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Highlights
Vaccines against SARS-CoV-2 are
now available; however, they may not
provide adequate protection against
existing and emerging variants because
breakthrough infections are still seen in
vaccinated individuals.

Remdesivir and baricitinib are now fully
approved by the US FDA for the treat-
ment of COVID-19 in specific patient
groups.
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The development of clinically effective drugs that could complement existing
vaccines is urgently needed to reduce the morbidity and mortality associated
with COVID-19. Drug-metabolizing enzymes, membrane-associated drug trans-
porters, and inflammatory responses can partly determine the safety and efficacy
of COVID-19 drugs by controlling their concentrations in both the systemic circula-
tion and in peripheral tissues. It is still unknown how these factors affect how well
COVID-19 drugswork in the clinic.Weexplore howdrugmetabolismand transport,
as well as SARS-CoV-2-associated inflammatory response at disease target sites,
may affect the clinical outcomes of COVID-19 drugs. In addition, we provide expert
opinion on potential strategies for overcoming the clinical pharmacology and
pathophysiological obstacles to improve COVID-19 drug effectiveness.
None of the approved COVID-19
drugs have been demonstrated to
adequately eradicate SARS-CoV-2
and its variants from the body, and
this may underpin secondary patholo-
gies including neurocognitive dysfunc-
tions observed in some COVID-19
patients even after recovery.

Whether or not COVID-19 drugs can
sufficiently eradicate SARS-CoV-2 and
its variants from the body is partly depen-
dent on the effectiveness of the applied
clinical dosing regimen primarily based
on drug pharmacokinetic and pharma-
codynamic properties.
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Unlocking the optimal therapeutic benefits of COVID-19 drugs
Although several vaccines are now available to protect against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), full protection from SARS-CoV-2 and its variants is not guaranteed
for multiple reasons including evasion of neutralizing antibody by some variants of SARS-CoV-2
[1,2], upper respiratory tract liability to viral infection [3,4], and delay in reaching herd immunityi. There-
fore, a combination of vaccines and effective viral eradicating drugs, as well as adjunctive therapies
will be necessary to reduce the morbidity and mortality associated with coronavirus disease 2019
(COVID-19). At the beginning of the COVID-19 pandemic, drug repurposing (see Glossary) was
deployed to accelerate drug development and save cost. However, drug repurposing has not fully
delivered its promise partly because drug developers may have overlooked the importance of clinical
pharmacology (Box 1) in drug development. For instance, it may have been initially anticipated that
the pharmacokinetic (PK) and pharmacodynamic (PD) profiles of pre-existing drugs for other dis-
eases such as HIV would function similarly for COVID-19 [5]. Nonetheless, it is presumptuous to
think that the original clinical pharmacology profile (Box 1) of pre-existing drugs will apply to
COVID-19 owing to anatomical and physiological differences between disease target sites. The fail-
ure of many COVID-19 drug-repurposing programs, as well as of approved repurposed COVID-19
drugs such as remdesivir whose optimal therapeutic benefits have yet to be fully uncovered, can be
partly attributed to suboptimal therapeutic concentrations at disease target sites such as the lung,
brain, and testes due to potential drug interactions with drug-metabolizing enzymes and
membrane-associated drug transporters (Box 1) at those sites (Figure 1, Key figure) coupled with
the confounding effect of the SARS-CoV-2-associated inflammatory response (Figure 2).

These drug-metabolizing enzymes andmembrane-associated drug transporters (Box 1) play a crucial
role in determining the safety and efficacy profile of drugs bymodulating their PK/PD parameters [6–8].
Furthermore, pathophysiological events such as the inflammatory response associated with SARS-
CoV-2 infection could alter the clinical pharmacology profile of promising COVID-19 drugs [9] by
altering the expression of clinically relevant drug-metabolizing enzymes, membrane-associated drug
transporters, plasma and tissue proteins, as well as tissue injuries – including injuries to tissues that
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Box 1. Clinical pharmacology: drug metabolism and transport

Clinical pharmacology is the study of the PK and PD parameters that inform the safety and efficacy profile of drugs. PK
evaluates the overall disposition of drugs including absorption, distribution, metabolism, and excretion processes with a
graphical representation of drug concentration versus time curve, whereas PD examines drug action with emphasis on
potency and efficacy represented by the dose–response curve. Drug-metabolizing enzymes and membrane-associated
drug transporters play a significant role in modulating the PK/PD profile of drugs.

Drug-metabolizing enzymes are enzymes that biotransform drugs to generate metabolites with the goal of improving solubility
for elimination processes and/or inactivation of drug action [7]. There are two main phases of drug metabolism – phase I (the
addition or exposure of polar functional groups such as alcohols and carboxylic acids on drugmolecules) and phase II (primarily
conjugation reactions, including sulfation and glucuronidation, that further increase drug solubility; methylation reactions may
also reduce solubility and inactivate drug action) [7]. Examples of phase I enzymes are cytochromes P450 (e.g., CYP1A2
and CYP3A4) whereas phase II enzymes include UDP-glucuronosyl transferases (e.g., UGT1A1) and sulfotransferases (e.g.,
SULT1A1) [29].

