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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Anna Price Remdesivir (RDV) is the first antiviral drug to be approved by the US Food and Drug Administration for the

treatment of COVID-19. While the general safety of RDV has been studied, its reproductive risk, including

Keywords: embryotoxicity, is largely unknown. Here, to gain insights into its embryotoxic potential, we investigated the
Antiviral drug effects of RDV on mouse preimplantation embryos cultured in vitro at the concentrations comparable to the
22\3;1‘);}’15; therapeutic plasma levels. Exposure to RDV (2-8 uM) did not affect the initiation of blastocyst formation,
Fertility although the maintenance of the cavity failed at 8 uM due to increased cell death. While exposure to 2—-4 uM
GS-441524 permitted the cavity maintenance, expressions of developmental regulator genes associated with the inner cell
Preimplantation development mass (ICM) lineage were significantly diminished. Adverse effects of RDV depended on the duration and timing
Remdesivir of exposure, as treatment between the 8-cell to early blastocyst stage most sensitively affected cavity expansion,

gene expressions, and cell proliferation, particularly of the ICM than the trophectoderm lineage. GS-441524, a
major metabolite of RDV, did not impair blastocyst formation or cavity expansion, although it altered gene
expressions in a manner differently from RDV. Additionally, RDV reduced the viability of human embryonic stem
cells, which were used as a model for the human ICM lineage, more potently than GS-441524. These findings
suggest that RDV is potentially embryotoxic to impair the pluripotent lineage, and will be useful for designing
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and interpreting further in vitro and in vivo studies on the reproductive toxicity of RDV.

1. Introduction

The coronavirus disease 2019 (COVID-19) continues to propagate
and cause serious health problems worldwide, making it imperative to
explore pharmaceutical treatments to ease symptoms, speed up recov-
ery, and prevent death. The antiviral drug remdesivir (RDV) is a
nucleotide analog that acts as an inhibitor of RNA-dependent RNA
polymerases, thereby suppressing the proliferation of various RNA vi-
ruses, including severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the cause of COVID-19 [30]. RDV is the first antiviral drug that
was approved by the U.S. Food and Drug Administration (FDA) for the
treatment of COVID-19 [15]. The efficacy of RDV against SARS-CoV-2
proliferation has been demonstrated in cultured cells, model animals,
and human [16,35,46]. However, with respect to safety, RDV is impli-
cated for the toxic effects on certain tissues and organs, although the
underlying mechanisms are still unclear [1,6,13]. One of the most
difficult safety assessments for many pharmaceutical drugs is

reproductive toxicity, such as adverse impact on embryogenesis. This is
partly because human clinical trials exclude women who are pregnant or
planning to conceive. To date, information on the reproductive risk of
RDV, including its embryotoxicity, is largely unknown [11,28]. While
the COVID-19 pandemic persists, many women of reproductive age may
require antiviral treatment while wishing to preserve their fertility.
Therefore, it is crucial to obtain more information on the potential
embryotoxicity of RDV.

In the present study, to gain insights into the embryotoxic property of
RDV, we examined the effects of the drug on the preimplantation
development of mouse embryos. The key role of preimplantation
development, which takes 4-5 days after fertilization in the mouse, is to
produce the blastocyst, a structure capable of implanting into the uterus
[7,36,43]. The blastocyst consists of two distinct cell lineages: the tro-
phectoderm (TE) and inner cell mass (ICM). Formation of these two
lineages occurs after the 8-cell stage or embryonic day (E) 2.5 (Fig. 1).
Generally, cells situated on the surface of the embryo form the TE,
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Fig. 1. A schematic diagram, depicting the superovulation and mating schedule of the mice and the embryonic stages. Hours are indicated relative to the time of the
hCG injection. See Materials and methods for more details. E: embryonic day, hCG: human chorionic gonadotropin, PMSG: pregnant mare serum gonadotropin.

whereas internally located cells give rise to the ICM. The TE creates the
fluid-filled cavity inside the blastocyst, the expansion of which enables
the blastocyst to hatch out of the egg coat and implant. After implan-
tation, the TE gives rise to the trophoblast tissue of the placenta. During
expansion of the blastocyst cavity, the ICM subdivides into the epiblast
(EPI) and primitive endoderm (PrE). The EPI is a pluripotent precursor
of the fetal body, and the PrE is an extraembryonic tissue that induces
the body axis in the EPL Thus, by E4.5, the blastocyst is produced that
possesses a well-expanded cavity with three tissue types (TE, EPI, and
PrE). The establishment of these tissues is controlled by the interplay of
specific signaling pathways and transcription factors [40,47,50,53], and
interference with these molecular machineries compromises further
development or survival of the embryo.

