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Abstract

The outbreak of Coronavirus disease 2019 (COVID-19) has evolved into an emergent global pandemic. Many drugs without
established efficacy are being used to treat COVID-19 patients either as an offlabel/compassionate use or as a clinical trial.
Although drug repurposing is an attractive approach with reduced time and cost, there is a need to make predictions on
success before the start of therapy. For the optimum use of these repurposed drugs, many factors should be considered such
as drug-gene or dug—drug interactions, drug toxicity, and patient co-morbidity. There is limited data on the
pharmacogenomics of these agents and this may constitute an obstacle for successful COVID-19 therapy. This article
reviewed the available human genome interactions with some promising repurposed drugs for COVID-19 management.
These drugs include chloroquine (CQ), hydroxychloroquine (HCQ), azithromycin, lopinavir/ritonavir (LPV/r), atazanavir
(ATV), favipiravir (FVP), nevirapine (NVP), efavirenz (EFV), oseltamivir, remdesivir, anakinra, tocilizumab (TCZ),
eculizumab, heme oxygenase 1 (HO-1) regulators, renin—angiotensin—aldosterone system (RAAS) inhibitors, ivermectin,
and nitazoxanide. Drug-gene variant pairs that may alter the therapeutic outcomes in COVID-19 patients are presented. The
major drug variant pairs that associated with variations in clinical efficacy include CQ/HCQ (CYP2CS8, CYP2D6, ACE2, and
HO-1); azithromycin (ABCBI); LPV/t (SLCOIBI, ABCBI, ABCC2 and CYP3A); NVP (ABCC10); oseltamivir (CES1 and
ABCB1); remdesivir (CYP2CS8, CYP2D6, CYP3A4, and OATPIBI); anakinra (IL-1a); and TCZ (IL6R and FCGR3A). The
major drug variant pairs that associated with variations in adverse effects include CQ/HCQ (G6PD; hemolysis and ABCA4;
retinopathy), ATV (MDRI and UGTIAI*28; hyperbilirubinemia; and APOAS5; dyslipidemia), NVP (HLA-DRB1*01, HLA-
B*3505 and CYP2B6; skin rash and MDRI; hepatotoxicity), and EFV (CYP2B6; depression and suicidal tendencies).

COVID-19
COVID-19 background

The new pandemic coronavirus disease 2019 (COVID-19)
is caused by the novel Severe Acute Respiratory Syndrome
coronavirus 2 (SARS-CoV-2). COVID-19 is currently
triggering enormous global demands on health systems and
presents an unprecedented challenge to identify effective
drugs for prevention and treatment [1]. Coronaviruses have
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a genome made of RNA. Viruses with RNA genomes
have an essential gene called the RNA-dependent RNA
polymerase (RdRp), which is highly conserved, meaning
that there are few changes in the gene from one RNA
virus to another [2]. SARS-CoV?2 binds principally to the
cell-membrane angiotensen converting enzyme 2 (ACE2)
receptors through the viral structural spike (S) protein [3].
At the intracellular level, the virus activates cellular
processes to produce viral proteins that replicate the
virus’s genetic material, providing potential targets for drug
therapy [4].

COVID-19 therapy

In an urgent attempt to mitigate devastating catastrophe of
SARS-CoV2, many drugs without established efficacy have
been used in patients either as an offlabel/compassionate use
or as a clinical trial [5-8]. A combination of antivirals with
different mechanisms of action may be more effective but at
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the same time, their adverse effects should not be under-
estimated [9, 10]. Mechanistic and in vitro analyses suggest
multiple promising therapeutic options with potential for
repurposing to treat patients with COVID-19 [11]. Drug
repurposing is an attractive approach with reduced time and
cost to treat COVID-19 [12-14]; however, limitations such
as low success rate and the possibility of adverse side
effects, can not be overlooked [13—17]. There is limited data
on the human genome interactions with many of these
agents and this may constitute an obstacle for successful
COVID-19 therapy. Knowing the major human genetic
variants association with the clinical therapeutic outcome
has the potential not only to expedite emergency use
authorization and approvals but also to afford an additional
level of safety and efficacy to patients. Therefore, the pur-
pose of this review is to look at some drugs commonly used
in regimens for COVID-19 and provides specific examples
of how genetics may affect drug efficacy and toxicity. It
adds to the efforts of recently published relevant articles
[18-20] and does not serve as an exhaustive review of all
relationships between host genetics and these drugs.