Drug transport entails the intrinsic ability of drug molecules to move across biological membranes through passive or
facilitated diffusion as well as by carrier-mediated transport processes. Carrier-mediated transporters transfer drug mole-
cules across biological membranes and may need direct or indirect use of energy. When a carrier-mediated transporter
uses membrane-associated drug transporters and energy to enable the uphill (against a concentration gradient) transport
of drugs and other molecules through biological membranes, it is known as active transport. Active transport is mainly
divided into two types depending on the source of energy: primary active transport in which ATP hydrolysis is linked to
drug uphill transport [e.g., P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP)], and secondary active
transport in which energy from an electrochemical gradient is used to move drugs against their concentration gradient
(e.g., sodium/glucose cotransporters SGLT1 and SGLT2). ATP-binding cassette (ABC) and solute carrier (SLC) transporters
are primary and secondary active transporters respectively, and are also the major membrane-associated drug transporter
superfamilies involved in the cellular influx and efflux of drugs in mammalian systems [7]. Members of the ABC superfamily
include P-gp, BCRP, and multidrug resistance-associated proteins (MRPs), whereas SLC members include organic anion
transporting polypeptides (OATPs), equilibrative nucleoside transporters (ENTs), and concentrative nucleoside transporters.
Alone or in synergy, these membrane-associated drug transporters and drug-metabolizing enzymes determine drug con-
centrations in the systemic circulation and peripheral tissues. To avoid costly clinical development failures, it is important to
investigate potential drug-metabolizing enzymes and membrane-associated drug transporter interactions with investiga-
tional new drugs during the early development phase following US FDA guidance [37].
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Glossary
Bioavailability: the fraction of an
administered drug that reaches the
systemic circulation.
Brain parenchyma: the nervous tissue
of the brain that comprises two main cell
types, neurons and glial cells, that are
responsible for the normal functions of
the brain.
COVID-19-associated
neurocognitive dysfunction:
neuropsychiatric symptoms and
neurocognitive deficits that are observed
in some COVID-19 patients, such as
anosmia, inability to focus and pay
attention, new-onset anxiety,
depression, psychosis, seizures, and
even suicidal ideation.
Disease–drug interactions: these
occur when an underlying disease
condition alters the pharmacokinetic/
pharmacodynamic (PK/PD) profile of
drugs by modifying their
pharmacological profile (for example,
metabolism and transport, protein
binding, and others) leading to clinically
relevant safety and efficacy issues.
Drug–drug interactions: these occur
when two or more drugs are
coadministered, one of which (the
perpetrator) alters the PK/PD profile of
the other drug (victim) by modifying its
pharmacology (for example, metabolism
and transport, protein binding, other)
leading to clinically relevant safety and
efficacy issues.
Drug repurposing: a strategy for
developing drugs by identifying pre-
existing drugs that could be used to treat
other diseases.
Hyperinflammatory response:
overactivation of immune responses to
pathogens (i.e., bacteria, viruses, toxins),
trauma, and other external factors that
may affect the normal physiology of the
body.
Mass spectrometry imaging (MSI): a
label-free analytical technique that allows
the direct localization and quantification
of drugs, metabolites, and biomarkers in
biological tissues.
Mechanistic target of rapamycin
(mTOR): a protein kinase that controls
several metabolic processes in response
to environmental factors including
nutrient levels, growth factors, and
stress.
Paracellular transport: the transport
of molecules including drugs and
biomolecules through intercellular
spaces between adjacent cells.
may housemetabolic enzymes and transporters involved in the disposition of COVID-19 drugs. In this
opinion article we highlight some current challenges in COVID-19 drug development, discuss the
potential role of drug-metabolizing enzymes and membrane-associated drug transporters in the dis-
position of promising COVID-19 drugs in the lung, brain, and testes, and assess the involvement of
SARS-CoV-2-associated inflammatory response in modulating the safety and efficacy of COVID-19
drugs. We also provide strategies for mitigating the effect of drug-metabolizing enzymes,
membrane-associated drug transporters, and SARS-CoV-2-associated inflammatory response on
the clinical efficacy and safety profile of COVID-19 drugs.

Challenges in the development of COVID-19 drugs
For COVID-19, the lung is the predominant site of SARS-CoV-2 infection, and the virus-eradicating
potential of COVID-19 drugs is partly dependent on the spatial distribution and therapeutic
concentrations in the alveolar epithelial cells of the lungs (Figure 1). However, it is challenging to mea-
sure COVID-19 drug concentrations in the lungs of COVID-19 patients, and plasma drug
concentrations are therefore measured as a surrogate for target site drug levels. The drug levels in
the plasma may not correlate with levels in the lung, and total lung drug levels are not an accurate
representation of drug concentrations in target cells. For example, in animal studies, the levels of
remdesivir and its active metabolite GS-441524 were quantified in lung tissues, but the studies did
not determine the spatial distribution or concentration of remdesivir or GS-441524 in type II
alveolar epithelial cells – the predominant pulmonary cells infected by SARS-CoV-2 [10–12]. It is
impossible to assess how the reported total lung remdesivir/GS-441524 concentrations correlate
with potential viral load because the investigation was not carried out in SARS-CoV-2-infected ani-
mals. Furthermore, the limited efficacy of lopinavir for the treatment of SARS-CoV-2 infection was
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Key figure

Interactions between human pulmonary drug clinical pharmacology and
COVID-19 pathophysiology
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Figure 1. (A) SARS-CoV-2 infects the human lung and elicits an immune response. The inflammatory response could alte
the levels of clinically relevant drug-metabolizing enzymes and membrane-associated drug transporters in the lung. (B
Dysregulated pulmonary drug-metabolizing enzymes and membrane transporters could modify the concentration o
COVID-19 drugs in the lungs leading to altered drug pharmacokinetic (PK) and pharmacodynamic (PD) profiles. Fo
example, drug concentrations below the pulmonary therapeutic range would cause inefficacy whereas drug
concentrations higher than the therapeutic range may result in toxicity. Other SARS-CoV-2 target sites, including the brain
and testes, are expected to display similar interactions. Abbreviations: ED50, 50% effective dose; TD50, 50% toxicity dose.

