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Antiviral drugs such as Remdesivir (Veklury), Nirmatrelvir with Ritonavir (Paxlovid),
Azvudine, and Molnupiravir (Lagevrio) can reduce the risk for severe and fatal
Coronavirus Disease (COVID)-19. Although chronic kidney disease is a highly
prevalent risk factor for severe and fatal COVID-19, most clinical trials with these
drugs excluded patients with impaired kidney function. Advanced CKD is associated
with a state of secondary immunodeficiency (SIDKD), which increases the
susceptibility to severe COVID-19, COVID-19 complications, and the risk of
hospitalization and mortality among COVID-19 patients. The risk to develop
COVID-19 related acute kidney injury is higher in patients with precedent CKD.
Selecting appropriate therapies for COVID-19 patients with impaired kidney function
is a challenge for healthcare professionals. Here, we discuss the pharmacokinetics
and pharmacodynamics of COVID-19-related antiviral drugs with a focus on their
potential use and dosing in COVID-19 patients with different stages of CKD.
Additionally, we describe the adverse effects and precautions to be taken into
account when using these antivirals in COVID-19 patients with CKD. Lastly, we
also discuss about the use of monoclonal antibodies in COVID-19 patients with
kidney disease and related complications.
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1 Introduction

Coronavirus disease (COVID-19) is a transmissible disease caused by different variants of
SARS-CoV-2 viruses: α, β, γ, δ, omicron, and its BA subtypes (Dhawan and
PriyankaChoudhary, 2022). Delta and omicron have been declared as variants of concern
(VOC) by the World Health Organization (WHO) and the Centers for Disease Control and
Prevention (CDC). These variants are more perilous and contagious compared to previous
variants (Duong et al., 2022). Figure 3 gives an overview of SARS-CoV-2’s life cycle. The WHO
notified its outbreak on 30/1/2020 as a worldwide health emergency; however, on 11/3/2020, it
was declared a pandemic due to the rapid spread and mortality due to infection (Capone et al.,
2020). As per the WHO, to the date (24 September 2022) the number of COVID-19 cases
reached 619 million wherein 6.539 million deaths are recorded. Moreover, the mortality rate is
highest among comorbid and elderly patients. As per a meta-analysis of 46,248 infected
patients, hypertension (17%), diabetes (8%), preceded by cardiovascular disorders (5%), and
lung disease (2%) were reported as the most prominent comorbidities and deemed as the main
risk factors for COVID-19 (Capone et al., 2020). However, reports from the years
2021–2022 revised these initial impressions and revealed that advanced chronic kidney

OPEN ACCESS

EDITED BY

Arnaud Del Bello,
Centre Hospitalier Universitaire de
Toulouse, France

REVIEWED BY

Chih-Cheng Lai,
Chi Mei Medical Center, Taiwan
Mario Enrico Canonico,
University of Colorado, United States

*CORRESPONDENCE

Anil Bhanudas Gaikwad,
anil.gaikwad@pilani.bits-pilani.ac.in

†These authors have contributed equally to
this work and share last authorship

SPECIALTY SECTION

This article was submitted to Renal
Pharmacology,
a section of the journal
Frontiers in Pharmacology

RECEIVED 26 September 2022
ACCEPTED 18 January 2023
PUBLISHED 09 February 2023

CITATION

Kale A, Shelke V, Dagar N, Anders H-J and
Gaikwad AB (2023), How to use COVID-19
antiviral drugs in patients with chronic
kidney disease.
Front. Pharmacol. 14:1053814.
doi: 10.3389/fphar.2023.1053814

COPYRIGHT

© 2023 Kale, Shelke, Dagar, Anders and
Gaikwad. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Review
PUBLISHED 09 February 2023
DOI 10.3389/fphar.2023.1053814

https://www.frontiersin.org/articles/10.3389/fphar.2023.1053814/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1053814/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1053814/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1053814&domain=pdf&date_stamp=2023-02-09
mailto:anil.gaikwad@pilani.bits-pilani.ac.in
mailto:anil.gaikwad@pilani.bits-pilani.ac.in
https://doi.org/10.3389/fphar.2023.1053814
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1053814


TABLE 1 Recommendations for dosing and precautions of antivirals in COVID-19 patients with different stages of CKD.

S.N. Drug name Trial stage CKD
stages

Recommended dose/
adjustment of dose

Limitations/precautions/adverse
effects

1 Remdesivir Phase III/IV US-FDA issued
a EUA

G1 100% No dose adjustment is required when given by nasal
route

G2 100%

G3 100%

G4 Not recommended Prothrombin time shall be monitored

G5 Not recommended Nausea

G5D Not recommended ALT and AST elevations HSR

Risk for nephrotoxicity Higher doses by the i.v. route may cause
nephrotoxicity

Risk for accumulation and systemic toxicity It may cause liver toxicity. Hence liver function
should be monitored

2 Atazanavir (ATV) Phase II/III G1 100% Booster dose after dialysis

G2 100%

G3 100% Warfarin, simvastatin, irinotecan, lovastatin, and
phosphodiesterase inhibitors may show drug
interactions with ATV.G4 100%

G5 100%

G5D Dose adjustment required

Risk for nephrotoxicity Chronic exposure to ATV can lead to granulomatous
interstitial nephritis and glomerulosclerosis

Risk for accumulation and systemic toxicity ATV can cause allergic reactions that manifest as
rash, toxic skin eruptions, erythema multiforme, or
Stevens-Johnson syndrome

3 Molnupiravir Phase I/II/III US-FDA issued
a EUA

G1 100% Not recommended for pregnant and old-age patients

G2 100%

G3 100%

G4 Can be used with caution May impair bone and cartilage formation so it should
not be given to patients <18 years of age

G5 No dose recommendation is
possible

G5D No dose recommendation is
possible

Risk for nephrotoxicity A single patient of 67-year of age was found with
nephrotoxicity. Not reported in other studies

Risk for accumulation and systemic toxicity Not reported

4 Oseltamivir Phase III/IV G1 100% Adverse events include skin peeling, loosening of the
skin, blistering, skin ulcers, and nose bleeding

G2 100%

G3 100%

G4 100%

G5 A low dose is recommended

G5D A low dose is recommended

Risk for nephrotoxicity Not reported

Risk for accumulation and systemic toxicity Not reported

(Continued on following page)
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TABLE 1 (Continued) Recommendations for dosing and precautions of antivirals in COVID-19 patients with different stages of CKD.

S.N. Drug name Trial stage CKD
stages

Recommended dose/
adjustment of dose

Limitations/precautions/adverse
effects

5 Azvudine Phase III G1 100% Dizziness and nausea in the approx. 10% of patients

G2 100%

G3 100%

G4 Lower dose is recommended

G5 Can be given with caution

G5D Can be given with caution

Risk for nephrotoxicity Not reported

Risk for accumulation and systemic toxicity Not reported

6 Famciclovir G1 100% Headache, nausea, stomach pain, tiredness,
sleepiness and diarrhea

G2 100%

G3 Multiple lower dose is
recommended

G4 Lower dose is recommended

G5 Single low dose is
recommended

G5D Single low dose with caution
is recommended

Risk for nephrotoxicity Not reported

Risk for accumulation and systemic toxicity Not reported

7 Darunavir Phase III/IV G1 100%

G2 100%

G3 100%

G4 100%

G5 Can be given with caution

G5D Can be given with caution

Risk for nephrotoxicity When given along with cobicistat it should be
avoided in patients with GFR <70 ml/min. Produced
AKI in a single COVID-19 infected patient.
Relatively safe

Risk for accumulation and systemic toxicity In case of mild liver dysfunctions, caution is advised
without any dose modifications. In case of severe
liver dysfunction, should be avoided

8 Dolutegravir/Rilpivirine Phase I/IV (against HIV) G1 100% It may affect the level of drugs eliminated via
OCT2 and MATE1 such as dofetilide and
dalfampridineG2 100%

G3 100%

G4 100%

G5 Can be given with caution

G5D Can be given with caution It may cause dizziness and nasal congestion

Risk for nephrotoxicity Not reported

Risk for accumulation and systemic toxicity Not reported

9 Sofosbuvir Phase II/III//IV G1 100% Sofosbuvir should not be given along with rifabutin
and carbazepine

G2 50%

G3 Fatigue, headache, and rash may be observed

(Continued on following page)
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TABLE 1 (Continued) Recommendations for dosing and precautions of antivirals in COVID-19 patients with different stages of CKD.

S.N. Drug name Trial stage CKD
stages

Recommended dose/
adjustment of dose

Limitations/precautions/adverse
effects

No dose recommendation
possible

G4 Not recommended

G5 Not recommended

G5D Not recommended

Risk for nephrotoxicity Can induce AKI in patients having moderate to
severe kidney impairment

Risk for accumulation and systemic toxicity Female patients and female spouses of
male patients receiving any sofosbuvir-containing
therapy should avoid pregnancy for up to 6 months
after treatment ends

10 Nirmatrelvir/ritonavir
combination

Phase I G1 100% Should be avoided along with calcium channel
blockers, statins, and anti-coagulants

G2 100% Can be given with
caution

G3 50% Dysgeusia, Diarrhea, HTN Myalgia

G4 Not recommended

G5 Not recommended

G5D Not recommended

Risk for nephrotoxicity Not reported with eGFR of G3 phase. Shall be
avoided in patients having G4, G5 eGFR.

Risk for accumulation and systemic toxicity May accumulate in the patients having mild-to-
moderate kidney disease Not recommended with
severe hepatic impairment

11 Favipiravir Phase II/III G1 100% can be given with
caution

Tends to raise uric acid excretion

G2 100% can be given with
caution

GIT related problems

G3 No dose recommendation is
possible

G4

G5

G5D

Risk for nephrotoxicity May cause acute kidney dysfunction

Risk for accumulation and systemic toxicity May cause liver enzyme abnormality
Accumulates in patients with renal impairment

12 Ribavirin Phase II G1 100% The dose should be selected with consideration of
anaemia

G2 100%

G3 50% can be given with
caution

Decrease in hemoglobin

G4 A low dose can be given with
caution

Hemolysis

G5 Not recommended

G5D Not recommended

Risk for nephrotoxicity Dose adjustment and continuous monitoring is
required in kidney-impaired patients

Risk for accumulation and systemic toxicity Shows teratogenic effects if administered during
pregnancy or breast feeding

(Continued on following page)
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disease (CKD) is an important independent risk factor for severe and
fatal COVID-19 (Henry and Lippi, 2020; Ortiz, 2021). Advanced CKD
is associated with a state of secondary immunodeficiency (SIDKD),
which increases the susceptibility to severe COVID-19, COVID-19
complications, and the risk of hospitalization and mortality among
COVID-19 patients (Henry and Lippi, 2020; Steiger et al., 2022). The
risk to develop COVID-related acute kidney injury (AKI) is higher in
patients with precedent CKD (Thakare et al., 2021). Selecting
appropriate therapies for COVID-19 patients with impaired kidney
function is a challenge for all healthcare professionals.

