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ARTICLE INFO ABSTRACT

Keywords: COVID-19 is announced as a global pandemic in 2020. Its mortality and morbidity rate are rapidly increasing,
COVID-19 with limited medications. The emergent outbreak of COVID-19 prompted by severe acute respiratory syndrome
Drug transporters coronavirus 2 (SARS-CoV-2) keeps spreading. In this infection, a patient’s immune response plays pivotal role in
CYPs . o . . . .

Remdesivir the pathogenesis. This inflammatory factor was shown by its mediators that, in severe cases, reach the cytokine
Dexamethasone at peaks. Hyperinflammatory state may sparks significant imbalances in transporters and drug metabolic ma-
Molnupiravir chinery, and subsequent alteration of drug pharmacokinetics may result in unexpected therapeutic response. The

present scenario has accounted for the requirement for therapeutic opportunities to relive and overcome this
pandemic. Despite the diminishing developments of COVID-19, there is no drug still approved to have significant
effects with no side effect on the treatment for COVID-19 patients. Based on the evidence, many antiviral and
anti-inflammatory drugs have been authorized by the Food and Drug Administration (FDA) to treat the COVID-
19 patients even though not knowing the possible drug-drug interactions (DDI). Remdesivir, favipiravir, and
molnupiravir are deemed the most hopeful antiviral agents by improving infected patient’s health. Dexameth-
asone is the first known steroid medicine that saved the lives of seriously ill patients. Some oligopeptides and
proteins have also been using. The current review summarizes medication updates to treat COVID-19 patients in
an inflammatory state and their interaction with drug transporters and drug-metabolizing enzymes. It gives an
opinion on the potential DDI that may permit the individualization of these drugs, thereby enhancing the safety
and efficacy.

1. Introduction

SARS-CoV-2 was initially recognized and designated as COVID-19
infection [1]. The National Health Commission of China confirmed the
first of COVID-19 identification in pneumonia patients in the city of
Wuhan in China in December 2019. Initially, pneumonia patients stated
the normal respiratory infection, which promptly transformed into acute
respiratory syndrome [2]. By the end of December 2020, almost 77
million cases have been reported, with about 1.7 million deaths.

There is a very urgent prerequisite to discovering novel antiviral
drugs against COVID-19. Based on the evidence, Food and Drug
Administration (FDA) approved some medicines that have already been
used in the treatment of SARC-CoV and MERC-COV. In these, remdesivir
and favipiravir showed the most promising effect against COVID-19 [3].
The antiretroviral (ARV) drug lopinavir has been used for COVID-19
combined with ritonavir (potent anti-HIV  drug). This
lopinavir-ritonavir combination showed to be efficient against
COVID-19 [4]. Anti-malarial drug hydroxychloroquine has

* Corresponding author.

demonstrated more promising results against COVID-19, and it is used in
higher frequency. Alone and in combination with many other drugs [5,
6]. Regardless of the antiviral drug, dexamethasone has proved little
relief against COVID-19. In the initial clinical trial, it lowered the death
by one-third on severe patients that were on a ventilator [7]. Fluvox-
amine has also shown the potential in outpatients of COVID-19 infection
[8]. Molnupiravir is used to treat the COVID-19 condition. It can block
the transmission of SARS-CoV-2 within 24 h [9]. Many drugs and pep-
tide some under clinical trial that have been used for treating COVID-19
[10], has shown in Table 1. Vaccine development is typically a long
game, and many more vaccines against COVID-19 are in clinical trials,
and few are in the final stage [10]. We will have to wait and see how
things play out [11].

Many pharmacokinetics determinants of used possible COVID-19
medications, including absorption distribution metabolism and elimi-
nation, can be modified disease state or during an inflammatory
response (Fig. 1.). Chronic inflammation is produced when an antigen is
persisted, and the immune system continuously acts against this antigen.
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Table 1
Drug-drug interaction potential of therapeutic agents used to treat COVID-19.
Drug Drug Transporter Reference Metabolism reference
1 Remdesivir $pgp®OATPB1,'OATPB1,'OATPB3,'BSEP,'MRP4,'NTCP [103] $CYP2C8,°CYP2D6,°CYP3A4,'CYP3A4 [103]
2 Favipiravir '0AT1,'0AT3 [116] $A0,'cYP2cs [116]
3 Ribavirin $NT,*ENT1 [290,291] Phosphorylation, Deribosylation, Amide hydrolysis [292]
4 Interferons $OAT2 [173] $CYP1A2,%UGT2B7,'CYP3A,'CYP2D6 [173,174]
5 Lopinavir *pgp,*MRP1,*MRP2,*0ATP1A2,* OATP1B1'Pgp,'BCRP,'OATP1B1,'0ATP1B3,'OATP2B1 [293-295] ICYP3A4 [293-295]
[296-299]
6  Ritonavir $pgp,*MRP1,*MRP2,'Pgp,' MRP1" BCRP,'OATP1A2,'OATP2B1,'0ATP1B1,'OATP1B3,'0CT1, [295] $CYP1A2,%CYP2C8,°CYP2C9,*CYP2C19,'CYP3A4,/CYP2D6  [308,300]
OCT2 [300]
[296,299,301-307]
7 Chloroquine $OATP1A2 [309,310] $cyp2cs,*CYP3A4°CYP2D6 [311,312]
8 Hydroxy 'Pgp,'OATP1A2 [309,310,313] $cyp2cs,*CcYP3A4°CYP2D6 [311,312,
chloroquine 314]
9  Dexamethasone $pgp,*MRP2 [315,316] $CYP3A4 [317]
10 Umifenovir Unclear $CYP3A4 and*FMOs [148]
11 Teicoplanin Unclear Unclear Metabolic path [318]
12 Nitazoxanide unclear sDeacetylase,sUGT [319]
13 Ivermectin 'Pgp,'BCRP,'MRP1,'MRP2,'MRP3 [320-322] ICYP2C9,'CYP2C19'CYP2D6,'CYP3A4 [323]
14  Atazanavir *pgp,*MRP1,°MRP2,'OATP2B1 [324,325,298,299,326, IcYP3A4,'UDGT [324]
327]
15  Azithromycin $pgp and*MRP2 [211,328] $CYP3A4 [210,329]
SOATP
16  Darunavir $pgp,*OATP1A2, OATP1B1,'Pgp,'OATP2B1 [330-333] ICYP3A4 [334,335]
17 Ruxolitinib $OATP1B1, and*OCT1,*NTCP,'Pgp,'BCRP [334,335] $CYP1A2,5CYP2B6,°CYP2C9°CYP3A4 [224,225]
18  Baricitinib $p-gp,*BCRP,*0AT3,*MATE-K [234,292] SCYP3A4 [292,336]
19  Imatinib $pgp,*OATP1B3 [337,338] Scyp2cs,*cyp3a4 [238,339]
19 Fluvoxamine Unclear $CYP1A2,%CYP2C19,°CYP2D6,°CYP3A4 [340,341]
cyp1A2,'cyp2c19 [247]
20  Canabinoids $pgp,*BCRP, MRPs [342] $CYPs,*UGT [342,343]
21  Molnupiravir Unclear Unclear
22 Itolizumab Unclear Unclear
23 Tocilizumab Unclear Unclear
24  Meplazumab Unclear Unclear
25 Eculizumab Unclear Unclear
26  AMY101 Unclear Unclear
27  ARDS-003 Unclear Unclear
28 LCB1 Unclear Unclear

