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Simulation of Remdesivir Disposition and Its Drug Interactions
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ABSTRACT - Purpose: Remdesivir, a drug originally developed against Ebola virus, is currently recommended
for patients hospitalized with coronavirus disease of 2019 (COVID-19). In spite of United States Food and Drug
Administration’s recent assent of remdesivir as the only approved agent for COVID-19, there is limited
information available about the physicochemical, metabolism, transport, pharmacokinetic (PK), and drug-drug
interaction (DDI) properties of this drug. The objective of this in silico simulation work was to simulate the
biopharmaceutical and DDI behavior of remdesivir and characterize remdesivir PK properties in special
populations which are highly affected by COVID-19. Methods: The Spatial Data File format structures of
remdesivir prodrug (GS-5734) and nucleoside core (GS-441524) were obtained from the PubChem database to
upload into the GastroPlus software 9.8 version (Simulations Plus Inc., USA). The Absorption, Distribution,
Metabolism, Excretion and Toxicity (ADMET) Predictor and PKPlus modules of GastroPlus were used to simulate
physicochemical and PK properties, respectively, in healthy and predisposed patients. Physiologically based
pharmacokinetic (PBPK) modeling of GastroPlus was used to simulate different patient populations based on age,
weight, liver function, and renal function status. Subsequently, these data were used in the Drug-Drug Interaction
module to simulate drug interaction potential of remdesivir with other COVID-19 drug regimens and with agents
used for comorbidities. Results: Remdesivir nucleoside core (GS-441524) is more hydrophilic than the inactive
prodrug (GS-5734) with nucleoside core demonstrating better water solubility. GS-5734, but not GS-441524, is
predicted to be metabolized by CYP3A4. Remdesivir is bioavailable and its clearance is achieved through hepatic
and renal routes. Differential effects of renal function, liver function, weight, or age were observed on the PK
profile of remdesivir. DDI simulation study of remdesivir with perpetrator drugs for comorbidities indicate that
carbamazepine, phenytoin, amiodarone, voriconazole, diltiazem, and verapamil have the potential for strong
interactions with victim remdesivir, whereas agents used for COVID-19 treatment such as chloroquine and
ritonavir can cause weak and strong interactions, respectively, with remdesivir. Conclusions: GS-5734 (inactive
prodrug) appears to be a superior remdesivir derivative due to its hepatic stability, optimum hydrophilic/lipophilic
balance, and disposition properties. Remdesivir disposition can potentially be affected by different physiological
and pathological conditions, and by drug interactions from COVID-19 drug regimens and agents used for
comorbidities.

originally used for parasitic worm infections,

INTRODUCTION antiviral activity is postulated to be due to its ability

to inhibit import of viral proteins and inhibit the
Due to its emergent nature, there are limited attachment of viruses through modulation of
treatment options available against the coronavirus transmembrane receptor CD147 (4). Lopinavir and
disease of 2019 (COVID-19). Treatment regimens ritonavir is a combination, which was originally
against COVID-19 focus on preventing replication of approved to treat human immunodeficiency virus, is
the virus as well as managing inflammation and other used against severe acute respiratory syndrome
symptoms (1). Chloroquine, hydroxychloroquine, coronavirus 2 (SARS-CoV-2) through inhibition of
azithromycin, ivermectin, and lopinavir/ritonavir 3CLP™, its main protease enzyme (5). None of these
have been used as treatment options against COVID- treatment options have shown to be significantly
19 (2). It has been hypothesized that chloroquine and beneficial in treating COVID-19. However,
hydroxychloroquine can prevent the viral entry of dexamethasone and remdesivir have shown to be
COVID-19 through angiotensin converting enzyme somewhat effective in treating COVID-19 (2, 6). In
2 (ACE2) receptors (3). lIvermectin, which is United States, remdesivir is the only Food and Drug
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Administration (FDA)-approved drug for the
treatment of COVID-19 (7).

Remdesivir is a nucleoside analog that was
originally developed against Ebola (8). It is a prodrug
that needs to be activated by esterase and through a
series of phosphorylations to its active form.
Specifically, remdesivir is an adenosine analog
prodrug (GS-5734) which is metabolically activated
to GS-441524 (9). GS-441524 is then uptaken by
infected SARS-CoV-2 cells where it becomes GS-
443902, a nucleoside triphosphate metabolite, after a
series of phosphorylations (9). The active nucleoside
triphosphate metabolite selectively inhibits viral
RNA-dependent RNA polymerase of SARS-CoV-2
and thus prevents its replication (9). In clinical trials,
remdesivir shortened the recovery time of
hospitalized COVID-19 patients when compared to
placebo (10). It was approved by United States FDA
in October 2020 for the treatment of COVID-19
patients receiving supplemental oxygen with a total
duration of therapy of at least five days (7, 9). In
patients who do not improve within five days or
require mechanical ventilation a therapy duration of
ten days is recommended (9). In adult patients, the
recommended regimen is a load dose of 200 mg on
day 1, followed by 100 mg once daily (9). In
pediatric patients, <12 years old or those who weigh
3.5 to < 40 kg the recommended regimen is a load
dose of 5 mg/kg/dose on day 1, followed by 2.5
mg/kg/dose once daily (11). In pediatric patients,
who weighs > 40 kg the dose regimen is the same as
adults (11). Although remdesivir was approved by
the FDA, it lacks extensive pharmacokinetics (PK)
and drug interaction studies.

Biopharmaceutical and PK properties of the
small molecules facilitate the entry, action, and
elimination of the drugs. Physicochemical properties
(e.g., partition coefficient, acid dissociation constant)
are important drug-like characteristics that determine
the ability of the molecule to reach to the systemic
circulation and perform the pharmacological actions
(12). Identification of cytochrome P450 (CYP)-
mediated metabolism and transporter profile allows
to predict the drug interaction potential (13).
Similarly, pharmacokinetic properties define the
ability of a drug to reach to the site of action and
potential to cause dose-related toxicity. Most
importantly,  understanding  the interactions
involving metabolic enzymes are critical in the
therapeutic outcome of the drugs. In silico or
computer-based simulation software such as
GastroPlus (Simulations Plus Inc., USA) can be used
to enhance and aid drug characterization when

extensive preclinical and clinical data are limited.
GastroPlus  has the ability to  predict
physicochemical, PK, and potential drug-drug
interaction (DDI) properties based on the structural
features and dose regimen (14). The
physicochemical and metabolic/transporter profiles
are derived from the Absorption, Distribution,
Metabolism, Excretion, and Toxicity (ADMET)
Predictor module, whereas physiologically based
pharmacokinetic (PBPK)-based PKPlus module is
used for PK simulations, and finally, Drug-Drug
Interaction module is used to predict drug interaction
potential through GastroPlus software (15). DDI
simulations in GastroPlus predict the ability of a pair
of drugs to affect the metabolism and disposition of
each other. The analyses of “victim” (its metabolism
is either inhibited or induced by other chemicals) and
“perpetrator” (causes inhibition or induction of
metabolic enzyme of other drugs) perspective allow
to calibrate the dosing regimen.