The foremost treatment options for COVID-19 include
vaccination, anti-inflammatory agents, anticoagulants, monoclonal
antibodies, and antiviral therapies alone or in combination
(Drożdżal et al., 2021). Moreover, other classes of drugs are

currently being tested for their suitability and efficacy in ongoing
interventional clinical trials. Unfortunately, most of the clinical studies
exclude COVID-19 patients with precedent CKD hence reliable
pharmacokinetic and pharmacodynamics data is not easily
accessible for the use of these drugs in COVID-19 patients with
CKD (Major et al., 2020).

Antiviral drugs such as Remdesivir (Veklury), Nirmatrelvir with
Ritonavir (Paxlovid), Azvudine, and Molnupiravir (Lagevrio) are
recommended by international and national health agencies and
more antivirals are in the pipeline for COVID-19 (www.cdc.gov,
www.who.int, www.fda.gov). Atazanavir (NCT04468087),
oseltamivir (NCT04973462), famciclovir (https://medsafe.govt.nz),
darunavir (NCT04425382), sofosbuvir (NCT04460443), favipiravir
(NCT04351295), ribavirin (NCT04494399), umifenovir

TABLE 1 (Continued) Recommendations for dosing and precautions of antivirals in COVID-19 patients with different stages of CKD.

S.N. Drug name Trial stage CKD
stages

Recommended dose/
adjustment of dose

Limitations/precautions/adverse
effects

13 Umifenovir Phase IV G1 Can be given with
caution

In CKD and immunocompromised patients, the use
of umifenovir is not suitable

Not recommended

G2

G3

G4

G5

G5D

Nephrotoxicity frequent

Risk for nephrotoxicity

No major side effects

Risk for accumulation and systemic
toxicity

14 Lopinavir/ritonavir
combination

Phase II/III/IV G1 Can be given for a short time
with caution

Diarrhoea, headache, stomach upset, and drowsiness
are common

G2 Not recommended

G3

G4

G5

G5D

Risk for nephrotoxicity Associated with tubular damage and shows kidney
injury after prolonged administration

Risk for accumulation and systemic toxicity Hepatotoxic, shall be avoided in patients having liver
or kidney problems

Note* G1: GFR ≥90 ml/min/1.73 m2; G2: GFR 60–89 ml/min/1.73 m2; G3: GFR 30–59 ml/min/1.73 m2; G4: GFR 15–29 ml/min/1.73 m2; G5: GFR <15 ml/min/1.73 m2; G5D: GFR <15 ml/min/

1.73m2 + dialysis.

Abbreviations* COVID-19: Coronavirus Disease-2019; CKD: chronic kidney disease; US-FDA: united states food and drug administration; EUA: emergency use authorization; i.v.: Intravenous; GFR:

glomerular filtration rate; AKI: acute kidney injury; GIT: gastrointestinal; ALT: alanine aminotransferase; AST: aspartate aminotransferase; HSR: aypersensitivity reactions.
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(NCT04350684), and lopinavir/ritonavir (NCT0437693) have
therapeutic potential and has already been approved/being tested
against several viral diseases/infections. However, insufficient
inadequate and contradictory information is available regarding the
dosage, frequency, and safety of these drugs to use in CKD. In patients
with CKD, these antivirals may produce more nephrotoxicity or more
adverse effects compared to patients with normal kidney functions
(Jonny et al., 2021). Hence, information about the safety, applicability,
dosage, frequency, and efficacy of such drugs, and guidelines for their
usage in CKD need to be established.

This review discusses the known and the unknown about the
pharmacokinetics, pharmacology, rationale, and limitations/adverse
effects of COVID-19 antiviral drugs. We reviewed the antiviral drug-
related information from different databases and official websites such
as ClinicalTrials.gov (https://www.ClinicalTrials.gov), U.S. Food &
Drug Administration (https://www.fda.gov), WHO (https://covid19.
who.int), CDC (https://www.cdc.gov), PubMed (https://pubmed.ncbi.
nlm.nih.gov), IDSA (https://www.idsociety.org), Web of Science
(https://www.webofscience.com/wos/woscc/basic-search), original
Journal’s site (by whom/wherein paper is published), and
ScienceDirect (https://www.sciencedirect.com). We reviewed clinical

trials, clinical reports, official guidelines, and reviews between the
period of 1993–2022. Only articles in English were considered. All
articles meeting these criteria were analyzed for demographic data and
clinical outcomes. Based on the pharmacological characteristics of
each of these drugs, we make suggestions regarding the applicability,
effectiveness, dosage, frequency, precautions, and limitations of these
antiviral drugs for the treatment of COVID-19 patients with CKD
(Table 1).

2 Antivirals for the treatment of
COVID-19

2.1 RNA-dependent RNA polymerase (RdRp)
inhibitor

2.1.1 Remdesivir
Remdesivir is a broad-spectrum antiviral effective against RNA

viruses such as Ebola, Middle East Respiratory Syndrome
Coronavirus, and severe acute respiratory syndrome-CoV. In May
2020, the US Food and Drug Administration (US-FDA) issued an
emergency use authorization (EUA) to permit remdesivir which acts
via inhibition of RNA-dependent RNA polymerase (RdRp) (Grein
et al., 2020). RdRp is a crucial polymerase required for replicating the
single-stranded RNA genome of SARS-CoV-2. Remdesivir is a
prodrug of adenosine triphosphate analog metabolized to
remdesivir triphosphate, which competes with adenosine
triphosphate for incorporation by RdRp and interferes with viral
RNA replication (Figure 1A) (Beigel et al., 2020). Currently,
remdesivir is recommended for hospitalized COVID-19 patients
(Beigel et al., 2020). As per the revised Infectious Diseases Society
of America (IDSA) and WHO guidelines, in patients with mild-to-
moderate COVID-19 infection, remdesivir can be given at a dose of
200 mg i.v. on the first day followed by 100 mg for the next two or
3 days and for patients with severe COVID-19 two up to 10 days
(https://apps.who.int/therapeutics). In adults with eGFR ≥60 ml/min/
1.73 m2, 4 mg/kg, orally daily is recommended. For pediatric patients,
5 mg/kg on day one followed by 2.5 mg/kg is recommended (https://
www.idsociety.org/COVID19guidelines). It should be administered as
early as possible or within 7 days of COVID-19 onset and precautions
must be taken in patients with liver or kidney disease (https://apps.
who.int/therapeutics).

2.1.1.1 Pharmacokinetic profile
Intravenous (i.v.) administration of remdesivir shows a better

bioavailability compared to the intramuscular (i.m.) route. However,
oral administration involves a hydrolysis-mediated first pass clearance
in the gastrointestinal tract (Deb et al., 2021). The parent remdesivir
has the highest affinity for human plasma proteins with 88–93.6%
binding than its metabolized forms (1–2%). Upon hydrolysis,
remdesivir converts to the active triphosphate form (GS-443902).
Remdesivir has a volume of distribution of about 45.1–73.4 L with
a single dose of 10 mg–225 mg, whilst frequent dosing for a couple of
weeks showed 85.5 L (Humeniuk et al., 2020). Moreover, the
instability of remdesivir is responsible for its low volume of
distribution. To achieve an optimum drug concentration in
infected tissue, frequent dosing of the drug is necessary. However,
doses of remdesivir of more than 200 mg can cause hepatotoxicity and
nephrotoxicity, indicating a safety threshold of remdesivir (Sun, 2020).

FIGURE 1
Chemical structure of (A) Remdesivir, (B) Atazanavir, (C)
Molnupiravir, (D)Oseltamivir, (E) Azvudine, (F) Famciclovir, (G)Darunavir,
(H) Dolutegravir.
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Due to the high extraction ratio and shorter elimination half-life, it is
estimated that hepatic clearance of remdesivir is mainly affected by
hepatic blood flow and merely by its metabolism (Deb et al., 2021).
Parent remdesivir and GS-704277 (alanine metabolite) are majorly
excreted via biotransformation, however, GS-441524 is eliminated by
renal excretion. Approximately, out of the total dose of remdesivir,
10% of the parent form and 49% of the metabolite form- GS-441524
are excreted via the urine (Humeniuk et al., 2020; Deb et al., 2021;
Humeniuk et al., 2021).

2.1.1.2 Rationale for use in COVID-19
Remdesivir is recommended for severe and hospitalized COVID-

19 patients based on the results of a series of trials such as
NCT04292899, NCT04321616, NCT04330690, and NCT04365725
(Grein et al., 2020; WHO Solidarity Trial Consortium, 2022).
Remdesivir shortens the time of recovery from COVID-19 and
lowers respiratory tract-related complications due to COVID-19.
However, little is known about the use of remdesivir in COVID-19
patients with CKD (Thakare et al., 2021). CKD patients with COVID-
19 have higher viral loads of SARS-CoV-2 compared to patients
without CKD, hence the normal dose range does not produce
optimal effects (Ortiz, 2021). The remdesivir carrier
sulfobutylether-β-cyclodextrin (vehicle for intravenous injection)
can accumulate in the kidney tubules and cause nephrotoxicity
(Hafner et al., 2010). The normal remdesivir dose contains 3–6%
of sulfobutylether-β-cyclodextrin, which is more than its
recommended dose of 250 mg/kg per day (Luke et al., 2012).
Interestingly, choosing the nasal route for the administration of
remdesivir would avoid direct nephrotoxicity in COVID-19
patients with CKD (Thakare et al., 2021). In general, antivirals can
cause mitochondrial injury in kidney epithelial cells however,
remdesivir seems to have a very low potential to cause
mitochondrial toxicity (Sun, 2020). Interestingly, the outcomes of a
recent clinical trial (NCT04292730) on remdesivir revealed that the
percentage of risk of kidney malfunction was less than 1% and it did
not increase the risk of renal adverse events (Grein et al., 2020). Thus,
remdesivir can be used in COVID-19 patients with CKD (with
GFR >30) wherein the preferred route would be nasal (Table 1).
However, more clarification is needed for remdesivir in end-stage
kidney disease (ESKD).

2.1.1.3 Limitations and adverse effects
Remdesivir at a dose of 5, 10, or 20 mg/kg induced kidney injury in

rhesus monkeys (Warren et al., 2016). Interestingly, no kidney-related
adverse events have been found in clinical trials of COVID-19 and
Ebola (Mulangu et al., 2019).Nephrotoxicity may rather relate to the
vehicle sulfobutylether-β-cyclodextrin and not necessarily to
remdesivir itself. Thus, remdesivir injections in patients with severe
kidney dysfunction are problematic. Pharmacokinetic studies of
remdesivir were not reported in kidney disease patients. The EUA
fact sheet suggests that remdesivir is not recommended for pediatric
patients and neonates with eGFR less than 30 ml/min and creatinine
clearance ≥1 mg/dl unless the possibility of benefit is more than the
potential risk (US Food and Drug Administration, 2021). Other
adverse events like nausea, elevation in alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels, and
prolongation in prothrombin time is reported. Hence, considering
the aforementioned studies and all the pharmacokinetic aspects of
remdesivir, it is safe, effective, and can be used at recommended dose

against COVID-19 patients with kidney impairment (GFR
having >30) (Table 1).