$_substrate of, “Inhibitor of, Pgp; P-glycoprotein, OAT; Organic Anion Transporter, OATP; Organic Anion Transporter Protein, BCRP; Breast Cancer Resistance Protein, MRP, Multidrug Resistance Associated Protein, OCT;
Organic Cation Transporter, NT; Nucleotide Transporter, ENT; Equilibrative Nucleoside Transporter, NTCP; Sodium/Taurocholate Co-transporting polypeptide, BSEP; Bile Salt Export Pump, CYP; Cytochrome P450, UGT,

UDP-Glucuronosyltransferase, AO; Aldehyde Oxidase, FMO; Flavin-containing Monooxygenase
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This chronic inflammation is associated with alteration in the level of
drug binding proteins [12-14], in addition, the downregulation of
various hepatic and extrahepatic drug metabolizing enzyme [15,16].
More recently, inflammation-mediated changes in the expression of
numerous membranes associated drug transporters have been reported
[17]. In the case of co-administration of many drugs, the risk of drug
interaction increases, nevertheless in COVID-19, a more complicated
disease-drug-drug interaction is anticipated. The SARS-CoV-2 infection
has shown an increasing frequency of hospitalization and intensive care
unit (ICU) admission [18]. This is considered as a major clinical concern
mainly when considering that critically ill patients are more influenced
drug interaction that CYPs and efflux pumps are involved in the meta-
bolism and transport respectively of commonly prescribed drugs in ICU
[19]. During highly prevalent acute and chronic inflammatory condi-
tions, the alteration in the expression and activity of transporters and
DMEs may modify the pharmacokinetics (PK) and pharmacodynamic
(PD) properties of therapeutic drugs used in COVID-19 treatment.

This article will focus on the current state of knowledge and assume
PK, disease-drug, and drug-drug interaction of therapeutic drugs used
for routine intensive care for COVID-19 patients. Herein, we also
reviewed the updated status of the supportive roles of several antivirals,
some antibiotics, and some therapeutics peptides that have tested their
efficacy in the worldwide treatment of COVID-19.

2. Alteration of drug transporters mechanisms in response to
inflammation

Inflammation is associated with various cytokines response. Those
are the broad class of small cell-ignaling proteins accountable for
keeping homeostasis of the immune system. Proinflammatory cytokines
interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor
(TNF-a) are mainly responsible for an acute immune response [20].
During infection, these locally producing cytokines can circulate in the
bloodstream and create a systemic effect by interacting with cell mem-
brane receptors, transporters on the vascular endothelium, and paren-
chymal cells of numerous organs. Inflammation and immune reaction
represent a significant factor in many acute and chronic diseases
involved in changing drug clearance by altering drug transporter’s
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mechanism and drug-metabolizing enzyme activity.

P-glycoprotein (Pgp) is one of the most comprehensively explored
ABC transporter that has been studied against the response of in-
flammations. Several studies suggested the association of IL-6 as direct
administration of this cytokine diminished the Pgp mRNA level and
protein expression in hepatic cell lines as well as in vivo in mice [21,22].
In humans, intestinal epithelium showed a decrease in Pgp expression in
inflammatory conditions [23]. Caco-2 is a human enterocyte cell line
and universal model for permeability experiment was treated with
TNF-a resulted in to decrease in Pgp expression and activity [24,25].
Second, the most comprehensively explored ABC transporter, BCRP
(breast cancer resistance protein) was studied in recent years. Like Pgp,
BCRP activity and expression were downregulated in primary human
hepatocytes after treating with IL-6, while TNF-a treatment led to in-
duction of BCRP [26]. The effect of IFN-y on primary human hepatocytes
significantly decreased the mRNA expression of BCRP [27]. The human
brain cell line showed significant decreases in the expression and ac-
tivity of BCRP after treating IL-f1, IL-6, and TNF-a [28]. It is also
believed that proinflammatory cytokines are critical mediators of MRP2.
It was recently revealed that IL-f1, IL-6, and TNF-a, all considerably
down-regulate the mRNA and protein expression of MRP2 in hepatic cell
lines of humans and rats [29,30]. Overall, alteration in the expression of
Pgp, BCRP, MRP2, and several other key transporters is mediated by
acute inflammatory response [25,31-35]. One study on inflammatory
bowel diseases (IBD) patients revealed the effect of inflammation on SLC
transporters [36]. SLC transporters (ENT1, ENT2, CNt2, OATP2Bl1,
OATP4A1) mRNA level was dysregulated in IBD patients, which is
associated with the inflammation of the tissue and presents an indication
about the inflammatory signaling in the regulation of SLC expression
[36]. Many transcription factors are also activated during inflammation
and play a key role in regulating transporters and drug-metabolizing
enzymes [37-41]. Many excellent reviews have been published on the
molecular mechanism of the transporters regulations during inflamma-
tion have been described elsewhere [39,42,43].
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Fig. 1. Alteration in the expression of key transporters (ABC: ATP binding cassette and SLC: Solute carrier) and drug metabolizing enzyme (Cytochrome P450 and
Phase II) mediated by acute inflammatory response in SARC-CoV-2 (COVID-19) infection play a role in alteration of drug disposition and pharmacokinetics.
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3. Alteration of drug metabolizing enzymes activity in response
to inflammation

CYPs are widely involved as the primary contributor to metabolic
biotransformation of most drugs [44]. Like drug transporters, regulation
of CYPs has also been associated with inflammation in several metabolic
and infectious diseases, including viral infection [45].
Inflammatory-induced alteration in hepatic CYPs is caused mainly by
cytokines formed during the inflammation process [46]. It has been
reported that multiple cytokines may play a part in regulating a single
enzyme, whereas a specific cytokine can regulate a subclass of enzymes.
The regulation is essential when considering drug interactions because
drug pharmacokinetics will ultimately be altered depending on disease
type and its released cytokines, as well as the, administered [47,48].
Many studies have described cytokine-induced CYPs activity alteration
in different mammals [49-51], including humans [52,53] using hepa-
tocytes as well as in vivo in mice [54], rats [55], and humans [56]. In-
flammatory mediators also suppressed the extrahepatic CYPs [57-60].
Most proinflammatory cytokines are IL-1 [61-63], IL-6, TNF-a, and
IFN-y that have displayed suppression of CYPs expression and activity
[64-66]. Other cytokines IL-2 and IL-10, also showed the same effect
[67-69]. IL-6 has been identified as the major inflammatory factor that
elicits a significant repressive effect on the expression and activity of
different CYPs. Human recombinant IL-6 has exhibited concentration
dependent inhibition of phenobarbital mediated induction of CYP2B1/2
in rat hepatocytes [70]. It reduced the activity of different CYPs with
variable levels [71]. Human recombinant IL-6 treatment markedly
suppressed at mRNA level of CYP1A1, CYP1A2, and CYP3A3 in separate
human hepatoma cell lines [71]. Chronic inflammatory response,
induced by turpentine or bacterial lipopolysaccharide, showed signifi-
cant suppression in hepatic CYP1A2, CYP2A5, CYP2C1, and CYP3A11 in
rats [72,73]. Several studies have assessed the impact of IL-6 on CYPs,
triggered by malignancies [74]. The vital role of IL-6 in cancer-mediated
suppression of hepatic CYP3A has been exhibited by mitigating such
effects via monoclonal antibodies against IL-6 [75] or IL-6 receptor [76].
Anti-IL-6 antibody intrusion was also tested in IL-6 treated primary
human hepatocytes. IL-6 inhibited CYP1A1l, CYP1A2, CYP2B6, and
CYP3A4 expression and activity. It was also efficient in intervening
CYP1A2 and CYP3A4, induced by omeprazole and rifampicin, respec-
tively. The cytokine-induced suppression of CYPs activity is not fully
expounded. However, it is believed that strongly suggested that a
decrease in the CYPs mRNA strongly recommended a transcriptional
mechanism affecting several transcriptional factors [77,78]. Nuclear
factor Kappa B (NF-kB) and the aryl hydrocarbon receptor are the reg-
ulatory transcription factor in the inflammatory and immune response,
and they regulate the gene expression of many CYPs in human, rats, and
mice [77-80]. For example, pyrrolidine dithiocarbamate is an inhibitor
of NF-kB that can the capability to block the inflammatory reduction in
CYP1A2 activity [81,82]. Pregnane X Receptor (PXR) is targeted to
many genes, most notably CYP3A4. NF-kB factors regulate PXR, and
NF-kB is regulated by inflammatory stimuli results manipulation of
Hepatic CYPs expressions [83-85]. Activation of NF-kB suppressed the
glucocorticoid receptors (GR) and constitutive androsterone receptor
(CAR) expression. It is associated CYP genes [86]. It has been described
that proinflammatory cytokines such as IFN-y, TNF-a, GM-CSF (gran-
ulocyte macrophage colony stimulating factor), MC-SF (macrophage
colony stimulating factor), IL-1, IL-6, IL-12 elevated in peripheral blood
of COVID-19 patients [2,87]. IL-6 was found the most important target
for anti-cytokine therapy as it is believed to be the key point in the
process and its elevation is associated with poor prognosis [88-90].