Remdesivir has shown promises to be effective
against SARS-CoV-2 (9, 16). However, there is
limited information available about its ADME and
PK properties (17-19). In addition, DDIs related to
COVID-19 regimens and comorbidities remain
totally unevaluated. The ADME and PK properties
of remdesivir were predicted using in silico
GastroPlus software. The PBPK models of healthy
adults as well as for patients with obesity and
liver/renal dysfunction were built. The DDI analyses
were carried out with remdesivir and the drugs for
standard COVID-19 supportive care, inpatient and
comorbidities associated with COVID-19 (e.g.,
cardiovascular agents). The objective of this study
was to provide in silico prediction on ADME, PK,
and potential DDIs involving remdesivir, and
characterize remdesivir PK properties in special
populations which are highly affected by COVID-19.
MATERIALS AND METHODS
Uploaded Remdesivir and DDI Simulation
Structures
The Spatial Data File (SDF) format of the chemical
structures were used to carry out the simulation
experiments. SDF files were obtained from
PubChem, a National Institutes of Health chemical
structure database (20). GS-5734 (the inactive
prodrug) and GS-441524 (the nucleoside core)
remdesivir structures were used in the in silico
analysis (Figure 1). The drugs uploaded for DDI
simulation were chloroquine, dexamethasone,
ritonavir, lopinavir, azithromycin, ivermectin,
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Remdesivir
(GS-5734, inactive prodrug)

Nucleoside Core
(GS-441524)

Figure 1. Remdesivir prodrug and nucleoside core
structures (20).

carbamazepine, phenytoin, amiodarone,
voriconazole, diltiazem, verapamil, cyclosporine,
and nicardipine. All drug dosages were verified for
their dose and route of administration from their
respective FDA package inserts.

GastroPlus

GastroPlus software 9.8 version (Simulations Plus
Inc., Lancaster, CA, USA) is an in silico simulation
software that can predict ADME, pharmacokinetic,
and metabolic interaction properties of drugs in
different species including in humans and rodents.
The foundational model utilizes several aspects of
GastroPlus  functionalities such as ADMET
Predictor, Metabolism and Transporter, and PKPIus.
Since ADME and PK significantly differ based on
route of administration, this software allows to
choose from all the major dosage forms such as oral,
intravenous, and inhalation. The simulation process
was initiated by navigating through different Tabs,
namely, Compound, Gut Physiology,
Pharmacokinetics, Simulation, and Graph. Among
these, except Gut Physiology, rest of the features are
compound dependent. Gut physiology features (e.g.,
pH, volume, gastrointestinal length, metabolic
enzyme expression) are set for healthy individuals
with average population physiological specifications
in fasted conditions. Each SDF structure was
imported into Compound Tab to create a “New Drug
Database”. Subsequently, these GastroPlus drug
databases were used for the ADMET Predictor,
PKPlus, and Drug-Drug Interaction (DDI) modules.

The quantitative and visual outputs of
pharmacokinetic properties were obtained from the
Simulation and Graph Tabs. The PBPK models for
different conditions (e.g., obesity, hepatic disorders,
renal disorders) were developed to carry out
pharmacokinetic simulations. The DDI module was
used to simulate the potential interactions of
remdesivir with other COVID-19 related drugs and
agents for preexisting conditions.

Simulation of ADME Properties

The ADMET Predictor functionality in GastroPlus
software was used to estimate log P, molecular
weight, solubility, human jejunum effective
permeability (Peff), diffusion coefficient, pKa, CYP-
mediated metabolism and transport, and effective
blood brain barrier permeability. The “New Drug
Database” developed with the SDF structure was
imported using “Import Structure Properties”. The
“Use Predicted” feature was opted to activate
ADMET Predictor analyses. The software can
predict metabolism mediated by CYP1A2, CYP2AG6,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2DS6,
CYP2E1, and CYP3A4. The structural features of
the compound facilitate the prediction of CYP
isoforms and fraction metabolized (fm). It can also
produce a qualitative measure of involvement of
transporters such as organic
anion transporter (OAT), P-glycoprotein (P-gp), and
breast cancer resistance protein (BCRP). The
extended clearance classification system (ECCS)
classification can predict the extent and level of
metabolism and renal output of a drug denoting it as
major (extensive output) or minor (minimal output).

Pharmacokinetic Simulation of Remdesivir

The pharmacokinetic properties of remdesivir
prodrug (GS-5734) and nucleoside core (GS-
441524) were simulated with 200 mg or 100 mg dose
given intravenously over 24 hours. The
physicochemical properties and ADME properties
derived in the previous step were used in the
Pharmacokinetic Tab to predict drug disposition
profile. The drug disposition-based parameters were
simulated in a compartmental PK model in a virtual
patient with healthy physiological conditions. The
PBPK model utilized in this simulation included
different tissues as compartments that are connected
by the arterial/venous blood movement. The virtual
individual included in this simulation was considered
to be from American population, 30-year-old healthy
male, 86.27 kg weight, 176.14 cm height, and 24.6%
body fat. The pH, length and volumes of GI segments
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were per the fasted condition in a healthy human.
Characteristics of different populations used in the
simulation study are summarized in Supplemental
Table S1. The simulation duration was 24 hours and
estimated maximum (or peak) plasma concentration
(Cmax M@/mL), maximum concentration in liver
(Craxtiver Lg/mL), time required to maximum plasma
concentration (Tmax h), area under the curve from 0
to infinity (AUCo), half-life (T12), and systemic
clearance (CLsys).