2.1.2 Molnupiravir
Molnupiravir is a prodrug of ribonucleoside beta D-N4-

hydroxycytidine (NHC) with significant antiviral activity for RNA
viruses including influenza and coronavirus (Figure 1C) (Singh et al.,
2021). Molnupiravir received a EUA from the US FDA in December
2021 to treat adults with moderate COVID-19 infection and those who
were at high risk for developing severe illness within 5 days of
symptom onset (Fischer et al., 2021). The existing recommended
dose for moderate to severe COVID-19 patients is 800 mg p.o. per 12 h
for 5 days (https://apps.who.int/therapeutics). Various clinical trials
evaluated its safety, tolerability, and pharmacokinetics in healthy
individuals as well as in COVID-19 patients (NCT04392219,
NCT04746183, NCT04405570, NCT04405739, and NCT04575597).

2.1.2.1 Pharmacokinetic profile
As a prodrug, after 0.5 and 1 h of administration, molnupiravir is

observable at very low quantities (Khoo et al., 2021). NHC rapidly
changes intracellularly to its phosphorylated form, NHC-TP upon oral
administration of 1st dose in humans, resulting in quick absorption
(Tmax-1.0–1.75 h) but shorter plasma half-life (t1/2–1 h). A biphasic
clearance occurs following repeated administration of NHC at clinical
doses along with increased mean t1/2–7.08 h (Painter et al., 2021).
Additionally, no rise in serum concentration of molnupiravir was seen
following single or multiple dose treatments (Yoon et al., 2018; Toots
et al., 2019). No detectable protein binding of molnupiravir is
observed, however, it possesses a limited volume of distribution
around 142 L (Food and Drug, 2022). Molnupiravir does not show
significant metabolism once converted to NHC-TP. Little NHC is
excreted via the urine in unchanged form. Following single or
multiple-doses, approximately 0.85% and 3.61% of the doses are
excreted into the urine (Food and Drug, 2022). Hence, renal
clearance does not play a significant role in molnupiravir removal
from the body. This distinguishes molnupiravir from other nucleoside
analogues currently available.

2.1.2.2 Rationale for use in COVID-19
As NHC, the active form of Molnupiravir is not significantly

eliminated by kidneys, patients with any degree of kidney
dysfunction do not require dosage adjustments (Table 1) (Food
and Drug, 2022). Mild or moderate kidney dysfunction had no
appreciable effect on molnupiravir pharmacokinetics (Painter
et al., 2021). Even though the pharmacokinetics of NHC has not
yet been investigated in patients with an eGFR <30 ml/min/
1.73m2 or on dialysis these should not have a considerable
effect on NHC clearance (Food and Drug, 2022). Among the
unvaccinated adults with COVID-19, molnupiravir reduced the
risk of hospitalization and death rates (NCT04575597).

2.1.2.3 Limitations and adverse effects
A 67-year-old patient developed acute tubular necrosis upon

molnupiravir treatment. However, kidney function improved with
intravenous hydration (Yücel, 2022). Apart from this single case,
molnupiravir seems found safe and hence no dose adjustment is
required in patients with kidney and/or hepatic dysfunction (Singh
et al., 2022a). Molnupiravir should not be prescribed during
pregnancy considering the embryo-fetal toxicity reported in pre-
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clinical settings (Singh et al., 2021; Singh et al., 2022b). Also, for as long
as a person with child-bearing potential is exposed to NHC
systemically, it is suggested to use contraceptives (During and after
4 days of treatment) (Singh et al., 2022b). Similarly, preclinical studies
have also shown that molnupiravir may impair bone and cartilage
formation so it should not be given to patients <18 years of age. Other
common side effects include diarrhea, nausea, and dizziness (Singh
et al., 2022b; Food and Drug, 2022) (Table 1).

2.1.3 Famciclovir
Famciclovir is a prodrug and a nucleoside analog effective against

herpes simplex virus infections caused by varicella zoster (chickenpox)
and herpes zoster (Figure 1F) (Yoon and Rhew, 2013). Treatment with
famciclovir can decrease the spread of viral infection from one organ
to another organ in the body.

2.1.3.1 Pharmacokinetic profile
The pharmacokinetics of famciclovir have been studied more than

3 decades ago (Pue and Benet, 1993). Famciclovir is an oral prodrug
quickly metabolized to active metabolite penciclovir and reaches
therapeutic plasma concentrations within 1 h of oral administration
(Pue and Benet, 1993). Interestingly, the volume of distribution is more
after i.v. administration i.e., 1 L/kg. However, the plasma concentration
is affected by the presence of food. However, the bioavailability is not
affected by food and is measured by a urinary recovery which is approx.
60%. The major route of elimination of penciclovir is the kidney.
Penciclovir is extensively cleared within 2–2.5 h and renal clearance
lies between 25 and 30L/h in normal patients. The clearance rate of this
drug is solely dependent on kidney function. Therefore, patients with
kidney impairment (CKD and ESKD) require more time to clear
penciclovir (Pue and Benet, 1993; Gill and Wood, 1996). The
reported dose for famciclovir lies between 125 and 1500 mg per day
depending on the status of kidney function.

2.1.3.2 Rationale for use in COVID-19
COVID-19-associated pneumonia involves cell-mediated

inflammation (CMI) (Shiraki et al., 2022). Interestingly, herpes
zoster virus infection also causes adaptive CMI mediated by
CD4 and CD8 lymphocytes and cytokines. Shiraki and
colleagues observed that famciclovir is very effective against
inflammatory lesions caused by adaptive CMI in moderate
herpes zoster (Shiraki et al., 2021; Shiraki et al., 2022).
Famciclovir accelerates viral clearance and prevents swelling and
vesiculation. Nevertheless, the effect of famciclovir on COVID-19
has been explored less. A 58-year-old woman with meningitis and
COVID-19 was treated with famciclovir for 6 days and showed a
stable condition (Packwood et al., 2020). Famciclovir is proven safe
in patients with kidney impairment. One case report shows that
famciclovir gradually improves kidney function more than
aciclovir in patients with initial kidney dysfunction (Yoon and
Rhew, 2013). Also, the dose of famciclovir can be adjusted based on
the creatinine clearance rate of patients with recurrent herpes
labialis (APO-FAMCICLOVIR 125, 250, and 500 mg film-coated
tablets, Apotex New Zealand, New Zealand Data Sheet) for
example, no dose adjustment (1500 mg single dose) is required
for those patients with creatinine clearance >60 ml/min/1.73 m2,
similarly, the clearance 20–39 ml/min/1.73 m2 can be treated with
500 mg single dose. Patients on hemodialysis can be treated with a
250 mg single dose (Table 1). Overall studies demonstrate that

famciclovir might prove beneficial to treat COVID-19-infected
CKD and ESKD patients.

2.1.3.3 Limitations and adverse effects
Patients on hemodialysis might require special attention while

treated with famciclovir. 4h of hemodialysis can clear up to 75%
penciclovir from the blood, therefore, famciclovir should be
administered immediately following dialysis.

Importantly, the major excretion route for this drug is the kidney
hence, famciclovir accumulates in patients with impaired kidney
function. Thus, dose adjustments are necessary for CKD patients
(Table 1). Common side effects include headache, nausea, stomach
pain, tiredness, sleepiness, and diarrhoea (Yoon and Rhew, 2013).

2.1.4 Ribavirin
Ribavirin, a guanosine analogue is certified to treat hepatitis C

along with pegylated interferon 2a or 2b or directly acting antiviral
drugs (Figure 2F). It has shown antiviral action against SARS-CoV-
2 in-vitro by interfering with RNA translation and viral multiplication
(Tarighi et al., 2021). Ribavirin is administered orally and is medicated
as per the weight, varying from 800 mg to 1200 mg daily in multiple

FIGURE 2
Chemical structure of (A) Rilpivirine, (B) Sofosbuvir, (C)Nirmatrelvir,
(D) Ritonavir, (E) Favipiravir, (F) Ribavirin, (G) Umifenovir, (H) Lopinavir.
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small doses for hepatitis C treatment (Hung, 2020). Different doses of
ribavirin are investigated in COVID-19 patients, including 400 mg
twice daily when taken with lopinavir/ritonavir (LPN/r) or 500 mg two
or three times per day by oral or i.v. route (Hung, 2020; Khalili et al.,
2020). For mild-to-moderate COVID-19, the combination of ribavirin
with LPN/r and IFN-β-1b contributed to shorter hospitalization as
compared to LPN/rmonotherapy (Hung et al., 2020). But there are not
enough shreds of evidence to support its significant contribution to
lowering the mortality rate as clinical trials are still going on
(NCT04494399).

2.1.4.1 Pharmacokinetic profile
According to the pharmacokinetic investigations in healthy

individuals administered with 150 mg of 13C3-ribavirin i.v.
accompanied by a 400 mg oral dose 1 h later, ribavirin showed a
mean bioavailability of 52% ± 22% along with a mean half-life of
around 37 ± 14 h (Preston et al., 1999). Ribavirin concentrations take
around 4 or more weeks to stabilize because of their high volume of
distribution and its excretion which relies on kidney function.
Ribavirin is phosphorylated intracellularly into mono, di-, and
triphosphates resulting in its activation (Morello et al., 2008). In
volunteers with healthy kidney function taking ribavirin doses as
per their body weights for hepatitis C infection- 1g (<75 kg body
weight) or 1.2 g per day (≥75 kg body weight) categorized into 2 oral
doses, around 8–12 μmol/L of plasma ribavirin concentration are
attained at steady-state (Waldenström et al., 2016). Although the
ideal ribavirin target peak concentration is still unknown, it should be
underlined that at plasma levels higher than 15 μmol/L, toxic effects
rise noticeably (Lagging et al., 2017). Despite this, significantly larger
doses of ribavirin are indicated for several viral infections such as Lassa
hemorrhagic fever (Bausch et al., 2010).

2.1.4.2 Rationale for use in COVID-19
Ribavirin is primarily excreted by the kidneys (62%), and

individuals with altered kidney functions have significantly
changed the pharmacokinetics of ribavirin. Though ribavirin is
used to treat a large number of individuals with kidney
impairment or those undergoing hemodialysis with
deteriorated kidney function can worsen the associated
toxicities (anaemia). The dose of ribavirin should be selected
with consideration of anaemia (reduced dose with low baseline
haemoglobin) (Roche. COPEGUS® (ribavirin) Tablets, US
Prescribing Information). With decreased creatinine clearance,
ribavirin plasma concentration rises. The well-tolerated dosage
modifications for kidney impairment result in approximate
equivalent ribavirin plasma concentration as that in subjects
without kidney dysfunction (Brown and Wobst, 2021). As
hemodialysis does not eliminate ribavirin, so ribavirin dose
should be minimized for kidney-impaired patients or those
taking RRT (Rebetol 200 mg hard capsules Summary of
Product Characteristics. 2019) (Table 1).

2.1.4.3 Limitations and adverse effects
Ribavirin is contraindicated in patients with severe kidney failure

(Lexi-comp, 2018). Also, ribavirin administration should be stopped
immediately if serum creatinine levels in children increase by more
than 2 mg/ml (Wang and Zhu, 2020). Ribavirin is not recommended
for use during pregnancy as well as during breastfeeding due to the
possible teratogenic effects observed in pre-clinical settings (Sinclair

et al., 2017). However, preliminary investigations of the ‘Ribavirin
Pregnancy Registry’ have not yet been able to prove any conclusive
proof for ribavirin’s human teratogenic effects (Sinclair et al., 2017).
Therefore, it is advised that women treated with ribavirin should avoid
pregnancy even after 4 months after treatment, and female partners of
treated men should avoid pregnancy for 7 months after ribavirin
exposure (Sinclair et al., 2017). Ribavirin also known to decrease
hemoglobin level, to cause hemolysis and anemia (Giampaoli et al.,
2022). Hence, monitoring of hematological parameters is advisable in
patients’ taking ribavirin.