Pharmacogenomics (PGx) overview
Genetic polymorphism

Genetic polymorphisms are a type of genetic diversity
within a population’s gene pool. Single nucleotide poly-
morphisms (SNPs), are the most common type of genetic
variation among people. Various polymorphisms exist in
genes encoding phase 1 cytochrome P450 (CYP) or phase
2 drug-metabolizing enzymes, transporters, drug targets, or
human leucocyte antigen (HLA) alleles and predict drug
efficacy or toxicity [21, 22]. Genetic variations of CYP2C9,
CYP2D6, CYP2C19 and CYP3AS5 were associated with
therapeutic effects of phenytoin [23], tamoxifen [24], clo-
pidogrel [25], and tacrolimus [26], respectively. The dose
regimens of mercaptopurines and irinotecan should be
adjusted according to the polymorphism of thiopurine
methytransferase (TPMT) [27] and UDP glucuronosyl-
transferase 1A1 (UGT1A1) [28], respectively. A variant
allele in the solute carrier organic anion transporter family
member 1B1 (SLCO1B1) gene has been associated with
statin-induced myalgia [29]. A common variant in the
vitamin K epoxide reductase complex subunit 1(VKORC1)
gene, has also been strongly associated with inter-individual
warfarin dosing variability [29].

Pharmacogenetics and PGx

The genetic polymorphisms constitute the basis of phar-
macogenetics which means the monogenic variants which
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alter the drug response [30]. The term pharmacogenetics
was coined in 1957 [31]. On the other hand, PGx is the
genome-wide analysis of genetic determinants of drug
metabolizing enzymes, receptors, transporters, and targets
that influence therapeutic efficacy and safety [32]. The
realization that most variable drug responses appear to be
multifactorial led to the rise of interest in PGx, a rise par-
alleled by the expansion of genetics into genomics.

Evidence-based PGx resources

The rapid innovation in sequencing technology and
genome-wide association studies has led to the development
of numerous data resources and dramatically changed
the landscape of PGx research. Resources provided by
organizations such as The Clinical Pharmacogenetics
Implementation Consortium (CPIC) [27] and The PGx
Knowledgebase (PharmGKB) [33], that use standardized
approaches to evaluate the literature and provide clinical
guidance, are essential for the implementation of pharma-
cogenetics into routine clinical practice. Important online
resources such as PharmGKB.org and cpicpgx.org provide
the clinician with summarized PGx associations and clinical
guidelines. Other resources include SCAN and PACdb PGx
databases developed and published by the PGx of Antic-
ancer Agents Research Group. SCAN is designed to collect,
annotate, and present the relationship between genotype and
gene expression. It is a large-scale genetic and genomic
database containing SNP and copy number variation
annotations along with a web interface, a set of methods
and algorithms, and some data mining tools [34].
PACdb is a pharmacogenetics-cell line database collecting
pharmacology-related information including genotypes,
gene expression, and pharmacological data gathered via
lymphoblastoid cell lines [35].

PGx clinical implications and testing

In recent years, clinical evidence has strengthened, guide-
lines have emerged, and genomic medicine is becoming
integrated into routine care for certain disease states, such as
some cancers. Recently, the FDA approved direct-to-
consumer tests for PGx, breast cancer risk, and propensity
to develop certain conditions (e.g., Parkinson’s and Alz-
heimer’s diseases) [36]. A notable example is that CYP2C9
and VKORCI1 genotypes predict different sensitivity and
resistance frequencies in the Ashkenazi and Sephardi Jew-
ish populations necessitating warfarin dose adjustment [37].
Many major medical institutions have started implementing
genotyping protocols for preemptive pharmacogenetic
testing [38]. A good example of a pharmacogenetic test is
the association between a particular HLA allele (HLA-
B*5701) and hypersensitivity reactions to abacavir [39].
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Moreover, HLA-B*1502 screening is successful in patients
who are prescribed carbamazepine, particularly in Asians.
The HLAB*1502 allele is associated with carbamazepine-
induced Stevens-Johnson syndrome (SJS) and toxic epi-
dermal necrolysis (TEN) [27].