It is well recognized that alteration in the expression of a transporter
and the activity of DMEs, can lead to alterations in the PK/PD of the
prescribed drug; therefore, prescribed medication during inflammation
may be an essential to interindividual variability in drug efficacy and
toxicity. In the case of co-administration of multiple drugs, the risk of
drug interactions is increased. Most prescribed drugs are given below,
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and their drug interaction potential are shown in Table 1.
4. Agents used to treat COVID-19
4.1. Remdesivir

Remdesivir (GS-5734) is an adenosine triphosphate analog. It was
put forth to treat to Ebola and Coronavirus [91]. Remdesivir halts the
viral replication by inhibiting the essential replicating enzymes RNA
dependent RNA Polymerase. It supports the premature termination of
viral transcription by eluding the proofreading activity of exoribonu-
clease [92]. Remdesivir has broad-spectrum activity against many vi-
ruses, including, SARS-CoV, and MERS-CoV [4,3]. Clinical
pharmacokinetics data are still unclear. Moreover, safety data on
humans are available online [93]. Remdesivir has already shown the
successful inhibition with sub-micromolar concentration in tissue cul-
ture experiments against human CoV, and Zoonotic CoV [94,95].
Similar efficacy was also found in MERS-CoV infected nonhuman pri-
mate (rhesus monkey) [96]. It has given the direction for a potential
treatment for COVID-19 infected patients [97]. Updated data showed
that remdesivir had little or no effect on hospitalized patients with
COVID-19, as indicated by overall mortality, initiation of ventilation,
and hospital stay duration [98,99]. Remdesivir plus baricitinib come-
dication was shown promise for treating COVID-19. This co-medication
therapy was superior upon remdesivir alone in lowering recovery and
accelerating improvement in clinical status. This combination has been
shown fewer serious adverse effects [100]. Using CQ or HCQ with
remdesivir may reduce the antiviral activity of remdesivir [101].
Another combination of remdesivir with bericitinib, a substrate of
CYP3A4, showed severe side effects despite accelerating clinical status
improvement [100].

4.1.1. Drug-drug interaction

Remdesivir demonstrated linear PK. While in healthy people, no
significant difference was found in the half-life of remdesivir, but
nucleoside metabolite GS-441524 was observed with half-life 24 h
[102]. Primary data from healthy human donors confirm that remde-
sivir is extensively metabolized by CYP2C8, CYP2D6, and CYP3A4
[103]. Clinical studies related to DDI of remdesivir have not been done
but mathematical prediction of DDI liability was performed using
existing phase I and in-vitro data [104]. The impact of inhibitor/inducer
on the PK of remdesivir will be significantly attenuated because of the
high to moderate extraction ratio (0.6-0.8) and IV route of adminis-
tration, if remdesivir had a low hepatic extraction ratio [105]. A strong
inducer rifampicin causes the induction of CYP3A and up to 30%
decrease of remdesivir exposure is anticipated. Likewise, entire CYP3A
inhibition would be supposed to increase 4% level of remdesivir
compare to the 20-fold rise in the exposure of midazolam (a probe
CYP3A substrate). The use of strong CYP3A inhibitors and moderate
CYP3A inducers were permitted phase III clinical program of remdesivir,
based on the predictions. Evaluation of the potential for the remdesivir
to inhibit DMEs and transporters in vivo, a physiological based phar-
macokinetic (PBPK) model that capture the in vivo PK and invitro in-
hibition potency of remdesivir was developed using SimCYP software.
Invitro unbound inhibition constants for BCRP, CYP3A, OATP1B3, and
MATE]1 were assigned and the alteration in midazolam (CYP3A), rosu-
vastatin (OATP/BCRP), pravastatin (OATP), and metformin (MATE1)
probe exposure (AUC) was anticipated. For these PBPK simulations, the
timing of remdesivir administration relative to prob drug was optimized
to foresee the maximum DDI, which coarsely related to the adminis-
tration of remdesivir, so the ending of the infusion occurs at the probe
maximum observed plasma concentration. Whereas co-administration
of remdesivir is expected to increase probe drug AUC by transporters
at therapeutic remdesivir dose with COVID-19. For the treatment of the
COVID-19, a 200 mg loading dose along with 100 mg maintenance
doses for about 5-10 days, demonstrated steady PK with prior research
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[104].

4.1.2. Disease-drug interaction

In-vitro data advised that inflammatory response reduces mRNA
expression of several CYP450 isoenzymes, including CYP1A2, CYP2B6,
CYPC9, CYP2C19, CYP2D6, and CYP3A4 [106] and transporters.
Therefore, inflammation could theoretically influence their
pharmacokinetics.

4.2. Favipiravir

Favipiravir is an antiviral drug that was used to treat influenza
infection in 2014 in Japan [107]. Favipiravir was also used against the
Ebola virus, in the absence of a standard cure for Ebola [108]. It was
finally accepted for the treatment of Ebola virus infection [109,110].
Favipiravir also showed the immune response in viral clearance in
nonhuman primates [111]. Other studies have also described that the
active metabolite of favipiravir (favipiravirribofuranosyl-50--
triphosphate) directly halt the transcription by inhibiting the RNA
dependent RNA polymerase [112,113]. The clinical evidence for the
efficacy and safety was observed in an open label, nonrandomized
control clinical trial [114]. Recently, phase-3 clinical trials for
COVID-19 favipiravir with tablet has been initiated [115]. The clearance
has granted Appili Therapeutics for evaluating safety and efficacy of
favipiravir in the tablets form to control COVID-19 in long-term care
services. FDA granted approval to Appili Therapeutics to investigate the
broad-spectrum antiviral therapy for favipiravir.