2.1.5 Favipiravir
Favipiravir, a broad-spectrum antiviral medication is a purine

nucleic acid analogue that has been approved in Japan to treat
influenza (Figure 2E). The active metabolite, favipiravir
ibofuranosyl-5′-triphosphate (T-705-RTP) of prodrug favipiravir is
generated by its ribosylation and phosphorylation (Furuta et al., 2013).
The incorporation of T-705-RTP into the viral RNA hinders viral
replication by competing with purine nucleotide thereby, resulting in
the suppressed activity of RdRp (Furuta et al., 2013). For influenza
treatment, favipiravir is administered 1600 mg twice daily (Day1) and
600 mg twice daily (Day2–5) (Du and Chen, 2020). The outcome of
several completed clinical trials conducted for evaluating the efficacy
and safety of favipiravir against COVID-19 showed promising
outcomes (NCT04351295, NCT04402203, NCT04542694, and
NCT04448119). Favipiravir is explored at several doses for treating
COVID-19, including a maintenance dose of 200–600 mg twice daily
for 10–14 days and various loading doses of 1600, 1800, and 2400 mg
(Chen et al., 2020).

2.1.5.1 Pharmacokinetic profile
As per the studies conducted on healthy Japanese subjects,

favipiravir reached its peak plasma concentration 2 h after its oral
administration and subsequently showed a rapid decline with a short
half-life of 2–5.5 h (Madelain et al., 2016). In humans, Favipiravir is
bound to plasma proteins at a 54% rate, and its observed binding with
human serum albumin as well as with α1-acid glycoprotein was 65%
and 6.5%, respectively (Mentré et al., 2015). Favipiravir is metabolized
by aldehyde oxidase and xanthine oxidase in the liver to produce the
inactive metabolite T-705M1, which is then eliminated by the kidneys
(Madelain et al., 2016).

2.1.5.2 Rationale for use in COVID-19
The excretion of favipiravir is through the kidneys (90%), out of

which M1 accounts for 82–92.4% of the total. In the phase-III clinical
trial of investigation, 30 patients with an eGFR of 50–80 ml/min were
included, only 1 patient with an eGFR of 30–50 ml/min, and no
patients with eGFR less than 30 ml/min were included. There is no
documented pharmacokinetic data for the population with an eGFR of
50–80 ml/min (Du and Chen, 2020). In patients withmild to moderate
renal impairment, the M1 levels were elevated 2.5 times; however, it is
based on one patient’s favipiravir clearance. Given that favipiravir
accumulates in patients with renal impairment, any potential toxicity
is most likely attributed to M1 (Du and Chen, 2020). However, there is
insufficient information to draw any conclusion related to its safety in
individuals with renal impairment or those relying on dialysis.
Furthermore, as stated by Mishima et al., favipiravir tends to raise
urine uric acid levels, which needs to be explored in renal impairment
patients. A total of 13/30 patients (43.4%) with mild renal dysfunction
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and 110/363 (30%) patients with normal kidney function experienced
adverse events in a phase-III study, which had a brief treatment
duration equal to that used in COVID-19 (Mishima et al., 2020).
Altogether, there is not enough evidence to recommend the use of
favipiravir for individuals with kidney dysfunction or those
undergoing dialysis (Table 1). There is no evidence of clinical
benefits from favipiravir in COVID-19 patients without kidney
dysfunction (Bosaeed et al., 2022; Shah et al., 2022).

2.1.5.3 Limitations and adverse effects
Favipiravir appears to be safe in terms of overall and serious

adverse events as per the existing clinical reports. However, as shown
by a meta-analysis of larger trials, elevations in blood uric appear to be
a safety issue, with some indications of an escalating dose-dependent
pattern. It is also reported for modifying the levels of liver enzymes
and to cause gastrointestinal discomfort. The possibility of
teratogenicity and QTc prolongation has not been investigated yet
(Pilkington et al., 2020). The safety and tolerance of favipiravir in
short-term usage are supported by data but further information is
required to evaluate its long-term effects. As per the findings of a case
report, non-oliguric AKI was observed after 48 h of favipiravir
administration in two COVID-19 patients having normal baseline
creatinine clearance. Moreover, kidney damage was improved within
24–48 h of therapy discontinuation (Nasa et al., 2021). Therefore, the
use of favipiravir for COVID-19 patients having kidney impairment
is indicated with caution due to the limitations of the evidence and
persisting safety concerns (Pilkington et al., 2020).

2.2 Protease inhibitors

2.2.1 Atazanavir
Atazanavir (ATV) belongs to the class of protease inhibitors

and is an azapeptide that preferentially suppresses the activity of
HIV-I protease, a key enzyme involved in the maturation of HIV-1
virions (Figure 1B) (De Clercq and Li, 2016). It is approved by FDA
to treat HIV infection either alone (400 mg) or by combining with
pharmacokinetic enhancer ritonavir (300/100 mg). The drug is
currently tested in clinical trials at different phases for COVID-
19 (NCT04468087-II/III, NCT04452565-II/III, and
NCT04459286-II). The dose suggested for treating COVID-19 is
identical to that for HIV infection (REYATAZ (atazanavir)
capsules, US Prescribing Information. BMS). ATV (300 mg/day
p.o.) when administered with other antivirals improved oxygen
saturation, clinical and paraclinical characteristics in COVID-19
patients (Kalantari et al., 2021).

2.2.1.1 Pharmacokinetic profile
ATV is quickly absorbed and reaches its highest concentration

(Cmax) after 2–2.5 h of administration. It is recommended to
administer ATV with food for increased absorption (Busti et al.,
2004). The fraction-bound distribution of ATV is 86%. The
cytochrome P450 family 3 subfamily A (CYP3A) polypeptide
isoenzymes 4 and 5 (CYP3A4/5) are predominantly responsible
for the metabolism of ATV (Tiec et al., 2005). Individuals
possessing a minimum of one functioning copy of
CYP3A5 experience mono-oxidation and oral clearance of ATV
(unboosted) more quickly than those lacking any functional
versions attributed to homozygosity of CYP3A5*3, CYP3A5*6,

or CYP3A5*7 (Wempe and Anderson, 2011; Castillo-Mancilla
et al., 2016). As bile accounts for excreting the majority of
ATV’s prescribed dose (79% unchanged) and only around 13%
is eliminated as metabolites in urine (Tiec et al., 2005). So, ATV
therapy can be given to patients with impaired kidneys with special
monitoring (Table 1).

2.2.1.2 Rationale for use in COVID-19
ATV can be used to treat COVID-19 in patients with kidney

impairment at the regular dosage of 400 mg (unboosted) or 300/
100 mg (boosted) because of its negligible renal clearance (EACS
Guidelines version 10.0. November 2019). It was stated earlier that
its sensitivity/exposure was reduced by around 30–50% in subjects
who received hemodialysis (Reyataz 300 mg Hard Capsules, Summary
of Product Characteristics. Last updated on EMC: 25 February 2019,
BMS). Nonetheless, one case study found that individuals receiving
dialysis and those who were not on dialysis had comparable ATV
elimination (Izzedine et al., 2005). To ensure appropriate exposure in
RRT-receiving subjects, boosted ATV may be chosen due to limited
information presently available and the possibility of elevated ATV
clearance during and after hemodialysis (Izzedine et al., 2005).

2.2.1.3 Limitations and adverse effects
Chronic exposure to ATV can lead to granulomatous interstitial

nephritis and glomerulosclerosis (Varghese et al., 2020). However, the
drug still can be prescribed for COVID-19 patients with CKD as the
renal elimination of ATV is very less and also treatment duration
during COVID-19 is shorter. Thus, it should not be prescribed as
chronic therapy and in patients with severe CKD or ESRD. Further, as
ATV is metabolized by CYP3A4 which also inhibits CYP1A2,
CYP3A4, and CYP2C9, patients taking medications with a
restricted therapeutic index should avoid ATV administration
(Choi et al., 2020). Warfarin, simvastatin, irinotecan, lovastatin,
and phosphodiesterase inhibitors are a few examples of drugs that
may have substantial drug interactions with ATV (Choi et al., 2020).
Sometimes, ATV can cause allergic reactions that manifest as a
moderate rash, toxic skin eruptions, erythema multiforme, or
Stevens-Johnson syndrome (Choi et al., 2020). Patients should stop
ATV administration if they experience severe hypersensitivity
reactions (Table 1).

2.2.2 Darunavir
Darunavir (DRV), an HIV protease inhibitor limits the maturation of

infectious virions by interrupting theHIV-encodedGag-Pol proteins in the
cells (Figure 1G) (Roberto et al., 2020). It has demonstrated a strong
binding affinity for the SARS-CoV-2 protease in in silico studies (Milburn
et al., 2017). DRV is recommended with booster cobicistat to bypass the
inhibition of DRV by cytochrome P450 (Gutierrez-Valencia et al., 2018).
Various clinical investigations (NCT04425382, NCT04252274) suggest
that darunavir/cobicistat (DRV/c) could be used as an effective option for
COVID-19 treatment (Milburn et al., 2017). The recommended dose of
DRV/c is 800/150 mg once daily for 5–7 days (Roberto et al., 2020). The
mode of action of DRV/c is similar to that of LPN/r; hence can be used as a
substitute for COVID-19 treatment when LPN/r is unavailable (Roberto
et al., 2020).

2.2.2.1 Pharmacokinetic profile
When taken orally, DRV is quickly absorbed. A single 600 mg dose

of DRV monotherapy has an optimum bioavailability of about 37%
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(Koh et al., 2007). As per preclinical studies, DRV shows 95% binding
to α1-acid glycoproteins and up to some extent with albumin (Kakuda
et al., 2014). The metabolism of DRV/c takes place in the liver by
CYP450 (Roberto et al., 2020). In situations of mild liver dysfunctions,
caution is advised without any dose modifications. However, in case of
severe liver dysfunction, DRV/c administration should be avoided.
DRV is minimally cleared by the kidneys (Roberto et al., 2020). In
faeces and urine, unchanged DRV is nearly 41.1 and 7.7% of the given
dosage, respectively (Koh et al., 2007).

2.2.2.2 Rationale for use in COVID-19
DRV similar to LPN/r has a low elimination via the kidneys and

has a high protein binding rate, which makes it difficult to remove by
dialysis (Roberto et al., 2020). No dose adjustments are required for
patients with kidney impairment (Table 1). Cobicistat is rather
avoided in individuals with GFR <70 ml/min because it can
impede kidney clearance (Table 1) (Roberto et al., 2020). Lastly,
there is no information or clinical research documented regarding
the dialysis clearance of DRV/c.