Trends in Pharmacological Sciences

Trends in Pharmacological S

Physiologically based
pharmacokinetic modeling (PBPK):
a computational method used to predict
pharmacokinetic parameters that
represent the absorption, distribution,
metabolism, and excretion profile of a
drug.
Positron emission tomography
(PET): a molecular imaging technique
that uses radioisotopes to visualize and
quantify changes in biomolecular
processes and drug biodistribution in
mammalian systems.
Proinflammatory cytokines:
secreted proteins such as IL-6 and TNF-
α that play a key role in initiating
inflammation in response to pathogen
invasion or other external factors that
alter normal body physiology.
SARS-CoV-2 sanctuary: disease
target sites where SARS-CoV-2 evades
the effects of antiviral drugs, thus
allowing its survival and persistence.
r
)
f
r
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partly attributed to suboptimal pulmonary drug concentrations that may be too low to sufficiently
inhibit SARS-CoV-2 replication in the lungs [13]. This is based on earlier animal research demonstrat-
ing that the lung concentration of lopinavir is lower than its plasma level [14]; however, the study did
not address the distribution or concentration of lopinavir in different pulmonary cell types. To design
an ideal dosing regimen that will improve the clinical efficacy and safety profile of promisingCOVID-19
drugs, it is crucial to understand the spatial distribution and concentration of COVID-19 drugs in type
II alveolar epithelial cells as well as in other cells that are primarily susceptible to SARS-CoV-2
infection.

Surprisingly, studies on the pulmonary spatial distribution and concentration of promising COVID-19
drugs such as remdesivir, molnupiravir, and nirmatrelvir are lacking. The spatial distribution of drugs
in the lung is further complicated by its heterogeneous nature as well as by other factors including
route of administration, dissolution, deposition, sequestration, clearance, and retention [15]. Many of
these factors are controlled by pulmonary drug-metabolizing enzymes and membrane-associated
drug transporters [15–17]. However, sophisticated tools such as mass spectrometry imaging
(MSI) and positron emission tomography (PET) can be used in future COVID-19 drug develop-
ment efforts to unravel the spatial distribution and concentration of the drugs at SARS-CoV-2 target
sites such as the lung, brain, and testes [18]. These techniques have been used to reveal the lung
and brain spatial distribution of several drugs [19–21]. For instance, MSI has been used to determine
the pulmonary localization and retention of the long-acting β-adrenergic receptor agonist salmeterol
[19], andPET imagingwas used to uncover the lung target occupancy of ipratropium (an inhaled bron-
chodilator) [21]. These studies are informing research and development strategies for respiratory med-
icines [15]. The overall goal of using techniques such as MSI in drug development is to perform
localized drug disposition studies in target tissues that will uncover how drugs and/or their associated
metabolites are spatially distributed and concentrated in select target cells within diseased tissues [18].

COVID-19 drug disposition at SARS-CoV-2 target sites
The therapeutic benefits of promising COVID-19 drugsmay be constrained by drug-metabolizing
enzymes and membrane-associated drug transporters at SARS-CoV-2 target sites in the body.
As a result, their effects should be taken into consideration when designing the ideal clinical
dosing regimen. Although the lung is the predominant site of SARS-CoV-2 infection, viral tropism
is dependent on the expression of the host anchor proteins – angiotensin-converting enzyme 2
receptor and type 2 transmembrane serine protease – which explains the presence of the virus
in the brain and testes as well as in other tissues such as gastrointestinal tract and heart
[22–27]. SARS-CoV-2 infection of the brain is implicated in the proposed pathogenesis of the
COVID-19-associated neurocognitive dysfunction observed in 20–70% of investigated
COVID-19 patients in Germany and the UK [24,28]. In addition, the presence of SARS-CoV-2
in the testes has been suggested to potentially contribute to viral transmission through sexual in-
tercourse [22], and chronic lung injuriesmay be induced by viral persistence in the respiratory sys-
tem. Therefore, it is important to identify the role of drug-metabolizing enzymes and membrane-
associated drug transporters in determining the concentration of promising COVID-19 drugs in
the lung, brain, and testes to prevent viral persistence and post-recovery complications.

Pulmonary drug metabolism and transport
Clinically relevant drug-metabolizing enzymes and membrane-associated drug transporters are
present in the lungs [16,29,30] and may be involved in regulating the pulmonary concentration
of COVID-19 drugs whether administered via oral, inhalation, or intravenous routes.