One of the advantages in using mouse preimplantation embryos for
embryotoxicity studies is their robust development in vitro, i.e.,
completely outside of the mother. The embryos can be cultured in a
chemically defined medium from fertilization [56], which efficiently
develop into blastocysts, consisting of TE (with an expanded cavity),
EPI, and PrE. For some genetic backgrounds of mice (e.g., crosses of
B6D2F1 hybrids used in the present study), nearly all of cultured em-
bryos can give rise to blastocysts that are competent for implantation
and further postimplantation development [2,32]. Because of the in
vitro nature, the effects of test drugs can be assessed at specific con-
centrations that are comparable to those found in the body, thus eval-
uating the responses of embryos to drug exposures in a
pharmacologically and clinically relevant manner. Exposed embryos can
be further analyzed in reference to the existing knowledge on the
morphogenesis (e.g., blastocyst cavity formation) and cell differentia-
tion (e.g., expressions of the lineage-specific genes) to identify the drug
targets that are responsible for the embryotoxic actions. Accordingly,
the embryotoxicity of various chemicals have been studied using mouse
preimplantation embryos [3,8,17,19,64].

Here, we tested the effects of RDV and its metabolite GS-441524
(Supplemental Fig. 1), which is found in the plasma of patients
receiving RDV [25,27,28,57], on cultured mouse preimplantation em-
bryos. The drug impact was analyzed at the morphological and molec-
ular levels to determine the concentration-effect relationships with
respect to the formation of the blastocyst cavity and the establishment of
the cell lineages. We also determined the developmental stage that is
most sensitive to RDV exposure. Furthermore, a human pluripotent stem
cell line that was originated from a human blastocyst was used as a
model for the human ICM lineage to examine the effects of RDV and
GS-441524.

2. Materials and methods
2.1. Test chemicals

Remdesivir (RDV) and GS-441524 (Supplemental Fig. 1) were
commercially obtained from Cayman Chemicals (Ann Arbor, MI), and

136

were dissolved in dimethyl sulfoxide (DMSO) as vehicle at 5 mM as
stocks. Chemicals were further diluted in the KSOM embryo culture
medium (MR-121-D; Millipore, Temecula, CA) to attain specific test
concentrations. Specifically, RDV was tested at 2, 4, and 8 uM, which are
comparable to the concentrations found in the plasma of patients, who
received the FDA-approved therapeutic dose of the drug (Cpax =
4.3-9.0 uM; [25,27,57]). This is to evaluate the embryotoxic effects of
RDV in a clinically relevant context. GS-441524, the main metabolite of
RDV, was also tested at similar concentrations, namely 4 and 8 uM, to
compare with RDV. In each set of experiments, all treatment groups,
including controls, contained the same final concentrations of DMSO.

2.2. Animals and collection of embryos

The protocol for animal use was approved by the Institutional Ani-
mal Care and Use Committee of the University of Hawaii, and is in
accordance with the national guidelines for the care and use of animals
[44]. Female and male mice of the F1 hybrid (C57BL/6 x DBA/2), i.e.,
B6D2F1, were purchased from Charles River Laboratories (Frederick,
MD) at the age of 8 weeks old, and were cared for at an Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC)
accredited animal facility of the University of Hawaii. After arrival at the
facility, animals were allowed to acclimate at least for one week before
use. Animals were housed (6 mice or less per cage) in ventilated shoebox
cages (1285 L Blue Line, Tecniplast, West Chester, PA) with hardwood
chip bedding (Teklad 7115, Envigo, Indianapolis, IN) and tissue paper
for enrichment. Irradiated rodent diet (2920X, Envigo) and tap water
from water bottles were given ad libitum. The animal facility is kept at
21°— 23 °C with humidity level of 45-50% and light/dark cycle at
12-hour intervals. All animals were used at the age of 9-15 weeks old.

To maximize the number of embryos for experiments, superovula-
tion was performed, according to the previously described method [5].
Briefly, females were intraperitoneally injected with 5 IU pregnant mare
serum gonadotropin (Millipore) and 48 h later with 5 IU human chori-
onic gonadotropin (hCG; Millipore) (Fig. 1). Each female was placed in a
cage overnight with a male, and the next day was examined for the
presence of a copulation plug to verify successful mating. Superovula-
tion is compatible with normal embryo development, and has been
widely performed in various experimental studies to obtain many pre-
implantation embryos [5]. For B6D2F1 mice, nearly 100% of embryos
obtained from superovulated females can give rise to blastocysts in vitro,
many of which are capable of implantation and full-term development
after transfer to the uteri of surrogate females [2,32]. The use of su-
perovulation to maximize the yield of embryos per female is in line with
the 3 R principle (replacement, reduction, and refinement) of ethical
animal research [24,33].