2.2.2.3 Limitations and adverse effects
Crystal-induced nephropathy and proximal tubulopathy were

observed in a 61-year old HIV patient treated with combination
therapy including DRV and tenofovir (Soto et al., 2019). Similarly,
a case report showed the incidence of acute kidney injury by DRV in a
COVID-19 patient (Abdalla et al., 2020). This could be because of the
poor solubility of DRV in urine. This potential complication should be
considered during prescribing DRV therapy to patients having any
degree of kidney impairment. Vomiting, eczema, diarrhea, peripheral
neuropathy, and lipodystrophy are some other adverse events of DRV
that are frequently reported. Altered heart rate and impaired liver
function account for some rare adverse events after DRV therapy
(Marin et al., 2021).

2.2.3 Nirmatrelvir/ritonavir combination
Nirmatrelvir and ritonavir are another protease inhibitor combination

effective against mild to severe SARS-CoV-2 infection (NCT05366192,
NCT05341609, NCT05386472) (Figures 2C, D). A clinical trial is ongoing
in COVID-19-infected adults with severe renal impairment (Phase I:
NCT05487040). Fascinatingly, COVID-19 associated mortality rate was
lowered by 89% after the treatment with nirmatrelvir (Hammond et al.,
2022a). It acts by inhibiting the 3-chymotrypsin-like cysteine protease
enzyme responsible for viral replication. The dose range for COVID-19
patients having eGFR≥60 ml/min is 300mg of nirmatrelvir and 100 mg of
ritonavir twice a day for 5 days. In the patients having an eGFR≥30–60 ml/
min, nirmatrelvir is recommended at the dose of 150mg with ritonavir at
the dose of 100 mg twice daily for 5 days (https://www.
covid19treatmentguidelines.nih.gov). However, it is not suggested for
those with eGFR of <30 ml/min per 1.73 m2 (Table 1) (Hammond
et al., 2022a).

Ritonavir represents a class of protease inhibitors used either alone or
in combination to treat HIV infection. Ritonavir acts as a pharmacokinetic
booster that inhibits the cytochrome 3A4 (CYP3A4) enzyme and is known
for enhancing the pharmacokinetic properties of other antiviral drugs such
as lopinavir, nirmatrelvir, and atazanavir.

2.2.3.1 Pharmacokinetic profile
Ritonavir (100 mg) acts as a pharmacokinetic enhancer for other

drugs such as nirmatrelvir and lopinavir (Wyatt et al., 2020).

Preclinical studies have shown that the concentration threshold
required for efficacy was 292 ng/ml indicating the dose should
maintain this level, and therefore 300 mg dose was chosen for
further clinical studies (Hiremath et al., 2022). Oral administration
of nirmatrelvir shows rapid absorption with tmax for more than 3 h. A
single oral dose of nirmatrelvir (300 mg) shows Cmax 2.21 μg/ml with
AUC inf 23.01 µg*h/mL. After absorption, nirmatrelvir distributed
well in tissue (104.7 L). The protein binding is 69% and minimally
metabolized by CYP3A4 (due to ritonavir). Moreover, ritonavir is
metabolized in the liver, and hence mean concentration of
nirmatrelvir is high even in kidney disease patients (eGFR <30 ml/
min per 1.73 m2). Nirmatrelvir is mainly eliminated by renal excretion
(approx. 35%) where the remaining is a protein-bound drug.

2.2.3.2 Rationale for use in COVID-19
The drug had shown its potential against COVID-19 as it reduces

lethality by 89%. It has been shown that treatment with
nirmatrelvir–ritonavir reduces the risk of hospitalization or
progression to severe COVID-19 infection in vaccinated patients
with COVID-19 (Cao et al., 2022). The safety profile of
nirmatrelvir is promising, as it has mild side effects and does not
have dose-dependent toxicity. Moreover, clinically insignificant
amounts can be cleared in patients requiring dialysis. Currently,
the dose of nirmatrelvir is 300 mg with 100 mg ritonavir for those
who have normal kidney function and 150 mg nirmatrelvir with
100 mg ritonavir can be given for those having 30–60 ml/min per
1.73 m2 (Hiremath et al., 2022). Interestingly, 300 mg nirmatrelvir
with 100 mg ritonavir on the first day followed by 150 mg nirmatrelvir
with 100 mg daily administration after hemodialysis may show good
bioavailability (Brown et al., 2022). Also, a drug interaction is a
challenge in CKD patients. Most of the treatment regimen for
CKD includes calcium channel blockers, statins, and anti-
coagulants. Therefore, little reduction in doses of drugs that follows
CYP3A4 metabolism (as ritonavir inhibits CYP3A4) will not produce
contradiction to treatment in CKD patients. However, close
monitoring and dose adjustment for this combination is essential
in CKD patients and patients on hemodialysis (Table 1).

2.2.3.3 Limitations and adverse effects
No direct nephrotoxicity has been reported against nirmatrelvir.

Preclinical studies suggest that nirmatrelvir is safe up to 1000 mg/kg
per day which is 8 timesmore than the dose recommended for humans
(Sathish et al., 2022).

With a molecular weight of 499 kD, the nirmatrelvir was majorly
excreted through the kidney (35%) while approximately 70%
remained as a protein-bound drug. Also, the nirmatrelvir
accumulated with a decrease in kidney function. The dose
adjustment is required for mild-to-moderate kidney disease
patients having COVID-19 (Hammond et al., 2022b). Mild adverse
events (Dysgeusia, Diarrhea, HTN,Myalgia) can be seen in critically ill
patients (Hammond et al., 2022a). The combination is not
recommended in severe liver dysfunction.

2.2.4 Lopinavir/ritonavir combination
Lopinavir is a peptidomimetic protease inhibitor used in

combination with ritonavir against HIV infection. Moreover, it is
also effective against chronic hepatitis B or C. Initially, lopinavir was
considered the drug of choice for COVID-19 based on preclinical
trials. However, the later clinical studies revealed that the lopinavir/
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ritonavir combination shows insignificant effects against COVID-19
(Horby et al., 2020). This combination is also being studied with other
antivirals against COVID-19 (NCT04307693, NCT04738045,
NCT04499677). In a study of 3424 patients with COVID-19, there
was no association between lopinavir–ritonavir treatment and the risk
of 28-day mortality, length of hospital stay, or progression to invasive
mechanical ventilation or mortality (Horby et al., 2020).

2.2.4.1 Pharmacokinetic profile
The plasma concentration of lopinavir is rendered by the

cytochrome 3A4 enzyme and hence ritonavir is used in
combination which acts as a pharmacokinetic booster for
lopinavir (Best et al., 2011). The pharmacokinetic open-label
study in HIV-infected children showed that administration of
two Kaletra® tablets (Lopinavir/ritonavir 200/50 mg/kg
respectively) in a day shows faster absorption (Best et al., 2011).
The study found variation under the curve (AUC), Cmax, and C12,
possibly due to age, sex, and weight difference. Nevertheless, high
fatty food increases the AUC of lopinavir (26.9%). An increase in
plasma clearance rate is directly proportional to the decrease in
bioavailability and not due to faster elimination. Lopinavir is
primarily cleared by the hepato-biliary route in animals and
significantly via the urinary route in humans.

Unfortunately, lopinavir is directly associated with tubular
damage and shows kidney injury after prolonged administration
which eventually led to chronic kidney disease (Table 1). Therefore
it should be taken for short period of time with continuous monitoring
and/or may not be recommended for chronic therapy in COVID-19
patients having later stages of CKD (Jose et al., 2017; Binois et al.,
2020).

2.2.4.2 Rationale for use in COVID-19
This combination is prescribed frequently for general population

of COVID-19. If a patient has CKD (GFR = 90 ml/min/1.73 m2), it can
be prescribed for a short period of time with caution and continuous
monitoring. However, in COVID-19 patients having GFR <89 ml/
min/1.73 m2 it is not recommended to use. Moreover, it did not
significantly reduce hospital stay or mortality rate among the COVID-
19 patients.

2.2.4.3 Limitations and adverse effects
Diarrhoea, headache, stomach upset, and drowsiness are common

with lopinavir. Besides, lopinavir-induced acute kidney toxicity and
hepatotoxicity are the prime concerns, thus, the use of this drug should
be avoided in special populations having liver or kidney disease
(Binois et al., 2020).

2.3 Neuraminidase inhibitors

2.3.1 Oseltamivir
Oseltamivir is a neuraminidase inhibitor, recommended as a first-

line treatment for influenza A and influenza B viruses (Figure 1D)
(Zendehdel et al., 2022). In 2004, Zhang and colleagues found that the
active site of S1 (spike 1) protein resembles the neuraminidase binding
site of oseltamivir suggesting that oseltamivir might be beneficial in
COVID-19 (Zhang and Yap, 2004). The recommended dose of
oseltamivir is 75 mg once or twice a day for 5–14 days, alone or in
combination with drugs like hydroxychloroquine or azithromycin in

COVID-19 patients (NCT04516915, NCT04338698). The
administration of oseltamivir in COVID-19 patients shorten
hospital stays and also reduced the mortality rate (Zendehdel et al.,
2022).

2.3.1.1 Pharmacokinetic profile
After oral administration, oseltamivir is rapidly converted into

active metabolite i.e., oseltamivir carboxylate by hepatic esterase in
GIT (Patel et al., 2015). This carboxylate form binds and inhibits active
sites of neuraminidase enzyme in influenza. Oseltamivir carboxylate
occurs in plasma within 30 min of administration and reaches Cmax

after 3–4 h. Interestingly, gastric acid pH, antacids, and food presence
do not alter oseltamivir’s bioavailability (Kute et al., 2011). With a
volume distribution of nearly 26 L, oseltamivir carboxylate can be
available at the infected site with the same concentration as in plasma.
The primary route of elimination for oseltamivir metabolites is urinary
excretion, while a small amount of both metabolites (oseltamivir
carboxylate and phosphate) can be found in faeces (Patel et al., 2015).

2.3.1.2 Rationale for use in COVID-19
Oseltamivir seems effective in COVID-19 and currently is in

different phases of clinical trials for COVID-19 (NCT04973462,
NCT04558463). Although oseltamivir has been proven safe and
well-tolerated in patients with CKD and ESKD (NCT01556633),
these patients have been excluded from most clinical trials of
oseltamivir against COVID-19. It may be due to, patients with
CKD (3-4 stage) and ESKD, being more prone to infections like
H1N1 or COVID-19 (Kute et al., 2011). Unlike other antivirals,
oseltamivir possesses mild side effects however, it does not
promote any life-threatening events (Choo et al., 2011). Moreover,
ESKD patients can be treated with oseltamivir. Recently, results from a
study on H1N1-infected ESKD patients show that treatment with
75 mg oseltamivir for 5 days had protective effects and was well
tolerated in ESKD patients.

2.3.1.3 Limitations and adverse effects
Patients with severe kidney impairment have been also excluded from

recent clinical trials regarding oseltamivir against COVID-19
(NCT04338698, NCT04973462). Importantly, the pharmacokinetics of
oseltamivir does not change with severe kidney impairment. Overall, a low
dose of oseltamivir could prove a safe, tolerable, and effective treatment
option for COVID-19 patients with CKD and ESKD.