4.2.1. Drug-drug interaction

Favipiravir is also a prodrug that is active after intracellular phos-
phorylation like remdesivir. It shows hepatic metabolism other than
CYPs, mediated by aldehyde oxidase (AO) xanthine oxidase (XO). Asian
population must be shown the increased exposure of favipiravir because
of genetic polymorphism of AO. Especially variants of aldehyde oxidases
are associated with pharmacodynamic outcomes in other drugs that are
the substrate of AO. AO inhibition based on DDI has yet to be deter-
mined. The DDI based zaleplon and cimetidine is already known.
Cimetidine co-administration results in the inhibition on AO catalyzed
oxozaleplon development, and caution is included in the Zaleplon level.
Possible DDI between favipiravir and these drugs should be thoroughly
examined. Hence, potential DDI due to the AO inhibition should not be
ignored in the clinical settings. Favipiravir is eliminated as an inactive
metabolite (82-92%) through urine. Favipiravir and its metabolite act as
a moderate inhibitor of OAT1 and OATS3, resulting in uric acid excretion
in the kidney [116]. It is also a week inhibitor of several metabolic en-
zymes, but its effect is shown on CYP2C8 that must have clinical sig-
nificance to increase substrate drug exposure [117].

4.3. Lopinavir/ritonavir

Lopinavir (LPV) is a potent anti-HIV drug that is used to treat HIV
infection in combination with ritonavir (RTV). Ritonavir inhibits the
hepatic drug metabolism of lopinavir to enhance the half-life and ac-
tivity. Infectious Diseases Society of America (IDSA) advised ritonavir-
boosted combination as first-line therapy for HCV patients [118].
LPV/RTV has proven anti-SARS-CoV-2 activity in vitro by preventing
the protease in Vero E6 cells [119]. In a comparative study [120],
LPV/RTV and ribavirin displayed a risk in SARS-CoV. Furthermore,
SARS patients revealed that lopinavir-ritonavir plays a vital role in
explaining the clinical consequences [121]. Another comparative study
LPV/RTV treatment alone, and combination with IFN enhanced clinical
outcomes on some MERS patients. LPV/RTV was found to 40% decrease
in the risk of MERS infection [121,122]. In India, EMR division has
advised the dosing program for this drug combination for clinical
management of COVID-19 [123]. One randomized open-label clinical
trial [124] for LPV/RTV is conducted on patients. The authors did not
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gain more advantage of LPV/RTV to clinical benefits outside the stan-
dard of care, while it was found to have an advantage except secondary
endpoints. The efficacy of the LPV/RTV was approved, and future trials
will verify the results [124]. The latest study showed that LPV had little
or no effect on hospitalized patients with COVID-19, as suggested by
overall mortality, initiation of ventilation, and hospital stay duration
[98,99].

4.3.1. Drug-drug interaction

LPV is the substrate or inhibitor of various transporters (P-gp, BCRP,
OATP1A2, OATP1B1, OATP1B3 and OATP2B1), and CYP3A4 mediates
their metabolism. Ritonavir inhibits the hepatic drug metabolism of
lopinavir to enhance the half-life and activity.

4.3.2. Disease-drug interaction

CYP3A activity was approximately 50% lower in HIV-infected pa-
tients as compared to healthy volunteers [125]. Later in this study, the
effect of inflammation could have been diminished by the presence of
booster RTV, which is steadily linked with atazanavir to decrease its
clearance. In recent, two short reports specified higher plasma concen-
tration of LPV in severe COVID-19 patients [126,127], compared to
those detected in HIV-patients and concerning inflammation [126].
Since protease inhibitor -based regimens are administered to COVID-19
patients and have a higher potential for interactions then other
anti-retroviral drugs, evaluation of DDI is needed to inform proper
recommendation of dosing.

4.4. Ribavirin

Ribavirin is a guanosine analog and a broad-spectrum antiviral drug.
Combination with IFN, it has been used as a treatment option for hep-
atitis C infected critically ill patients. It demonstrated lower risk and
reduced death in ARDS (Acute respiratory distress syndrome) infection
in combination LPV/RTV [120]. Though, in recent in-vitro studies,
ribavirin indicated a high effective concentration against COVID-19
[128,129]. However, ribavirin developed an unexpected adverse ef-
fect, which was very harmful to ADRS patients [4].

4.4.1. Drug-drug interaction

Ribavirin is neither substrate nor inhibitor of hepatic or extrahepatic
CYPs. Drug-drug interaction is still unclear. It is hydrolyzed and phos-
phorylated only. It is being used in triple combination with nitazoxanide
and hydroxychloroquine.

4.5. Chloroquine, hydroxychloroquine

The two aminoquinolines, chloroquine (CQ) and hydroxy-
chloroquine (HCQ) are used for malaria and rheumatic diseases. They
showed the activity against the COVID-19 in Vero E6 cells [130] and
recommended it as a primary treatment option for the COVID-19
[131-133]. CQ and HCQ have weak diprotic features, and they could
increase the pH of the endosome during the fusion of the virus to the host
cell [134]. Several clinical trials were preceded in China for CQ and HCQ
on COVID-19 infected patients. One of them disclosed that promising
results in a reduction of the disease progression [135]. One clinical trial
was performed in France to find the efficacy of HCQ using at different
doses, along with azithromycin on COVID-19 infected patients. The
clinical demonstration noticed that the treated rate was considerably
higher in HCQ used in combination with azithromycin [136]. Even
though this study showed favorable results, extensive clinical data are
required to confirm the efficacy and safety of HCQ with azithromycin
[137]. Similarly, a postexposure prophylaxis clinical trial
(NCT04308668) using an oral dosing regimen has been conducted in the
USA. The latest study revealed that HCQ had little or no effect on hos-
pitalized patients with COVID-19, as suggested by overall mortality,
initiation of ventilation [98,99].
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4.5.1. Drug-drug interaction

The HCQ elimination half-life is likely > 40 days. The CYP and its
isoform could play a vital role in the metabolism of HCQ and CQ. The
hepatic metabolism of HCQ is not exactly exemplified. To see the
chloroquine data, the effect of CYP3A4/5 CYP2C8 and CYP2D6 were
extrapolated. Both change into active metabolites through the deal-
kylation process by CYP isomers [138,139]. The single nucleotide
polymorphism (SNPs) of CYP2D6 showed on the variable metabolism of
HCQ and CQ in SLE [140]. The administration of HCQ for the man-
agement of COVID-19 infection was challenged by several side effects
among individuals with different CYP genotypes. CYP genotyping,
especially for CYP2D6, may help to determine the optimum HCQ dosage
in personalized medicine.

4.5.2. Disease-drug interaction

The proinflammatory cytokine IL-6 increases the expression level of
CYP2B1 by an epigenetic mechanism. With this higher level of IL-6 in
COVID-19 infected patients compared to healthy subjects, there is the
possibility that IL-6 interferes with the metabolism of HCQ. The point is
highly clinical relevance for drug with a narrow therapeutic index like
HCQ and CQ.