At about 45 h after the hCG injection, female mice were euthanized
by cervical dislocation, and the oviducts were removed. Two-cell stage
embryos, which correspond to embryonic day 1.5 (E1.5) (Fig. 1), were
flushed out from the isolated oviducts with the FHM medium
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(Millipore). For each experiment, embryos obtained from three to four
females were grouped together as a batch. Embryos were cultured in
20 pL drops of KSOM with overlying mineral oil in an incubator (37 °C
with 5% CO3 humidified air). Embryo culture was conducted in the at-
mospheric oxygen level (20%), which is commonly practiced and allows
nearly 100% of control embryos from the B6D2F1 crossing to develop to
the 8-cell stage (E2.5; 69 h after the hCG injection), the early blastocyst
stage (E3.5; 93 h after the hCG injection), and the late blastocyst stage
(E4.5; 117 h after the hCG injection) with a well-expanded cavity
(Fig. 1).

2.3. Chemical treatment of embryos

Culture dishes with 20 pL drops of KSOM medium, containing a
specific concentration of a test chemical, were overlaid with mineral oil
and were equilibrated in the incubator for 2-3 h before use. To initiate
treatment, embryos were transferred into a chemical-containing KSOM
drop using a microcapillary glass pipet, and cultured in the incubator.
After a designated duration of treatment, embryos were first photo-
graphed for morphological analysis (see Section 2.4), and then removed
from drops using a microcapillary glass pipet to process for further
cellular and molecular analyses (see Sections 2.5, 2.6, and 2.7).

Three different treatment protocols were employed, depending on
the purpose of the experiments. For the first protocol, embryos were
treated with test chemicals (RDV at 2, 4, and 8 pM; GS-441524 at 4 and
8 pM) from E2.5 (8-cell stage) up to E4.5 (late blastocyst stage) for a
total of 48 h. This was to test the effects of test chemicals on the key
processes of blastocyst development, namely cavity formation and cell
lineage specification, which normally take place between E2.5 and E4.5.
The second and third protocols were designed to evaluate how the
duration and timing of exposure affect the impact of RDV. For the second
protocol, embryos were treated with RDV (2, 4, and 8 pM) for a longer
duration (a total of 72 h) from E1.5 (2-cell stage) to E4.5. For the third
protocol, embryos were exposed to RDV (8 uM) at different intervals
between E2.5 and E4.5 to examine the influence of timing-dependent
exposures. Specifically, in one group, 8-cell stage embryos were
cultured in RDV for 24 h followed by transfer at E3.5 into control me-
dium for 24 h of culture up to E4.5 (designated as RDV-CON). In another
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group, embryos were exposed in reversed conditions, in which they were
cultured in control medium for 24 h followed by transfer into RDV for
24 h (designated as CON-RDV).

2.4. Morphological analysis

Bright-field images of embryos were captured, using AxioCam MRm
digital camera connected to Axiovert 200 inverted microscope with
Hoffman modulation contrast optics (Carl Zeiss, Thornwood, NY). Im-
ages were converted to the JPG format, which were then opened in
ImageJ program (http://rsb.info.nih.gov/ij) to analyze the size of em-
bryos. The periphery of each embryo was manually traced using the
Polygon selections tool to measure the area occupied by the embryo. The
area reflects the overall size of the embryo, which dramatically increases
from E2.5 to E4.5 during normal development due to the expansion of
the blastocyst cavity. The expansion of the blastocyst cavity is depen-
dent on the differentiation and structural integrity of TE [36]. Thus, the
size measurement from E2.5 to E4.5 allows the evaluation of the embryo
quality, particularly for TE.

2.5. Cell death assay

The extent of cell death in RDV-treated embryos was assessed using
the LIVE/DEAD Cell Imaging kit (Thermo Fisher Scientific, Waltham,
MA), according to the manufacturer’s instruction. Fluorescence (green
for LIVE and red for DEAD) and bright-field images of stained embryos
were captured, using Axiovert 200 with the Colibri 2 illumination sys-
tem (Carl Zeiss). To measure the area occupied by dead cells, red fluo-
rescence images were opened in ImageJ, and converted to binary (black
and white) images using the MaxEntropy method. The regions of white
pixels were measured as the DEAD area for individual embryos.