Oseltamivir is safe in patients with hepatic and kidney dysfunction.
Patients with a creatinine clearance <10ml/min show high exposure to
oseltamivir carboxylate; thus, a low dose of oseltamivir (75 mg/kg) is
recommended in this group (Table 1) (Patel et al., 2015). However, the
efficacy of low-dose oseltamivir on COVID-19 in patients with CKD is still
unknown. On the other side, severe skin reactions can be seen in a patient
treated with oseltamivir. Other adverse events include skin peeling,
loosening of the skin, blistering, skin ulcers, and nose bleeding (Choo
et al., 2011) (Table 1).

2.4 Nucleoside reverse transcriptase
inhibitors (NRTIs)

2.4.1 Azvudine
Azvudine is the first double-target nucleoside drug (inhibits

nucleoside reverse transcriptase and restores expression of cytidine
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deaminase) having broad-spectrum antiviral activity against HIV,
HCV, EV71, and HBV infections (Figure 1E) (Zhang et al., 2021).
It is known to modulate the expression of P-glycoprotein (P-gp) and is
also effective against SARS-CoV-2. Outcomes of a recent clinical trial
(NCT04668235) showed that 40% of people treated with azvudine
improved clinical symptoms (Zhang et al., 2021). Recently, the
Chinese authorities approved Azvudine for the treatment of
COVID-19. Azvudine has shown desirable pharmacokinetic
properties, with excellent efficacy and safety, in its initial clinical
trials (NCT04303598, CXHS2000016, CXHS2000017). During the
clinical studies the azvudine 5 mg per day in combination with
standard treatment for up to 14 days were given in COVID-19
patients (NCT05033145, NCT04668235).

2.4.1.1 Rationale for use in COVID-19
The drug did not show kidney-related adverse events in

COVID-19 patients (Ren et al., 2020). However, the exclusion of
patients with GFR ≤60 ml/min/1.73 m2 from this study requires
more information about this drug (Ren et al., 2020). In another
study, kidney function parameters were found normal during
treatment of azvudine. Oral administration of azvudine in
rhesus macaques (SARS-CoV-2 infected) as well as in COVID-
19 patients revealed that it reduces viral load, reduces
inflammation, and organ damage (Zhang et al., 2021).
Therefore, after checking the safety profile of this drug, the
application was given priority in the review process against HIV
patients by US FDA (CXHS2000016, CXHS2000017). Based on
these reports, we speculate that azvudine might be repurposed for
HIV-infected and CKD patients who are having COVID-19
infection. However, more clinical trials and a large sample size
are required to further investigate this drug.

2.4.1.2 Limitations and adverse effects
Data regarding the use of azvudine against COVID-19 patients

with severe kidney impairment are limited, and do not report any
adverse renal events. Moreover, but considering its excellent
pharmacokinetics observed in different phases of clinical trials
(GQ-FNC-2014–2, GQ-FNC-201, and NCT04109183) it might be
the drug of potential against COVID-19 patients with CKD
(Table 1). Azvudine shows mild and transient side effects which
are less severe than other antivirals. Dizziness and nausea occurred
in the approx. 10% of patients were treated with azvudine (Zhang
et al., 2021).

2.5 HIV integrase inhibitors/non-nucleoside
reverse transcriptase inhibitors (NNRTIs)

2.5.1 Dolutegravir/rilpivirine
Dolutegravir is another integrase inhibitor approved in 2013 for

the management of HIV (Figures 1H, 2A). Dolutegravir was approved
by US-FDA against HIV infection and used for 4-week-old infants
who never received an integrase strand inhibitor (DBCOND0129755,
NCT04229290) (Ruel et al., 2022). It is combined with rilpivirine
(non-nucleoside reverse transcriptase inhibitors) for HIV-infected
patients whose viral load is more than <50 copies/ml. After
administration dolutegravir binds to viral integrase (an enzyme
that catalyzes the transfer of viral genetic material to human
chromosomes. Recently, dolutegravir was effective against HIV in

patients having COVID-19 (Gutierrez et al., 2021). The recommended
daily dose is between 40–50 mg in HIV patients with or without
COVID-19.

2.5.1.1 Pharmacokinetic profile
Dolutegravir shows rapid administration and reaches tmax within

2 h (Ruel et al., 2022). A tight protein binding (>99%) and longer t1/2
(13–14 h in healthy and 11–12 h in HIV-infected patients) are the
main characteristics of this drug. Therefore, its antiviral response
lasts for 2–3 days after the last dose. Multiple daily doses were found
to be more effective with a high Ctrough 25 times greater than in vitro
threshold. Dolutegravir is mainly metabolized by UGT1A1 and
partially by CYP3A4 (Kobayashi et al., 2011). Dolutegravir
inhibits CYP3A4 but is ineffective against other CYP enzymes
(CYP-1A1, 2A6, 2B6, 2C8, and 2C9). It also inhibits the renal
transporter OCT2 when Cmax is 7.97–14.7 μM (Cottrell et al.,
2013). Fatty meals can alter the pharmacokinetics of the
dolutegravir. After absorption, it shows good tissue distribution
and is seen in cerebrospinal fluid, male and female genital tract,
and colorectal tissue and also crosses the blood-brain barrier. Less
than <1% of the administered dose is excreted unchanged in the
urine, which promises no dose adjustment required for patients with
kidney impairment (Table 1) (Kreft et al., 2019).

2.5.1.2 Rationale for use in COVID-19
Dolutegravir treatment suppresses viral load and does not affect

kidney function. Moreover, dose adjustment is not required for
dolutegravir in CKD patients, however, ESKD and patients on
hemodialysis required continuous monitoring (NCT01353716).
More importantly, dolutegravir’s pharmacokinetic profile indicates
high plasma protein binding and low volume of distribution
suggesting that it would not be affected by hemodialysis therefore
can be given to patients who are on hemodialysis (Kreft et al., 2019).
Moreover, it is safe to use in patients having viral load from 6 months
with creatinine clearance rate less than <60 ml/min (CKD condition)
(Kreft et al., 2019). In a retrospective study combination of
dolutegravir/atazanavir/hydroxychloroquine treatment was found to
be more effective against COVID-19 than a combination of lopinavir/
ritonavir (Kalantari et al., 2021). Patients treated with dolutegravir/
atazanavir/hydroxychloroquine showed minimal changes in
creatinine level (initial-1.28 ± 0.90 during discharge-1.25 ± 0.72)
but a change in urea levels (initial-22.54 ± 26.41, during discharge-
30.02 ± 32.64) (Kalantari et al., 2021). This combination also showed
higher activated partial thromboplastin time, decrease in C-reactive
protein, potassium level, viral load, and cause less severe disease
course. Therefore, by considering its safety concerns in patients
with critical conditions (especially those with hemodialysis),
dolutegravir might be a beneficial antiviral that can be used in
CKD patients including patgients on hemodialysis.

2.5.1.3 Limitations and adverse effects
Dolutegravir does not show any major or dose-dependent toxicity.

Dolutegravir inhibits the OCT2 and multidrug and toxin extrusion
transporter (MATE)1 therefore it may affect the level of drugs
eliminated via OCT2 and MATE1 such as dofetilide and
dalfampridine. This inhibition of OCT2 increases tubular uptake of
creatinine and reduces creatinine clearance thus altering the plasma
creatinine level. Therefore, increased plasma creatinine levels can be
seen during the treatment with dolutegravir (Eron et al., 2013; Koteff
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et al., 2013). However, it might get misinterpreted with severe kidney-
impaired patients treated with dolutegravir. Though dolutegravir
increases plasma creatinine levels, no true kidney-related adverse
events have been reported.

A report from a single-dose clinical trial evaluating dolutegravir
pharmacokinetic properties revealed that dolutegravir shows 1%
adverse events (dizziness and nasal congestion) compared to other
drugs such as efavirenz (8%) (Ruel et al., 2022). Overall, besides the
less evidence in patients with COVID-19, dolutegravir might prove
beneficial against COVID-19 patients with severe kidney-related
complications.

2.6 Nucleotide polymerase inhibitors

2.6.1 Sofosbuvir
Sofosbuvir, a pyrimidine nucleotide derivative is an antiviral

medication prescribed for the treatment of hepatitis C (HCV)
(Figure 2B) (Akhil et al., 2018). Both, the FDA and the European
Medicines Agency approved sofosbuvir and it was made commercially
accessible in the US to treat chronic hepatitis C in 2013 (Pawlotsky,
2013). It is metabolized by the liver and converted into its active form
2′-α-fluoro-β-C-methyluridine-5′-triphosphate (Wiemer, 2020). It
directly inhibits nonstructural 5B (NS5B) HCV RNA polymerase
which is required for the synthesis and replication of HCV RNA
(Rodríguez-TorresSofosbuvir (GS-, 2013). It is taken at a dose of
400 mg once daily and generally given in combination with ribavirin,
and velpatasvir. Many clinical trials (Phase II/III/IV) have been
conducted for evaluating the efficacy of sofosbuvir against COVID-
19 (NCT04460443, NCT04498936, NCT04443725, NCT04535869,
and NCT04530422). Sofosbuvir 400 mg with ravidasvir 200 mg or
daclatasvir 60 mg, orally for 10 days are used in the treatment of
COVID-19 (Abbass et al., 2021) (Zein et al., 2022).

2.6.1.1 Pharmacokinetic profile
Sofosbuvir and its primary metabolite GS-331007, upon oral

treatment, reach their peak plasma concentrations within 0.5-2 and
2–4 h, respectively without any impact of food (Kirby et al., 2013). It
shows around 61–65% binding to human plasma proteins and is
primarily cleared via kidneys (78%) in its metabolite form, GS-331007.
Sofosbuvir and GS-331007 had average half-lives of 0.4 and 27 h,
respectively (Rodríguez-TorresSofosbuvir (GS-, 2013). As per the
reported evidence, epidemiological variables such as age, gender,
race, or body mass index do not have a significant impact on the
pharmacokinetics of sofosbuvir.

2.6.1.2 Rationale for use in COVID-19
Sofosbuvir can be given to patients whose creatinine clearance is

greater than 30 ml/min without adjusting the dose, however, it is not
recommended for those patients having creatinine clearance less than
30 ml/min or receiving hemodialysis or half dose (200 mg) should be
prescribed in such cases (Table 1) (Smolders et al., 2016; Taneja et al.,
2018). As these recommendations are reported for HCV patients with
CKD, so further investigations are required for evaluating the efficacy
and tolerability of sofosbuvir in patients with COVID-19 along with
CKD. In combination with ravidasvir or daclatasvir, it showed
improvements in clinical symptoms, oxygen saturation, and
decrease incidence of mortality in moderate to severe COVID-19
patients (Abbass et al., 2021; Zein et al., 2022).

2.6.1.3 Limitations and adverse effects
Sofosbuvir-induced AKI has been observed in patients having

moderate to severe kidney impairment. The condition can be reversed
to normal on discontinuation of sofosbuvir therapy (Carrier et al.,
2021). However, a retrospective analysis showed no change in the
eGFR of CKD patients taking a sofosbuvir-based regimen (Sulkowski
et al., 2022).