In comparison to the relatively limited number of cell types in the liver, the lung contains ~40
different cell types with an unequal distribution of drug-metabolizing enzymes and membrane-
1044 Trends in Pharmacological Sciences, December 2022, Vol. 43, No. 12
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associated drug transporters of lower expression and activity [15,29]. Club cells in the bronchioles
have been identified as the principal pulmonary source of drug-metabolizing enzymes
(i.e., cytochromes P450, CYPs) [29,31]. Within the lung tissue, cells are grouped into epithelial,
endothelial, immune, and mesenchymal cell types [29]. The basal, ciliated, and alveolar type I and II
cells of the pulmonary epithelium, as well as the immune and endothelial cell types, comprising
macrophages and vascular endothelial cells, respectively, play a significant role in the metabolism of
drugs in the lung [29]. Phase I metabolic enzymes (Box 1), including CYP1A2, CYP2A6, CYP2B6,
CYP2E1, and CYP3A5, as well as phase II enzymes (Box 1) such as glutathione-S-transferases
(GSTA1 and GSTA2), N-acetyl transferase (NAT1), sulfotransferase (SULT1A1), and UDP-
glucuronosyl transferase (UGT2A1), have been identified in human lung tissues [15,29,31]. Similarly,
membrane-associated drug transporters including influx transporters such as organic
cation transporters (OCT1, OCT2, OCT3, and OCTN2), efflux transporters such as P-glycoprotein
(P-gp), breast cancer resistance protein (BCRP), multidrug resistance-associated protein (MRP1),
and multidrug and toxin extrusion (MATE1) are also found in respiratory tract cells such as tra-
cheal/bronchial ciliated cells, basal cells, airway epithelium, bronchial epithelium, alveolar macro-
phages, alveolar epithelium, and others [30,32,33].

Most of these cells are implicated in the pathophysiology of COVID-19. For example, SARS-CoV-2
appears to target numerous cell types in the proximal airways as well as alveolar type II cells in the
distal lung gas-exchange zone, and these cells are significantly involved in drug metabolism and
transport [25,34–36]. Similarly, macrophage recruitment is an important immune response to
SARS-CoV-2 infection of the lungs, and these cells also express clinically relevant drug-metaboliz-
ing enzymes and membrane-associated drug transporters that are recommended for routine in-
vestigation by the US FDA [37] (Table 1). Therefore, alteration of these pulmonary cells due to
SARS-CoV-2 infection could lead to dysregulation of drug metabolism and transport.

Many of the repurposed COVID-19 drugs are substrates for the drug-metabolizing enzymes and
membrane-associated drug transporters that are present at disease target sites such as human
lung, brain, and testes, and may trigger metabolic enzyme/transporter-mediated drug–drug
interactions (Table 2). For example, remdesivir is a substrate for the metabolic enzymes CYP3A4
andCES1 (carboxyl esterase 1), as well as for the transporters organic anion transporting polypeptide
(OATP1B1; influx) and P-gp (efflux) [38]. These pulmonary drug-metabolizing enzymes and
membrane-associated drug transporters work together to regulate the levels of active and/or inactive
drug (via biotransformation processes) and intracellular drug concentrations (via transepithelial trans-
port), resulting in a distinct local and systemic drug PK/PD profile. There is also a potential for an in-
teraction between drug-metabolizing enzymes and membrane-associated drug transporters where
a high pulmonary drug transport turnaround time could limit metabolic processes and vice versa
[30]. It has been reported that the pulmonary exposure of inhaled umeclidiniumbromide and vilanterol
(drugs used for the treatment of chronic obstructive pulmonary disease) increased by ~40% in
humans because of inhibition of P-gp-mediated efflux by verapamil, a calcium channel inhibitor
[39]. In addition, the bioavailability of intranasally administered drugs may be limited due to interac-
tions with drug-metabolizing enzymes and membrane-associated drug transporters in the nasal
cavity [40]. This may have severe consequences for COVID-19 drugs that are being developed for
administration through the inhalation route.

Drug metabolism and transport in the brain
Similarly to the lung, cerebral drug metabolism and transport could also limit the concentration of
promising COVID-19 drugs in the brain. The blood–brain barrier (BBB), a physiological barrier that
separates the brain parenchyma from the systemic circulation and is made up of brain
microvascular endothelial cells that are sealed by tight junction proteins, plays a major role in
Trends in Pharmacological Sciences, December 2022, Vol. 43, No. 12 1045
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Table 1. Localization of selected clinically relevant drug-metabolizing enzymes andmembrane-associated drug transporters in human lung, brain, and
testisa

Parameters Protein Tissue localization Refs

Lung Brain Testis

Drug-metabolizing
enzymes

CYP1A2 Ciliated columnar epithelial
cells, type I and II
pneumocytes

Basal ganglia, substantia nigra,
frontal cortex, striatum, pons,
hippocampus, cerebellum

? [31,48]

CYP2B6 Bronchiolar epithelium,
Clara cells, alveolar
epithelium

Basal ganglia, frontal cortex,
striatum, pons, and cerebellum

? [31,48]

CYP2C8 Bronchiolar epithelium ? ? [31]

CYP2C9 ? Basal ganglia, frontal cortex,
hippocampus, cerebellum

? [48]

CYP2C19 ? Basal ganglia, frontal cortex,
hippocampus, cerebellum

? [48]

CYP2D6 ? Thalamus, hypothalamus,
substantia nigra, frontal cortex,
striatum, pons, hippocampus,
cerebellum

