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Abstract Remdesivir (RDV) is the onlyUSFood andDrugAdministration (FDA)-approveddrug for treating

COVID-19.However, RDVcan only be given by intravenous route, and there is a pressingmedical need for oral

antivirals. Significant evidence suggests that the role of the parent nucleoside GS-441524 in the clinical out-

comes ofRDVcould be largely underestimated.Weperformed an in vitro and invivodrugmetabolismand phar-

macokinetics (DMPK) assessment to examine the potential of RDV, and particularly GS-441524, as oral drugs.

In our in vitro assessments, RDVexhibited prohibitively low stability in human liver microsomes (HLMs, t1/

2 Zw1 min), with the primary CYP-mediated metabolism being the mono-oxidation likely on the phosphor-

amidatemoiety. This observation is poorly alignedwith any potential oral use of RDV, though in the presence of

cobicistat, the microsomal stability was drastically boosted to the level observed without enzyme cofactor

NADPH. Conversely, GS-441524 showed excellent metabolic stability in human plasma and HLMs. In further

in vivo studies in CD-1 mice, GS-441524 displayed a favorable oral bioavailability of 57%. Importantly, GS-

441524 produced adequate drug exposure in the mice plasma and lung, and was effectively converted to the

active triphosphate, suggesting that it could be a promising oral antiviral drug for treating COVID-19.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Cobi, cobicistat; CYP, cytochrome P450; DMPK, drug metabolism and pharmacokinetics; EMS, enhanced mass

line infectious peritonitis coronavirus; HINTs, histidine triad nucleotide binding proteins; HLMs, human liver

acquisition; MLMs, mouse liver microsomes; MRM, multiple reaction monitoring; RdRp, RNA-dependent RNA-

sbuvir; TAF, tenofovir alafenamide.
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1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is the causative agent for the ongoing coronavirus disease 2019
(COVID-19) pandemic, which to date has resulted in more than
113 million confirmed cases and over 2.5 million deaths world-
wide according to the World Health Organization1. SARS-CoV-2,
an enveloped positive-sense single-stranded RNA virus belonging
to the broad and highly diverse family of coronavirus2, is highly
contagious (R0 > 2.2)3,4, and transmitted primarily through the
respiratory route by droplets, airborne or direct contact5,6. A
number of epidemiological studies have shown that transmission
can occur from asymptomatic or presymptomatic patients7e10,
with peak viral load observed at the time of symptom onset or in
the first week of illness6,11e15. Importantly, SARS-CoV-2 viral
load is strongly associated with the disease severity and mortal-
ity14,16. Therefore, an antiviral treatment administered shortly
after the infection would have maximal benefits by inhibiting viral
replication, interrupting the transmission chain, and more impor-
tantly, preventing disease progression to severe or critical stages17.
Currently, RDV (Fig. 1) is the only antiviral drug approved by the
FDA for the treatment of COVID-1918. Initially developed as an
antiviral to treat Ebola virus infections19e21, RDV exhibited
broad-spectrum antiviral activity against a panel of RNA viruses
including SARS-CoV, Middle East respiratory syndrome corona-
virus and SARS-CoV-222e27. However, RDV is authorized to be
administered by intravenous (iv) infusion only in inpatient set-
tings28. Early antiviral treatment calls for drug regimens that can
be self-administered, e.g., oral drugs, which would be particularly
beneficial for post exposure prophylaxis.
Figure 1 Structures, mechanisms of activation and action, and potentia
RDV is a nucleotide prodrug (ProTide) of the parent 10-cyano
substituted adenosine C-nucleoside (GS-441524, Fig. 1)21. The
potency of RDV hinges on its intracellular conversion into GS-
441524 triphosphate, the pharmacologically active metabolite
GS-443902 (Fig. 1), which competes against the endogenous ATP
for recognition and incorporation by the viral RNA-dependent
RNA-polymerases (RdRp)23,29,30. Structurally, RDV features a
chemically installed monophosphate to bypass the rate-limiting,
kinase-mediated intracellular monophosphorylation. Such a
design is presumably necessitated by insufficient intracellular
bioactivation of the parent nucleoside. However, a few lines of
evidence strongly indicate that kinase bypass may not be required
and that the parent nucleoside may be sufficiently converted to the
active triphosphate. First, GS-441524 demonstrated a similar po-
tency to RDV in inhibiting SARS-CoV-2 replication in established
Calu-3 2B4 human lung adenocarcinoma cells23. Second, in Vero
E6 cells, GS-441524 yielded the triphosphate (GS-443902) at a
level 3.5-fold higher than that of RDV, corresponding to higher
anti-SARS-CoV-2 potency23. Third, GS-441524 has been proven
highly efficacious and well tolerated in cats against feline infec-
tious peritonitis coronavirus (FIPV)31e33. Notably, following iv or
subcutaneous administration of GS-441524 (5 mg/kg) to cats, the
triphosphate (GS-443902) in peripheral blood mononuclear cells
maintained for over 24 h at levels 8-20-fold higher than its in vitro
EC50 (0.78 mmol/L) against FIPV33. Lastly, RDV was found to
exist predominantly as GS-441524 in systemic blood circulation
following iv administration19,30,34e36. RDV exhibited a short
plasma half-life (t1/2) of about 1 h following iv infusion in phase I
clinical studies whereas the predominant GS-441524 metabolite
persisted in the circulation with a t1/2 of about 27 h