4.6. Umifenovir

Umifenovir, is also known as Arbidol, is a broad-spectrum antiviral
drug [141]. Umifenovir worked to prevent the fusion of endosome
membrane to virus particles [142-144]. It interacts with the virus
hemagglutinin and enhances hemagglutinin stability, thus inhibiting the
hemagglutinin transition into a functional state [145]. Umifenovir also
disclosed the immunomodulatory and macrophage activation[146].
LPV/RTV and umifenovir were earlier used to treat acute SARC-CoV in
clinical practice. The clinical safety and efficacy of the umifenovir
monotherapy were analyzed in COVID-19 patients and compared with
LPV/RTV therapy. Umifenovir was found better than LVP/RTV for
treating COVID-19 [147]. Central Drug Research Institute (CDRI) has
acquired the approval for proceeding with the phase III clinical trial of
umifenovir. In this randomized, double-blind, placebo-controlled trial,
the efficacy, safety, and tolerability will be tested.

4.6.1. Drug-drug interaction

Arbidol was mainly eliminated in the urine; major metabolites as
with glucuronide and glucuronide sulfinyl conjugates. A total of 33
metabolites of umifenovir were identified in human plasma, urine, and
feces by involving multiple enzymes, including CYP1A1l, CYP2C19,
CYP2D6, CYP2E1, CYP3A4 CYP3A5, FMO1, FMO3, and FMO5 [148].
After oral administration of arbidol to healthy volunteers, three primary
metabolites (M5, M6-1, and M8) were detected in the plasma. The mean
elimination half-life of these three metabolites was longer than that of
the parent drug. Evaluating the safety and efficacy, M6-1 is essential
because of its high exposure and prolonged elimination half-life. In the
arbidol metabolism, CYP3A4 was the primary active enzyme followed
by FMO3 (responsible for the formation of M6-1)[148]. It indicates
possible drug interaction between umifenovir and CYP3A4 inhibitors
and inducers. Further investigations are needed to under the importance
of M6-1 in the efficacy and safety of umifenovir, because of its high
exposure and long half-life (25.0 h).

4.6.2. Disease-drug interaction

There is a possibility to affect the inflammatory cytokine on the
DMPK of umifenovir. Because CYP3A is the primary metabolic enzyme
involved in the metabolism of umifenovir [148].

4.7. Nitazoxanide

Nitazoxanide is an antiparasitic and broad-spectrum antiviral drug.
It has shown potential against SARS-CoV-2 and MERS-CoV in Vero E6
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cells. Nitazoxanide prevents viral infection by enhancing the specific
host mechanism [149]. The in-vitro activity of nitazoxanide against the
SARC-CoV-2 suggested that more clinical data are required to assess the
efficacy and safety against COVID-19 [119,150]. While evaluating the
efficacy of nitazoxanide alone and in combination with HQ, it reduced
the requirement of insidious ventilator support for COVID-19 patients.
Many clinical trials for nitazoxanide are currently proceeding with
various doses to treat COVID-19 patients [151]. he FDA has granted
Azidus Brasil’s approval for nitazoxanide to carry on phase II clinical
trial [152].

4.7.1. Drug-drug interaction

Although no drug-drug or disease-drug interaction studies have been
performed in vivo, it is believed that no significant interaction would
occur when nitazoxanide is co-administered with drugs that either is
inducer or inhibitor of CYPs. But it can increase the exposure of val-
proate and benzodiazepines because of highly competitive protein
binding with a low therapeutic window. No significant effect on QTc
prolongation has been noticed in COVID-19 patients.

4.8. Ivermectin

Ivermectin is an effective antiparasitic agent that the FDA approved.
Ivermectin has shown activity against many viruses [153]. Recently, one
in-vitro study revealed that ivermectin strongly impeded the replication
of COVID-19 [154]. Its antiviral activity may play a vital role and deliver
a potential candidate to treat COVID-19 [155,156]. Finally, FDA
declared a report for self-administration of ivermectin in COVID-19
patients [157]. Ivermectin is broadly offered due to its inclusion on
the WHO model list of necessary medicines.

4.8.1. Drug-drug interaction

Several authors assessed the effect of ivermectin in aging patients
with different drugs used to control Helminthes. Ivermectin is broadly
metabolized to several metabolites by CYP3A4, and it is a substrate for
P-gp [158]. Less than 1% ivermectin dose is eliminated in the urine as
the parent form. Therefore, a study would require controlling the factor
affecting variability in the ivermectin exposure, including administering
the dose in the fasted state, and excluding Pgp and CYP3A4 inhibitors
which could increase the ivermectin level in the plasma. Since iver-
mectin is highl.

4.8.2. Disease-drug interaction

The PK of ivermectin in elderly patients has not been described.
Ideally, metabolism may lower with age resulting in higher exposure to
ivermectin in elderly patients [159]. Drug metabolism and disposition
could also be changed by exposure to inflammation.

4.9. Interferons

Interferon (IFN) is a broad-spectrum antiviral agent that inhibits
viral replication via interaction with toll-like receptors (TLR) [160]. It
established antiviral resistance in cells [161,162]. Moreover, a member
of this family (IFN-A4) was discovered for viral clearance [163]. IFN-A
was found to be more efficient with a slight increase in inflammation
and tissue damage [164,165] and potentially controlled viral spreading
from the nasal epithelium to the upper respiratory tract [166], with
efficacy as compared to IFNa-based therapies [167]. IFNa and f dis-
played activity against the SARS-CoV in-vitro [168,169]. IFNp indicated
the potential in inhibiting MERS-CoV replication [170,171]. Mainly
type I IFN showed a fast decrease of viral load in mild to moderate
COVID-19 patients. In the severe COVID-19 infection, IFN revealed the
antiviral response with increased lung cytokine levels, reduced T cell
response, and acute clinical relapse [172]. The latest study revealed that
IFN had slightly or no effect on hospitalized patients with COVID-19, as
suggested by overall mortality, initiation of ventilation [98,99].
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4.9.1. Drug-drug interaction

IFNa is believed to be responsible for the CYP dependent drug in-
teractions interceded by a decrease in CYPs and transporters activities
[173,174].

4.10. Dexamethasone

Dexamethasone is a corticosteroid immunosuppressor. It lessens the
ability of B cells to synthesize antibodies [175]. Dexamethasone regu-
lates cytokine’s damaging effects by reducing the level of cytokine
[176]. Moreover, dexamethasone prevents macrophages and natural
killer cells from clearance secondary nosocomial pathogens [177].
Clinical evidence does not recommend the use of corticosteroids in
COVID-19 infection [178]. Even though corticosteroid has been asso-
ciated with an increase in the viral load, it persisted in the viral load
after patients’ survival from SARS-CoV [179]. By contrast, a clinical trial
proved that dexamethasone saved the life of seriously ill COVID-19
infected patients in the United Kingdom (UK) [7]. UK government
stated that dexamethasone was approved as an immediate treatment
option for hospitalized patients that were seriously ill and on ventilator
[180]. WHO added dexamethasone to the essential medicine list that is
readily available at low cost. NIH issued the guideline to recommend
dexamethasone as a treatment option for COVID-19 infected patients
[181,182].

4.10.1. Drug-drug interaction

Dexamethasone is a synthetic glucocorticoid, an agonist of nuclear
pregnane X receptor (PXR) [183]. It induces the drug-metabolizing en-
zymes such as CYP3A4 [184,185] CYP3A1ll, CYP2B10, and OATP2
[186-188]. Many variants of the drug-metabolizing enzymes (CYP3A4,
CYP3A5, CYP3A7, and GSTT1) and transporters (ABCB1 and MDR1)
have been associated with corticosteroid response across multiple dis-
ease condition [189]. The metabolic pathway of steroids is complex and
genomic determinants with adequate evidence are still unknown for
clinical application in COVID-19 infection.

