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ARTICLE INFO ABSTRACT

Keywords: Several drugs and antibodies have been repurposed to treat COVID-19. Since the outcome of the drugs and
COVID-19 antibodies clinical studies have been mostly inconclusive or with lesser effects, therefore the need for alternative
Corticosteroids treatments has become unavoidable. However, corticosteroids, which have a history of therapeutic efficacy
Ergz::ir‘z:mds against coronaviruses (SARS and MERS), might emerge into one of the pandemic’s heroic characters. Cortico-

steroids serve an immunomodulatory function in the post-viral hyper-inflammatory condition (the cytokine
storm, or release syndrome), suppressing the excessive immunological response and preventing multi-organ
failure and death. Therefore, corticosteroids have been used to treat COVID-19 patients for more than last
two years. According to recent clinical trials and the results of observational studies, corticosteroids can be
administered to patients with severe and critical COVID-19 symptoms with a favorable risk-benefit ratio. Cor-
ticosteroids like Hydrocortisone, dexamethasone, Prednisolone and Methylprednisolone has been reported to be
effective against SARS-CoV-2 virus in comparison to that of non-steroid drugs, by using non-genomic and
genomic effects to prevent and reduce inflammation in tissues and the circulation. Clinical trials also show that
inhaled budesonide (a synthetic corticosteroid) increases time to recovery and has the potential to reduce hos-
pitalizations or fatalities in persons with COVID-19. There is also a brief overview of the industrial preparation of
common glucocorticoids.

Repurposed drugs

1. Introduction

Due to emerging health conditions caused by COVID-19, WHO
declared a pandemic on March 11, 2020 [1]. Since January 2020,
physicians and researchers around the world are in continuous search of
repurposed drugs for therapeutic treatment of COVID-19. As of 6th May
2022, about 513 million people were infected and over 6 million people
suffered death due to COVID-19 [2]. As a result, the COVID-19 pandemic
is being considered as the worst worldwide public health catastrophe
since the influenza pandemic in 1918. COVID-19 disease passes through
different stages: early infection, pulmonary and hyperinflammation
phase, among those the hyperinflammation phase which is the most
critical due to uncontrolled viral replication and cytokine storm, with
hyperinflammation and immune suppression [3,4]. The virus that

causes this condition is known as SARS-CoV-2, which is a single-
stranded RNA virus that belongs to the beta coronavirus family. Its
spike subunit S1 is crucial for viral attaching to receptors on host cells
such as the ACE-2, and S2 participates in virus-cell membrane fusion [5].
The virus normally penetrates into lung epithelial cells and cause a mild
lung inflammation. But COVID-19 is characterized by systemic hyper-
inflammation and multi-organ dysfunction when the endothelium is
injured by direct viral invasion of endothelial cells or by the inflam-
masome [6]. As a result, altering the immunological host response to
SARS-CoV-2 has swiftly become very essential for the researcher to
against SARS-CoV-2. For more than last two years, many WHO-
approved antivirals, antibiotics, NSAIDs, and other drugs were repur-
posed for therapeutic treatment against SARS-CoV-2 [7-9]. Many clin-
ical trials are still ongoing with some non-conclusive findings, some of