PBPK Modeling of Remdesivir

PBPK modeling of GastroPlus were used to simulate
different patient populations based on age, weight,
health status, and disease severity. The PBPK models
were developed using ages 10, 12, 18, 30, 50, and 75
years. Different weights based on a body mass index
(BMI) scale of normal (BMI 18.5-24.9), overweight
(BMI 25-29.9), and obese (BMI > 30) were included
in the Pharmacokinetic Tab of GastroPlus software
(21). The health status and disease severity modelled
were healthy, renal impairment, and hepatic
impairment. Healthy was defined as not having any
renal or hepatic impairment or weight issues. Renal
impairment was defined based on estimated
glomerular filtration rate (eGFR) and age of the
modelled patient (14). Based on the typical clinical
presentations, we assessed patients with healthy
(eGFR=90 mL/min/1.73m?), moderate (eGFR=59
mL/min/1.73m?), and  severe  (eGFR=29
mL/min/1.73m?) renal function (14). Liver
impairment was classified as per the Child-Pugh
scale of grade A, B, or C (22). We assessed healthy
patients who were given a defined Child-Pugh score
of 0. Grade A was considered mild liver impairment
defined as a Child-Pugh score of 5. Grade B was
considered moderate liver impairment defined as a
Child-Pugh score of 7. Grade C was considered
severe liver impairment defined as a Child-Pugh
score of 10 (22).

Correlation Study with Microsoft Excel

Microsoft excel was used to carry out correlation
analysis. The physiological status (age, obese,
liver/renal impairment) was plotted against
pharmacokinetic parameters of maximum plasma
concentration (Cmax), maximum concentration in the
liver (Cmaxiver), area under the curve to infinite time
(AUCo.), systemic clearance (CLsys), steady state
volume of distribution (Vss), and half-life (T1). The
association was derived from a liner regression from
scatter plots. Correlation was interpreted by R? and
classified as either weak, moderate, fairly strong, or

strong. An alpha significance level of 0.05 was set.
A p value of <0.05 was considered statistically
significant.

Drug-Drug Interaction Simulation with
Remdesivir

The metabolic interactions involving remdesivir
were simulated using Drug-Drug Interaction module
of GastroPlus in steady-state mode. The
physicochemical, ADME, and pharmacokinetic
parameters obtained in the previous steps were used
as input in the DDI simulation study. In different
combinations, remdesivir was considered as “victim”
and the co-administered medications were treated as
“perpetrator” in the metabolic interaction Tabs.
Potential interactions of remdesivir that were
assessed include COVID-19 regimens (chloroquine,
hydroxychloroquine, azithromycin, ivermectin, and
lopinavir/ritonavir), supportive care medications
commonly used in the intensive care unit (ICU) and
inpatient  hospitals (carbamazepine, phenytoin,
amiodarone/desethylamiodarone, voriconazole), and
comorbidity medications associated with COVID-19
(diltiazem, verapamil, cyclosporine, and
nicardipine). The inhibition enzyme kinetics
constants (Ki, 1Csp) and induction Kinetics constant
(ECs0) of each “perpetrator” medications were
obtained from literature (23-36). Doses for each
perpetrator medication were obtained from the FDA
approved package inserts. The DDI simulations for
remdesivir (200 mg) and various medications were
conducted using steady-state DDI simulation in
GastroPlus over a period of 24 hours. The PBPK
model of a 30-year-old weighing 85.53 kg, with BMI
of 27.488, and classified as healthy was used for the
simulated DDI environment. To classify each DDI,
GastroPlus simulated monitoring of AUC ratio in the
presence and absence of the perpetrator was utilized.
These potential interaction categories of no
interaction, weak, moderate, strong were based on
the FDA draft guidance for drug interaction studies
(37). Weak inhibitors were defined as having a
predicted AUC ratio in the range 1.25 to 2. Moderate
inhibitor AUC ratios can be in the range of 2 to 5.
Strong inhibitors were defined as having an AUC >
5. Inducers were defined by the change in baseline
and predicted AUC. Weak inducers were defined as
predicted AUC ratio in the range of 0.5to0 0.8 and a
less than two-fold difference from the baseline.
Moderate inducers were specified as predicted AUC
ratio in the range 0.2 to 0.5 and a two- to five-fold
difference from the baseline. Strong inducers were
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defined as having a predicted AUC ratio of < 0.2 and
more than five-fold difference from the baseline.

RESULTS

Physicochemical Properties of Remdesivir

The simulated relevant physicochemical properties
of remdesivir are shown in Table 1. The molecular
weights of GS-5734 (inactive prodrug) and GS-
441524 (nucleoside core) were 602.59 g/mol and
291.27 g/mol, respectively. The predicted
lipophilicity and aqueous solubility properties
differed between parent remdesivir and nucleoside
core. GS-5734 had a log P (octanol-water partition
coefficient) of 1.6 and solubility of 0.0228 pg/mL,
whereas the log P and solubility of GS-441524 were
-1.09 and of 2.6 pg/m, respectively. This indicates

that GS-441524 is more hydrophilic than GS-5734.
The diffusion coefficient for GS-5734 was 0.51
cm?/s x 10-°and for GS-441524 was 0.84 cm?/s x 10-
> which suggest differential diffusivity. The predicted
human jejunum effective permeability (Peff) of the
remdesivir derivatives (GS-5734 and GS-441524)
were 0.0841 cm/s x 10* and 0.3 cm/s x 10%
respectively. The lower lipophilicity and higher
aqueous solubility profiles of GS-441524 are
consistent with its comparatively higher diffusion
coefficient and permeability features than GS-5734.
The MedChem Designer module calculated the pKa
microstates. Microstates occur due to different
protonation states of a chemical structure (38). GS-
5734 pKa microstates were 10.93 (acid) and -2.22
(base). In comparison, GS-441524 had only one pKa
microstate of 3.76 (base).

Table 1. Predicted physicochemical and ADME properties of remdesivir and its nucleoside core.