4.10.2. Disease-drug interaction

There is a possibility to affect the inflammatory cytokine on the PK of
dexamethasone. Because major inflammatory cytokines inhibit CYPs
that primarily involved in the metabolism of dexamethasone.

4.11. Tetracyclines

Tetracyclines are a group of antibiotics. It can be used as a possible
treatment option for COVID-19 patients because of its well-known ac-
tivity to decrease the level of inflammatory cytokines such as IL-1b and
IL-6 [190]. Both IL-1b and IL-6 levels were significantly increased during
COVID-19 infection [191]. Tetracyclines also revealed that it lessened
the inflammatory agent in the circulation and induced programmed cell
death [192]. Investigators proposed that tetracyclines must be a better
therapeutic option to treat inflammatory disorders [192,193]. Previ-
ously it was documented for the treatment of HIV, west nile virus
(WNV), and viral encephalitis diseases [194] and also used for the
prevention of septic shock induced by ARDS [195]. It could be selected,
as a potential treatment option for COVID-19 infection [196,197]. In a
recent study during the tetracyclines treatment, symptoms resolved in
all patients within ten days. Surprisingly, ageusia and anosmia dis-
appeared in the first week of tetracyclines treatment. It appears a
promising drug to treat COVID-19 outpatients with mild symptoms
[198].

4.11.1. Drug-drug interaction

The drug metabolism of the tetracycline is still unclear. In the clinical
studies the antacids have been shown to decrease the bioavailability of
tetracycline. Tetracyclines have the ability to form chelates that are
frequently insoluble, reducing the absorption in the GI tract [199].
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4.12. Teicoplanin

Teicoplanin is an antibiotic and used to treat severe infections caused
by gram-positive bacteria. That can inhibit the replication and tran-
scription of the competent virus. It also worked against the MERS and
SARS as well [200]. Mechanistic studies revealed that teicoplanin in-
hibits the activity of the host cell’s cathepsin L and cathepsin B; these
proteins are responsible for cleaving the viral glycoprotein, allowing
contact receptor-binding domain of its core genome and subsequent
release into the cytoplasm of the host cell [201,202]. Therefore, these
studies suggested that teicoplanin could be used as a therapeutic option
for treating COVID-19 because SARS-CoV-2 is a cathepsin L-dependent
virus. According to Ceccarelli et al., teicoplanin has shown efficacy in
COVID-19 infected subjects [203]. Teicoplanin was recommended as a
hopeful option for the treatment of COVID-19 even though its safety and
efficacy data in humans is still unknown and need to be required. Evi-
dence for drug interaction and path of absorption is still unclear for
teicoplanin.

5. Atazanavir

Atazanavir (ATV) is an HIV-1 protease inhibitor (PI) currently sug-
gested as a first-line treatment for naive HIV-infected patients, as well as
switch regimens for patients showing intolerance to other antiretroviral
drugs (ARVs) [204]. ATV, alone or in combination with RTV, has shown
the potential to inhibit the SARS-CoV-2 replication and
pro-inflammatory cytokine production [205,206]. ATV diminished IL-6
release in COVID-19 infected human primary monocytes. Cellular
mortality and cytokine storm-associated intermediaries were lowered
after treatment with ATV [206]. The ATV or ATV-RTV has demonstrated
a new therapeutic option among clinically approved drugs that should
be considered an effective treatment for COVID-19 infected patients.

5.1. Drug-drug interaction

ATV or ATV-RTV potentially inhibits the CYP3A4, UGT1Al, Pgp,
BCRP OATP1B1/1B3. ATV is also a week inhibitor of CYP2C8. That have
a higher potential for interaction, assessment of DDI is needed to inform
dosing recommendations for COVID-19 Patients. Caution should be used
when recommending ATV with co-medication that have the potential to
increase the QT interval.

5.2. Disease-drug interaction

The effect of inflammation could have been diminished by the
presence of booster RTV, which is steadily linked with ATV to decrease
its clearance. In recent, two short reports specified higher plasma con-
centration of LPV in severe COVID-19 patients [126,127], compared to
those detected in HIV-patients and concerning inflammation [126].

6. Azithromycin

Azithromycin (Pfizer, NY USA) was revealed to be active in vitro
against Ebola [207]. Moreover, azithromycin is considered to have the
ability to prevent severe respiratory tract infection. Orally used azi-
thromycin is distributed to a variety of tissues, particularly the lungs
[208]. Azithromycin was used to treat COVID-19 patients in combina-
tion with HCQ [209].

6.1. Drug-drug interaction

Azithromycin is a macrolide antibiotic used patents with COVID-19
to cover the risk of secondary infection. It is widely distributed in the
body with high tissue affinity. Its elimination half-life between 2 and 4
days. Azithromycin is known to be a P-gp inhibitor and, if co-
administered with P-gp substrate (e.g., Digoxin), it has been reported
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to increase the serum level. It is also a week inhibitor of CYP3A4 [210],
OATP1A2 and OATP2B1 [211]. This combination with HCQ was shown
areduction in COVID-19 associated mortality [209]. The risk of possible
interactions is not pharmacokinetic, but it interacts pharmacodynami-
cally. While prescribing azithromycin as comedication and showed the
effect on QT prolongation. Co-prescription of azithromycin with HCQ
increased the QT prolongation, increasing the risk of heart failure and
cardiovascular mortality [212].

7. Darunavir

Darunavir is an HIV protease inhibitor approved in combination with
cobicistat (pharmaco-enhancer) to treat both naive and experienced
patients infected with HIV-1 [213,214]. This combination’s safety and
efficacy profile is already established based on III phase clinical trials
[215,216]. Existing data on the therapeutic effect of HIV protease in-
hibitors are from thorough in the COVID-19 patients. The inaccessibility
of in-vitro activity against SARS-CoV-2, darunavir could not be endorsed
to use as the treatment option for COVID-19. The in-vitro activity against
SARS-CoV-2, darunavir could not be endorsed to use as the treatment
option for COVID-19. Darunavir combined with cobicistat or with RTV
should remain exclusively for the treatment of HIV patients [217]. In
one study, the darunavir-cobicistat combination was found to be con-
nected with considerable survival gain in critically ill patients of
COVID-19 [218]. Darunavir lacks significant evidence for efficacy on
COVID-19 patients. Its safety and clinical efficacy data are needed to be
required.

7.1. Drug-drug interaction

DRV inhibits CYP3A, CYP2D6 and Pgp. It may interact medication
with commonly taken by people, other antiretrovirals and antacids.
Approximately 60% of all drugs are primarily metabolized by CYP3A4
and CYP2D6. DRV is a significant drug for DDI.

8. Ruxolitinib

Ruxolitinib is routinely used for the care of myelofibrosis, including
polycythemia vera [219,220]. It is a Janus kinase inhibitor and inhibits
the JAK-STAT signaling [221]. Ruxolitinib was investigated against
placebo for COVID-19 patients with ARDS. The two randomized phase
III clinical trials (NCT04363137 and NCT04377620) evaluated me-
chanical ventilation requirements for COVID-19 patients with ARDS
[222]. Ruxolitinib might be effective against the outcomes of the
elevated levels of cytokines in COVID-19 patients [223]. Its safety and
efficacy data in humans are still required in critically ill conditions.