Repurposed anti-COVID-19 drugs
Chloroquine (CQ)and hydroxychloroquine (HCQ)

CQ and HCQ have been used to treat malaria for over
50 years. They were the first antiviral drugs officially
indicated for COVID-19 in the U.S. as an FDA Emergency
Use Authorization issued on March 28, 2020. This was later
revoked on June 15, 2020 based on new data suggesting
that the drug’s potential benefits may not outweigh its
known and potential risks [40]. However, a number of
ongoing studies for both treatment and prevention of
COVID-19 are still underway. HCQ and CQ inhibit major
histocompatability complex (MHC) class II expression;
production of IL-1, IFNa and TNF and interfere with cyclic
GMP-AMP synthase activity partly by accumulating in
lysosomes and autophagosomes of phagocytic cells and
changing local pH concentrations [41]. CQ and HCQ were
reported to be effective against SARS-CoV-2 with a 50%
effective concentration (EC50) of 2.71 pM and 4.51 uM in
Vero E6 cells, respectively [42].

SARS-CoV-2 uses ACE2 receptors expressed on host
epithelial cells along with cofactor transmembrane protease,
serine 2 (TMPRSS2) to enter the cell. HCQ and CQ inhibit
virus entry by targeting the endosomal pathway. They
increase the pH of endosomes and inhibit membrane fusion
[43]. In addition, inhibition of SARS-CoV-2 could be partly
due to differential glycosylation of both ACE2 and the spike
protein [44]. Several variants in ACE2 including p.Met383Thr,
p-Pro389His, and p.Asp427Tyr were identified in the African
American and Latino American populations. These pathogenic
variants in ACE2 may inhibit interaction with the S protein and
could influence the clinical efficacy of HCQ or CQ [45].
The ACE2 receptor N720D variant may enhance TMPRSS2
activation and subsequent viral entry [46]. HCQ and CQ may
only work for TMPRSS2-absence patients who are infected by
SARSCoV-2, and may have less effect or no effect for the
patients with wild-type TMPRSS2 [47].

In patients with COVID-19, CQ has been administered
orally at a dose of 300 mg for adults, twice daily (bid) for a
maximal duration of 10 days. HCQ therapy is started at a
loading dose of 400 mg bid. on day 1 and then lowered to
200 mg bid (10 days average). A recent study showed that
both drugs have favorable and unfavorable characteristics,
but none showed clear evidence of benefit for early out-
patient disease or prophylaxis [48].The most severe

complications from use of HCQ and CQ include QTc
prolongation and ventricular arrhythmias [49], which may
pose a particular risk to critically ill patients. HCQ and CQ
undergo N-dealkylation via CYP isozymes [50]. A few
reports have described significance of gene polymorphisms
in affecting HCQ or CQ treatment outcome. In African
children with acute falciparum malaria, peak plasma CQ
and DCQ concentrations were highly variable [51]. In
malaria patients from Tanzania [52], India [53] and Sudan
[54], the mean plasma CQ concentrations were higher in
sensitive patients than in resistant patients. The carriers of
CYP2(C8-reduced activity alleles showed lower efficacy as
compared with homozygous wild-type allele *I A [55].
CYP2(C8%*4 is a missense mutation, which promotes a lower
enzyme activity in vitro than the wild-type allele */ A, and
similarly CYP2C8*2 and CYP2C8*3 also present a mark-
edly decreased activity in vitro [56]. Both CQ and HCQ are
metabolized by hepatic cytochrome P450 CYP2D6, the
expression of which varies among individuals as the result
of genetic polymorphisms. High HCQ concentrations have
been observed in individuals who are poor or intermediate
CYP2D6 metabolizers (CYP2D6*4; CYP2D6*10) [57].
Both CQ and HCQ were reported to inhibit CYP2D6
activity [58]. They may potentiate other CYP2D6 substrates
such as labetalol and carvedilol [59] and decrease the
effectiveness of prodrugs reliant on CYP2D6 for activation
such as codeine and tramadol [60]. There is no established
clinical guidance related to CYP2D6 gene variants in CQ or
HCQ use. Glucose-6-phosphate dehydrogenase (G6PD)
deficiency is most common in the Mediterranean area, in
Europe, in Middle East, Asia and parts of Africa. Genetic
variants affecting G6PD activity show remarkably indivi-
dual and ethnical differences [61]. More than 160 G6PD
genetic variants have been identified including G6PD B
(wild type), G6PD A (non-deficient type) and G6PD A —
(African deficient type). G6PD 376 G/202 A haplotype is
the most common G6PD variants in sub-Saharan Africa
[62]. CQ and HCQ use in individuals having genetic
mutations in the G6PD may induce hemolysis and hemo-
lytic anemia.