30. Collectively,
l dispositions of RDV and GS-441524 following oral administration.



DMPK assessment of remdesivir and GS-441524 1609
these observations imply that the contribution of GS-441524 to the
clinical outcomes of RDV may be largely underestimated. In
addition, while RDV is a substrate for the CYP 2C8, 2D6 and
3A428,37, GS441524 is not for any major CYP enzymes including
1A1, 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4, or 3A528, suggesting
that GS-441524 may not suffer from excessive hepatic extraction.
Taken together, one could argue that GS-441524 might have ad-
vantages over RDV for COVID-19 treatment34. Given the urgent
need for an oral antiviral against COVID-19 and the clinical ef-
ficacy of RDV, we evaluated the potential of GS-441524 for oral
use by performing a DMPK assessment in vitro and in vivo. We
also performed the in vitro metabolic and metabolite profiling
assays on RDV as details on the CYP-mediated hepatic clearance
have not been fully disclosed or characterized28. Such studies
could provide valuable information to guide future medicinal
chemistry design and selection of oral nucleoside prodrugs.

2. Materials and methods

2.1. Materials

RDV (catalog No. 329511) and GS-441524 (catalog No. 555299)
were purchased from MedKoo Biosciences, Inc (Morrisville, NC,
USA). The active triphosphate metabolite (GS-443902, catalog
No. HY-126303) and cobicistat (catalog No. HY-10493) were
purchased from MedChemExpress (Monmouth Junction, NJ,
USA). Nicotinamide adenine dinucleotide phosphate (NADPH,
catalog No. D00145545) was purchased from EMD Millipore
Calbiochem (Darmstadt, Germany). Human liver microsomes
(HLMs, catalog No. H2620) and CD-1 mice liver microsomes
(MLMs, catalog No. M1000) were purchased from Sekisui Xen-
oTech (Kansas City, KS, USA). Pooled CD-1 mice plasma (cat-
alog No. IGMSCD1PLAK2E100ML) and human plasma (catalog
No. IPLALIH100ML) were purchased from Innovative Research
(Novi, MI, USA). LC/MS grade water (catalog No. W6-4),
acetonitrile (catalog No. A955-4) and formic acid (catalog No.
A117-50) were purchased from Fisher Chemical (Fair Lawn, NJ,
USA).

2.2. In vitro metabolic assessment

The metabolic stability of RDV and GS-441524 were assessed
in vitro in human and mouse plasma, and in liver microsomes. The
plasma stability assay was performed in duplicate by incubating
each compound (1 mmol/L final concentration) in diluted mouse
and human plasma (80% in 0.1 mol/L potassium phosphate buffer,
pH 7.4) at 37 �C. At 0, 1, 3, 6, and 24 h, a 50 mL aliquots of the
plasma mixture were taken and quenched with 150 mL of aceto-
nitrile containing 0.1% of formic acid. The quenched samples
were vortexed and centrifuged at 15,000 rpm (Eppendorf centri-
fuge 5424 R, Enfield, CT, USA) for 5 min at 4 �C. The super-
natants were collected and analyzed by LC/MS/MS to determine
the in vitro plasma t1/2.

The microsomal stability assay was performed using
commercially available human and mouse liver microsomes.
Briefly, each compound (1 mmol/L final concentration) was
incubated in a 0.1 mol/L potassium phosphate buffer solution (pH
7.4, 37 �C) containing liver microsomal protein (0.5 mg/mL final
concentration), the enzyme cofactor NADPH (1 mmol/L final
concentration) and MgCl2 (1 mmol/L final concentration). The
reaction was initiated by the addition of the tested compound. For
incubation with the CYP3A inhibitor, cobicistat was pre-incubated
in the microsomal system for 5 min before the addition of the test
compound. A negative control without NADPH was also per-
formed in parallel to assess any chemical instability or non-
NADPH dependent enzymatic degradation. All reactions were
carried out at least in duplicate with independent assays. A 50 mL
of reaction mixture was taken at different time points (0, 5, 15, 30,
and 60 min), and quenched with 150 mL of acetonitrile containing
0.1% of formic acid. The samples were then vortexed and
centrifuged at 15,000 rpm for 5 min at 4 �C. The supernatants
were collected and analyzed by LC/MS/MS to determine the
in vitro metabolic t1/2 and intrinsic clearance (CLint).