8.1. Drug-drug interaction

Ruxolitinib is mainly metabolized by CYP3A4 and CYP2C9 and
partially metabolized by CYP1A2 and CYP2B6 [224,225]. Dual in-
hibitors of CYP3A4 and CYP29 (like fluconazole) could increase the
exposure of ruxolitinib. The magnitude of this interaction was confirmed
in healthy subjects based on a physiological-based pharmacokinetic
(PBPK) model [226].

8.2. Disease-drug interaction

The inflammatory response reduces the mRNA expression of several
CYP450 isozymes including CYP1A2, CYP2B6, CYP2C9 and CYP3A4
[106]. Therefore, inflammation could influence the DMPK properties of
ruxolitinib.

9. Baricitinib

Baricitinib is used as a therapeutic option for rheumatoid arthritis. It
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also a reversible JAK-inhibitor [227-229]. The JAK-STAT signaling in-
tervenes in the signaling of several cytokines, and interfering with this
pathway may be an appealing approach to alter the immunopathology
of SARS-CoV-2 [172,230,231]. Further, many drugs within this class
exhibit antiviral effects, albeit often at supra-therapeutic concentration,
by targeting host factors that viruses usurp for cell entry [232,233].
Baricitinib has the advantage of providing in vitro antiviral activity at
concentration achieved with approved dosing [230]. Baricitinib plus
remidesivir co-medication was shown promise for treating COVID-19.
This co-medication therapy was superior upon remdesivir alone in
lowering recovery and accelerating improvement in clinical status. This
combination has been shown fewer serious adverse effects [100].

9.1. Drug-drug interaction

Baricitinib is a substrate of OAT3, P-gp, BCRP, multidrug, and toxin
extrusion protein (MATE)2K, and it is partially metabolized by CYP3A4.
Baricitinib is also an inhibitor of OCT1, but clinical drug-drug interac-
tion is still unclear. Probenecid, an inhibitor of OAT3, increased the
exposure of baricitinib and decreased renal clearance in healthy sub-
jects. In vitro, PBPK modeling reproduced the renal clearance and
inhibitory effect of probenecid on baricitinib [234].

10. Imatinib

Imatinib is a tyrosine kinase inhibitor used to treat chronic mye-
logenous leukemia, gastrointestinal stromal tumors. It has been pointed
out as an unexplored SARS-CoV-2 infection [235]. One case report on
COVID-19 patients exhibited that who received imatinib due to clinical
relapse even with dual therapy with HCQ and LPV/RTV [236]. One
study was conducted to find the efficacy and safety of imatinib’s oral
administration combined with the best conventional care (BCC) versus
placebo in hospitalized COVID-19 patients [237].

10.1. Drug-drug interaction

Imatinib, is exclusively metabolized by CYP2C8 and CYP3A4 [238].
Imatinib also showed the irreversible mechanism-based inhibition of
CYP3A4 [239] and time-dependent autoinhibition of its own CYP3A4
metabolism leading to an essential role for CYP2C8 in the imatinib
elimination. Pharmacogenetic polymorphism and drug interaction
affect CYP2C8 activity during multiple dosing and may cause mark
interindividual variability in the exposure of imatinib.

11. Fluvoxamine

Fluvoxamine is a selective serotonin reuptake inhibitor [240,241] is
used as an antidepressant. It is exceptionally hydrophilic and has fast
intracellular uptake [242]. One study was conducted on adult symp-
tomatic COVID-19 patients, and fluvoxamine was given orally to out-
patients [8]. However, this study was restricted by a small sample size.
This study was triggered by a hypothesis including the influence on the
S1R-IRE1 pathway. Cytokine reduction resulting from S1R activation
would fit with this recent finding of benefits of the other
anti-inflammatory drugs for COVID-19 [243,244]. The potential
advantage of fluvoxamine for outpatient treatment of COVID-19 in-
cludes its safety [245], widespread availability, low cost, and oral
administration. QT prolongation is not promoted by fluvoxamine like
other SSRIs [246]. Nonetheless, fluvoxamine has adverse effects and can
cause drug-drug interaction via inhibition of CYP1A2 and CYP2C19
[247].

11.1. Drug-drug interaction

Fluvoxamine half-life is about 30 h. It is known to inhibit CYP1A2.
However, it is also a potent inhibitor of CYP2C19. It can slightly affect
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drugs that are metabolized by CYP3A4. Fluvoxamine is listed in the FDA
table as a potent inhibitor for CYP1A2 and CYP2C19 and is commonly
used for clinical DDI [248]. PBPK models were developed to charac-
terize the CYP1A2 and CYP2C19 for interaction between fluvoxamine
and other drugs [249].

11.2. Tocilizumab

Tocilizumab is a recombinant monoclonal antibody. Tocilizumab is
mainly used to treat rheumatoid arthritis. It was conceived as an IL-6
receptor blocker to diminish inflammation. IL-6 drastically increases
in patients when COVID-19 infection is produced [191]. That is why
tocilizumab was used as a therapeutic option for treating COVID-19. In
COVID-19 infected patients, T-lymphocyte and macrophages generate
IL-6 to cause the cytokine storm and severe inflammatory responses,
mainly in the lungs. Therefore, it is turned into an efficacious thera-
peutic drug for the treatment of severe COVID-19 infected patients [89,
250]. Tocilizumab exhibited a trend association towards lowered mor-
tality among ICU patients [251]. The Genentech has been given
approval by FDA continuing the phase III clinical trial for tocilizumab to
assess the safety and efficacy of severe COVID-19 infected patients
[252].

11.2.1. Drug-drug interaction

Tocilizumab has no direct inhibitory or inducing effects on CYPs.
However, it converses IL-6 induced suppression of CYPs (elevation of IL-
6 during inflammation has been revealed to inhibit CYP1A2, CYP2C9,
CYP2C19 and CYP3A4 activity, ensuing in higher drug exposure of
substrate drugs), which, prior to treatment with tocilizumab, has been
regulated to metabolism of drugs. When treatment with tocilizumab is
initiated, CYP activity normalizes, thus leading to reduce exposure of
drugs which prior to treatment, had been altered to metabolism of
therapeutic agents.

11.3. TItolizumab

Itolizumab is a recombinant monoclonal antibody for CD6 (Cluster of
Differentiation 6) of IgGl (Immunoglobulin G1). It is used for the
treatment of psoriatic patients [253]. Itolizumab has shown the reduc-
tion of inflammatory cytokines, such as IFN-y, TNF-a, and IL-6
[254-256]. It could be used as a treatment option for COVID-19 infec-
tion [257]. It showed the reduction of IL-6 in critically ill patients [258].
Biocon has acquired consent for itolizumab from the DGCI (Drugs
Controller General of India) to treat COVID-19 patients in the emergency
state [259]. Cuban regulatory agency has approved for the trial to use of
itolizumab for COVID-19. Itolizumab might interrupt the hyper-
inflammatory cascade and stop COVID-19 morbidity and mortality
[260].

11.3.1. Drug-drug interaction

Itolizumab has also no direct inhibitory or inducing effects on CYPs.
However, it reverses cytokine induced suppression of CYPs (elevated by
IFN-y, TNF-a, and IL-6 during inflammation has been shown to inhibit
various CYPs activity.