Abbreviations: 16-DPA, 16-dehydro pregnenolone acetate; ACE-2, Angiotensin-Converting Enzyme 2; AcOOH, Acetic peracid; COVID-19, Coronavirus Disease
2019; DC, Dendritic cells; DUSP1, Dual-specificity phosphatase; ELAM, Endothelial-leukocyte adhesion molecule; GILZ, Glucocorticoid-induced leucine zipper; GR,
Glucocorticoid receptors; Hsp, Heat- shock proteins; ICAM, Intracellular adhesion molecule; IL, Interleukin; INCSs, Intranasal corticosteroids; MAP, Mitogen-acti-
vated protein; MERS, Middle East respiratory syndrome; NSAIDs, Non-steroidal anti-inflammatory drugs; RCTs, Randomized controlled trials; RARp, RNA-dependent
RNA polymerase; RNA, Ribonucleic acid; SARS, Severe acute respiratory syndrome; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; TGF, Trans-
forming growth factor; USFDA, US Food and Drug Administration; VCAM, Vascular adhesion molecule; WHO, World Health Organization.
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them were discontinued and the rest of them begin their trials recently
[10-12]. Some new antiviral drugs against SARS-CoV-2 are now being
developed but to hit the market successfully it will take few more years
[13-15]. However, anti-inflammatory drugs like corticosteroids have
been found to help in the hyperinflammatory stage of the disease. This
fact is supported by pathological observations of pulmonary edema and
hyaline membrane development in patients who died from COVID-19
[16]. In the past, corticosteroids have been used in conjunction with
other antiviral medications to treat a variety of diseases and disorders,
including herpes labialis, influenza, Bell’s palsy etc., in every cases it
was found that this combination therapy was more effective for patients
than that of corticosteroid alone [17-19]. Therefore, using corticoste-
roids either alone or in conjunction with other antiviral medications
may improve the results for COVID-19 patients. Herein we briefly dis-
cussed on clinical trial results of drugs like favipiravir [20], remdesivir
[21], and Regeneron’s cocktail antibody REGN-COV2 [22] along with
Tocilizumab (a monoclonal antibody) [23-25]. Corticosteroids are now
commonly used to treat COVID-19 patients, and clinical trials with
various corticosteroids are now underway in several countries [26-30].
In this article, we discuss about the industrial synthesis of four cortico-
steroids that are used as well as their mechanism of action, dosage
regimen, briefly clinical trials data and also the possibility to use corti-
costeroids in combination with antiviral drugs in COVID-19.

2. Different therapeutic methods towards COVID-19 treatment
and their clinical trial status

Many antiviral drugs/antibodies have been repurposed for the
treatment of COVID-19, but in most of the cases their trial results are
either not in favor of continuation of therapy or they showed little or no
effect to severe COVID-19 patients. Among other drugs, antiviral drugs
have been found to be beneficial in the early stages of the disease. In
moderate COVID-19 patients, antiviral therapy did not provide -
supportive care in terms of clinical outcomes. Antivirals were more
effective when given early in the course of the disease. Because viral
respiratory illness mortality is exceptionally difficult to lower with
antiviral drugs, no antiviral treatment has shown benefit in reducing
COVID-19 mortality. Antiviral treatment is limited to severe instances in
vulnerable populations for most respiratory viral infections due to a lack
of effective therapies [31,32]. However, antiviral medications are still
important in the early stages of COVID-19. Some of the drugs recent
clinical results are discussed below.

Favipiravir, a synthetic purine nucleoside analogue with broad-
spectrum inhibitor of viral RdRp, was chosen because of its in vitro
action against SARS-CoV-2, however, there is no indication of clinical
efficacy [33-35]. Favipiravir did not significantly enhance viral clear-
ance in a prospective, randomized, open-label trial of early vs late
therapy in hospitalized COVID-19 patients. The updates for two clinical
trials (only favipiravir (NCT04336904) and favipiravir/tocilizumab
combination (NCT04310228)) to determine their efficacy and safety in
the treatment of COVID-19, are still pending [36,37].

Remdesivir is an adenosine nucleotide analogue prodrug, a potential
RdRp inhibitor, which is required for SARS-CoV, MERS-CoV, and SARS-
CoV-2 viral RNA production [38,39]. This drug had been initially
approved by different medical organization for the treatment of COVID-
19 in the many countries of United States, Europe and Asia. Though later
clinical trial results showed remdesivir had very little or no effect on
mortality in RCTs, conclusive evidence to support its use is still lacking
[37,40-42].

Regeneron’s REGN-COV2, is a combination of casirivimab and
imdevimab (two monoclonal antibodies) that target the SARS-COV-2
spike protein [22,43]. In those COVID-19 patients, who are not
admitted to hospital, the first descriptive data exhibited that REGN-
COV2 can be an excellent alternative to reduce the time to symptom
alleviation as well as viral load. REGN-COV2 has also shown potential in
terms of decreasing medical visits. Different clinical trials like
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(NCT04381936, NCT04426695, and NCT04425629) or prevention
(NCT04452318) for the treatment of COVID-19 are currently being
conducted. On November 21, 2020, USFDA gave REGN-CoV-2 emer-
gency approval for the treatment of mild or moderate COVID-19
symptoms in patients aged 12 and above (weighing at least 40 kg) and
are at higher risk for developing severe COVID-19. This approval is
based on the findings of a clinical trial that indicated a reduction in
COVID-19-related hospitalization or emergency department visits in
those at high risk of illness progression within 28 days of starting
treatment [44-46].