2.3. In vivo pharmacokinetic profiling in mice

The following mice pharmacokinetic studies were approved by the
Institutional Animal Care and Use Committee (IACUC protocol
ID. 1811e36511 A) at the University of Minnesota and the ex-
periments were conducted in compliance with IACUC policies
and internal animal welfare guidelines. CD-1 mice (strain code:
022) were purchased from Charles River Laboratories (Wilming-
ton, MA, USA), and were accommodated and cared by the
AAALAC-certified Research Animal Resources facility in the
University of Minnesota, USA.

Oral bioavailability of GS-441524 was evaluated in 8-week-
old male CD-1 mice via two administration routes: tail vein iv
injection (5 mg/kg) and oral gavage (po, 10 mg/kg), 4 mice per
route. GS-441524 was dissolved in Dulbecco’s phosphate-
buffered saline containing 30% PEG-300 at a concentration of
4 mg/mL (1% DMSO). Blood samples (w20 mL/time point) were
collected into EDTA-fortified tubes serially by saphenous vein
puncture at 5, 15, 30 min and 1, 2, 4, 8, 24 h. The samples were
then centrifuged at 3000 rpm for 10 min at 4 �C to obtain plasma.
Plasma concentrations were determined by LC/MS/MS, and the
concentration‒time data were analyzed using Phoenix WinNonlin
(v8.1, Pharsight Corporation, Mountain View, CA, USA) with
non-compartmental modeling. Oral bioavailability (F%) was
determined by comparing the area under the curve (AUC) of the
oral and iv administration routes as Eq. (1):

Fð%ÞZ�
AUCpo

�
AUCiv

�� �
Doseiv

�
Dosepo

� ð1Þ

Tissue distribution of GS-441524 and its final active triphos-
phorylated metabolite (GS-443902) were determined in nine male
CD-1mice after oral dosing (20mg/kg). At 1, 2 and 4 h post-dosing,
three mice per time point were euthanized and liver and lung tissues
were collected and snap frozen on dry ice. Blood samples were also
collected into EDTA-fortified tubes and plasma were obtained by
centrifuged at 3000 rpm for 10 min at 4 �C. All plasma and tissue
samples were stored in a ‒80 �C freezer until LC/MS/MS analysis.

2.4. LC/MS/MS instrumentation

Quantitation and analysis of RDV, GS-441524, and their metab-
olites were carried out on a system consisting of an Agilent 1260
Infinity HPLC (Agilent Technologies, Santa Clara, CA, USA) and
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an AB Sciex QTrap 5500 mass spectrometer (AB Sciex LLC,
Toronto, Canada).

2.5. Determination of RDV and its metabolites

For RDV, chromatographic separation was achieved on a Phenom-
enex Kinetex C18 column (50 mm � 2.1 mm, 2.6 mm). The two
eluents were 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). The mobile phase was delivered at a flow rate of
0.5 mL/min using a gradient of A and B as follows: from 0 to 1 min,
5% to 90% (v/v) B; from1 to 2.8min, 90% (v/v) B; from2.8 to 3min,
90% to 5% (v/v) B; from 3 to 6 min, 5% (v/v) B. RDV was detected
by positive electrospray ionization (ESI) ion source with multiple
reaction monitoring (MRM) transitions of m/z 603.3 to 402.3 and
m/z 603.3 to 318.2. For the alanine metabolite (Ala-met) and mono-
oxidation metabolite, chromatographic separation was achieved on
a Thermo Aquasil C18 column (150 mm� 2.1 mm, 2.6 mm). Same
eluents were used as in the determination of RDV. Themobile phase
was delivered at a flow rate of 0.3 mL/min using a gradient of A and
B as follows: from 0 to 1.5 min, 3% to 90% (v/v) B; from 1.5 to
3.8min, 90% (v/v) B; from3.8 to 4min, 90% to 3% (v/v) B; from4 to
7.5 min, 3% (v/v) B. The Ala-met and mono-oxidation metabolite
were detected by ESI ion source with fast polarity switch andMRM
transitions of m/z 441.1 to 150.0 and m/z 619.3 to 200.1,
respectively.