The blood group ABO gene encodes glycosyltransferases
which determine addition of N-acetylgalactosamine or
galactose to H antigen and subsequently determines A and B
antigens. Vasku et al. [63] identified an association of blood
pressure with ACE I/D polymorphism and ABO blood group.
Genetic variation within Fucosyltransferase 2 (FUT2) has been
studied extensively in the context of human exposure. Homo-
zygotes for the nonsense mutation (rs601338 G>A) that
inactivates the FUT2 enzyme are unable to secrete ABO(H)
histo-blood group antigens or express them on mucosal sur-
faces [64]. An association between the A allele and COVID-19
prevalence/mortality was recently confirmed [65]. ABO blood
group, Hb genotype and GO6PD status showed no significant
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influence on CQ treatment outcome in Nigerian children with
uncomplicated malarial infection, but there was greater risk of
developing resistance to CQ in HbAA than HbAS individuals
[66]. Another well-recognized adverse effect of HCQ and CQ
is retinopathy, which occurs more frequently with long term
use and higher doses. Retinopathy occurred less frequently in
those with the minor allele of ATP-binding cassette (ABC)
transporters ABCA4 ¢.5814 A >G [67]. CQ and HCQ should
be used with caution especially in combination with other
drugs or at high doses potentially with monitoring of RBC or
hemoglobin levels and genetic testing should be recommended.

Azithromycin

This macrolide antibiotic is used extensively in patients
with viral infections to prevent severe respiratory tract
infections Azithromycin—-HCQ combination shows a
synergistic effect on Covid-19 disease [68]. The phar-
macokinetics (PKs) of azithromycin are influenced by the
activity of P-glycoprotein (P-gp) transporter encoded by
ABCBI. Genetic variation in ABCB1 showed up to a
twofold lower peak azithromycin concentrations in 20
healthy volunteers after a single dose [69]. Higher sys-
temic exposure to azithromycin is of particular concern
when it is combined with HCQ or CQ because of their
additive effects on QTc prolongation.

Protease inhibitors
Lopinavir (LPV)/Ritonavir (RTV), LPV/r

LPV blocks a postentry step in the MERS-CoV replication
cycle, conferring this drug a promising potential agent
for COVID-19 [70]. RTV blocks CYP3A-mediated meta-
bolism of LPV thereby prolonging its exposure. LPV is
metabolized primarily through CYP3A and transported by
ABCBI1 and ABCB2. RTV is metabolized by CYP2J2,
CYP3A4, CYP3AS and CYP2D6. RTV inhibits CYP3A
and organic anion transporting polypeptides (OATP1BI
and OATP1B3), and may also induce other CYP isoforms
[71]. RTV is enhancing the effect and concentrations of the
medicines usually metabolized by CYP3A4, including
LPV. RTV also increases the biotransformation of some
drugs metabolized by glucuronidation catalyzed by UGT.
The clinical relevance of these effects needs to be investi-
gated. LPV/r was used in a regimen of 400 mg/100 mg bid
for adults for 10-21 days [72]. There is also an initiative to
reformulate LPV/r in a new extracellular vesicles delivery
system [73].

Genetic screening of Apo lipoprotein E (APOE) and
APOC3 can reduce the risk of hypertriglyceridemia and
lipodystrophy associated with RTV [74]. Interindividual
variations of LPV concentration were associated with
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SLCO1BI1. A pharmacogenomic analysis of LPV/RTV,
including 1380 variants in 638 HIV-infected Caucasians,
identified four significant variants. Clearance of LPV
was higher in individuals with SLCO1B1*4/*4 and lower
in individuals with two or more variant alleles of
SLCOI1B1*5, ABCC2 or a CYP3A [75]. The CYP3A4
polymorphism L292P (rs28371759, CYP*18B) is linked
with increased CYP3A4 activity, thus facilitating the
metabolism of drugs like LPV. L292P was reported to occur
more in East Asians, indicating that East Asians may
metabolize LPV and RTV more rapidly. There are about 66
coding SNPs in ABCBI gene [76]. The 3435 C>T is pre-
sent in exon 26 of the ABCBI1 gene, involving a C-to-T
transformation, and does not alter the amino acid isoleucine.
The variant allele frequency of 3435C>T in the Asian
population differs significantly from the African and Cau-
casian population [77]. There are many non-synonymous
polymorphisms in ABCB1 [78]. Among them, S893T,
S893A (rs2032582), N21D (rs9282564) and S400N
(rs2229109) can increase the drug concentration through
decreasing the efflux of ABCB1. S893A carriers are found
in all populations with high frequency, which is up to 90%
in Africans. S893T carriers are almost East Asians, while
N21ID carriers are Europeans. These patients may have
more response to the drugs transported by ABCB1.