GS-5734, inactive prodrug

GS-441524, nucleoside core

log P 1.6
MW (g/mol) 602.59
Solubility (ug/mL) 0.0228
Diff. Coeff (cm?/s x 10°5) 0.51
Pert (cm/s x 10%) 0.0841

pKa Microstates
BBB Penetration High (68%)
Predicted CYP fm

ECCS Classification

Transporter involved
BCRP

Acid (10.93); Base (-2.24)

CYP3A4 =100%

Class 4 renal (major) and
metabolism (minor)

-1.09
291.27

2.6

0.84

0.3

Base (3.76)
High (82%)
N/A

Class 4 renal (major)

OATP1B1, OATP1B3, P-gp,

OATP1B3, OCT1, OAT3, P-gp

ECCS, Extended Clearance Classification System; BBB, Blood brain barrier; fm, fraction metabolized.

Metabolism and Transport Characteristics of
Remdesivir

The simulated metabolism and  transport
characteristics of both remdesivir structures are listed
in Table 1. GS-5734 has a predicted CYP fraction
metabolism (fm) of 100% with CYP3A4. The
ADMET simulation did not identify CYP
involvement with GS-441524 metabolism. GS-5734
is predicted to be a substrate for OATP1B1,
OATP1B3, P-gp, and BCRP transporters. Similarly,
(GS-441524 was associated with OATP1B3, OCT1,
OAT3, and P-gp transporters The ECCS for GS-5734

has been predicted to be class 4 renal route as the
major elimination path and metabolism as the minor
pathway with GS-441524 is also denoted as ECCS
class 4 category.

Remdesivir PK Attributes

The simulated pharmacokinetics properties of
remdesivir derived compounds were derived with
200 mg IV dose for GS-5734 (Table 2) and for GS-
441524 (Table 3). In a healthy 30-year-old male GS-
5734 had a Cmax of 0.156 pg/mL, CaxLiver OF 0.014
pg/mL, AUC,.. of 3.658 ug -h/mL, CLsys of 53.363
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L/h, Vss 31.281 L, and T1, of 0.406 h. Similarly, the
predicted pharmacokinetic values of GS-441524 in a
healthy 30-year-old male were 1.54 pg/mL Ciax,
0.89 pg/mL Craxtiver, 27.873 pg -h/mL AUCo.,
5.205 L/h CLsys, 34.59 L Vss, and 4.61 h T1,. The
time taken to achieve maximum plasma
concentration (Tmax) is 24 h. The PK simulation with
100 mg 1V dose indicates Cmax, CmaxLiver, and AUCo-x
values were about 50% of the 200 mg IV dose,
whereas CLsys, Vss, and T, remained constant
which indicates that these are the intrinsic
characteristics of the drug molecule (Supplemental
Table S3).

Effect of Different Physiological and Pathological
Conditions on Remdesivir PK

Different PBPK models based on age, obesity, renal,
and liver function status were used to understand PK
properties in special population (Table 2, Figure 2).
There appears to be a U-shape relationship between
age and some PK parameters. As age increased
Crmaxtiver, CLSYS, Vss, and Ty, increased as well. On
the contrary, as age increased Cmax, and AUC.
parameters demonstrated a U-shape profile with
higher Cmax and AUC,. in the pediatric and older
subjects than the average adults. In a healthy 12-year-
old male the predicted Cmax, Cmaxtiver, AUCo-,
CLsys, Vss, T, were 0.217 pg/mL, 0.013 pg/mL,
5.134 pg-h/mL, 38.658 L/h, 17.295 L, and 0.313 h,
respectively. The predicted PK parameters for a
healthy 30-year-old were Cmax Of 0.156 pg/mL,
Crmaxtiver 0f 0.014 pg/mL, AUC,., of 3.658 pg-h/mL,
CLsys of 53.363 L/h, Vss of 31.281 L, and Ty of
0.406 h. In the healthy geriatric population
represented by the 75-year-old Cpax was 0.205
pg/mL, Craxiiver 0.014 pg/mL, AUCo... 4.781 ug-
h/mL, CLsys 40.558 L/h, Vss 30.043 L, Ty, 0.513 h.
In the obese PBPK model, increase in weight led to
lower Cmax, Cmaxtiver, AUC, and Ti,. However,
CLsys, and Vss both increased at higher weights. The
simulated moderate and severe renal impairment
increased CLsys. As the Child-Pugh scale (A, B, and
C) increased the PK values of Crax, Cmaxtiver, AUCo.
«, and Ty, decreased. CLsys, and Vss increased with
worsened liver impairment. The PBPK model for
obesity with severe renal impairment and liver
impairment was simulated in a 30-year-old with a
BMI of 31. In an obese subject with severe renal
impairment, simulated PK characteristics had Cmax
of 0.156 ug/ml_, CmaxLiver of 0.012 p.g/mL, AUCO.oo of
3.646 pg-h/mL, CLsys of 53.529 L/h, Vss of 31.673
L, and Ty, of 0.407 h. The PK parameters in the
virtual subjects with obesity and Child-Pugh grade C

were Cpax 0f 0.139 pg/mL, Craxtiver 0f 0.009 pg/mL,
AUC,., of 3.27 pg-h/mL, CLsys of 59.808 L/h, Vss
of 31.673 L, and Ty of 0.367 h.

Correlation of Physiological and Pathological
Status and Pharmacokinetic Parameters

The relationship between physiological status (e.g.,
age, liver function, renal function) with
pharmacokinetic parameters are depicted in Figure 2
and Table 4. Age did not have any correlation with
Cmax, AUCo.., Vss, and CLsys. However, it
demonstrated significant relationship with Cmaxtiver
and Tip. Liver status had a fairly strong positive
correlation with Cmax, CLSYys and T1s, whereas it had
strong positive correlation with Craxiiver and Vss.
Finally, renal status had only a fairly strong positive
correlation with Vss and a strong positive correlation
With Cmax, Cmaxtiven AUCow, CLsys, and Tip.
However, except CmaxLiver, Other parameters did not
show significance with renal function status,
potentially due to narrow range of values between
different renal functionalities (healthy, moderate,
severe) and limited number of clinical classifications
for renal functions. Similar narrow range of PK
parameter values was also observed for the
relationship between AUC,.. and liver function
status, which was reflected in the lack of statistical
significance for that particular comparison.

DDI Potential of Remdesivir with COVID-19
Regimens and Comorbidity Drugs

Remdesivir was predicted to be a substrate of
CYP3A4. DDI potential of remdesivir with a total of
fifteen drugs, which are CYP3A4 inducers and
inhibitors, was simulated. DDIs were conducted in
steady state mode with the outcomes shown in Table
5.

