for drug therapy (Figure 3). For this rea-
son, many researches focused on how to describe how interaction can be done. It
is also believed that LZD exhibits activity on the immune response. There is evi-
dence in vitro and pre-clinical, which demonstrated that LZD suppresses the
phagocytic ability, cytokine synthesis, and secretion of immune cells as well as
the expressions of immune-related genes at the mRNA level under the stimula-
tion of endotoxin or pathogens. Immunomodulatory effects of LZD can not only
reduce the inflammatory damage induced by exaggerated or prolonged release of
pro-inflammatory cytokines during infections but can also be applied to alleviate
the symptoms of non-infectious inflammatory conditions (33). The formers col-

lectively lead to decrease virulence factors of COVID-19.

DOI: 10.4236/pp.2023.141002

23 Pharmacology & Pharmacy


https://doi.org/10.4236/pp.2023.141002

A.S. Mahdi et al.

ACE2 Receptor %naen;)?éttaet )
Y Y ’{TMPRssz b

Arbidol,
Umifenovir
X

Fusion (1)

Uncoating (2)

Chloroquine
Exocytosis

Genomic RNA
l Transcription/Replication (3)

Lopinavir / Ritonavir

S ) Oseltamivir,
FaV|p|raV|r

Proteolysis (4)

N\/W\/\
Wﬁp"cc’ﬂtmn
Transcription (5)
Chloroquine ’—%”"‘\7 Viral genome el genome. > WM
4

. Assembly &
NANNNANS i budding(7)
NANANANANS )
Subgenomic NSAAAAAS

Formatlon Of

Rgrgdesnvnr inside. golgl vesicle (8)
ibavirin *

RNA

Translation of viral
L o structural protein (6)

Figure 3. Viral Lifecycle of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) and Potential Drug Targets.

Morgon, N. H et al, explain the mode by which LNZ interfere with viral rep-
lications [33]. It was shown that there is an interaction between spike protein of
covid-19 and human ACE2, this interaction leads to many dangerous immune
disorders. LNZ could interact with ACE2 receptors or interact with spike protein
of COVID-19 and prevent spike viral interaction with ACE2 receptors to pre-
vent such fetal immune disorders. This interaction was proved using electronic
and molecular docking study. The study revealed that only the (S)-linezolid had
a stable interaction with ACE2 with 8.05 Kcal-mol™', whereas all R-enantiomeric
configurations had positive values of binding energy (Figure 4).

The stable and low energy complex between (S)-Linezolid and spike protein
may represent the main reason for believing that (S)-linezolid has biological ac-
tivity and not for the (R)-linezolid. Omicron, which is a recent variant of
COVID-19 showed a large number of mutations in the receptor-binding domain
(RBD) of the spike protein [34]. Assuming (S)-linezolid has the favorability in
interacting with the SARS-CoV-2 spike protein ((S)-Linezolid..RBD...ACE2).
this interaction could be justified by similar interaction seen on a type of bac-
terial ribosome unit called Haluarcula marismortui, ((S)-Linezolid...Ribosomal).
This interaction revealed the stability and predictive activity of (S)-Linezolid on
SARS-CoV-2 protein. This interaction include 3 hydrogen bonding could also be

observed in both the Haluarcula morismortui Ribosomal and RBD...ACE2
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Figure 4. Molecular docking between (R) and (S)-Linezolid with SARS-CoV-2 RBD spike
protein with representing of the most stable interaction locations.

complex [33]. Moreover, the coronavirus 3CLpro inhibitors reported in the lite-
rature, 3CLpro is 3-chymotrypsin-like protease which is responsible for in-
tra-molecular cleavage to produce multiple non-structure protein of polymeric
precursors (ppl) of coronavirus genetic material RNA (ribonucleic acid) after
infection. Because the 3CL protease is responsible for cutting at least 11 sites and
is extremely important for virus replication, it is also called the main protease
(Mpro) [17] [34]. Gene sequence analysis showed that this protease is relatively
conserved, and the 3CL protease of SARS-CoV and SARS-CoV-2 are highly sim-
ilar on the gene sequences and active site [28]. Therefore, 3CLpro is considered as
one of the ideal target for the evaluation and development of new anti-coronavirus
drugs. The coronavirus 3CLpro inhibitors reported in the literature are mainly
divided into peptide inhibitors [35] [36] and non-peptide inhibitors [37] [38].
Oxazolidinones derivatives like (linezolid, tedizolid, and others) are commonly
non-peptide inhibitors had shown antibacterial [39], and cholestryl ester transfer
protein inhibiting activity [40] [41]. Evaluation of these compounds was done
using the fluorescence resonance energy transfer (FRET) based enzymatic assay
[18]. Finally, Oxazolidinones like Linezolid can act against covid-19 by showing
excellent result to treat various bacterial co-infections that accompanies corona

infection [14].