Throughout testicular tissue,
stronger localization at the
seminiferous epithelium and
testicular endothelium

[48,54]

CYP3A4 ? Thalamus, hypothalamus, and
basal ganglia

Throughout testicular tissue [48,54]

Membrane-associated
drug transporters

P-gp Alveolar macrophages,
alveolar epithelium,
serous cells of the
bronchial mucosa,
bronchial capillaries

Luminal membranes of brain
microvessel endothelial cells,
apical plasma membrane of
choroid plexus epithelial cells,
astrocytes, microglia, neurons

Seminiferous epithelium, interstitial
space

[30,47,54]

BCRP Bronchial epithelial cells
and seromucinous glands,
small endothelial capillaries
of the lung, alveolar
pneumocytes

Luminal membrane of
microvessel endothelial cells,
astrocytes, and microglia

Basal and apical side of the
seminiferous epithelium, testicular
endothelium

[30,47,54]

OCT2 Basal cells Luminal side of brain microvessel
endothelial cells

Peritubular myoid cells, Leydig cells [30,47,52]

OATP1B1 ? ? Basal
membrane of Sertoli cells

[52]

OATP1B3 ? ? Basal
membrane of Sertoli cells

[52]

MATE1 Apical side of bronchial
and bronchiolar epithelial
cells, alveolar
macrophages

? Adluminal compartment of the
seminiferous tubules, peritubular
myoid cells, Leydig cells

[32,52]

MATE2-K ? ? ?

OAT1 ? ? Basal
membrane of Sertoli cells

[52]

a?, presence is unknown.

Trends in Pharmacological Sciences
modulating drug concentrations in the brain. This barrier regulates the trafficking of molecules into
and out of the brain through various transport pathways [41]. Although this selective permeation
is aimed at protecting the brain from neurotoxicants, it inevitably excludes neuroprotective drugs
from reaching optimal therapeutic concentrations in the central nervous system (CNS). Although
the BBB is the major roadblock to brain drug delivery owing to its large surface area and imper-
meability, the blood–cerebrospinal fluid barrier (BCSFB) is another barrier located at the choroid
plexus and arachnoid membrane that can also limit drug penetration into the brain [41].
1046 Trends in Pharmacological Sciences, December 2022, Vol. 43, No. 12
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Table 2. Metabolic enzyme and transporter-mediated interactions with selected repurposed COVID-19 drugsa

Drug category Drug Metabolic enzymes Membrane
transporters

Membrane transporter
inhibition

Metabolic enzyme
inhibition

Refs

Inhibition of virus
replication

Azithromycin CYP3A4 P-gp, MRP2,
and OATP

P-gp [67,75]

Favipiravir Aldehyde oxidase
and xanthine oxidase

OAT1, OAT3, P-gp CYP2C8 [67,75];
DrugBankv

Ivermectin CYP3A4, CYP2D6,
CYP2E1

P-gp, BCRP, MRP1,
MRP2, MRP3

CYP2C9,
CYP2C19,
CYP2D6,
CYP3A4

[67];
DynaMed Plusvi

Lopinavir CYP3A P-gp, MRP1,
MRP2,
OATP1A2,
OATP1B1

P-gp, BCRP, OATP1B1,
OATP1B3, OATP2B1,
MATE1, BSEP

CYP3A4 [67,75,76];
DrugBankv

Molnupiravir ENT1, ENT2 [53]

Nitazoxanide Deacetylase, UGT [67]

Nirmatrelvir CYP3A4 P-gp P-gp, OATP1B1 CYP3A4 Product
monographii

Remdesivir CES1, cathepsin A,
CYP2C8, CYP2D6,
and CYP3A4

P-gp,
OATP1B1,
ENT1, ENT2

OATP1B1, OATP1B3,
BSEP, MRP4, NTCP,
MATE1, OCT1, ENT1,
ENT2

CYP3A4 [53,67,75,76];
DynaMed Plusvi

Ritonavir CYP1A2, CYP2C8,
CYP2C9, CYP2C19,
CYP3A, CYP2D6

P-gp, MRP1,
MRP2

P-gp, MRP1, BCRP,
OATP1A2, OATP2B1,
OATP1B1, OATP1B3,
OCT1, MATE1, BSEP

CYP3A4,
CYP2D6

[67,75,76];
DynaMed Plusvi

Inhibition of virus
entry

Chloroquine CYP2C8, CYP3A4,
CYP2D6, CYP3A5,
CYP1A1

OATP1A2 P-gp, OCT1, MATE1,
MATE2

[67,75];
DrugBankv

Hydroxychloroquine CYP2C8, CYP3A4,
CYP2D6

P-gp, OATP1A2,
OCT1, MATE1,
MATE2

[67,75]

Umifenovir CYP3A4, UGT1A9,
UGT2B7

P-gp, OATP2B1,
OATP1B1, OATP1B3,
OCT1, MATE1

[67,75];
DrugBankv

Anti-inflammatory Dexamethasone CYP3A4 P-gp, MRP2 [67]

Baricitinib CYP3A4 P-gp, BCRP,
OAT3,
MATE2-K

OAT1, OAT2, OAT3,
OCT1, OCT2,
OATP1B3, BCRP,
MATE1, MATE2-K

[67];
DynaMed Plusvi

Colchicine CYP3A4 P-gp DynaMed Plusvi

Methylprednisolone 11β-Hydroxysteroid
dehydrogenases
and 20-ketosteroid
reductases

DrugBankv

Ruxolitinib CYP1A2, CYP2B6,
CYP2C9, CYP3A4

OATP1B1,
OCT1, NTCP,

P-gp, BCRP,
OATP2B1

[67,75]

Fluvoxamine CYP1A2, CYP2C19,
CYP2D6, CYP3A4

CYP1A2,
CYP2C9,
CYP3A4,
CYP2C19,
CYP2D6

[67];
DynaMed Plusvi

aAbbreviations: BSEP, bile salt export pump; NTCP, sodium-dependent uptake transporter.