Also, sofosbuvir should not be given along with rifabutin and
carbazepine as these medications possess strong P-glycoprotein
inducing ability which can markedly reduce the plasma
concentration of sofosbuvir and thereby, resulting in diminished
therapeutic efficacy (Cholongitas and Papatheodoridis, 2014). Also,
female patients and female spouses of male patients receiving any
sofosbuvir-containing therapy should avoid pregnancy for up to
6 months after treatment ends (Rodríguez-TorresSofosbuvir (GS-,
2013).

2.7 Fusion inhibitors

2.7.1 Umifenovir (arbidol)
Umifenovir is a drug made in Russia with antiviral properties on

certain enveloped and non-enveloped viruses (Figure 2G). Umifenovir
has been used against influenza A and B viruses, and hepatitis C virus
(Chen et al., 2021). It inhibits the fusion of the virus lipid shell and cell
membrane, thus preventing contact and penetration of the virus into
host cells (Nojomi et al., 2020). Umifenovir can inhibit SARS-Cov-
2 infection by interfering with the release of the virus from
intracellular vesicles (Nojomi et al., 2020).

2.7.1.1 Pharmacokinetic profile
The administration of umifenovir by oral route shows rapid

absorption with an estimated tmax of 0.65–1.8 h (Deng et al., 2013).
Umifenovir is quickly distributed in the stomach, intestines, and
extremely in lungs. Its viral inhibition potency is found with EC50 at
4.11 μm. However, the high distribution of umifenovir in the lungs
does not help to clear the viral load. Further, distributed umifenovir
undergoes phase I and phase II metabolism in humans (Chen et al.,
2021). The P450s and FMOs to umifenovir equally contributed to the
metabolism of umifenovir. FMOs carry out sulfoxidation while
P450s produce different metabolites of umifenovir such as M5,
M6-1, M7, and M8. Wherein, M6-1 is considered the most
responsible metabolite having a long elimination half-life (~25h).
Because of phase I and phase II metabolism, the t1/2 of umifenovir is
less than its metabolites. Umifenovir is mainly excreted in faeces,
nearly 40% of the administered dose is excreted unchanged, of which
approximately 38.9% is excreted in the bile and 0.12% through the
kidneys (Deng et al., 2013). Moreover, 31 metabolites were found in
urine, 16 in plasma, and 24 in faeces when 200 mg umifenovir was
administered. Whereas phase II sulfate and glucuronide conjugates
are mainly found in urine and the primary parent drug in the faeces
(Deng et al., 2013).

2.7.1.2 Rationale for use in COVID-19
It has high lung distribution and hence can be a better therapeutic

option against COVID-19 (NCT04350684). It has been studied in
combination with other antivirals (NCT04350684). However, in CKD
and immunocompromised patients, the use of umifenovir is not suitable
(Lian et al., 2020). A phase III trial suggested that umifenovir was
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efficacious in mild-asymptomatic COVID-19 patients when given at the
dose of 800mg twice a day for a maximum of 14 days (Ramachandran
et al., 2022). However, a multicenter retrospective revealed that umifenovir
treatment is associated with increased in-hospital mortality (Zhou et al.,
2021). The non-survival group had a higher incidence of renal insufficiency
(14%) than the survival group. Moreover, out of 109 patients, almost
28 patients show acute kidney injury (Zhou et al., 2021). This suggests that
umifenovir is not a good choice for chronic administration in COVID-19
patients having CKD (Table 1).

2.7.1.3 Limitations and adverse effects
Umifenovir shows digestive symptoms like nausea and vomiting.

Mainly reported for causing acute kidney injury upon chronic
administration in COVID-19 patients having later stages of CKD or
ESKD. Not reported for any severe systemic or liver toxicities.

3 Monoclonal antibodies for the
treatment of COVID-19

Fewmonoclonal antibodies (mAb) have received EUAs from FDA
to be used in COVID-19 patients having CKD and other severe
diseases that require hospitalization.

3.1 Bamlanivimab/etesevimab (BEC)

This combination is preferred for mild to moderate COVID-19.
According to cohort study, early administration of BEC should be
encouraged in COVID-19 patients with kidney impairment. The dose
of 700 mg of bamlanivimab and 1400 mg of etesevimab can be given to
renal-impaired patients without dose adjustment (Vena et al., 2021).
In solid organ transplant (SOT) patients having mild to moderate
COVID-19 symptoms, this combination was found well-tolerated
however it was not potential enough in preventing hospitalization
(Kutzler et al., 2021). The early administration of this combination
reduced the rate of hospitalization and external oxygen supply on
COVID-19 patients.

3.2 Casirivimab/imdevimab

This combination received EUA to treat non-hospitalized
patients. Both of these drugs are not eliminated through the
urine or metabolized by P450 therefore, this combination
would be safe for COVID-19 patients, especially those who are
having CKD or are on dialysis treatment (Liu et al., 2021). One
case report suggests that no dose adjustment is required for

FIGURE 3
An overview of SARS-CoV-2’s life cycle along with the potential targets of anti-viral drugs and monoclonal antibodies in COVID-19. On host cells, the
spike protein (S) of SARS-CoV-2 interacts with the cellular receptor ACE2 followed by viral entry into the host cell. It happens either by fusion of the virus with
plasma membrane due to activation by serine protease or activation by endocytic machinery of the host resulting in viral and cellular membranes fusion. The
viral genome is unveiled in the cytoplasm and translated to viral replicase polyproteins (PP1a and PP1ab) followed by subsequent cleavage to form
nonstructural proteins (nsps) via proteinases of the virus. Some of the nsps consequently form the replicase-transcriptase complex as RNA-dependent RNA
polymerase (RdRp). Through intermittent transcription, the polymerase generates subgenomic mRNA series that is ultimately translated into functional viral
proteins. In the cytoplasm, viral nucleocapsids are formed with genomic RNA and N proteins accompanied by budding in the ERGIC lumen. The virus is then
released from the host’s infected cell to the extracellular space via exocytosis. Medications with significant anti-SARS-CoV-2 action including anti-viral drugs
andmonoclonal antibodies acting on the different phases of the virus’s life cycle have been also illustrated in the figure. Abbreviation- S: Structural proteins, E:
Envelope, M: Membrane, N: Nucleocapsid, ACE2: Angiotensin-converting enzyme 2, ERGIC: Endoplasmic Reticulum- Golgi intermediate compartment.
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TABLE 2 Dosage, clinical indications and efficacy of antivirals and monoclonal antibodies in COVID-19 patients.

Class/drugs Dosage/route/duration and clinical
indications

Patients characteristics/
recommendations

Clinical efficacy in COVID-19

RNA-dependent RNA polymerase (RdRp) inhibitor

Remdesivir Mild-to-moderate COVID-19 patients: 200 mg
i.v. on the 1st day, 100 mg for the next 2–3 days

Mild-to-moderate COVID-19 patients Shortens the time of recovery from
COVID-19

Severe COVID-19: above treatment can be
extended up to 10 days

Hospitalized and severe COVID-19 patients Lowers respiratory tract-related
complications

In adults with eGFR ≥60: 4 mg/kg, orally/day In COVID-19 patients with eGFR ≥60 ml/min/
1.73 m2

In pediatric patients, 5 mg/kg on day 1 followed
by 2.5 mg/kg

Molnupiravir Moderate to severe COVID-19: 800 mg/oral/
12 h for 5 days

Moderate to severe COVID-19 patients Lowers the risk of hospitalization

COVID-19 patients with mild-to-moderate kidney
dysfunction

Decreased the % death among unvaccinated
adults

Patients with influenza and coronavirus infections

Famciclovir Dose ranges from 125 to 1500 mg/day
(depending on the status of kidney function in
COVID-19 patients)

COVID-19-associated pneumonia Inhibits cell-mediated inflammation and
immune cells activations

COVID-19 patients with kidney impairment or
hemodialysis (with low dose)

Accelerates viral clearance and prevents
swelling and vesiculation

Patients with herpes simplex virus infections
(varicella zoster and herpes zoster)

Gradually improves kidney functions

Ribavirin COVID-19: 400 mg/twice/daily when taken
with lopinavir/ritonavir or 500 mg twice/
thrice/day

Mild-to-moderate COVID-19 patients without
kidney impairment

Shortens the duration of hospitalizations

Hepatitis-C: 800–1200 mg/day Hepatitis-C patients Increases the efficacy of lopinavir/ritonavir

Favipiravir COVID-19: maintenance dose of 200–600 mg
twice daily and various loading doses of 1600,
1800, and 2400 mg for 10 days

COVID-19 No promising results in COVID-19 patients
with or without kidney dysfunction

Influenza: 1600 mg twice daily on day1 and
600 mg twice daily from day2–5

Influenza

Protease inhibitors

Atazanavir COVID-19: 300–400 mg/day/oral along with
other antivirals

COVID-19 and COVID-19 with moderate kidney
impairment or receiving dialysis

Improves oxygen saturation, clinical and
paraclinical characteristics of COVID-19

HIV infection: 400 mg/oral/day or 300 plus
100 mg of ritonavir/oral/day

HIV.

Darunavir COVID-19: 800 mg with 150 mg of cobicistat
per day for 5–7 days along with conventional
therapies

COVID-19 and COVID-19 with kidney
impairment

Controversial outcomes regarding the
efficacy and safety

Nirmatrelvir/ritonavir
combination

COVID-19: a) Patients having eGFR ≥60 ml/
min: 300 mg of nirmatrelvir and 100 mg of
ritonavir twice daily for 5 days

COVID-19 and COVID-19 with kidney impaired
patients having eGFR ≥30 ml/min

Significantly lowered the mortality rate.
Reduces the risk of hospitalization or
progression to severe COVID-19 infection in
vaccinated patients

b) Patients having an eGFR ≥30–60 ml/min:
150 mg og nirmatrelvir and 100 mg of ritonavir
twice daily for 5 days

Lopinavir/ritonavir
combination

COVID-19: 400 mg (lopinavir) and 100 mg
(ritonavir) per day/oral for 10 days

COVID-19 and COVID-19 with eGFR >90 ml/
min/1.73 m2 as acute therapy

No confident data is available regarding the
clinical efficacy

Chronic hepatitis B or C

Neuraminidase inhibitors

Oseltamivir COVID-19: 75 mg once or twice a day for
5–14 days, alone or in combination with drugs
like HCQS or azithromycin

COVID-19 and COVID-19 with CKD or ESKD
patients wherein TDM is required

Shorten hospital stays and reduced the
mortality rate among hospitalized COVID-
19 patients

Influenza A and influenza B viruses

Nucleoside reverse transcriptase inhibitors (NRTIs)

Azvudine COVID-19: 5 mg/oral/day in combination with
standard treatment for up to 14 days

COVID-19 and COVID-19 with HIV or CKD
patients

Improved COVID-19 related clinical
symptoms

HIV, HCV, EV71, and HBV infections

(Continued on following page)
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these drugs for kidney-impaired patients. Moreover, due to their
high molecular weight, this combination can be administered
before, during, or after hemodialysis (Terakawa et al., 2022).
According to one study, the treatment of casirivimab/imdevimab
in solid organ transplant patients having COVID-19 didn’t experienced
the progression of symptoms or required hospitalization (Dhand et al.,
2021). Among COVID-19 patients the single treatment of combination
of 700 mg of bamlanivimab and 1400 mg, of etesevimab
i.v., significantly reduced the viral load, hospitalizations and all-cause
mortality.