Atazanavir (ATV)

ATV exhibits potent anti-HIV activity and good oral bioa-
vailability. ATV inhibits SARS-CoV2 replication in both
Vero cells and human epithelial pulmonary cells (A549).
ATV is metabolized by CYP3A and is an inhibitor of
CYP3A and UGTI1A. The CPIC guideline for ATV con-
siders several polymorphisms in UGTIAI, including a
variable dinucleotide (TA) repeat within the gene promoter
region (rs8175347, alleles UGTIA1#*28, *36 and *37), and
the SNPs 154148323 (UGTIAI*6) and 1rs887829
(UGTIAI%#80) [79]. The UGTIAI*28 allele predisposes to
severe hyperbilirubinemia in individuals exposed to ATV
[80]. UGT1A1*28 homozygotes have the highest risk and
UGT1A1%*28 heterozygotes have an intermediate risk of
developing hyperbilirubinemia [81]. The CPIC guidelines
for pharmacogenomic prescribing of ATV recommend
counseling on the likelihood of developing hyperbilir-
ubinemia in UGT1A1%28/%28,%28/*37, *37/*37, and —364
TT genotype carriers before initiating therapy [79]. ATV
metabolism is partially due to the P-gp efflux pump encoded
by the multidrug resistance 1 (MDRI) gene, which seems to
increase plasma concentrations of ATV in the presence of
3435 variable genetic homozygosis C/C, exposing the
patient to a risk of hyperbilirubinemia and severe jaundice.
Polymorphism 238 G > A appears to be related to an early
onset of lipodystrophy [82]. Several studies demonstrated
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that APOAS5 gene polymorphisms (1131 T>C and 64 G>
C), APOC3 (482C>T, 455C>T, 3238C>G), and
ABCALI (2962 A >G) and APOE (€2 and €3 haplotypes)
are associated with a high risk of dyslipidemia [83].

Non-nucleoside reverse transcriptase inhibitors
(NNRTIs)

Favipiravir (FVP)

FVP is a purine nucleic acid analog and potent RdRp)
inhibitor. It has been shown to be effective in the treatment
of influenza and Ebola virus disease [84]. FAV inhibits
SARS-CoV-2 replication in Vero E6 cells [85]. FVP
undergoes metabolism in the liver mainly by aldehyde
oxidase and partially by xanthine oxidase. The efficacy
of substrates of aldehyde oxidase such as azathioprine
or allopurinol are associated with variants of aldehyde
oxidase [86].

Nevirapine (NVP)

NVP is a NNRTI widely prescribed for HIV treatment. It is
generally effective with some reported cases of hepatotoxicity
and severe cutaneous adverse reactions. The HLA-DRB1*01,
HLA-B*3505 and CYP2B6 gene polymorphisms have
been associated with the onset of rash from NVP [87].
The CYP2B6 983 C allele was reported to confer a higher risk
of SJS and TEN in a population of Mozambique treated with
NVP. Polymorphism C>T position 3435 of MDR1 was
associated with reduced risk of hepatotoxicity [88]. Also, the
ABCCI10 (MDR?7) polymorphism rs2125739 has been asso-
ciated with plasma concentrations of NVP.

Efavirenz (EFV)

EFV is predominantly inactivated by CYP2B6, and patients
with certain CYP2B6 genetic variants may be at increased
risk for adverse effects [89]. In a genome-wide association
study, CYP2B6 rs4803419 (g.15582 C>T) was indepen-
dently associated with increased plasma EFV exposure [90].
Patients who were homozygous for the minor allele
(g.15582 T/T) had plasma EFV concentrations comparable
to CYP2B6 intermediate metabolizers (based on CYP2B6
c.516 G>T and c.983 T>C status). CYP2B6 genotyping
can possibly afford minimization of adverse effects with
EFV, such as depression and suicidal tendencies, by tai-
loring the drug dose to the genotype of patients [91].