Trends in Pharmacological Sciences

Trends in Pharmacological Sciences, December 2022, Vol. 43, No. 12 1047

CellPress logo


Trends in Pharmacological Sciences
Drugs primarily have access to the brain parenchyma through paracellular transport, passive
diffusion, and carrier- or receptor-mediated transport processes (Box 1) [41]. Conversely, efflux
transporters expressed at the BBB are responsible for extruding drugs out of the brain. Drug
physicochemical properties (such as lipophilicity, hydrophilicity, and molecular weight), cerebral
blood flow, metabolism, degradation, systemic clearance, and protein binding all influence how
much drug crosses the BBB [42].

Drug-metabolizing enzymes and membrane-associated drug efflux transporters in the brain
parenchyma, as well as at the BBB and BCSFB, play a key role in limiting drug bioavailability in
the CNS, potentially contributing to the formation of CNS viral sanctuary sites for infectious
diseases such as HIV [41,43,44]. From a pharmacological perspective, these drug–metabolic en-
zyme/transporter interactions could modify the overall CNS drug PK profile because of altered
brain-to-plasma drug concentration ratios, as exemplified by several antiretroviral drugs [41]. A
similar phenomenon is anticipated in the context of CNS SARS-CoV-2 sanctuary site formation
and limited brain penetration of COVID-19 drugs. Phase I (CYP3A4 and CYP2D6) and phase II
(UGT1A6 and UGT2B7) drug-metabolizing enzymes, as well as influx (OCT1 and OCT2) and ef-
flux transporters (P-gp and BCRP) have been identified in the human brain (Table 1) [43,45–48]
and are involved in the metabolism and transport of promising COVID-19 drugs (Table 2). Several
studies have uncovered the role of membrane-associated drug transporters and drug-metabolizing
enzymes in the disposition of antiretroviral drugs used for the treatment of HIV [44]. Our group has
shown that P-gp and BCRP limit the penetration of the HIV integrase strand-transfer inhibitor,
raltegravir, in an in vitro BBB model [49]. Beyond concentrations, drug distribution in the brain is
also important in determining the safety and efficacy profile of drugs. Therefore, evidence-based
studies to delineate the concentration and spatial distribution profile of promising COVID-19 drugs
in the brain are urgently required.

Testicular drug metabolism and transport
Owing to the restricted penetration of antiretroviral drugs across the blood–testis barrier
(BTB), the male genital tract has been identified as a sanctuary site for persistent viral infec-
tions such as HIV [44,50]. Given the presence of SARS-CoV-2 in the male genital tract
[22,51], a similar occurrence is anticipated in COVID-19. The role of the BTB is to protect de-
veloping germ cells from xenobiotics including drugs from entering the abluminal compart-
ment through transepithelial transport processes regulated by efflux and influx transporters
[50].

Efflux transporters such as P-gp and BCRP, as well as influx transporters (equilibrative nucleoside
transporters, ENT1 and ENT2), have been identified at the BTB and appear to play a significant
role in drug disposition in this tissue (Table 1) [50,52]. Our group has shown that P-gp and BCRP
limit the penetration of raltegravir in an in vitro BTB model [49]. Conversely, uptake transporters
such as ENT1 and ENT2 are also involved in the transport of nucleoside/nucleotide analog drugs be-
cause of their structural similarity to endogenous transporter substrates such as adenosine [53], cre-
ating an exceptional uptake pathway for increasing drug concentrations. We also found that drug-
metabolizing enzymes including CYP3A4, CYP2D6, and UGT1A1 are expressed in human testicular
tissues and T cell subsets isolated from testes (Table 1) [54,55]. Furthermore, we and others have
found that the antiretroviral drugs efavirenz and darunavir had significantly lower testicular concentra-
tions (below the therapeutic range) compared to plasma concentrations, whereas the other antiretro-
viral drugs – emtricitabine, lamivudine, and tenofovir – had higher testicular concentrations in HIV-
infected tissues [54,55]. This suggests that an alternative transport pathway, potentially mediated
by ENTs, may drive the testicular influx of these drugs because they are nucleoside/nucleotide an-
alogs. Interestingly, promising COVID-19 drugs such as remdesivir and EIDD-1931 (the active
1048 Trends in Pharmacological Sciences, December 2022, Vol. 43, No. 12
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metabolite of molnupiravir), but not nirmatrelvir, have recently been identified as substrates for ENT1
and ENT2 in in vitro models [53,56].