2.6. Quantitation of GS-441524 in mice plasma

An aliquot of 10 mL of each thawed plasma sample was treated
with 70 mL of acetonitrile containing 0.1% formic acid and DMSO
mixture (6:1, v/v). The samples were vortexed and centrifuged at
15,000 rpm for 5 min at 4 �C. A 1 mL aliquot of the supernatant of
each sample was injected into the LC/MS/MS for analysis.
Chromatographic separation was achieved on a Phenomenex
Kinetex C18 column (50 mm � 2.1 mm, 2.6 mm). The two eluents
were 5 mmol/L ammonium formate in water (A) and 0.1% formic
acid in acetonitrile (B). The mobile phase was delivered at a flow
rate of 0.5 mL/min using a gradient of A and B as follows: from
0 to 1.5 min, 3% to 80% (v/v) B; from 1.5 to 2.8 min, 80% (v/v) B;
from 2.8 to 3 min, 80% to 3% (v/v) B; from 3 to 6.5 min, 3% (v/v)
B. GS-441524 was detected by positive ESI with MRM transitions
of m/z 292.1 to 202.1 and m/z 292.1 to 147.1. Concentrations of
GS-441524 was determined using matrix-matched calibration
curve prepared in blank CD-1 mouse plasma and quality samples
were run in the middle and the end of the run to ensure accuracy
and precision within 20%.

2.7. Quantitation of GS-441524 and GS-443902 in mice tissue
homogenates

The frozen tissue samples were individually weighed and ho-
mogenized with 2- or 4-times equivalent volumes of eluent A as
follows. An aliquot of 100 mL of each tissue sample was treated
with 100 mL of methanol, DMSO and H2O mixture (8:1:1, v/v/v)
containing 500 nmol/L 5-iodo-dCTP as internal standard. The
samples were frozen at ‒80 �C for 60 min followed by heated at
75 �C for 5 min. After centrifugation at 15,000 rpm for 15 min at
4 �C, a 2 mL aliquot of the supernatant of each sample was
injected into the LC/MS/MS for analysis. Chromatographic
separation of analytes was achieved on a Waters XTerra MS C18
column (150 mm � 2.1 mm, 3.5 mm). The two eluents were 0.5%
diethylamine in water, with the pH adjusted to 10 with acetic acid
(A), and 50% acetonitrile in water (B). The mobile phase was
delivered at a flow rate of 0.25 mL/min using a gradient of A and
B as follows: from 0 to 4 min, 0 to 15% (v/v) B; from 4 to 4.5 min,
15% to 90% (v/v) B; from 4.5 to 7.5 min, 90% (v/v) B; from 7.5 to
8 min, 90% to 0% (v/v) B; from 8 to 15 min, 0% (v/v) B. GS-
441524, GS-443902 and the internal standard 5-iodo-dCTP were
detected by negative ESI with MRM transitions of m/z 290.1 to
263.0, m/z 530.0 to 158.9 and m/z 591.8 to 493.9, respectively.
Concentrations of GS-441524 and GS-443902 were determined
using matrix-matched calibration curves prepared in blank liver or
lung homogenates accordingly.

2.8. Metabolites identification

The CYP-related metabolites profiling was carried out using the
LightSight� software (AB Sciex LLC, Toronto, Canada) with two
information dependent acquisition (IDA) methods. For these two
methods, the comprehensive MRM transitions sets of potential
phase I metabolic biotransformation were predicted and generated
by the LightSight� software based on two product ions of RDV,
m/z 200.0 and 402.2, respectively. Two IDA methods in positive
mode were then created using the corresponding predicted MRM
transitions sets as survey scan and the enhanced product ion (EPI)
scan as dependent scans with following IDA criteria: the two most
intense peaks which exceeds 1000 cps after dynamic background
subtraction of survey scan will be selected and subjected to EPI
scans. Two samples, which represented the 0- and 5-min time
points in HLMs stability assay, were injected into LC/MS/MS
with a volume of 5 mL and analyzed by the IDA methods
described above. Chromatographic separation of the parent RDV
and metabolites was achieved on a Phenomenex Kinetex C18
column (50 mm � 2.1 mm, 2.6 mm). The two eluents were 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B).
The mobile phase was delivered at a flow rate of 0.5 mL/min using
a gradient of A and B as follows: from 0 to 4 min, 5% to 70% (v/v)
B; from 4 to 5.8 min, 70% (v/v) B; from 5.8 to 6 min, 70% to 5%
(v/v) B; from 6 to 10 min, 5% (v/v) B. Data obtained in the me-
tabolites profiling was analyzed and processed using the Light-
Sight� software.

3. Results

3.1. While substantial hydrolysis and extensive CYP-mediated
metabolism render RDV unsuitable as an oral drug, the parent
nucleoside GS-441524 exhibited favorable in vitro metabolic
stability toward oral use