Upregulation of the immune response, particularly the production of
pro-inflammatory cytokines like IL-6, plays an important role in the
pathogenesis of COVID-19 related severe illness. There has been a great
interest in finding a targeted anti-inflammatory drug which lowers
mortality in hospitalized COVID-19 patients.

Tocilizumab is a recombinant humanized monoclonal antibody and
is approved for the treatment of a variety of disorders, including rheu-
matoid arthritis. Tocilizumab binds to soluble IL-6 receptors selectively,
and thus blocks IL-6 signaling. This antibody has an extended elimina-
tion half-life and dose-dependent, nonlinear pharmacokinetics. Tocili-
zumab may be an appropriate and effective treatment for COVID-19
patients as it blocks the IL-6- receptor, which is a vital cytokine in the
inflammatory storm that can lead to increased alveolar-capillary blood-
gas exchange dysfunction, particularly decreased oxygen diffusion, fol-
lowed by pulmonary fibrosis and finally organ failure. This antibody was
tested in China to 20 patients having SARS-CoV-2 infection at the start of
the pandemic to examine its efficacy [47-49].

3. Corticosteroids in COVID-19 treatment.

Clinical trials have recently revealed that antiviral therapy has little
or no influence on the mortality of COVID-19 patients who are hospi-
talized. Additionally, several negative side effects such as chest
discomfort, hyperuricemia, reduced neutrophils, vomiting, and others
have also been reported [50-52]. A systemic inflammatory response had
been developed in the majority of severe hospitalized COVID-19 pa-
tients, which in most cases resulted in lung damage and multisystem
organ failure. Hence a new therapeutic methodology/ treatment for
severe COVID-19 patients became the need of the hour. Corticosteroids’
powerful anti-inflammatory properties have been found to prevent or
lessen these negative effects. As a result, corticosteroids are commonly
used to treat coronavirus infections. Corticosteroids are steroid hor-
mones generated by the adrenal cortex that have been shown to be
potent immunomodulators [53]. It has a role in a variety of physiolog-
ical processes, including inflammatory control, immunological
response, glucose metabolism, protein catabolism, stress, blood elec-
trolyte levels and many others. Glucocorticoids (hydrocortisone, dexa-
methasone, prednisolone, methylprednisolone etc.) and
mineralocorticoids (aldosterone, fludrocortisone, 11-deoxycorticoster-
one etc.) are the two main classes of corticosteroids. Glucocorticoids
are endogenous molecules with anti-inflammatory, desensitizing, and
antiallergy properties that affect carbohydrate, lipid, and protein
metabolism. They are immunosuppressants that also have anti-shock
and anti-toxic properties. Dexamethasone, Hydrocortisone, predniso-
lone, and methylprednisolone are the four major glucocorticoids used
for the therapeutic treatment of COVID-19 patients (Table 1). Cortico-
steroids have genomic (in the case of low dosages) and nongenomic (in
the case of high doses) mechanisms of action. The genomic approach
takes longer time and is linked to more side effects than the non-genomic
process, which shows major side effects. The main anti-inflammatory
effect of corticosteroids is the inhibition of a pro-inflammatory gene
that generates cytokines, chemokines, cell adhesion molecules (CAM),
and the acute inflammatory response [54].
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Table 1
Comparison of structural and physical properties between the corticosteroids. Data collected from PubChem [55-58].
Parameters Dexamethasone Methylprednisolone Prednisolone Hydrocortisone
Molecular Weight 392.5 374.5 360.4 362.5
XLogP3 1.9 1.9 1.6 1.6
LogP 1.83 1.525 1.62 1.61
LogS —3.64 —-2.99 -3.21 —-2.97
Hydrogen Bond Donor Count 3 3 3 3
Hydrogen Bond Acceptor Count 6 5 5 5
Rotatable Bond Count 2 2 2 2
Topological Polar Surface Area 94.8 A2 94.8 A2 94.8 A2 94.8 A2
Heavy Atom Count 28 27 26 26
Formal Charge 0 0 0 0

4. Synthesis of Glucocorticoids

Glucocorticoids are reported to be synthesized in number of ways
either by microbiological treatment or industrial synthesis. In this situ-
ation it becomes inevitable for organic chemists to develop cost efficient
methods for synthesis of pharmaceutically important corticosteroids.
Herein we had summarized the industrial synthesis of prednisolone,
dexamethasone, and hydrocortisone from natural product diosgenin
[59]. While methyl prednisolone were reported to be synthesized from
hydrocortisone [60].