2.6. Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)

qRT-PCR was performed to compare the transcript levels of the
lineage marker genes between control and RDV- or GS-441524-treated
embryos. Total RNA was extracted from each sample (20-30 embryos)

Table 1
Primer sequences for qRT-PCR analyses.

Gene name Primer sequences (5’ — 3°) Characteristics References

Amotl2 F: TGGTTGGCTTTCCTCTGCTTTTTA TE marker (E3.5) [37]
R: CTGCTGGTGGGAACGAATACATTT

Cdx2 F: GACTTCCTGTCCCTTCCCTCGTCT TE marker (E3.5-4.5) [55]
R: CCTCCCGACTTCCCTTCACCATAC

Eomes F: ATCTCCTAACACTGGCTCCCACTG TE marker (E4.5) [51]
R: CGTTGGTCTGTGGCACGGTTCTCT

Esrrb F: GTCCTTCCCTCCAGACTTGACTAC EPI marker (E4.5) [42]
R: ACATCTTAAGTCATTCCAGCCACAAC

Gapdh F: GCATGGCCTTCCGTGTTCCT Housekeeping [37]
R: CCCTGTTGCTGTAGCCGTATTCAT

Gata3 F: CATGCTCTGTGAATCAGTCCCTGT TE marker (E3.5-4.5) [21]
R: AACCCTCCAGAGTACATCCACCTT

Gata4 F: AGCCAAGCCCTCTTAAGTCAGACA PrE marker (E4.5) [26]
R: CTACAGCTCTGTGGGTGATGAGGA

Nanog F: GCTTTGGAGACAGTGAGGTGCATA ICM/EPI marker (E3.5/E4.5) [41]
R: GCTACCCTCAAACTCCTGGTCCTT

Pdgfra F: ATGTGGTCTGCCAACCTGTACAAA PrE marker (E4.5) [48]
R: GTTAACGTGCCTGTGGGGAATATC

Pou5f1 F: AGGCAGGAGCACGAGTGGAAAGCA ICM/EPI marker (E3.5/E4.5) [45]
R: GGAGGGCTTCGGGCACTTCAGAAA

Sox2 F: CACATGAAGGAGCACCCGGATTAT ICM/EPI marker (E3.5/E4.5) [59]
R: CTGGAGTGGGAGGAAGAGGTAACC

Sox17 F: ACTGCGGAGTGAACCTCTCAGACA PrE marker (E4.5) [4]
R: GTGTGTAACACTGCTTCTGGCCCT

Abbreviations: EPI, epiblast; ICM, inner cell mass; PrE, primitive endoderm; TE, trophectoderm.
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Fig. 2. Adverse effects of remdesivir (RDV) on the expansion and maintenance of the blastocyst cavity. Embryos are treated with indicated concentrations of RDV
from E2.5 to E4.5. A. Representative images of RDV-treated embryos at E2.5 (before treatment), E3.5, and E4.5. Scale bar = 100 um. B. The size of RDV-treated
embryos. Different letters indicate statistically significant differences among treatments (mean + 95% CI, n =27 or 28 for each treatment group, one-way

ANOVA followed by t-test, p < 0.01). No significant difference is observed among treatments at E3.5.

and processed for cDNA synthesis, according to the method described
previously [37]. Quantitative PCR was performed, using the CFX96
Real-Time PCR Detection System (Bio-Rad, Hercules, CA) with SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad), as described previ-
ously [37]. Data files were opened in CFX Manager software (Bio-Rad),
and Ct values were transferred to the Excel program for further analyses.
The sequences of the primers used are listed in Table 1. The expression
levels of genes were normalized with Gapdh as a housekeeping gene, and
presented as relative expression levels, as described previously [37].