For oral administration, hepatic extraction is often the major
barrier to the bioavailability of a drug. As a phosphoramidate
prodrug, RDV is predicted to have high first pass hepatic extrac-
tion21. However, it is not clear if the extraction is due solely to the
susceptibility of the phosphoramidate ester toward the abundant
hydrolases in hepatocytes, or a combination of hydrolytic meta-
bolism with CYP-mediated oxidative metabolism. On the other
hand, the parent nucleoside GS-441524 is not susceptible to hy-
drolysis by the same hydrolases, and is not a substrate of major
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CYP isozymes28, though detailed hepatic clearance profile has not
been fully characterized. Therefore, we first performed the routine
in vitro liver microsomal assays to evaluate the impact of hepatic
metabolism on RDV and GS-441524. The results are summarized
in Table 121. As expected, RDV showed very poor stability
(t1/2 Z w1 min) in NADPH supplemented HLMs and MLMs,
strongly suggesting that it may be subject to a complete hepatic
extraction in vivo, and thus, may not be suitable for oral route of
administration. Conversely, GS-441524 exhibited excellent sta-
bility with the remaining percentage determined to be over 91% at
60 min either in HLMs or MLMs (Fig. 2A), indicating that hepatic
metabolism may not be a significant obstacle to its bioavailability
following oral administration.

To gauge the impact of hydrolytic or non-NADPH dependent
metabolism in the microsomal assays, RDV was also incubated in
the liver microsomes without the CYP enzyme cofactor NADPH.
While no significant change of t1/2 in MLMs (1.0 min without
NADPH versus 0.8 min with NADPH) was observed, the t1/2 in
HLMs was prolonged to 30.6 min from 1.1 min (Table 2). This
suggests that CYP-mediated metabolism may be a key contributor
to high RDV intrinsic clearance in HLMs, and along with the
hydrolytic liability, may lead to excessive in vivo hepatic extrac-
tion of RDV in human.

Additionally, we also tested the stability of RDV and GS-
441524 in CD-1 mouse plasma. Consistent with a previous
report24, RDV is highly susceptible in wild-type CD-1 mouse
plasma. In our experiments, RDV became undetectable within
seconds post addition, suggesting that the mice model is not
appropriate for predicting RDV pharmacokinetics in human. It is
known that carboxylesterases 1 and 2 are abundantly expressed in
mice plasma, but not human38. As anticipated, the parent nucle-
oside was stable in human or mice plasma with t1/2 significantly
greater than 24 h (Table 1).

3.2. CYP3A inhibitor cobicistat drastically enhanced RDV
metabolic stability

Because CYP-mediated metabolism of RDV was shown to be a
key contributor to its high intrinsic clearance in HLMs, we further
investigated the potential of using a CYP inhibitor to enhance its
stability against hepatic metabolism. For this purpose, we chose
cobicistat (Cobi), an FDA-approved CYP3A inhibitor widely used
in multiple combination therapies to boost the bioavailability of
HIV-1 antiviral drugs. As shown in Fig. 2B, the addition of Cobi in
the incubation completely inhibited CYP-mediated RDV meta-
bolism, and drastically prolonged its t1/2 in NADPH supplemented
HLMs from 1.1 to 40.8 min (Table 2). In addition, Cobi did not
Table 1 In vitro metabolic stabilities of RDV and GS-441524.

Compd. Microsomal stabilitya

HLMs MLM

t1/2
b CLint

c t1/2
b

RDV 1.1 � 0.1 1262.2 � 68.6 0.8 �
GS-441524 731.5 � 54.4 1.9 � 0.1 841.5

Data are presented as mean � SD (n � 2).
aCYP enzyme cofactor: NADPH.
bt1/2: half-life, min.
cCLint: intrinsic clearance, mL/min/mg protein.
impact the hydrolytic (non-NADPH dependent) metabolism of
RDV (Table 2, ‒NADPH). We also determined in HLMs the
formation of the alanine metabolite (Ala-met), an intermediate
metabolite formed during RDV hydrolytic activation. The results
showed that CYP-mediated metabolism significantly decreased
the conversion of RDV to the Ala-met intermediate (Fig. 2C).
Interestingly, Cobi only partially restored the Ala-met level
(w60%) at the end of incubation when compared to the results
without the CYP enzyme cofactor NADPH (Fig. 2C), which was
associated with a higher remaining percentage of intact RDV at
60 min (38.5% with NADPH/Cobi versus 26.1% without NADPH,
Fig. 2B). This seems to indicate that Cobi can slow down the
hydrolytic process of RDV in the presence of NADPH. Never-
theless, these results indicate that a combination treatment strategy
with CYP3A inhibitor Cobi could mitigate the excessive CYP-
mediated hepatic metabolism of RDV.