The COVID-19 drug regimens simulated with
remdesivir were chloroquine, dexamethasone,
ritonavir, lopinavir, azithromycin, and ivermectin.
Chloroquine is predicted to be a weak inhibitor of
remdesivir metabolism with an AUC ratio of 1.331.
Dexamethasone appears to have both CYP inhibition
and induction properties (28, 31). Interestingly,
dexamethasone had no significant interaction with
remdesivir. Ritonavir was a strong inhibitor with an
AUC ratio of 40.04. Lopinavir, azithromycin, and
ivermectin are CYP inhibitors but did not have any
significant interaction with remdesivir.

The DDI simulations of remdesivir with drugs
for comorbidities include carbamazepine, phenytoin,
amiodarone, voriconazole, diltiazem, verapamil,
cyclosporine, and nicardipine. Carbamazepine and
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phenytoin which are known CYP3A4 inducers
indicate strong interaction with remdesivir with AUC
ratios of 0.059 and 0.154, respectively. All the
remaining drugs analyzed in this study were
CYP3A4 inhibitors. Amiodarone, voriconazole,
diltiazem, and verapamil showed strong interaction
potential with AUC ratios ranging from 5.814 to

14.46. The highest inhibition of remdesivir
metabolism was observed with verapamil with an
AUC ratio of 14.46. Cyclosporine and nicardipine
both were classified as CYP3A4 inhibitors but did
not demonstrate any significant interaction with
remdesivir.

_ 0.000dx + 0.2036 ; 8 y =-0.0098x +4.8133
03 y =-0.0004x + 0. g R?=0.0815
. R?=0.07 g 6 o’
on | % moo . 2, | e o
g . ' ' ..... . . .
Y01 2
0 0
0 20 40 60 80 0 20 40 60 80
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- " y =0.0031x + 0.2899
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Figure 2. Correlation of physiological status with select simulated pharmacokinetic parameters of remdesivir. eGFR,
estimated glomerular filtration rate; CGA, cirrhosis grade A; CGB, cirrhosis grade B; CGC, cirrhosis grade C. Only the
correlation between age and T, were significant. Other comparisons did not demonstrate significance mainly due to the
flatness of a few and the U-shape nature of other relationships.
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Table 2. Simulated remdesivir (200 mg intravenous) pharmacokinetics in 12, 30, and 75 year-old virtual subjects. In contrast to the other age groups, the dose in 12 year-
old is calculated based on weight (5 mg/kg).

Cmax (Hg/mL) Cmaxtiver (Mg/mL) AUC 0 (ug -h/mL) CLsys (L/h) Vss (L) Tz (h)
12 30 75 12 30 75 12 30 75 12 30 75 12 30 75 12 30 75
Healthy 0217 0156 0205 0.013 0014 0014 5134 3658 4781 38232 53.363 40558 17.295 31.281 30.043 0.313 0.406 0.513
MRI 0.216 0.154 0.203 0.012 0.013 0.013 5.086 3598 4715 38.604 54273 41144 17.290 31.271 30.036 0.310 0.399 0.506
SRI 0.209 0.149 0.196 0.012 0.012 0.012 4936 3482 4564 39.790 56.116 42545 17.289 31.269 30.035 0.301 0.386 0.489
CGA 0.186 0.137 0.179 0.012 0.012 0.012 4394 3214 4203 44792 60.897 46.306 17.365 31.372 30.138 0.269 0.357 0.451
CGB 0.187 0.141 0.187 0.010 0.010 0.010 4421 3316 4.362 44505 58.970 44553 17.419 31.440 30.211 0.271 0.369 0.470
CGC 0.171 0.131 0.174 0.008 0.009 0.009 4.047 3.085 4.070 48.679 63.480 47.837 17.462 31.498 30.271 0.249 0.344 0.439

Obese 0279 0163 0212 0013 0014 0014 6531 3.812 4919 29843 51078 39.385 18.350 31.462 30.155 0.426 0.427 0.531
O-SRI 0271 0156 0202 0012 0012 0012 6338 3646 4.698 30.778 53529 41280 18346 31.452 30.147 0413 0.407 0.506
O-CGC 0231 0139 0181 0008 0.09 0009 5428 327 4222 36.058 59.808 46.061 18485 31673 30.378 0.355 0.367 0.457
MRI, moderate renal impairment; SRI, severe renal impairment; CGA, cirrhosis grade A; CGB, cirrhosis grade B; CGC, cirrhosis grade C; O-SRI, Obese with
severe renal impairment; O-CGC, Obese with cirrhosis grade C.

Table 3. Simulated pharmacokinetics of remdesivir nucleoside core (GS-441524; 200 mg intravenous) in 30 year-old (85.5 kg) healthy subject.

Cmax CmaxLiver AUCO—oo CLSyS Vss T1/2
(Hg/mL) (Hg/mL) (Hg -h/mL) (L/h) (L) (h)
Healthy 1.54 0.89 27.873 5.205 34.59 4.61
MRI 2.58 1.49 40.39 2.68 34.59 8.93
SRI 3.66 2.13 51.46 1.36 34.59 17.58
CGA 1.99 1.16 33.62 3.84 34.52 6.23
CGB 2.24 1.30 36.55 3.29 34.47 7.26
CGC 2.26 1.32 36.84 3.24 34.42 7.36
Obese 1.54 0.89 28.06 5.24 33.44 4.43
O-SRI 3.73 2.17 52.65 1.37 33.44 16.94
0O-CGC 2.27 1.32 37.35 3.26 33.28 7.09

MRI, moderate renal impairment; SRI, severe renal impairment; CGA, cirrhosis grade A; CGB, cirrhosis grade B; CGC, cirrhosis
grade C; O-SRI, Obese with severe renal impairment; O-CGC, Obese with cirrhosis grade C.
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Table 5. CYP3A4-related simulated drug-drug
interactions of remdesivir with COVID-19 drug
regimens and drugs for comorbidities in the steady-state
prediction DDI mode.