For the efficiency of glucocorticoid, the presence of hydroxyl groups
(-OH) at - (C-11) and a- (C-17) positions in the structure of the preg-
nane system is necessary. In general, glucocorticoid binding to receptor
sites is expected to occur only when the p —~OH and p —-CO-CH,-OH at the
C-11 (red colored) and C-17 (blue colored) respectively (Fig. 1) of the
steroid system is present at the same time. In most cases, the presence of
axially oriented additional bulky substituents in the steroids inhibits its
binding to receptors, while no change observed for analogues with
equatorial -substituents.

Hydrocortisone: The synthesis of hydrocortisone was reported via
different routes by several researchers. Woodward and co-workers first
reported the chemical synthesis of hydrocortisone in 1952 through
many steps [61]. Later, Sarett et. al synthesized hydrocortisone from 3-
ethoxypiperylene and quinone [62,63], followed by other groups
[64,65]. They reported a modification of Woodward’s method starting
from methoxytoluquinone and methyl vinyl ketone while Velluz’s syn-
thesized, from 6-methoxytetralone and dichlorobutane [66]. In all of the
cases the overall yields were very less (~0.04 %) [67]. For the industrial
synthesis of hydrocortisone, semi-synthetic pathways are followed
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starting from naturally occurring sterols. It also includes a multi-stage
chemical method as well as a microbial bioconversion step.

One method starts from diosgenin (Scheme 1), which after successive
reactions was converted to (16-DPA (1.1) [59]. Then compound 1.1 was
converted to epoxide 1.2 by treatment of hydrogen peroxide/base fol-
lowed by Oppenauer oxidation gives the 3-keto unsaturated interme-
diate 1.3. The epoxide 1.3 was converted to 17-hydroxy progesterone
(1.4) by epoxide opening and then removal of HBr by Ha/Raney Ni
reduction. Following Ringold-Stork protocol compound 1.4 was con-
verted to the corresponding acetate 1.5. In the final step the selective
hydroxylation was achieved by the treatment of Absidia orchidis whereby
both - and - (72: 17) hydroxyl isomers were formed. The major and the
required isomer 11p- hydrocortisone was isolated by recrystallization.

In another approach, the synthesis of hydrocortisone starting from
progesterone was reported (Scheme 2). Here to avoid late-stage hy-
droxylation, progesterone was treated by microbial substance for hy-
droxylation and then by CrO3/CH3COOH for oxidation of alcohols to
give compound 2.3. The triketone 2.3 thus formed was treated with
diethyloxalate/base followed by bromine to form the product 2.4.
Favorskii rearrangement of the dibromo product 2.4 leads to the for-
mation of a,p-unsaturated acid followed by protection of enone by gly-
cols to give the compound 2.5. Then the o,p-unsaturated acid moiety
was reduced with LiAlH4 yields the compound 2.6. Conversion of
compound 2.6 to hydrocortisone was performed by acetylation followed
by dihydroxylation and then deprotection [59].

A novel biosynthesis for the preparation of hydrocortisone from
carbon source by treatment with recombinant Saccharomyces cerevisiae
strains was reported recently [68].

Dexamethasone: Another corticosteroid is

important

b)

Fig. 1. Common Steroids used for COVID-19 treatment: Skeleton for corticosteroids.



S. Sen et al.

a) Ac,0, 200 °C

b) CrO3, AcOH

c) NaOH, EtOH
AcO

Diosgenin

O OAc

'OH a) I, CaO, CaCl,

b) KOAc, DMF

1.5

Absidia orchidis
fermentation
(0] OH
HO . OH

Hydrocortisone

Steroids 188 (2022) 109102

C 0
0
H,0,/NaOH *
— >
HO
1.1 1.2
cyclohexanone/
Al(O'Pr)3

e} e}
OH a) HBr (0
b) H,, Raney Ni
-
O
1.3

Scheme 1. Synthesis of hydrocortisone from diosgenin.

dexamethasone; it was first synthesized in 1957 and was approved for
wide range of anti-inflammatory treatment in 1961 [69]. There are
several routes for the synthesis of dexamethasone from the available
steroids.