3.3. Metabolite profiling revealed that mono-oxidation is the
major CYP-mediated metabolic pathway for RDV and the
oxidation is likely on the phosphosramidate moiety but not the
nucleoside core

To investigate the CYP-mediated metabolic pathway of RDV, we
created two IDA methods to profile the potential CYP-related
metabolites. The profiling was conducted by comparing two
samples at 0 and 5 min from the microsomal assays in HLMs. The
first IDA method, in which the survey scan was created based on a
comprehensive predictive MRM (pMRM) transitions set of m/z
402.2, a product ion of RDV, detected only one related metabolite
(M1) at the retention time of 4.31 min with a corresponding
pMRM transition of m/z 619.2 to 418.2. M1 is the mono-oxidation
metabolite (þ16) of RDV (m/z 603.2). The second IDA method, in
which the pMRM transitions was predicted using m/z 200.0, the
most abundant product ions of RDV, detected a second metabolite
(M2) at the retention time of 3.95 min in addition to the pre-
dominant mono-oxidation (M1) at 4.31 min (Fig. 3A). M2 has an
m/z of 635.2 and is the di-oxidation metabolite (þ32) of RDV (m/z
603.2). In the second IDA method, the mono- and di-oxidation
metabolites were detected with the pMRM transitions of m/z
619.2 to 200.0 and m/z 635.2 to 200.0, respectively. These are
consistent with the product ion spectrums obtained from the EPI
dependent MS scans for m/z 619.2 (Fig. 3C) and 635.2 (Fig. 3D),
where the m/z 402.1 observed with the parent RDV (Fig. 3B)
disappeared. According to the product ion MS spectrum (Fig. 3B)
and proposed fragmentation pathways (Supporting Information
Fig. S1) of RDV, m/z 200.0 and 402.2 are likely generated by the
breakage of the ribose ring, with m/z 200.0 representing the
Plasma stability t1/2
b

s

CLint
c Human Mouse

0.1 1683.8 � 130.4 6921 <1

� 210.0 1.7 � 0.4 >1440 >1440



Figure 2 Microsomal stability of RDV and GS-441524. (A) Remaining percentage (%) of RDV or GS-441524 in HLMs and MLMs in

the presence of cofactor NADPH. (B) Remaining percentage (%) of RDV in HLMs with or without cofactor NADPH and/or CYP3A

inhibitor cobicistat (Cobi). (C) Relative percentage (% to the treatment without NADPH and Cobi at 60 min) of alanine metabolite (Ala-

met) yielded by RDV in HLMs with or without cofactor NADPH and/or Cobi. (D) Relative percentage (% to the treatment with NADPH

at 5 min) of mono-oxidized RDV yielded by RDV in HLMs with or without cofactor NADPH and/or Cobi. Data are presented as

mean � SD (n � 2).

Table 2 RDV stability in HLMs with or without CYP3A

inhibitor cobicistat (Cobi).

Compd. HLMs stability t1/2 (min)

‒NADPH þNADPH

RDV 30.6 � 1.6 1.1 � 0.1

RDV þ Cobi 30.0 � 0.0 40.8 � 4.9

Data are presented as mean � SD (n � 2).
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portion related to the nucleoside core, whereas m/z 402.2 repre-
senting the phosphoramidate ester moiety. Therefore, the mono-
and di-oxidation metabolites were detected only with the product
ions m/z 200.0 and 418.2 (mono-oxidation only), suggesting that
the oxidation most likely occurs at the phosphoramidate ester
moiety. This is also corroborated by the observed excellent sta-
bility of GS-441524 against CYP metabolism in HLMs. Since
aromatic oxidation is one of the common CYP-mediated metab-
olisms, the principal mono-oxidation metabolism detected with
RDV is likely via hydroxylation at the para position of the phenyl
ring (Fig. 3E), presumably the most liable site to oxidative
metabolism39,40. The proposed fragmentation pathways of the
mono-oxidation metabolite M1 are summarized in the Supporting
Information Fig. S2. In addition, the mono-oxidation metabolite in
the NADPH supplemented HLMs quickly reached the peak for-
mation at 5 min (the earliest time point measured), followed by a
gradual decrease with a t1/2 of 38 min (Fig. 2D). Interestingly, the
mono-oxidation metabolism appears to keep RDV from producing
the Ala-met intermediate metabolite (Fig. 2C).
3.4. The parent nucleoside GS-441524 showed excellent
bioavailability following oral administration, and produced
significant levels of active triphosphate (GS-443902) in liver and
lung tissue homogenates

RDV is subject to instant degradation in mouse plasma (Table 1),
and thus, wild-type rodents, such as the CD-1 mice used herein,
are not suitable for RDV pharmacokinetic studies. Therefore,
despite the strong inhibition of Cobi on the CYP-mediated hepatic
metabolism of RDV, we performed the in vivo pharmacokinetic
assessment only for the parent nucleoside GS-441524. The oral
bioavailability of GS-441524 was determined after an iv bolus of
5 mg/kg and an oral gavage of 10 mg/kg in CD-1 mice. The
plasma concentrations of GS-441524 were quantified by LC/MS/
MS method and the mean concentration versus time profile is
shown in Fig. 4A. The main pharmacokinetic parameters of GS-
441524 following iv and oral dosing are summarized in Table 3.
After oral administration (10 mg/kg), GS-441524 appeared in the
plasma at high levels (>2 mmol/L) from 0.25 to 2 h, and the Cmax

and Tmax were determined to be 3.3 mmol/L and 1 h, respectively.
The terminal plasma t1/2 was determined to be 2.5 h after iv bolus
administration, and the mean residence time (MRT) was 4.2 h
after oral administration. Significantly, GS-441524 showed a
favorable oral bioavailability of 57% after normalizing the AUCs
with the administered doses. The tissue distribution study was
then carried out to further investigate its conversion to the active
triphosphate GS-443902. In this study, GS-441524 was given to
the CD-1 mice orally at a dose of 20 mg/kg, and both GS-441524
and the active triphosphate (GS-443902) were quantified in the