2.7. Immunofluorescence staining and confocal microscopy

Immunofluorescence staining was performed to count the number of
cells that express the lineage marker proteins, namely transcription
factors CDX2 (TE), SOX2 (ICM and EPI), NANOG (EPI), SOX17 (PrE),
and GATA4 (PrE). Embryos were fixed, permeabilized, blocked, and
incubated with antibodies, according to the method described previ-
ously [32]. Primary antibodies used were mouse anti-CDX2 (CDX2-88;
Abcam, Cambridge, MA) at 1:500 dilution, rabbit anti-SOX2 (N1C3;
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Fig. 3. Impact of remdesivir (RDV) on cell survival. Embryos are treated with indicated concentrations of RDV from E2.5 to E4.5. A. Representative images of RDV-
treated embryos at E4.5 that are stained for live (green) and dead (red) cells by the LIVE/DEAD Cell Viability Assay. Binary images (see Materials and methods) are
also shown for dead cells. Scale bar = 100 um. B. The areas occupied by dead cells in RDV-treated embryos. Different letters indicate statistically significant dif-
ferences among treatments (mean + 95% CI, n = 24 or 25 for each treatment group, one-way ANOVA followed by t-test, p < 0.01).
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Fig. 4. Effects of GS-441524, a major metabolite of remdesivir, on the expansion and maintenance of the blastocyst cavity. Embryos are treated with indicated
concentrations of GS-441524 from E2.5 to E4.5. A. Representative images of GS-441524-treated embryos at E3.5 and E4.5. Scale bar = 100 um. B. The size of GS-
441524-treated embryos. No significant difference is found at E3.5 or E4.5 among treatments (mean + 95% CI, n = 30-32 for each treatment group).
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Fig. 5. Impact of remdesivir (RDV) and GS-441524 on the expression levels of the marker genes for the trophectoderm (TE), the epiblast (EPI), and the primitive
endoderm (PrE) at E4.5. Embryos are treated from E2.5 to E4.5 with vehicle control (C), RDV at 2 pM (R2), RDV at 4 uM (R4), or GS-441524 at 4 pM (G4). Graphs are
qRT-PCR data, showing relative expression levels of each lineage marker, normalized against housekeeping gene Gapdh. Different letters indicate statistically sig-
nificant differences among treatments (mean =+ standard deviation, n = 3 for each treatment group, one-way ANOVA followed by t-test, p < 0.05). No significant
difference is observed for Cdx2 and Pou5f1.
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Fig. 6. Impact of remdesivir (RDV) on the epiblast (EPI) and the primitive endoderm (PrE) cells. Embryos are treated with indicated concentrations of RDV from E2.5
to E4.5, and immunohistochemically examined for SOX2 (EPI marker), NANOG (EPI marker), SOX17 (PrE marker), and GATA4 (PrE marker). A. Representative
images of embryos that are stained for the nuclei (DAPI), SOX2 (green) and SOX17 (red). B. Representative images of embryos stained for the nuclei (DAPI), NANOG
(green) and GATA4 (red). Scale bars = 50 um. C. Numbers of nuclei that are positive for the EPI marker and PrE marker per embryo. Red lines indicate mean values
(n =19 or 20 for each treatment group). Statistically significant differences are marked with horizontal bars and p-values (t-test) between two groups.

GeneTex, Irvine, CA) at 1:200 dilution, rabbit anti-NANOG
(RCABO0O02P-F; Cosmo Bio USA, Carlsbad, CA) at 1:300 dilution, goat
anti-SOX17 (AF1924; R&D Systems, Minneapolis, MN) at 1:100 dilu-
tion, and goat anti-GATA4 (C-20; Santa Cruz Biotechnology, Dallas, TX)
at 1:50 dilution. Alexa 488- or Alexa 546-conjugated secondary anti-
bodies were used at 1:500-1:1000 dilution (Thermo Fisher Scientific).
Stained embryos were mounted in ProLong Gold medium containing 4°,
6-diamidino-2-phenylindole (DAPI) to stain nuclei (Thermo Fisher Sci-
entific), and imaged with SP8 confocal laser scanning microscope with
the LAS X software (Leica Microsystems, Buffalo Grove, IL). Serial op-
tical sections of entire embryos were obtained at 2 um intervals under a
60 x oil objective lens. Image files were converted to a series of TIFF
files, which were opened with the ImageJ program. For each embryo,
the total number of cells based on DAPI staining, and the number of
nuclei positive for a lineage-marker were counted by examining the
entire series of optical sections.

2.8. Human embryonic stem cell viability assay

HO9 line (WAO09, National Institutes of Health registration number
0062) of human embryonic stem cells was obtained from WiCell
Research Institute (Madison, WI). Cells were maintained in the mTeSR
culture medium (Stemcell Technologies, Vancouver, BC, Canada) with
iMatrix-511 (Takara Bio, Mountain View, CA), as previously described
[38]. The impact of RDV and GS-441524 on cell proliferation under the
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maintenance condition was evaluated using the CellTiter-Glo Lumines-
cent Cell Viability Assay system, which measures the amount of ATP as a
quantitative proxy for the number of metabolically active cells (Prom-
ega, Madison, WI). H9 cells were seeded in 96-well plates at a density of
500 cells/well with 50 pL of mTeSR. After one day of culture, 50 pL of
mTeSR containing a test chemical (2 times of the desired concentration)
was added to start a treatment. The same final concentrations (0.16%) of
DMSO were included in all treatment groups. After 2 days of treatments,
cells were lysed and incubated for 15 min in 80 pL of an equal volume
mixture of the CellTiter-Glo Reagent and phosphate-buffered saline.
Luminescence intensity of lysate was measured as relative light unit
using Gene Light 55 Luminometer (Microtech, Chiba, Japan). Cell
seeding density was optimized through a series of pilot experiments to
confirm that cell numbers at the end of culture were proportionate to
intensities of luminescence.