3.3 Sotrovimab and tocilizumab

For these mAbs no dose adjustment is required in COVID-19
patients having CKD or treated with dialysis. Moreover, these
drugs are found to be safe and effective even in patients who
are on chronic hemodialysis and those who underwent solid-organ

transplantation (Mambelli et al., 2022). Sotrovimab infusion
(500 mg) is found to be well tolerated in organ transplant
patients having COVID-19. Similarly, tocilizumab (8 mg/kg,
twice) is able to decrease the cytokine levels in kidney-
transplanted patients having COVID-19 (Pérez-Sáez et al., 2020).

3.4 Baricitinib

Baricitinib reduces inflammatory cascades and immune system
activation by inhibiting Janus kinase. Baricitinib received EUA in
combination with remdesivir as COVID-19 treatment (Kelton
et al., 2022). The dose of 2–4 mg/day for 14 days with
remdesivir was given. Almost 75% of the drug is eliminated by
kidneys resulting in more adverse effects when kidney function
declines. Dose modification is recommended in people whose
eGFR is below 60 ml/min. Baricitinib is not indicated for AKI or
dialysis patients.

TABLE 2 (Continued) Dosage, clinical indications and efficacy of antivirals and monoclonal antibodies in COVID-19 patients.

Class/drugs Dosage/route/duration and clinical
indications

Patients characteristics/
recommendations

Clinical efficacy in COVID-19

Reduces viral load, inflammation, and organ
damage

HIV integrase inhibitors/non-nucleoside reverse transcriptase inhibitors (NNRTIs)

Dolutegravir/Rilpivirine In HIV patients with or without COVID-19:
40–50 mg/day up to 10 days

HIV patients with or without COVID-19 Higher activated partial thromboplastin time,
and lower C-reactive protein and potassium
level

COVID-19 with CKD, ESKD or dialysis wherein
TDM is required

Suppressed viral load and cause less severe
disease course

Nucleotide polymerase inhibitors

Sofosbuvir COVID-19: Sofosbuvir 400 mg with ravidasvir
200 mg or daclatasvir 60 mg, orally for
7–10 days

COVID-19.Hepatitis-C Improved clinical symptoms, oxygen
saturation, and decreased incidence of
mortality in moderate to severe COVID-19
patients

Hepatitis-C: 400 mg/day and generally given in
combination with ribavirin, and velpatasvir

Fusion inhibitors

Umifenovir (Arbidol) COVID-19: 800 mg twice a day for a maximum
of 14 days

COVID-19 (Mild-asymptomatic).Influenza A
and B

Mild-asymptomatic COVID-19 patients
were found clinically recovered and RT-PCR
negative

Monoclonal antibodies

Bamlanivimab/
Etesevimab (BEC)

COVID-19: 700 mg of bamlanivimab and
1400 mg of etesevimab

COVID-19 with or without kidney impairment Lower rate of hospitalization and reduced
need for any supplementary oxygen

Casirivimab/Imdevimab COVID-19: Casirivimab 2400 mg and
imdevimab 1200 mg, single intravenous
treatment

COVID-19 with or without CKD and dialysis Significant reduction in viral load,
hospitalizations and all-cause mortality

Sotrovimab and
Tocilizumab

COVID-19: Sotrovimab (500 mg) and
tocilizumab (8 mg/kg)

COVID-19 and kidney transplant recipient Reduction in cytokines level, inflammation
and all over clinical symptoms

Baricitinib COVID-19: 2–4 mg/day for 14 days COVID-19 Decreased immune cells activation and
mortality rate

Adalimumab and Sarilumab COVID-19: Adalimumab- 40 mg with SoC.
Sarilumab- single 400 mg, i.v. or 200 mg in
divided dose

COVID-19 with or without CKD and mild-
moderate kidney failure

Decreased cytokine synthesis, inflammation
and improvement in clinical symptoms and
all-cause mortality rate

Abbreviations* COVID-19: Coronavirus Disease-2019, CKD: chronic kidney disease, ESKD: end stage kidney disease, HCQS: hydroxychloroquine, i.v.: Intravenous GFR: glomerular filtration rate,

TDM: therapeutic drug monitoring, HIV: human immunodeficiency virus, HCV: hepatitis C virus, EV71: enterovirus 17, HBV: hepatitis B virus, SoC: standard of care, RT-PCR: reverse transcription-

polymerase chain reaction test.
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3.5 Adalimumab and sarilumab

Adalimumab and sarilumab targets tumor necrosis factor (TNF-
α) and IL-6 receptor respectively in COVID-19 (Patel and Wadhwa,
2021). Adalimumab (40 mg along with SoC) has been demonstrated to
be safe in CKD and dialysis patients without any impairment of renal
function and can be given without dose modification (Abdalla et al.,
2020). Similarly, sarilumab (200 mg, i.v. twice or 400 mg i.v. single
dose) can be given to patients with mild to moderate renal failure
without any dose modification (Chamlagain et al., 2021). It is not
eliminated by kidneys as the breakdown of sarilumab into peptides,
and amino acids occur via catabolic pathways instead of kidney or
hepatic mechanisms. However, its usage in patients with severe renal
impairment has not been evaluated.

4 Discussion

Even after the approval of few vaccines and drugs to combat
COVID-19, the associated morbidity and mortality rate are not
under control worldwide. The reason is the emergence of new
coronavirus variants with persistent change in their genome
sequences (https://www.cdc.gov/coronavirus/2019-ncov/variants/
variant-classifications). Vaccines are not totally effective in case of
variant of high consequence, wherein the further booster doses are
necessary (Meng et al., 2022). Also, there are few reports suggesting
the adverse events after vaccination which require further clinical
trials on large populations for longer period of time (Fraiman et al.,
2022; Garg and Paliwal, 2022; Patone et al., 2022). However,
conducting clinical trials for evaluating the clinical efficacy and
safety of vaccines, and drugs like antivirals, steroids, or mAbs is
costly and lengthy. Moreover, inclusion of comorbid patients for
screening and evaluation of the confirmatory effects of such
therapies is not possible in a small populations and/or in a very
short time. Unfortunately, many of the clinical trials excluded
patients with diabetes, cardiovascular, or kidney disease. Hence,
more clinical trials with larger comorbid populations would need
to be conducted to address all aforementioned issues.

From the published evidence, it is well proven that in CKD patients
with COVID-19 the rates of hospitalization and death are higher
(Mirijello et al., 2021; Goh et al., 2022). These patients are more
prone to adverse drug effects due to drug-drug reactions or altered
pharmacokinetics and pharmacodynamics because of kidney
dysfunction. CKD implies an impaired clearance of many antiviral
drugs (Steiger et al., 2022). Hence, a careful choice of antiviral drugs for
patients with COVID-19 havingCKD is a challenging task for clinicians.
Not all broad-spectrum antivirals recommended for COVID-19
patients are safe in COVID-19 patients with CKD. For example,
remdesivir shall not be prescribed in COVID-19 patients having
CKD stage G3-G5 or ESKD. Because, remdesivir is eliminated via
the kidneys wherein in case of decreased eGFR its carrier
sulfobutylether-β-cyclodextrin accumulates in tubules and cause
nephrotoxicity (Luke et al., 2012). Similarly, chronic use of ATV is
not recommended as it may cause interstitial nephritis and
glomerulosclerosis in patients with kidney disease. Molnupiravir,
oseltamivir, azvudine, famciclovir, and dolutegravir are relatively safe
and do not require dose adjustments or cause nephrotoxicity in
COVID-19 patients having CKD. However, molnupiravir is not
recommended for the patients of less than 18 years’ age, pregnant

women, and elderly people. Sofosbuvir requires special precautions and
closemonitoring. Sofosbuvir should not be combined with rifabutin and
carbazepine. Furthermore, it has the potential to cause AKI in patients
with moderate to severe CKD. Female patients and female spouses of
male patients receiving any sofosbuvir-containing therapy should avoid
pregnancy for up to 6 months after the end of treatment. The use of
favipiravir and nirmatrelvir/ritonavir combination should be avoided in
patients with kidney (and liver) dysfunction as it can worsen clinical
outcomes in such patients. CKD patients with a GFR >60 ml/min/
1.73 m2 can be given the recommended dose. Ribavirin requires
monitoring of hematological parameters for hemolytic anaemia.
Additionally, it is not recommended for pregnant and breastfeeding
women due to its teratogenic effects. Ribavirin is to be avoided in CKD
patients with a GFR <90 ml/min/1.73 m2. Umifenovir and lopinavir/
ritonavir combination shall be avoided in COVID-19 patients with
CKD. The use of mAbs in mild to moderate COVID-19 patients are
recommended. However, special attention is required when
administering to the severe or hospitalized patients. In the kidney
impaired and SOT patients the combinations of amlanivimab/
etesevimab, casirivimab/imdevimab, sotrovimab and tocilizumab are
safe and can be preferred over antivirals and other mAbs. However,
baricitinib mAbs shall not be given to the patients with low eGFR and
who underwent for SOT. The adalimumab and sarilumab mAbs can be
used in CKD and dialysis patients. An overview of SARS-CoV-2’s life
cycle along with the potential targets of anti-viral drugs andmonoclonal
antibodies in COVID-19 is described in Figure 3. These findings are
clearly indicating that while selecting the dose, route and frequency of
drugs the presence of CKD or its stages must be taken into
consideration. The summary of the dose, frequency, clinical
indications and efficacy of these antivirals and mAbs can be seen in
Table 2.

The current therapeutic strategies are based on either the reports
from case studies or pharmacokinetic and pharmacodynamics of the
drugs. However, further determination of the safe and effective dose,
its frequency, and evaluation of the clinical efficacy and safety of these
antivirals and mAbs alone or in different combinations need to be
studied in large population. This review may help to select the
appropriate drugs or combinations to treat the COVID-19 patients
having different stages of CKD, and ESKD. It will also help and
motivate the researchers to extend the preclinical and clinical research
on antivirals in COVID-19 patients having CKD conditions.

5 Conclusion

The order (safest to least safe) of antivirals based on their safety
profile in COVID-19 infected CKD patients is as follows. Among the
approved antivirals: Azvudine, Molnupiravir (Lagevrio), Nirmatrelvir
with Ritonavir (Paxlovid), Remdesivir (Veklury) and among the non-
approved or those are under the clinical pipeline: Oseltamivir,
Famciclovir, Dolutegravir/Rilpivirine, Darunavir, Atazanavir,
Ribavirin, Favipiravir, Nirmatrelvir/ritonavir combination,
Sofosbuvir, Umifenovir, Lopinavir/ritonavir combination. We
recommend not to use the antivirals like Sofosbuvir, Umifenovir,
Favipiravir, and Lopinavir/Ritonavir combination in CKD patients.
The combinations of mAbs such as amlanivimab/etesevimab,
casirivimab/imdevimab, sotrovimab and tocilizumab can be used in
CKD, kidney impaired and SOT patients over the other mAbs and
non-safe antivirals.
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These suggestions are made based on the pharmacokinetics and
pharmacodynamics profile of the respective antivirals and mAbs, and
outcomes from the observational and interventional clinical studies.
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