Figure 3 Chromatograms, product ion (MS/MS) spectrums and potential CYP-mediated metabolism of RDV and/or its mono-/di-oxidation

metabolites identified in HLMs. (A) Total ion current (TIC) chromatograms of two samples from the NADPH supplemented HLMs incubation of

RDV: 0 min (grey line) and 5 min (orange line). (B) Product ion spectrum of RDV (m/z 603.2). (C) Product ion spectrum of mono-oxidation

metabolite M1 (m/z 619.2). (D) Product ion spectrum of di-oxidation metabolite M2 (m/z 635.2). (E) Potential structure of M1.
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liver and lung homogenates at 1, 2, and 4 h post dosing. As shown
in Fig. 4B, the parent nucleoside GS-441524 was extensively
distributed into the liver and lung at levels higher than that in
plasma during the first 4 h period. Importantly, the active
triphosphate of the nucleoside was also detected and found to
gradually accumulate in both liver and lung during this period. At
4 h post dosing, the active triphosphate concentrations in liver and
lung were determined to be 0.63 and 0.1 mmol/L, corresponding to
about 8% and 4% of the parent nucleoside in liver and lung,
respectively.
4. Discussion

RDV is deemed unsuitable for oral administration when a sys-
temic exposure or a targeting organ other than liver is required.
This is mainly because the ProTide approach is typically intended
for liver specific delivery by virtue of high hepatic extraction, as
has been exemplified by two other FDA approved ProTide anti-
virals, sofosbuvir (SOF) and tenofovir alafenamide (TAF)41e43.
ProTide prodrugs are designed to deliver the nucleoside analogues
into target cells as monophosphate to bypass the inefficient
and typically rate-limiting step of nucleoside mono-
phosphorylation44,45. The activation of ProTide prodrugs generally
involves hydrolases (carboxylesterases/cathepsin A) and phos-
phoramidases (histidine triad nucleotide binding proteins, HINTs)
to release the monophosphorylated nucleotide21,41e45. Because
these enzymes are highly expressed in hepatocytes34, preferential
activation of the prodrugs occurs in the liver when given orally.
However, the prodrugs can also accumulate in other organs with
abundant hydrolases and HINTs expression such as GI tract and
kidney. These might explain the common gastrointestinal side
effects observed in patients with the orally SOF and TAF, and the
less common adverse events related to liver and kidney damage
including elevated liver enzymes and serum creatinine level,
which were also documented in COVID-19 patients treated with
RDV28,46. Interestingly, while SOF and TAF are oral antivirals for
treating hepatitis C and hepatitis B virus, respectively, TAF is also
used in combination therapies to treat HIV-1 which requires sys-
temic exposure. TAF is only minimally metabolized by CYP3A447

and the primary hepatic metabolic route is via hydrolytic cleavage
which apparently is significant but not prohibitive as indicated by
a plasma oral bioavailability of 17% in dogs43. By contrast, in our
in vitro assessment, RDV was highly susceptible to CYP-mediated
mono-oxidation. This, together with the hydrolytic metabolism,
resulted in extremely low hepatic stability, suggesting that RDV is
unsuitable for oral administration. However, the addition of Cobi
fully restored the stability of RDV to the non-NADPH-dependent
level in HLMs, demonstrating that a combination strategy with
Cobi as a pharmacokinetic enhancer could mitigate the CYP-
mediated metabolism, and the excessive hepatic extraction.
Moreover, RDV is a substrate of P-glycoprotein (P-gp)28,37 and
Cobi enhanced the oral bioavailability and plasma concentrations
of TAF via inhibition on P-gp47,48. Nevertheless, assessing the
systemic drug exposure of the intact RDV following oral admin-
istration in a combination setting with Cobi requires in vivo
pharmacokinetic studies which are not possible with the wild-type
CD-1 mice due to its extraordinarily low plasma stability.