2.9. Data analyses and statistics

All experiments were conducted at least three times, using different
batches of pooled embryos or cell collections as biological replicates,
and compiled data were presented as mean =+ standard deviation. When
three or more treatment groups were compared, the one-way analysis of
variance (ANOVA) was used to determine whether there were any sig-
nificant differences among their means, which was then followed by
post-hoc two-sample t-test to compare between two specific groups.
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Fig. 7. Impact of early exposure to remdesivir (RDV) on the expansion and maintenance of the blastocyst cavity. Embryos are treated with indicated concentrations
of RDV from E1.5 to E4.5. A. Representative images of RDV-treated embryos at E2.5, E3.5, and E4.5. Scale bar = 100 um. B. The size of RDV-treated embryos.
Different letters indicate statistically significant differences among treatments (mean + 95% CI, n = 36-40 for each treatment group, one-way ANOVA followed by t-

test, p < 0.01). No significant difference is observed among treatments at E3.5.

3. Results

3.1. Remdesivir, but not its metabolite GS-441524, impairs the expansion
and maintenance of the blastocyst cavity

When embryos were treated with RDV (2, 4, and 8 pM) from E2.5 (8-
cell stage), all treatment groups had formed a blastocyst cavity by E3.5
(Fig. 2A). Their sizes and gross morphology were indistinguishable from
the control embryos (0 uM; vehicle only) (Fig. 2B). By E4.5, embryos
exposed to 2 uM RDV further expanded the cavity similarly to the con-
trol, and those exposed to 4 uM RDV also expanded but less robustly
than the control (Fig. 2B). By contrast, embryos exposed to 8 uM RDV
had collapsed their cavity (Fig. 2A), resulting in a significantly
decreased size (Fig. 2B). These results suggest that RDV treatment does
not affect the initial blastocyst formation up to E3.5, but impairs the
expansion (at 4 uM) or the maintenance (at 8 uM) of the cavity by E4.5.

The decrease in size upon RDV exposure implicates the possibility
that the blastocysts are undergoing cell death. To test this possibility,
RDV-treated E4.5 embryos were stained for live and dead cells. Embryos
exposed to the lower concentrations (2 and 4 pM) had some patches of
dead cells (Fig. 3A), but the areas occupied by them were not signifi-
cantly larger than the control (Fig. 3B). By contrast, treatment with 8 pM
RDV caused a dramatic increase in areas containing dead cells (Fig. 3A,
B). This suggests that exposure to the high concentration of RDV leads to
cell death, causing a collapse of the blastocyst cavity by E4.5.

By contrast, embryos treated with GS-441524 (4 or 8 uM) from E2.5
developed into expanded blastocysts by E4.5 in a manner comparable to
the control in terms of size and gross morphology (Fig. 4). Thus, in spite
of the similarity to RDV in chemical structure (Supplemental Fig. 1), GS-
441524 did not impair the blastocyst cavity formation or maintenance at
the concentrations equivalent to those tested for RDV.
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3.2. Remdesivir diminishes the gene expressions associated with the inner
cell mass lineage

To evaluate the state of RDV-exposed blastocysts at the molecular
level, the gene expression profiles of key cell lineage markers were
examined at E4.5. The transcript levels of TE markers Cdx2 and Eomes
were unchanged, while Gata3 was increased by about 20% by RDV
exposure (Fig. 5). By contrast, the expressions of the epiblast (EPI)
markers were mostly reduced by RDV exposure. Specifically, the tran-
script levels of Sox2 and Esrrb were progressively decreased in a
concentration-dependent manner, with about 55% reduction at 4 pM.
Pou5f1 expression also appeared to be diminished progressively,
although not statistically significant. Nanog expression was significantly
decreased by RDV at 2 pM, but not at 4 pM. The expressions of the
primitive endoderm (PrE) markers, Gata4, Pdgfra, and Sox17, were all
progressively down-regulated by RDV exposure, with 75-80% reduction
at 4 pM. These results suggest that RDV mainly diminishes the gene
expressions associated with the ICM lineage (i.e., EPI and PrE) but not
the TE lineage.