Victim Perpetrator Nature AUC Perpetrator
Ratio Classification
COVID-19 Regimen
Remdesivir Chloroquine Inhibitor 1.331 Weak
Remdesivir Dexamethasone Inhibitor 1.004 No interaction
Remdesivir Dexamethasone Induction 0.957 No interaction
Remdesivir Ritonavir Inhibitor 40.04 Strong
Remdesivir Lopinavir Inhibitor 1.142 No interaction
Remdesivir Azithromycin Inhibitor 1.015 No interaction
Remdesivir lvermectin Inhibitor 1.012 No interaction
Drugs for Comorbidities
Remdesivir Carbamazepine Induction 0.059 Strong
Remdesivir Phenytoin Induction 0.154 Strong
Remdesivir Amiodarone Inhibitor 5.814 Strong
Remdesivir Voriconazole Inhibitor 10.97 Strong
Remdesivir Diltiazem Inhibitor 11.63 Strong
Remdesivir Verapamil Inhibitor 14.46 Strong
Remdesivir Cyclosporine Inhibitor 1.061 No interaction
Remdesivir Nicardipine Inhibitor 1.156 No interaction

Inhibitors were classified as weak (predicted AUC ratio 1.25
to 2), moderate (predicted AUC ratio 2 to 5) or strong
(predicted AUC ratio > 5). Inducers were classified as weak
(predicted AUC ratio 0.5 to 0.8; less than two-fold difference
from the baseline), moderate (predicted AUC ratio 0.2 to 0.5;
two-to-five-fold difference from the baseline), strong
(predicted AUC ratio < 0.2; more than fivefold difference from
the baseline).

DISCUSSION

Remdesivir, which was originally developed against
Ebola, is somewhat effective against SARS-CoV-2
due its ability to inhibit the RNA polymerase enzyme
of SARS-CoV-2 (8, 16). The FDA approved
remdesivir in adults and pediatric patients who are at
least 12 years or older weighing at least 40 kg and
require hospitalization due to COVID-19 (9). Most
clinical guidelines recommend dexamethasone and
remdesivir to be given in combination in patients
who are on supplemental oxygen (2, 6). Although
remdesivir is the only FDA approved agent for
COVID-19, the drug does not have the detail ADME
and DDI characterization data in public domain. The

purpose of this study was to simulate the
physicochemical, metabolic and transporter,
pharmacokinetics, and DDI potential with other
COVID-19 regimen drugs and agents that are
concomitantly used for preexisting conditions or
supportive care.

Table 4. Correlation of physiological status with the
predicted PK parameters.

Physiological ~ Pharmacokinetics R? p-value
Status Parameter

Age Crmax (Ug/mL) 0.070 0.612
CrmaxLiver (Lg/mL) 0.677 0.04
AUCo-» (ug -h/mL)  0.081 0.583
CLsys (L/h) 0.049 0.673
Vss (L) 0.484 0.125
Tz (h) 0.911 0.003

Liver status  Cmax (ug/mL) 0.872 0.06
CrmaxLiver (Lg/mL) 0.967 0.016
AUCo-» (ug -h/mL)  0.764 0.125
CLsys (L/h) 0.858 0.073
Vss (L) 0.987 0.006
Tuz (h) 0.848 0.079

Renal status ~ Crmax (Mg/mL) 0.937 0.160
CrmaxLiver (Lg/mL) 1.000 0.006
AUCo (ug -h/mL)  0.963 0.121
CLsys (L/h) 0.959 0.129
Vss (L) 0.877 0.227
T2 (h) 0.967 0.115

Scales of interpretation from coefficient of determination (R2)
values: 0.90-1.00 (strong positive correlation), 0.70-0.89
(fairly strong positive correlation), 0.50-0.69 (moderate
positive correlation), 0.10-0.49 (weak positive correlation),
0.09-0.00 (no correlation). The following subtypes of groups
were used to carry out the correlation study. Ages: 10, 12, 18,
30, 50, 75 year; Liver status: healthy, cirrhosis grade A,
cirrhosis grade B, cirrhosis grade C; Renal status: healthy,
moderate renal impairment, severe renal impairment. A p
value <0.05 indicates statistical significance.

The physicochemical, metabolism and
transporter properties of remdesivir were determined
by ADMET Predictor module of GastroPlus
software. Remdesivir prodrug, GS-5734, was more
lipophilic than its nucleoside core, GS-441524.
Similarly, the nucleoside core is predicted to be
>100-fold more water soluble that the parent drug.
Remdesivir was designed as a prodrug to improve its
bioavailability and deeper tissue penetration.
Interestingly, the nucleoside core had a higher
predicted blood brain penetration than the prodrug.
GastroPlus ADMET Predictor features can predict
the involvement of CYP enzymes and transporters.
Simulation data suggest that remdesivir prodrug, GS-
5734, but not the nucleoside core, can undergo CYP-
meditated metabolism in humans. CYP enzymes,
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specifically, CYP3A4, metabolizes xenobiotic
substances and their functions can also be modified
by different drugs, natural products, and dietary
substances (13). Remdesivir prodrug and nucleoside
core were substrates for both OATP1B3 and P-gp. In
addition, BCRP contributes to the transport of
remdesivir, whereas OCT1 and OAT3 do the same
for nucleoside. Similarly, Sato et al. (2021) has
reported that OATP4CL, the sole transporter from
OATP family in kidney, acts as an uptake transporter
of remdesivir in human renal proximal tubular cell
and can have potential effect on remdesivir
disposition (39).

The pharmacokinetic profile of both GS-5734
and GS-441524 in a 30-year-old healthy virtual
volunteer varied in different parameters. The Cpax in
plasma, Cmax in the liver, AUCo..., Vss, and T, for
GS-441524 were higher than GS-5734. The systemic
clearance of GS-5734 was greater than GS-441524
which suggests that GS-5734 is systemically cleared
faster from the body than GS-441524. This could be
due to the fact that GS-5734 is predicted to be
metabolized by CYP3A4, as opposed to GS-441524
that was predicted to have no CYP involvement in its
metabolism. Systemic clearance is the summation of
various tissue clearance mechanisms which include
renal, hepatic, and biliary (14). The elevated
clearance may explain why the maximum plasma
concentration in GS-5734 is lower than GS-441524.
The renal or hepatic clearances also showed
significant effect on PK parameters. Patients who
had mild or severe renal or hepatic impairment
demonstrated a strong positive correlation with all
the PK parameters studied in the present work.
Though very limited PK data are available for
remdesivir, select PK properties of remdesivir and
nucleoside core (GS-441524) have been reported
either in a single (age mid-seventies), two (66- and
67-year-old) or nine (mean age 56 years) ICU
patients with severe COVID-19 infection (17, 19,
40). Humeniuk et al. (2020) reported remdesivir and
GS-441524 PK profile in healthy individuals with
mean age of the subjects in their forties (18). Our
simulated results mimicked the reported parameters
in these brief studies. For example, Tempestilli et al.
(2020) reported a range of remdesivir AUC between
2.9 pg-h/mL to 4.0 pg-h/mL which encompasses the
values obtained in our simulation for different age
groups (19). Similarly, the Cpax (1.15 pg/mL) and
AUC (18.4 pg -h/mL) values of GS-441524 in the
Sorgel et al. (2020) single patient study is
comparable to the values in our analyses (40).
Overall, the simulation results obtained from our