5. Chemistry and Structure Activity Relationship of
Oxazolidinones

Oxazolidinones molecules are fully synthesized and doesn’t find in nature any-
more. They were described firstly in 1980s by El DuPont de Nemours and com-
pany that lead to produce Linezolid which was brought in 1990s on markets [42]
then they were implemented by (Pfizer. NY.USA). The development history has
been discussed in many review [43] [44]. A number of studies identified the es-
sential structural factors and the structure activity relationship (SAR) are very
important for their biological action on 1st oxazolidinones derivatives (linezolid

and eperezolid) (Figure 1). The core of oxazolidinones pharmacophore consist
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of oxazolidone ring carrying S configuration substituent at carbon number 5
(C5) and the acyl-amino-methyl group connected to C5 and the N-aryl substi-
tuent which is ring B. The basic chemical structure of oxazolidinones, is dis-
played in (Figure 5) [45]. SAR of ring A and B is essential for antimicrobial ac-
tivity, the potent antimicrobial activity is by the acetamide group at ring B [46],
in addition the biological activity increased by fluoro substitution on meta posi-
tion on ring B while substitution on para position elevates the antibacterial ac-
tion [43]. Appearance of antimicrobial activity is limited on 5S-acetamidomethyl
enantiomer (Figure 5). The adverse reaction decreasing, elimination of toxic ef-
fects, and enhancement activity are done by alteration of the chemical structure
at ring A and by addition of fluorine group on phenyl-3-position (45). Moreo-
ver, the size of 3-substitution has a very essential role in determining the antimi-
crobial activity, the larger one, is the lowest activity [47] [48]. Research in 2008
by using x-ray co-crystal showed that linezolid bounds to 50S ribosomal subunit
[49] [50]. Oxazolidinones can inhibit synthesis of protein through interaction
with 50S ribosomal subunit at peptide transferase center (PTC) in A-site pocket,
and this interaction changes and effects the position or binding of initiator tRNA
then inhibit of tRNA binding at the A position that result in prevent the se-
quence translation. Preclinical studies of both linezolid and eperezolid result
from showed almost very similar minimum inhibitory concentration values
(MIC), pharmacokinetic parameters and antimicrobial range of efficacy. Linezo-
lid was selected for further development and studied because its half-life in hu-
man is relatively prolonged. The large scale synthesis and their chemical strategy
of linezolid are described in (Figure 6) [51].
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Figure 5. Structure activity relationship of Linezolid.
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6. Clinical Applications of LNZ in Treatment of COVID-19

In patients with COVID-19, there is a major risk of serious bacterial infections
which may cause serious diseases like Pneumonia, meningitis, osteomyelitis and
endocarditis [52] [53]. Many clinical studies added antibiotics for the protocol of
Covid-19 as macrolids, moxifloxacins and linezolid. Clinical studies suggested
that, the early use of prophylactic antibiotics in patients with COVID-19 could
help and reduce the risk of co-bacterial infections. It also may decrease the
prognosis of the disease in patients of high risk [54]. The study also encouraged
the use of LNZ in some complicated cases as diabetic patients with COVID-19
[55]. Treatment of COVID-19 patients with Linezolid should be started to avoid
the suspicion of nosocomial pneumonia [56]. The role of LNZ in treatment of
Covid-19 is still in need of more studies to up stand and definite the complex
role of LNZ.

7. Medical Applications of Oxazolidinones

Oxazolidinones as antibiotics have a wide range of applications in the treatment
of many infectious diseases caused by bacterial infections. Wide applications of
oxazolidinones in the treatment of many cases of methicillin resistant bacterial
infection and vancomycin resistant infection. It is also used for Bacterial infec-
tions caused by S. pneumoniae, S. aureus, Streptococcus pyogenes, Streptococcus
agalactiae. It is used in the treatment of Community Acquired Pneumonia, No-
socomial Pneumonia, in Skin and Skin Structure infections. It also used for the

treatment of is used for meningitis, osteomyelitis and endocarditis [52] [53].

8. Conclusion

Oxazolidinones are an important class of synthetic antibiotics that can treat
multi-bacterial infections and many resistant strains of bacteria like methicil-
lin-resistant Staphylococcus aureus and many others through inhibits bacterial

protein synthesis at earlier steps in mechanism differs than chloramphenicol.
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Depending on the unique mechanism of action of oxazolidinones, there was a
prediction of the absence of cross-resistance with other antibiotics which act also
by protein synthesis inhibition. Early studies suggest that antibiotic class like
(Linezolid) can be used to treat coronavirus by contrasting mechanisms or by
treating many bacterial co-infections that accompanies corona infection. Further
and more studies are required to determine precisely how oxazolidinones work
against corona. Moreover, oxazolidinones still represent an interesting media for
the synthesis of new oxazolidinones derivatives and for evaluating their antimi-
crobial effect. Also, more studies are required to up stand and precise the actual
role of oxazolidinones in the treatment of COVID-19 and other SARS diseases.
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