Oseltamivir

Oseltamivir targets the neuraminidase distributed on the
surface of the influenza virus [92]. Several clinical trials are

still evaluating the effectiveness of oseltamivir in treating
SARS-CoV-2 infection [93]. Oseltamivir needs to be acti-
vated by carboxylesterase 1 (CES1) into its active meta-
bolite, oseltamivir carboxylate [94]. G143E variants were
reported to be 3.7%, 4.3%, 2.0% and 0% in White,
Black, Hispanic and Asian populations, respectively [95].
A clinical study showed that G143E heterozygotes exhib-
ited 18% greater AUC of oseltamivir and 23% smaller AUC
ratios of oseltamivir carboxylate to oseltamivir compared to
individuals with the 143GG genotype [96]. Significant
inter-individual variability in oseltamivir PK and in antiviral
effects have been consistently reported in clinical studies
[97]. CES1 and ABCBI1 genetic variants have the potential
to serve as valid biomarkers for the prediction of oseltamivir
activation and the optimization of oseltamivir pharma-
cotherapy [98].

Remdesivir

Preliminary clinical trials demonstrated remdesivir effec-
tiveness for the treatment of COVID-19 [70]. Remdesivir is
primarily metabolized by hydrolase in vivo [99]. It has a
generally low risk of significant genetic PKs interactions.
In vitro studies suggest that it is a substrate for drug
metabolizing enzymes CYP2CS8, CYP2D6, and CYP3A4,
as well as a substrate for OATP1B1 and P-gp transporters
[100]. Thus, known variants of these genes could theoreti-
cally affect the PKs of remdesivir. According to current
knowledge, no guideline recommends pharmacogenetic
testing before remdesivir administration.

Biological Drugs
Anakinra

Anakinra is a biologic medicine used in the treatment of
rheumatoid arthritis (RA) in combination with methotrex-
ate. Anakinra inhibits the IL-la and IL-1f8 and has been
used with some success in several small studies in patients
with COVID-19 [101]. A relationship between the infre-
quent IL-1a+ 4845 G/T polymorphism and a significant
better response to anakinra treatment was reported [102].

Tocilizumab (TCZ)

Treatment with TCZ may reduce the risk of invasive
mechanical ventilation or death in patients with severe
COVID-19 pneumonia [103]. In vitro studies in hepatocytes
have shown that TCZ blocks the downregulation of
CYP450 (mainly CYP3A4) that is caused by IL6 [104].
Several genetic biomarkers have been associated with the
efficacy of TCZ in RA, including FCGR3A, IL6R, CD69,
and GALNT18 [105]. The only genetic variants potentially
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involving TCZ’s PKs are in the FCGR3A gene. In 87
patients with RA treated with TCZ, FCGR3A rs396991TT
genotype showed higher response at 12 months. Poly-
morphisms of IL6R are considered to affect the intracellular
signaling pathway of IL-6 receptor bound to TCZ [106]. In
contrast, variants in CD69 and GALNT18 are thought to
have limited direct effects on TCZ. Genetic variation in
IL6R may aid in predicting TCZ therapy outcome in
COVID-19 patients. To date, no pharmacogenetic testing is
recommended for TCZ.

Eculizumab

Multiple therapeutic agents targeting complement activation
are currently being studied for COVID-19 [107] Eculizumab
is a monoclonal antibody that specifically binds to C5 with
high affinity, thereby inhibiting its cleavage to C5a and C5b
and preventing the generation of the terminal complement
complex C5b-9. AMY-101, a C3 inhibitor, is currently being
tested in patients with COVID-19 [108]. The combination of
clinical indicators of lung injury progression with known
biomarkers of inflammation (C- reactive protein, plasma IL-6
levels and ferritin) would allow identification of patients that
could benefit from complement inhibition [109].

Heme Oxygenase 1 (HO-1) up-regulators

Human HO protein has an important anti-inflammatory
role in attenuating serious conditions like thrombosis,
sepsis, tissue damage and fibrinogenesis, all of which
are associated with SARS-CoV-2 infections [110]. The
inducibility of HO-1 is regulated by the promoter region
guanosine thymidine dinucleotide (GT)n repeats mutation
[111]. Patients with COVID-19 complications have
longer GT sequences [112]. Inducing HO-1 expression
may prevent SARS-CoV-2-induced pulmonary compli-
cations [113].