study are comparable with the sparse PK studies
reported with very limited sample size. Also, it is
worthwhile to recognize that our study highlighted
PK profile in a wide range of age groups with diverse
physiological conditions that capture the general
population infected with SARS-CoV-2.

The pharmacokinetic profile of GS-5734 was
simulated in various PBPK models of age groups
ranging from 12 to 75 years. When comparing
healthy virtual volunteers, the Cmax and AUCo-
parameters demonstrated U-shape profiles with
comparable values among pediatric and geriatric
populations. The similarity in the lower expression
and function of metabolic enzymes in the early and
later stages of human life is likely one of the
contributing factors to the U-shape profile of Cpmax
and AUC,.. parameters (12, 41). It is important to
recognize that in general both Cmax and AUC.. are
heavily affected by the status of drug metabolizing
enzymes such as CYPs (12, 41). The geriatric
population in turn showed noticeable difference in
CLsys, Vss, and Ti; but only a mild difference in
the CrmaxLiver. The most distinguishable difference was
observed in Vss with 17.295 L and 30.043 L in 12-
year and 75-year-old groups. Factors that can
influence  these  predicted results include
polypharmacy, water composition, protein binding,
body weight ratios, metabolic enzyme status, and
renal function (41). The Vss differences significantly
due to adults being composed of more fat than
children offering more tissue dispersion than
children (41). Children are more composed of water
than adults which could affect volume of distribution
and the drug levels (41). In addition to the age, other
physiological and pathological factors such as
weight, liver and renal function status correlated with
major PK parameters. This indicated that remdesivir
PK profile could be variable depending on the status
of the COVID-19 patients. Several clinical studies
have suggested that liver and renal functions are
potential compromised during the severe COVID-19
which can alter remdesivir PK (1, 40, 42).

The DDIs of remdesivir with COVID-19
treatment regimens and drugs commonly used for
chronic conditions (e.g., heart disease, seizures) were
simulated. Since remdesivir is predicted to be a
substrate of CYP3A4, medications that can interfere
with CYP functions have the potential to alter
remdesivir disposition. The perpetrator drugs can
alter the concentration of the remdesivir, the victim
drug, either through inhibition or induction.
Ritonavir, which is given with lopinavir in COVID-
19 treatment, was the only drug to have a perpetrator
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classification as strong for interaction with
remdesivir. Chloroquine was the only other COVID-
19 regimen drug analyzed in the present study to
have a weak inhibitory effect. Among the drugs for
comorbidities, CYP3A4 inducers or inhibitors
demonstrated DDI potential.  Amiodarone,
voriconazole, diltiazem, and verapamil appear to be
strong perpetrators in remdesivir DDI. The inhibition
of remdesivir metabolism could lead to increased
toxic plasma concentrations. Indeed, remdesivir has
been linked to nephrotoxicity, cardiovascular
toxicity, and hepatotoxicity in COVID-19 patients
(43). It has shown to increase liver enzymes such as
aspartate transaminase and alanine transaminase and
cause liver injury in COVID-19 patients (43, 44). It
is potential that some of the remdesivir-related
toxicity is an outcome of DDIs with the COVID-19
treatment regimens and/or with the drugs for
comorbidities. Remdesivir when administered with
amiodarone caused liver toxicity in COVID-19
patients (42). On the contrary, carbamazepine and
phenytoin are the two agents that are predicted to
increase remdesivir metabolism, leading to plausible
subtherapeutic concentrations and poor antiviral
activity. A limitation of the present study relates to
GastroPlus software which is designed to identify
DDIs involving CYPs but not non-CYP enzymes.
Thus, polypharmacy to manage an array of COVID-
19 symptoms and preexisting conditions can
facilitate significant toxicity or therapeutic failure in
patients.

CONCLUSION

In conclusion, there is limited experimental
biopharmaceutical ~ properties  available  for
remdesivir at this time. The objective of our study
was to simulate and predict the physicochemical,
pharmacokinetic, and potential DDIs associated with
remdesivir, and characterize remdesivir PK
properties in special populations which are highly
affected by COVID-19. GS-5734 was more
lipophilic than GS-441524. The remdesivir prodrug,
GS-5734, but not the nucleoside core, is predicted to
be a CYP3A4 substrate. The pharmacokinetic
parameters were predicted in PBPK simulated
models with different age, weight, liver and renal
function status which reflected the special population
patient group. Correlations studies were conducted to
measure the relationship between physiological and
pathological ~ factors  with  pharmacokinetic
parameters. The majority of the correlations were
classified as having a strong positive correlation.

DDI simulations were conducted with remdesivir,
COVID-19 regimens, and drugs wused in
comorbidities. Ritonavir, chloroquine, amiodarone,

voriconazole, diltiazem, and verapamil were
associated with CYP-mediated inhibition of
remdesivir  metabolism.  Carbamazepine and

phenytoin were associated with CYP-mediated
induction of remdesivir metabolism. These
perpetrator drugs are predicted to alter remdesivir
concentrations to either supratherapeutic or
subtherapeutic concentrations. Overall,
understanding the predicted ADME, PK, and DDI
properties of remdesivir will afford better treatment
outcomes in COVID-19 patients.
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SUPPLEMENTARY DATA. Simulation of Remdesivir Disposition and Its Drug Interactions

Table S1: Characteristics of different populations used in the simulation study.