One of the important methods for the synthesis of dexamethasone is
from readily available tigogenin (Scheme 3) [70,71]. Initially tigogenin
through multiple step reaction was converted to «, f-unsaturated ketone
3.1. Then enone 3.1 was treated with MeMgCl/CuCl to introduce the
methyl moiety at C-16, followed by epoxidation with AcOOH and
alkaline hydrolysis to get compound 3.2. Then, bromination followed by
treatment with potassium acetate gives acetylation at C-21 gave com-
pound 3.3. The oxidation at C-3 position was accomplished by oxidising
with calcium hypochlorite and then on treatment Brp/AcOH in a
dioxane-AcOH solvent generated 2,4-dibromoketone derivative 3.4.
Under suitable conditions double dehydrobromination takes place
following that, on treatment with the fungus Peslalotia foedans, yielded
selective 11-hydroxy derivative 3.5. Between C-9 and C-11 in the C-ring,
a double bond was also formed as a result of the sodium acetate treat-
ment, then epoxidation with hypobromous acid (formed by mixing
perchloric acid and N-bromo acetamide) followed by sodium acetate
treatment resulted in 3.6. Dexamethasone was produced by treating
epoxide 3.6 with HF in chloroform-THF to introduce fluorine at C-9. and
finally, by hydrolysis of the acetyl unit.

Upjohn and other companies developed an alternate method by
converting sitosterol to 9a-hydroxyandrost-4-ene-3,17-dione (4.1)
through a microbial fermentation process (Scheme 4) [72,73]. Treat-
ment of 4.1 with phosphoric acid followed by acetone cyanohydrin in
alkaline MeOH/water yielded the cyano compound 4.2 [74]. Both
enone at C-3 and hydroxy at C-17 were protected, using suitable re-
agents to form 4.3. After methylation of nitrile using MeMgCl hydrolysis
were performed to generate acetoxy group. The acetoxy group at C21
was introduced via a-iodination and then 4.4 was produced by
displacement with acetate. The hydroxyl group at C17 was converted to

the double bond (between C16-C17) by esterification, followed by
elimination by treatment with KOAc in DMSO at 80 °C yielding 4.5.
Microbial fermentation of the compound 4.5 yielded C1-C2 double bond
4.6. In a single pot, the « methyl group at C-16 was introduced and the C-
17 oxidation took place to synthesize compound 4.7. To synthesize
dexamethasone, the C9 a-fluoro group was introduced via the conven-
tional technique of epoxidation 4.8 followed by ring opening with HF.

Prednisolone: Prednisolone are conveniently synthesized following
a very efficient route starting with the oxidation of hydroxyl group at
carbon-11 forming triketone derivative (Scheme 5), followed by epoxide
opening with hydrobromic acid and subsequent Hy/Raney-Ni reduction
yielded 5.2 [75]. Next by following the Ringold-Stork method, the 21-
methyl group is transformed to produce cortisone-21-acetate 5.3.
Cortisone acetate 5.3 was later transformed into prednisone acetate 5.4
by the microbial treatment with Corynebacterium simplex. By following
the reported protocol prednisone acetate 5.4 was be transformed into
prednisolone. Prednisone acetate 5.4 was transformed to prednisolone
by protection with semicarbazide then reduction with KBHy4, followed
by NaNO, mediated deprotection.

The abovementioned procedure is being followed in most of the cases
for the synthesis of prednisone and prednisolone across the world.

In another procedure (Scheme 6), 21-acetoxy-11p,17a-dihydroxy-
5a-pregnan-3,20-dione (6.1), undergoes bromination at C-2 and C-4 by
bromine in acetic acid gives dibromide 6.5. The product was further
dehydrobrominated by heating in collidine followed by hydrolysis at C-
21 produces prednisolone [60].

Methylprednisolone: Methylprednisolone, also known as 11,17,21-
trihydroxy-6-methylpregna-1,4-dien-3,20-dione, varies from predniso-
lone by a methyl group at C-6 position of the steroid system. Therefore, a
different strategy is required for introducing a methyl group at C-6 of the
steroid skeleton. In one method starting from hydrocortisone (Scheme
7), carbonyl group is protected by ethylene glycol in the presence cat-
alytic amount of acid, causing the movement of double bond from C-
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Scheme 2. Synthesis of hydrocortisone from progesterone derivatives.