11.4. Meplazumab

Meplazumab is a humanized monoclonal antibody for CD147. It
efficiently inhibited virus replication in Vero E6 cells [261]. One study
has been conducted to ascertain the clinical results of meplazumab and
revealed progress in the COVID-19 infected patients [262]. It was pre-
viously reported that meplazumab exhibited activity against the
Chauge-Strauss syndrome [263]. Phase I clinical trial (NCT04369586) in
the healthy volunteers of maplazumab has been achieved for finding the
safety, efficacy, tolerability, PK attributes, and dosage regimen for Phase
II clinical trial [264]. Phase II clinical trials are going in the USA to find
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the safety and efficacy of meplazumab injection in COVID-19 infected
patients (NCT04275245). This trial will be completed in December 2020
[265]. DDI for maplazumab is still unclear.

11.5. Eculizumab

Eculizumab is a monoclonal antibody for complement C5 protein. It
prevents cleavage to C5a and C5b and impedes the creation of the
membrane attack complex (MAC) C5b-9 to stop the cell’s lysis [266].
Eculizumab was disclosed to be an effective therapeutic option for he-
matological and neuroinflammatory diseases [266-269]. Evermore,
evidence [270] shows that complement is also a key mediator of lung
damage, notably during CoV infection. Therefore, eculizumab might
work as an emergency therapy to treat COVID-19 patients associated
with ARDS. Some studies [271,272] supported the eculizumab use as a
treatment for severe COVID-19. Studies were performed along with
ruxolitinib for confirming the efficacy of eculizumab in severe COVID-19
patients [273,274]. It has been approved for continuing the clinical trial.
DDI for Eculizumab is still unclear.

11.6. AMY101

AMY101 is a highly selective complement C3 inhibitor developed by
Amyndas Pharmaceuticals [275-277]. It is a small-sized cyclic peptide
that indicated more promising efficacy in non-human primates [278].
AMY101 has effectively completed the phase I clinical trial with
acceptable safety and tolerability, and now it is in phase II clinical trial
(NCT04395456) [279,280]. Some studies [274,281] have shown the
proinflammatory response by activating the complement system (C3) in
COVID-19 patients. AMY101 could be a unique therapeutic option to
overcome the complement-mediated inflammatory response in
COVID-19 patients. The recent clinical study [282], AMY101, revealed
the safety and efficacy in patients with severe ARDS due to COVID-19
infection. DDI for AMY101 is still unclear.

11.7. ARDS-003

Cannabinoid (CBD) is also a probable treatment for severe COVID-19
patients [10]. It was designed as an injectable form to treat a serious case
of coronavirus “acute respiratory distress syndrome (ARDS).” This syn-
drome generated a cytokine storm to create inflammation. It will have
the advantage of impacting several pro-inflammatory signaling path-
ways by enhancing the drug’s effectiveness to rapidly diminish the
release of the cytokines and avert acute outcomes like ARDS. The
cannabinoid drug named ARDS-003 has been approved for the phase I
clinical trial. It is still being tested by Tetra Bio-Pharma [284]. Firstly,
the FDA emphasized that the nonclinical study results were appropriate
for starting a study in COVID-19 infected patients [285].

11.7.1. Drug-drug interaction

CBD induces CYP1A2 and it inhibits Pgp. So, this may be significant
in patients co-administered a drug metabolized by CYP1A2 and Pgp
mediated drug transport. Co-administration of CYP3 inhibitor, ketoco-
nazole approximately AUC was twofold increased, whilst co-
administration of CYP3A inducer, rifampicin significantly reduces
AUC of CBD. Invitro CBD was observed to be potent inhibitor of
CYP2C19. For instance, CBD facilitated inhibition of Clobazam meta-
bolism has been resulted in an up to eight-fold increase clobazam con-
centration [286]. Conferring to clinician CBD have a capability for drug
interactions.

11.8. LCB1
LCB1 revealed as the SARS-CoV-2 neutralizing antibody. It is a

computer-designed mini protein that has been synthesized by the re-
searchers of the University of Washington School of Medicine. It binds



D. Kumar and N. Trivedi

firmly to SARS-CoV-2 spikes proteins and hinders them from infecting
cells. LCB1 appeared to protect the Vero E6 cells from SARS-CoV-2
infection. This synthesized antiviral candidate was conceived to over-
come the infection by interfering with the coronavirus mechanism to
break into and enter cells. LCB1 is presently being evaluated in rodents
[287]. These hyper stable mini-binders provide the starting point for
COVID-19 therapeutics [288]. DDI for LCB1 is still unknown and need to
be known for such potential drug.

12. Molnupiravir

Molnupiravir (MK448/EIDD-2801) is a prodrug of synthetic nucle-
oside derivative N4-hydroxy-cytidine and applies its antiviral action via
the introduction of copying error during viral RNA replication [289].
Institute for Biomedical Sciences, Georgia State University, developed
this antiviral drug. After finding to be active against SARC-CoV-2,
MK448/EIDD-2801 was analyzed in the preliminary human study for
safety, tolerability, and pharmacokinetics in healthy volunteers in the
UK and USA (NCT04392219). On October 19, 2020, Merck started a
one-year stage 2/3 trial aimed at hospitalized patients (NCT04575584).
MK448/EIDD-2801 can block the transmission of SARS-CoV-2 within
24 h [9]. Plemper’s team repurposed molnupiravir against COVID-19
and applied a ferret model to test the effect of it on containing the
spread of the COVID-19 [9]. DDI for molnupiravir needs to be known for
better dosing regimen.

13. Conclusions

The present review pointed out the possibilities of risk of drug
interaction of mentioned drug in tackling COVID-19. The inflammatory
response enforces changes in the expression and activity of transporters
and DMEs. Disposition of medicines used to treat COVID-19 infection
involves drug metabolism CYPs enzymes and drug transported by ABC
and SLC transporters. However, it is already known that ABC and SLC
transporters play a central role in the disposition of mostly antiviral
drugs and can participate in many drug-drug interactions. Most impor-
tantly, the involvement of CYPs in used drugs in COVID-19 infection,
drug-drug interaction has been comprehensively known, but some drugs
are still unknown. That’s why in COVID-19 conditions, inflammatory
responses play a crucial role in disease-drug or drug-drug interactions.
Alteration in the transporters and DMEs can lead to changes in the
pharmacokinetic parameters of the drug used. Hence, inflammation
might play an essential role in drug efficacy and toxicity. The risk of drug
interactions should not be prohibited since they are frequently
manageable and convenient. LPV/RTV is being used in combination
with other drugs. HCQ in combinations with azithromycin and with
LPV/RTV has been used in COVID-19 Patients. These medications have
been classified as having a risk of developing torsades de points (TdP).
Moderate to severe QTc prolongation was observed during these phar-
macological treatments [344]. The ATV-RTV has shown new options
among clinically approved drugs and should be considered an effective
treatment option. Another combination of remdesivir with bericitinib
has shown severe side effects even though this combination has shown
promise for COVID-19 with accelerating clinical status improvement
[100]. The consumption of a single drug may possibly not be more
effective but, during co-medication of multiple medications, the risk of
drug interaction must be increased. The potential of drug-drug inter-
action or disease-drug interaction is an important consideration when
identifying optimal treatment regimens for individual patients.
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