For comparison, the gene expression profiles were also examined for
the blastocysts that were exposed to GS-441524 at 4 pM. GS-441524
altered the expressions of some of the cell lineage markers, although
the patterns of alterations differed from RDV (Fig. 5). Most notably, GS-
441524 significantly increased the levels of the EPI markers, Sox2,
Nanog, and Esrrb, which was opposite to the effects of RDV. Thus, the
impacts of RDV and GS-441524 on preimplantation embryos were
different from each other at the morphological and molecular levels.

The reduction in the EPI and PrE marker transcripts by RDV exposure
was accompanied by a decrease in the cell number of these tissues.
Immunofluorescence staining showed that the numbers of nuclei posi-
tive for EPI marker proteins (SOX2 and NANOG) and those positive for
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Fig. 8. Duration- and timing-dependent impact of remdesivir (RDV) exposure on the blastocyst morphology and the gene expression profiles. A. A diagram depicting
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Cdx2, Pou5f1, and Nanog.

PrE marker proteins (SOX17 and GATA4) were significantly lower in
RDV-treated E4.5 blastocysts (Fig. 6). Thus, in spite of the normal
appearance in the gross morphology, the formation of EPI and PrE was
diminished in blastocysts treated with RDV even at 2 pM.

3.3. Adbverse effects of remdesivir depend on the duration and timing of
exposure

To determine whether preimplantation development is more
severely impaired when RDV exposure starts before the 8-cell stage,
embryos were treated from E1.5 (2-cell stage). All treatment groups (0,
2, 4, and 8 pM) progressed to the 8-cell stage by E2.5, and developed
into blastocysts by E3.5 (Fig. 7A). By E4.5, embryos treated with 2 pM
RDV further expanded the cavity in a manner comparable to the control
(0 uM), whereas those treated with 4 pM expanded less robustly
(Fig. 7B). The cavity collapsed in most of the blastocysts exposed to 8 pM
RDV. Overall, the concentration-effect relationship was essentially
indistinguishable from the RDV treatment started from E2.5 (Fig. 2),
indicating that earlier treatment from E1.5 did not significantly exac-
erbate the effects of RDV on the cavity maintenance. This suggests that
embryos are impaired by RDV when exposure occurs after the 8-cell
stage.
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To further examine whether the effects of RDV depend on the
duration and timing of exposure, embryos were treated with RDV (8 pM)
at different intervals between E2.5 and E4.5, as depicted in Fig. 8A. We
observed that CON-RDV embryos formed expanded blastocysts that
were slightly smaller than CON embryos (Fig. 8B,C). By contrast, RDV-
CON embryos formed blastocysts that were much smaller in size relative
to CON and CON-RDV blastocysts. However, RDV-CON embryos did not
collapse the cavity, unlike RDV embryos (Fig. 8B,C). Thus, the blastocyst
cavity expansion was more sensitively affected by the early exposure to
RDV (E2.5-E3.5) than the late exposure (E3.5-E4.5), although it was
most impaired with continuous exposure (E2.5-E4.5).

We then compared the expression profiles of cell lineage markers
among the E4.5 blastocysts of CON, CON-RDV, and RDV-CON groups. In
CON-RDV blastocysts, the effect of RDV was mild such that only 1 out of the
10 genes examined was altered, namely Eomes (TE; decreased) (Fig. 8D). By
contrast, in RDV-CON blastocysts, the impact was much more dramatic, as
expressions of 6 out of the 10 genes were altered, namely Gata3 (TE;
increased), Sox2 and Esrrb (EPL; decreased), and Gata4, Pdgfra, and Sox17
(PrE; decreased) (Fig. 8D). Notably, all of the PrE markers were reduced by
greater than 80%. Altogether, these results suggest that RDV impairs the
blastocyst morphology (cavity expansion) and gene expressions (the ICM
lineage) most severely when exposure occurs between E2.5 and E3.5.
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Fig. 9. Impact of remdesivir (RDV) on the tro-
phectoderm (TE) and the inner cell mass (ICM)

at E3.5. Embryos are treated from E2.5 to E3.5
with vehicle control (C), RDV at 4 uM (R4),
RDV at 8 pM (R8), or GS-441524 at 8 pM (G8).
Graphs are gRT-PCR data, showing relative
expression levels of TE and ICM markers,
- normalized against housekeeping gene Gapdh.
- Different letters indicate statistically significant
differences among treatments (mean
+ standard deviation, n = 4 for each treatment
group, one-way ANOVA followed by t-test,
p < 0.05). No significant difference is observed
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3.4. Remdesivir diminishes the proliferation of the inner cell mass lineage