10 yo 12 yo 18 yo 30 yo 50 yo 75 yo

Healthy 38.9 kg 48.58 kg 76.2 kg 85.5 kg 89.02 kg 82.16 kg

MRI 38.9 kg, 48.58 kg 76.2 kg 85.5 kg 89.02 kg 82.16 kg

SRI 38.9 kg, 48.58 kg 76.2 kg 85.5 kg 89.02 kg 82.16 kg

CGA 38.9 kg, 48.58 kg 76.2 kg 85.5 kg 89.02 kg 82.16 kg

CGB 38.9 kg, 48.58 kg 76.2 kg 85.5 kg 89.02 kg 82.16 kg

CGC 38.9 kg, 48.58 kg 76.2 kg 85.5 kg 89.02 kg 82.16 kg

Obese 38.9 kg, height 130 | 48.58 kg, height 127 | 76.2 kg, height 159.38 | 85.5 kg, height 166.1 cm | 89.02 kg, height 172.26 cm, | 82.16 kg, height 165.49
cm, Obese (BMI 23) | cm, Obese (BMI 23) cm, Obese (BMI 30) Obese (BMI 31) Obese (BMI 30) cm, Obese (BMI 30)

O-SRI 38.9 kg, height 130 | 48.58 kg, height 127 | 76.2 kg, height 159.38 | 85.5 kg, height 166.1 cm | 89.02 kg, height 172.26 cm, | 82.16 kg, height 165.49
cm, Obese (BMI 23) | cm, Obese (BMI 30) cm, Obese (BMI 30) Obese (BMI 31) Obese (BMI 30) cm, Obese (BMI 30)

O-CGC 38.9 kg, height 130 | 38.9 kg, height 130 cm, | 76.2 kg, height 159.38 | 85.5 kg, height 166.1 cm | 89.02 kg, height 172.26 cm, | 82.16 kg, height 165.49
cm, Obese (BMI 23), | Obese (BMI 23) cm, Obese (BMI 30) Obese (BMI 31) Obese (BMI 30) cm, Obese (BMI 30)

yo, year old; MRI, moderate renal impairment; SRI, severe renal impairment; CGA, cirrhosis grade A; CGB, cirrhosis grade B; CGC,
cirrhosis grade C; O-SRI, Obese with severe renal impairment; O-CGC, Obese with cirrhosis grade C.

Table S2: Remdesivir (200 mg intravenous) pharmacokinetics in 10, 18 and 50 year old virtual subjects.

Crmax (Mg/mL) CrmaxLiver (Lg/mL) AUCo.» (1g -h/mL) CLsys (L/h) Vss (L) Tz (h)

10Y | 18Y | 50Y | 10Y | 18Y | 50Y | 10Y | 18Y | 50Y 10Y 18Y 50Y 10Y 18Y 50Y 10Y 18Y 50 Y
Healthy 0.245 | 0.165 | 0.160 | 0.013 | 0.013 | 0.014 | 5.788 | 3.868 | 3.752 | 33.030 | 50.554 | 51.934 | 13.824 27.680 32.583 0.290 0.379 0.435
MRI 0.254 | 0.162 | 0.158 | 0.012 | 0.013 | 0.013 | 5.748 | 3.809 | 3.689 | 33.258 | 51.345 | 52.846 | 13.824 27.671 32.573 0.288 0.373 0.427
SRI 0.237 | 0.157 | 0.152 | 0.011 | 0.012 | 0.012 | 5.587 | 3.688 | 3.569 | 34.231 | 53.065 | 54.665 | 13.824 27.670 32.572 0.280 0.361 0.413
CGA 0.208 | 0.144 | 0.141 | 0.011 | 0.012 | 0.012 | 4.926 | 3.376 | 3.306 | 38.900 | 58.065 | 59.109 | 13.889 | 27.767 | 32.677 | 0.247 | 0.331 | 0.383
CGB 0.209 | 0.147 | 0.146 | 0.009 | 0.010 | 0.010 | 4.938 | 3.459 | 3.426 | 38.797 | 56.624 | 56.974 | 13.936 | 27.831 | 32.747 | 0.249 | 0.341 | 0.398
CGC 0.190 | 0.136 | 0.136 | 0.008 | 0.009 | 0.009 | 4.509 | 3.205 | 3.196 | 42.545 | 61.218 | 61.171 | 13.975 27.886 32.807 0.228 0.316 0.372
Obese 0.272 | 0.179 | 0.163 | 0.013 | 0.014 | 0.014 | 6.389 | 4.201 | 3.803 | 29.849 | 46.432 | 51.202 | 14.078 28.015 32.643 0.327 0.418 0.442
O-SRI 0.263 | 0.172 | 0.155 | 0.011 | 0.012 | 0.012 | 6.189 | 4.024 | 3.62 | 30.829 | 48.520 | 53.869 | 14.074 28.007 32.632 0.316 0.400 0.420
0O-CGC 0.220 | 0.149 | 0.139 | 0.008 | 0.009 | 0.009 | 5.197 | 3.521 | 3.257 | 36.819 | 55.601 | 60.005 | 14.227 | 28.211 | 32.865 | 0.268 | 0.352 | 0.380

MRI, moderate renal impairment; SRI, severe renal impairment; CGA, cirrhosis grade A; CGB, cirrhosis grade B; CGC, cirrhosis
grade C; O-SRI, Obese with severe renal impairment; O-CGC, Obese with cirrhosis grade C.
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Table S3: Pharmacokinetics of 100 mg intravenous remdesivir (GS-5734) in 30 year-old (85.5 kg).

Cmax (Ug/ML) | Cmaxtiver (Ug/mL) | AUCo-» (Ug -h/mL) | CLsys (L/h) Vss (L) T2 (h)
Healthy 0.078 0.006 1.829 53.363 31.281 0.406
MRI 0.076 0.006 1.799 54.273 31.271 0.399
SRI 0.074 0.006 1.741 56.116 31.269 0.386
CGA 0.068 0.006 1.61 60.897 31.372 0.357
CGB 0.071 0.005 1.658 58.970 31.440 0.369
CGC 0.066 0.004 1.543 63.480 31.498 0.344
Obese 0.082 0.007 1.908 51.078 31.462 0.427
O-SRI 0.078 0.006 1.823 53.529 31.452 0.407
0-CGC 0.069 0.005 1.635 59.808 31.673 0.367
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