Hemin, a substrate for HO-1 obtained from the break-
down of RBCs, is FDA approved for treatment of porphyria
and is effective in blocking Zika viral replication [114]. The
hemin-induced HO-1 cytoprotective pathway appears as a
consistent target to control COVID-19. Heme arginate
increases HO-1 levels by inhibiting delta-aminolevulinate
synthase and so it can improve inflammation and viral
infections [115]. Heme arginate is able to induce CYP2D6
and CYP3A4 [116]. CQ, HCQ, azithromycin, and remde-
sivir decrease heme production, in part, by inhibiting CYP
induction, thus decreasing the demand for heme. These
drugs also display interactions with the CYP system, which
make maintaining safe effective therapeutic drug levels a
challenge. Up-regulation of HO-1 is especially important in
COVID-19 patients with the longer GT allele HO-1 poly-
morphism, and those with CYP2D6 polymorphisms that
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lead to supra- or sub-therapeutic drug levels. A synergistic
anti-inflammatory effect may be obtained by the combina-
tion of heme arginate with repurposed anti-COVID-19
drugs that are not metabolized by CYP2D6/3A4. Recently,
the glucocorticoid dexamethasone was found to save many
severely ill COVID-19 patients [117]. Dexamethasone
reduces hemolysis and induces HO-1 in macrophages [118],
leading to attenuation of the severity of disease in COVID-19
patients. There are a number of naturally occurring substances
that are capable of upregulating HO-1 [119] such as thymo-
quinone, neem leaf extract, resveratrol and curcumin.

Inhibitors of the renin-angiotensin-aldosterone
system (RAAS)

There are some pharmacogenetic predictors of disposition and
response of RAAS inhibitors [120]. Losartan, an ACE
receptor blocker and is metabolized by CYP2C9 [121].
Genotyping some of Cyp 2C9 polymorphisms may affect
losartan clinical benefits. The most common reduced-function
variants are CYP2C9%2 (Argld44Cys), and CYP2C9*3
(Mle359Leu). CYP2C9 genotyping could be beneficial for dose
adjustment. Other pharmacogenetic biomarkers, namely
ABCBI gene variants, could be useful predictors of losartan
response [122]. The most relevant polymorphisms in ABCBI
are C3435T (1s1045642), G2677T/A (rs2032582) and
C1236T (rs1128503) [123]. Regarding ACE inhibitors, ACE
151799752 was related to variability in ACE inhibitors
[124, 125]. This polymorphism consists of a 50-nucleotide
deletion (del). Patients with the del/del diplotype correlated
with a worse clinical outcome. The best pharmacogenetic
predictor for spironolactone effectiveness is rs4961, located in
the alpha-adducin gene, which predicts drug response in
combination with furosemide [126]. Carriers of the G allele
exhibited a better response to therapy compared with T allele
carriers.

Anthelmintics
lvermectin

Ivermectin has the potential to prevent viral replication of a
broad spectrum of viruses. It has shown inhibition against
SARS-CoV-2 in vitro through inhibition of Importin o/p1
(IMPo/p1)-mediated nuclear import of viral proteins [127].
Ivermectin is metabolized by CYP3A4. Ivermectin is both a
substrate and a potent inducer of the P-gp. P-gp inhibitors
can increase ivermectin plasma levels [128].

Nitazoxanide

Nitazoxanide and its active metabolite, tizoxanide have
demonstrated potent activity against SARS CoV-2 and MERS
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CoV in Vero E6 cells. Nitazoxanide upregulates the innate
antiviral mechanisms by broadly amplifying cytoplasmic
RNA sensing and type I IFN pathways [85]. Metabolism of
nitazoxanide occurs via hydrolysis and then conjugation via
glucuronidation. Nitazoxanide has a very favorable drug
interaction profile with no known clinically significant drug
interaction concerns. So far, no pharmacogenetic studies
regarding efficacy or toxicity of nitazoxanide were rported.

Conclusions

Currently, no direct evidence of PGx data in patients with
COVID-19 is available. There are clear mechanisms by
which genetic determinants may alter the therapeutic out-
come of the current repurposed drugs for COVID-19. There
is a need to do more PGx studies for COVID-19 repurposed
therapies to establish evidence-based guidelines for genetic
testing. The article identifies some potential associations
between genetic variants and clinical outcomes of COVID-
19 therapy. Incorporating the knowledge of PGx in the
prospective clinical investigations of repurposed drugs
during COVID-19 therapy is necessary to achieve safe and
effective dosing and to reduce severity of adverse effects.
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