4-C-5 to C-5-C-6 position of the steroid to form 7.1. Then perbenzoic
acid is used to convert the product to an epoxide 7.2. The resultant
epoxide is then treated with MeMgBr, and the ketal protection is then
removed by Zn/HySO4 reduction, yielding the 5-hydroxy-6-methyl
dihydrocortisone derivative 7.3. The resultant hydroxyketone 7.3 is
dehydrated in alkaline condition, and then the product 6-methylcorti-
sone is further microbiologically dehydrogenated at the C1-C2 posi-
tion to get the required methylprednisolone [76-78].

4.1. Mechanism of action for corticosteroids against SARS-CoV-2

There have been several studies indicating that corticosteroids have
been effective in the treatment of COVID-19. Corticosteroids act differ-
ently than other antiviral medicines. There are two types of mechanism
that it follows namely non-genomic (applicable for high doses) and
genomic (for low doses) (Fig. 2) [79-81]. In a nutshell, corticoids reduce
inflammation by increasing the production and release of anti-
inflammatory proteins while blocking the production and secretion of
pro-inflammatory proteins. Because of their small size and lipophilic
nature, corticosteroids can diffuse past the cell membrane and attach to
GR in the cytoplasm and the GR dissociates from chaperone proteins
Hsp70, Hsp90, and immunophilin [82]. The GR complex then trans lo-
cates into the nucleus for binding glucocorticoid response elements, as a
result, the expression of several genes is managed [83,84]. By concur-
rently activating histone deacetylases and inhibiting histone acetyl-
transferases, activated glucocorticoids reduce the expression of pro-
inflammatory genes [85,86]. Corticosteroids also inhibits immune cell
extravasation, epithelial cell adhesion, chemotaxis, phagocytosis, and
immune cell synthesis of antimicrobial effector chemicals, all of which
are related with inflammation. Glucocorticoids exert their actions at the
molecular level through trans repression and transactivation pathways,

inducing anti-inflammatory genes like the DUSP1 and GILZ [87], an
anti-inflammatory protein, MAP kinase phosphatase 1 and an inhibitor
of NF-kB i.e., GILZ, that prevents nuclear translocation of GATA-3,
which is involved in the generation of T helper (Th)2 cytokines, is also
induced by glucocorticoids [87,88]. They increase the formation of
annexin 1, which reduces phospholipase A2 expression and enhances
inflammation resolution and phagocytosis of apoptotic neutrophils by
macrophages [26]. Glucocorticoids prevent leucocyte recruitment by
reducing the synthesis of acute phase reactants and chemokines [89,90].
The expression of VCAM-1, ELAM-1, and ICAM-1 are lowered to avoid
leucocyte diapedesis [91,92]. Glucocorticoids affect a wide range of
cells. lymphocytes include Th1, Th2, and Th17 cells, CD8, as well as B
and Treg cells; Myeloid cells include macrophages, tissue resident,
monocytes, migratory, granulocytes and plasmacytoid DC [26,79,93]. In
all subtype leucocyte maturation, differentiation, and proliferation are
impaired by glucocorticoids. The number of monocytes/macrophages,
DC, eosinophil and basophil granulocytes in the body is reduced. Glu-
cocorticoids enhance the number of neutrophils generated by the bone
marrow and their demarginating, as well as the TGF and anti-
inflammatory cytokines IL-10 released by DCs. They suppress antigen
presentation to T lymphocytes by lowering the expression of Fc re-
ceptors and MHC class II on the cell membrane [26,94,95].
Corticosteroids have been demonstrated to upregulate anti-
inflammatory molecules such as CD163 and IL-10 in macrophages and
monocytes via the annexin Al (also known as lipocortin 1)-mediated
pathway [96,97]. Additionally, corticosteroids like dexamethasone
can induce the generation of host cytochrome P450-3A4, which can
reduce the efficacy of other associated medications used for treatment
[96,98]. And also, Glucocorticoids inhibit lymphocytes and the pro-
duction of pro-inflammatory cytokines such as interleukin IL-1, IL-2, IL-
6, IL-8, VEGF, IFN-gamma, TNF, and prostaglandins. Among them five
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of these are significant and are linked to SARS-CoV-2 [54,99].