To circumvent the potential effects of drug-metabolizing enzymes and membrane-associated
drug transporters in reaching optimal therapeutic drug concentrations at disease target sites
such as lung, brain, and testes, an effective route of administration should be adopted. For
example, previous studies have shown that drugs administered intranasally have a high
CNS bioavailability compared to their intravenous counterparts [57,58]. Compared to sys-
temic administration, inhaled salmeterol had a higher targeting in the lung subepithelial and
epithelial regions [59]. This suggests that low doses of inhaled COVID-19 drugs may achieve
optimal therapeutic concentrations and distribution in human lung and brain tissues with min-
imal systemic exposures. Drug bioavailability can be improved using prodrug approaches,
drug delivery bypass systems [29], and CYP450 inhibitors – ritonavir can be coadministered
with nirmatrelvir to improve the therapeutic concentrations of nirmatrelvir through ritonavir-
mediated inhibition of CYP3A4ii. Drugs that are structurally similar to endogenous substrates
of influx transporters including the ENTs and concentrative nucleoside transporters are more
likely to achieve optimal therapeutic concentrations at target sites and should be investigated
in COVID-19 drug development programs. However, it is unknown how counteracting efflux
transporters and/or COVID-19 pathophysiology would impact on these influx transport
pathways.

Involvement of SARS-CoV-2-associated inflammatory response in therapeutic
efficacy and safety
Pathophysiological events such as the inflammatory response associated with SARS-CoV-2
infection could alter the clinical pharmacology profile of promising COVID-19 drugs [9]. For example,
variability in clinical response to remdesivir has been reported in several clinical trials [60–64]. Because
the extent of inflammatory response may vary among COVID-19 patients, the variability in drug re-
sponse may be related to its effect on drug-metabolizing enzymes and membrane-associated drug
transporters (Figure 2). Proinflammatory cytokines such as tumor necrosis factor α (TNF-α), inter-
leukin 6 (IL-6), and interleukin 1β (IL-1β) are overproduced in a typical hospitalized COVID-19 patient
and may be responsible for acute respiratory distress syndrome, lung injuries, and multiple-organ
damages observed in some COVID-19 patients at the severe stage of the disease [65,66]. The over-
production of proinflammatory cytokines ('cytokine storm') is a consequence of the hyperactivation of
immune cells that attempt to clear SARS-CoV-2 virus [25]. Although this inflammatory response may
start in the lung and cause multiple lung tissue damage, it may eventually reach other tissues such as
the brain andmale genital tract through the systemic circulation [65]. Inflammatory response is a well-
known regulator of drug-metabolizing enzymes and membrane-associated drug transporters, and
frequently results in a rise or decrease in the expression of some clinically important drug-metabolic
enzymes and transporters [9].

Several proinflammatory cytokines (e.g., IL-6, IL-1β, TNF-α) dysregulate the expression of drug-
metabolizing enzymes (e.g., CYP enzymes) and membrane-associated drug transporters
(e.g., efflux transporters) through transcription factors (e.g., constitutive androstane receptor,
pregnane X receptor, and nuclear factor κB) that regulate their transcription and translation [9].
Consequently, the PK/PD profile of labile drugs may change due to the alteration of the corre-
sponding absorption, distribution, metabolism, and excretion processes at both the systemic
and peripheral levels (Figure 2). Altered drug PK/PD profile mediated by inflammatory response
may be distinct between systemic circulation and peripheral tissues depending on the concentra-
tions of clinically-relevant proinflammatory cytokines at both sites. This variability in the drug PK/PD
profile can cause intra- and inter-individual differences in drug response among patient populations
Trends in Pharmacological Sciences, December 2022, Vol. 43, No. 12 1049
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Figure 2. Dysregulation of pulmonary drug pharmacokinetics by COVID-19-associated inflammatory
response. (A) SARS-CoV-2 infection can cause severe inflammatory response with elevated proinflammatory cytokines
such as IL-6, IL-1β, and TNF-α. (B) All these inflammatory effects can dysregulate drug metabolism and transport leading
to altered pulmonary drug concentrations. Higher or lower pulmonary drug concentrations can lead to toxicity or
inefficacy, respectively. Other SARS-CoV-2 target sites, including the brain and testes, are expected to display similar
interactions.
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and may be the underlying reason for differences in clinical outcomes for some repurposed
COVID-19 drugs such as remdesivir.

Multiple disease–drug interactions have been suggested for repurposed COVID-19 drugs and
should be carefully considered (Table 2) [67]. For example, remdesivir is a substrate of CYP3A4
and P-gp, both of which are known to be dysregulated under inflammatory conditions [9]. Previ-
ous clinical studies have shown that CYP3A4, CYP2D6, and P-gp levels are altered in HIV+ indi-
viduals and had severe consequences for drug disposition [68,69]. In addition, damage to tissues
(mediated by the hyperinflammatory response) housing clinically relevant drug-metabolizing
enzymes and membrane-associated drug transporters can also alter the drug PK/PD profile.
This is anticipated in COVID-19 becausemultiple types of organ damage, specifically lung injuries,
may affect pulmonary cells expressing drug-metabolizing enzymes and membrane-associated
drug transporters. For example, diffuse alveolar damage is present in some COVID-19 patients,
and this may affect the integrity of alveolar epithelial cells – a significant source of pulmonary drug-
1050 Trends in Pharmacological Sciences, December 2022, Vol. 43, No. 12
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Outstanding questions
Do COVID-19 drugs reach optimal
concentrations in the lung, brain, and
testes of infected patients?