On the other hand, the potential of the parent nucleoside GS-
441524 for COVID-19 treatment has been recognized and advo-
cated34. As aforementioned, RDV circulates predominantly as GS-
441524 in the living systems, and GS-441524 has demonstrated
exceptional efficacy in cats against feline coronavirus34, compa-
rable antiviral potency in cell-based settings against SARS-CoV-
223, and higher conversion to the active triphosphate in Vero E6
cells23 when compared to RDV. These findings strongly indicate
that the role of the persisting GS-445124 metabolite in the clinical
outcomes of RDV could be largely underestimated, which is
corroborated by our in vivo studies. Notably, in our pharmacoki-
netic studies, GS-441524 exhibited a favorable oral bioavailability



Figure 4 Pharmacokinetic profiles and tissue distribution of GS-

441524. (A) Plasma concentration‒time profiles of GS-441524 after

iv (5 mg/kg, n Z 4) and oral (po, 10 mg/kg, n Z 4) administration.

(B) Distribution of GS-441524 and its active triphosphate metabolite

(GS-443092) to liver and lung at 1, 2, and 4 h after oral (20 mg/kg)

administration, n Z 3 per time point. Data are presented as

mean � SD (n � 3).
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(F Z 57%) and a high level of plasma exposure in CD-1 mice.
The subsequent tissue distribution studies also showed that the
active triphosphate GS-443902 accumulated significantly in the
mice liver (198e630 nmol/L) and lung (42.7e100 nmol/L)
following an oral administration of GS-441524 (Fig. 4B). Spe-
cifically, GS-441524 in mice following a 20 mg/kg oral dose
within the first 4 h resulted in concentrations in plasma or lung
Table 3 Pharmacokinetic parameters of GS-441524 after iv

and oral administration.

Parameters iv (5 mg/kg,

n Z 4)

po (10 mg/kg,

n Z 4)

t1/2 (h) 2.5 2.9

Tmax (h) 0.083 1.0

Cmax (nmol/L) 11,619.3 3281.0

AUC0‒t (h$nmol/L) 14,763.2 16,795.0

AUC0‒N (h$nmol/L) 14,795.5 16,836.3

MRT0‒t (h) 1.7 4.2

V (L/kg) 4.2 8.4

CL (L/h/kg) 1.2 2.0

t1/2, terminal half-life. Tmax, time to reach Cmax. Cmax, maximum

plasma concentration. AUC0‒t, area under the concentration‒time

curve from the time of dosing to the last quantifiable time point.

AUC0‒N, area under the concentration‒time curve from the time of

dosing to infinity. MRT, mean residence time. V, volume of dis-

tribution. CL, clearance.
(�2.2 mmol/L, Fig. 4B) well above its in vitro EC50 (0.62 mmol/L)
or EC90 (1.34 mmol/L) against SARS-CoV-2 in Calu-3
2B4 human lung adenocarcinoma cells23, Vero E6 cells
(EC50 Z 0.47 mmol/L, EC90 Z 0.71 mmol/L)23 or A549-hACE2
cells (EC50 Z 0.87 mmol/L)49. As for the tissue distribution of the
triphosphate, although at a significantly lower level than in liver,
the triphosphate accumulation in lung (42.7e100 nmol/L, Fig. 4B)
appeared sufficient to produce potent antiviral activity when
compared to the in vitro efficacy of RDV in primary human airway
epithelial cells against SARS-CoV-2 (EC50 Z 10 nmol/L)23.
Being an adenosine analogue, GS-441524 is presumably phos-
phorylated by the intracellular adenosine kinase (ADK) at the
initial rate-limiting step of its conversion to the triphosphate34.
ADK is highly conserved across mammalian species50,51 and is
moderately expressed in many major organs in humans including
liver and lung52,53, suggesting that effective phosphorylation of
GS-441524 is also expected in humans. In addition, GS-441524
has demonstrated good safety profile in cats31e33, indicating
that, if necessary, a potentially higher lung exposure of the active
triphosphate can be achieved via a larger dose or multi-dose
regimen of GS-441524. In short, the results of our research indi-
cate that RDV nucleoside GS-441524 could be a viable oral drug,
and support further studies in humans to examine its clinical ef-
ficacy as an oral drug against SARS-CoV-2.
5. Conclusions

In this study, we have performed an in vitro and in vivo DMPK
assessment to evaluate the potential of RDV and its parent
nucleoside GS-441524 as oral antiviral drugs. While the in vitro
metabolic assessments in HLMs confirmed that RDV alone is
unsuitable for oral administration, a combination with Cobi could
inhibit the CYP-mediated metabolism and potentially mitigate the
hepatic extraction via oral route. A metabolite profiling assay also
revealed that the major CYP-mediated metabolic pathway of RDV
is a mono-oxidation likely on the phosphoramidate moiety but not
the nucleoside core. Importantly, in pharmacokinetic studies in
CD-1 mice, the parent nucleoside GS-441524 exhibited favorable
oral bioavailability and seemingly adequate intracellular conver-
sion into the nucleoside triphosphate, supporting further human
efficacy studies on GS-441524 as an oral drug for treating
COVID-19.
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