4.2. Clinical trials related to corticosteroids and their outcomes

According to Paassen et al. among forty-four RCTs and observational
studies, methyl prednisolone (n = 35) was prescribed in maximum
number of studies [100]. Dexamethasone, hydrocortisone, and pred-
nisolone were also been either as single or in multiple corticosteroids
regimen. The dosing regimen was largely determined by the glucocor-
ticoid half-life. Dexamethasone (6 mg once daily) has a lengthy half-life
of 36-72 h, whereas prednisolone and methyl prednisolone (interme-
diate half-life 12-36 h) are given at 40 mg and 32 mg (e.g., 16 mg in
every 12 h or 8 mg in every 6 h) daily, respectively. However, in the case
of hydrocortisone (which has a short half-life of 8 to 12 h), 160 mg (50
mg every 8 h or 100 mg every 12 h) must be taken [101]. Some data
related to corticosteroids in COVID-19 therapy are shown in Table 2.

Budesonide is a synthetic corticosteroid that is inhaled and has high
glucocorticoid and weak mineralocorticoid activity [102-104]. INCSs
have been increasingly popular in recent years due to their efficacy.
Bioavailability, intranasal environment, and variables that influence
patient adherence should all be considered during the COVID-19 treat-
ments. Many RCTs have recently begun to investigate the role of inhaled
steroids in the treatment of COVID-19 in individuals who have been
infected with  SARS-CoV-2  (NCT04330586, NCT04355637,
NCT04377711, NCT04416399, and NCT04331470) [105,106]. The
aforementioned trials have yet to produce any clear and conclusive data.

4.3. Corticosteroids in combination with other drugs

For the treatment of COVID-19, several combinations of corticoste-
roids and non-corticosteroids have been investigated. Only dexameth-
asone was given to hospitalized patients who did not require oxygen
support; however, dexamethasone was administered in combination

with antiviral drug remdesivir to critical patients who did require oxy-
gen support and it was found that though corticosteroids — remdesivir
therapy could not reduce the mortality rate of critical patients but was
associated with a significant decrease in the incidence of Secondary
Bacterial Infections in critically ill COVID-19 patients [122]. In another
study Dexamethasone with other antiviral drug (remdesivir or favipir-
avir), it was observed that the use of steroids within ten days of begin-
ning antiviral medications considerably reduces the probability of ICU
hospitalization in the early stages of the disease [123]. Corticosteroid
was also studied in combination with hydroxychloroquine, an antiviral
drug, against hospitalized adults with COVID-19, and result exhibited
that the combination of corticosteroid and antiviral drug was related to a
reduced risk of clinical development, particularly in patients with
pneumonia [124]. Corticosteroids-favipiravir combination treatment
was also showed a better result in for improving the condition of COVID-
19 patients with chronic obstructive pulmonary disease [125]. Dexa-
methasone was also used in conjunction with Tocilizumab (IV) or sar-
ilumab in ICU patients (IV) [126]. In the clinical study Dexamethasone
in combination with Tocilizumab, the risk of death in COVID-19 patients
was found to be lower than patients treated with tocilizumab alone
[127]. Dexamethasone, Ivermectin, Aspirin 250, and Enoxaparin in-
jections were administered to treat moderate to severe symptoms in
certain circumstances [128].

4.4. Quest for new corticosteroids in the treatment of COVID-19

After the initial success of corticosteroids, now the researchers over
the world are in search of natural/synthetic corticosteroids which will
have a better efficacy with lesser side effects towards the COVID-19
treatment. Budesonide a synthetic glucocorticoid primarily known as
nasal medication for asthma are now repurposed as a nasal medication
against SARS-CoV-2. Ciclesonide is another inhaled corticosteroid which
was tested in COVID-19 patients, but there are still insufficient evidences
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whether it is beneficial to COVID-19 patients or not [129]. Another new
steroid 5a-cholesta-4(27),24-dien-3p,23p-diol was isolated from Ophio-
coma dentata and studied against SARS-CoV-2 [130]. The in vitro result
shows that the new isolated steroid can are effective in 95 % inhibition