Are promising COVID-19 drugs well-
distributed at the predominant sites of
infected cells within target tissues?

Are target site membrane-associated
drug transporters and/or drug-
metabolizing enzymes responsible for
the limited efficacy of some investiga-
tional and approved COVID-19 drugs?

Could the optimal route of administration
be dependent on the stage of SARS-
CoV-2 infection?

What is the relationship between
disease target site (lung, brain, and
testes) expression of membrane-
associated drug transporters and
drug-metabolizing enzymes, and dif-
ferent stages of SARS-CoV-2 infection?

Is COVID-19 drug dosing adjustment
necessary to achieve clinicallymeaningful
efficacy and safety outcomes given the
potential for target site transporter and/
or enzyme-mediated drug interactions?
metabolizing enzymes and membrane-associated drug transporters [29,30,70]. Furthermore, the
downregulation of ENT1 and ENT2 in the context of COVID-19 is most likely due to the clinical
manifestation of acute lung injuries and hypoxia [71]. In addition, competitive inhibition of ENTs-
mediated uptake processes caused by elevated extracellular adenosine levels (associated with
acute lung injuries) may affect drug delivery [71]. Both of these pathophysiological events may limit
the penetration of remdesivir and EIDD-1931 (the active metabolite of molnupiravir). The recruitment
of pulmonary macrophage cells in response to SARS-CoV-2 infection could also increase resident
drug-metabolizing enzymes and membrane-associated drug transporters, thereby altering drug
PK/PD profile. It remains unknown how COVID-19 pathophysiology would affect tissue and plasma
protein (albumin and α1 acid glycoprotein) levels because their alteration could also dysregulate the
extent of drug tissue and/or plasma protein binding and ultimately their PK/PD profile.

To navigate therapeutic efficacy and safety against a background of COVID-19 pathophysiology,
dosing should be individualized based on the above-discussed pathophysiological markers,
including clinical measurement of the levels of systemic and peripheral inflammatory markers,
markers of tissue damage, the concentration of relevant plasma and tissue proteins, and the
expression of clinically relevant drug-metabolizing enzymes and membrane-associated drug
transporters. In addition, the administration of COVID-19 drugs should be stratified based on
disease stage and viral burden. For instance, if a COVID-19 patient has a high replicating
SARS-CoV-2 viral load and a hyperinflammatory response, then anti-inflammatory drugs should
be initially considered to dampen the ongoing inflammation and prevent further tissue damage
before administering antiviral drugs. Stratifying therapeutic administration in this manner can
help tomitigate or prevent disease–drug interactions that could limit the clinical safety and efficacy
of promising COVID-19 drugs. Examples of these classes of COVID-19 drugs include anti-
inflammatory drugs (dexamethasone and baricitinib) and antiviral drugs (remdesivir, molnupiravir,
and nirmatrelvir). Drugs such as sirolimus (immunosuppressant) andmetformin (antidiabetic drug)
which target themechanistic target of rapamycin (mTOR) pathway may have great potential
for both inhibiting viral replication and dampening the inflammatory response, as well as reducing
the associated cellular damages [72–74]. These mTOR inhibitor drugs are undergoing several
clinical trials (clinical trial identifiers NCT04948203, NCT04461340, and NCT04604678) to deter-
mine their safety and efficacy profile in the treatment of COVID-19. If clinically effective, this class
of drugs could mitigate or prevent any possible disease–drug interactions because of their potential
to offer both anti-inflammatory and antiviral effects.

Concluding remarks and future directions
Over the past 2 years significant progress has been made in vaccine and drug development to
reduce the morbidity and mortality associated with COVID-19. For example, the US FDA has
authorized four vaccinesiii and two drugsiv for the prevention and treatment of SARS-CoV-2 infec-
tion, respectively. However, these vaccines may not offer full protection against SARS-CoV-2 and
its variants because breakthrough infections are still observed in some vaccinated individuals.
Likewise, there is limited clinical evidence for effective eradication of SARS-CoV-2 and its variants
by existing COVID-19 drugs. It is possible that many repurposed drugs – both approved and
failed – may have untapped therapeutic potential for the treatment of COVID-19, and unlocking
optimal therapeutic benefits will require an optimized dosing regimen that achieves sufficient
drug concentrations to eradicate SARS-CoV-2 (and variants) at the disease target sites. There-
fore, evidence-based and mechanistic studies will be necessary to answer the most pressing
questions concerning COVID-19 drug development programs (see Outstanding questions). For
instance, research in SARS-CoV-2 animal models must show time-dependent changes in the
pulmonary, CNS, and testicular concentrations of promising COVID-19 drugs (remdesivir,
molnupiravir, and nirmatrelvir) and the associated changes in viral burden. Furthermore,
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sophisticated analytical platforms such as MSI and PET should be used to investigate the time-
dependent spatial distribution of promising COVID-19 drugs in SARS-CoV-2 animal models at
target sites. Such studies should also evaluate the impact of different routes of drug administra-
tion on the tissue PK and distribution profiles. In developing inhaled COVID-19 drugs, drug-metab-
olizing enzymes and membrane-associated drug transporters resident in the upper respiratory tract
including the nasal epithelial cells must be considered and their impact on drug disposition quantified
accordingly. Data generated from these studies should be used to predict optimal dosing regimens
by applying physiologically based pharmacokinetic (PBPK) modeling.
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