of the SARS-CoV-2 virus at 5 pg/ml concentration. Also, the ICso value
indicates that it is more potent than diclofenac. Therefore, these three
drugs (Fig. 3) can be developed further into an effective drug against
SARS-CoV-2 virus.
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Table 2
Comparison between the corticosteroids in COVID-19 treatment.
Drugs Clinical trial Dosage Stage Reference
Dexamethasone NCT04395105 16 mg/day IV OD from days 1 to 5 and 8 mg/day from days 6 to =~ ARDS with confirmed respiratory infection [107]
10 due to SARS-CoV-2
NCT04327401 First 5 days 20 mg/day IV, followed by 10 mg IV 1/day for 5days =~ Moderate and severe ARDS due to SARS- [108]
CoV-2 virus
NCT04344730 10 dexamethasone 20 mg/ 5 ml, solution for injection in ampoule  Acute hypoxemic respiratory failure [109]
of 5 ml, from D1 to D10 for one patient. (AHRF)
NCT04707534 First 5 days 20 mg/day, for next 5 days 10 mg/day Hospitalized patients with COVID-19 [110]
NCT04765371 6 mg/day for 10 days Patients with COVID-19 pneumonia [111]
requiring oxygen supplementation
NCT04909918 IV 8 mg/day given for 7 days Patients with COVID-19 Disease Admitted [112]
to ICU
Methylprednisolone ~ NCT04263402 1. < 40 mg/ day IV drip x 7 days Early stage [113]
2. 40 to 80 mg/day IV drip x 7 days
IRCT20080901001165N52 500 mg IV infusion over 1 h. At days 2 and 3: 250 mg IV infusion =~ Moderate to severe pneumonia related to [114]
over 1 h. At days 4 and 5: 100 mg IV infusion over 1 h COVID-19
IRCT20200204046369N1 20 mg/day Hospitalized patients with confirmed [115]
COVID-19
NCT04343729 0.5 mg/kg Patients displaying severe acute [116]
respiratory syndrome indications
NCT04909918 For 7 days, 1 mg/kg/day in 2 divided doses per day COVID-19 Diseased Patients Admitted in [112]
ICU
NCT04438980 120 mg/day for 3 days Patients with COVID-19 pneumonia with [117]
risen inflammatory biomarkers
Hydrocortisone NCT04348305 200 mg q 24 h bolus injections 50 mg (10 ml) every 6 h for 7 days  Patients with COVID-19 and severe [118]
hypoxia
NCT04359511 3.5 mg/kg/day continuous infusion for 10 days COVID-19 Pneumonia [119]
Prednisolone IRCT20080901001165N52  Prior to discharge, use 25 mg PO once day. After that, taper off Patients with mild to severe COVID-19- [114]
tab. prednisolone over the course of a month. related pneumonia
NCT04359511 Prednisone 0.7 mg/kg/day PO OD for 10 days COVID-19 Pneumonia [119]
NCT04765371 60 mg/day for 10 days Patients with COVID-19 pneumonia [111]
requiring oxygen supplementation
Budesonide NCT04355637 Inhaled budesonide Hospitalized patients with COVID-19 [120]
Ciclesonide NCT04435795 Ciclesonide 600mcg BID inhaled and intranasal ciclesonide 200 Mild COVID-19 disease [121]

mcg DIE

Budesonide

Ciclesonide

HO

5a.-cholesta-4(27),24-dien-3f3,233-diol

Fig. 3. Skeleton of three new reported steroids.

Also, a new synthetic corticosteroid can be developed based on the
fact that C-11 and C-17 should contain p- and o- hydroxy group
respectively. In addition to hydroxyl group, p ~CO-CH,-OH at C-17 po-
sition of the steroid system is also an essential in showing the activity
towards SARS-CoV-2 virus as all the four corticosteroids (hydrocorti-
sone, dexamethasone, prednisolone and methyl prednisolone) along
with budesonide has this stereochemistry and functional groups com-
mon in their structure.

4.5. Adverse effects of corticosteroids in the treatment of COVID-19

Despite the risk of side effects such as transient hyperglycemia, ste-
roids are generally safe in short-term use. Long-term use, on the other
hand, has been related to cataracts, glaucoma, hypertension, fluid
retention, psychological effects, weight gain, as well as an increased risk
of infections and osteoporosis [15,131].

5. Conclusion

In summary, in the battle against COVID-19, corticosteroids can be
termed as double-edged sword and they should be used carefully as a
short-course (e.g., up to 10 days) treatment agent for severe and critical
hospitalized COVID-19 patients, considering the risk-benefit ratio
[132]. There is no concrete clinical trial data to support the long-term
administration of steroids in COVID-19 patients to avoid potentially
harmful sequelae such as lung fibrosis diabetes mellitus, obesity, car-
diovascular diseases and depression. More well-designed clinical studies
are urgently needed to assess the safety and effectiveness of corticoste-
roids, as well as corticosteroids in combination with other drugs, in
COVID-19 therapies. Finally, corticosteroids are a low-cost, readily
available drug that should be regarded as standard of treatment in
hospitalized COVID-19 patients who require respiratory support.
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