Although exposure during E2.5 to E3.5 resulted in the most severe
outcome by E4.5 (Fig. 8), RDV-exposed embryos appeared morpholog-
ically normal at E3.5 (Fig. 2). To assess whether adverse effects already
exist at E3.5 at the molecular levels, early lineage markers for ICM and
TE were compared between control and RDV-exposed embryos. For TE
markers, the expression of Cdx2 was up-regulated by RDV (4 and 8 uM),
whereas Gata3 and Amotl2 were unaffected (Fig. 9). For ICM markers,
the expression of Nanog was down-regulated by RDV (8 pM), while
Pou5f1 and Sox2 were not significantly altered compared to the control
(Fig. 9). By comparison, exposure to GS-441524 (8 pM) led to increases
in both Cdx2 and Nanog.

The total number of cells per embryo was progressively reduced by
RDV treatment in a concentration-dependent manner (Fig. 10A,B). The
numbers of CDX2-positive (TE) and SOX2-positive (ICM) nuclei were
also lower in RDV-treated blastocysts. However, when the ratio of SOX2-
positive to CDX2-positive cell numbers was analyzed for individual
embryos (SOX2/CDX2 ratio), the mean ratio decreased in RDV-treated
blastocysts in a dose-dependent manner (Fig. 10C). This suggests that
RDV diminishes the overall cell proliferation during E2.5 to E3.5, but
more severely for the ICM than TE lineage.

3.5. Remdesivir reduces the viability of human embryonic stem cells at the
therapeutic concentrations

The results above on mouse embryos raised the possibility that RDV
may also impair human preimplantation development. However, testing
the effects of RDV on actual human embryos is practically and ethically
challenging. Here, to gain insights into the potential impact of RDV on
human embryos, we used human embryonic stem cells (hESCs) as a
model for the human ICM lineage. RDV exposure (0.5-8 pM) signifi-
cantly decreased the viability of hESCs in a concentration-dependent
manner (Fig. 11). Namely, 0.5 pM RDV decreased the cell number to
about 70% of the control level, whereas 4 and 8 pM RDV reduced it
down to less than 10% (Fig. 11). On the other hand, GS-441524 had no
effect on cell viability at 0.5-4 uM, whereas cell number decreased to
80% of the control level at 8 uM (Fig. 11). These results suggest that
RDV, but not GS-441524, severely impairs the proliferation and/or
survival of human cells of the ICM lineage at the concentrations found in
the plasma.
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4. Discussion

Here, we exploited the in vitro development of mouse preimplanta-
tion embryos to assess the adverse impact of RDV, which revealed that
embryo development was severely impaired at the clinically relevant
concentrations (2-8 puM). As the COVID-19 pandemic continues, phar-
maceutical interventions are critical to minimize mortality and
morbidity for many people, including women of reproductive age. Thus,
further investigations are crucial to determine the embryotoxicity of
RDV, particularly in vivo. Experimentations using pregnant animals,
such as rats and rabbits, are regarded as the gold standard in the pre-
dictive assessment of the reproductive toxicity of pharmaceutical drugs
[52]. However, many drugs are metabolized differently in the body
between human and animals, which can significantly influence the
levels of embryonic exposures. For example, in the mouse, RDV is
quickly metabolized to GS-441524, so the plasma Cp,x of RDV (<1 pM)
is considerably lower than that of GS-441524 (35.8 pM) [23]. This is in
stark contrast to the human situation, where RDV is metabolized more
slowly, so its plasma Cpax (4.3-9.0 pM) is higher than GS-441524
(0.48-0.52 pM) [25,57]. To achieve the RDV levels that are equivalent
to human in the mouse body, markedly higher doses of RDV would be
required, which results in extremely high plasma concentrations of
GS-441524. This may make it difficult, or impossible, to recreate in
animals the exposure levels of RDV and its metabolites that are com-
parable to human. Therefore, in vitro studies, as in the present study, can
provide opportunities to examine the concentration-effect relationship
of RDV as well as its metabolites in a clinically relevant manner.

In the present study, the effects of RDV were tested at the human
plasma concentrations, assuming that preimplantation embryos are
potentially exposed to similar levels in vivo. It is currently unknown
whether the concentrations of RDV in the fallopian tubes, where the
preimplantation development normally takes place, are close to the
levels in the plasma. Thus, additional pharmacokinetic information,
namely on the drug distribution in the human reproductive tract, may be
necessary to interpret the results of the present study. Nonetheless, it has
been shown in the mouse that the RDV concentrations are 2.2- to 20.4-
times higher in various organs than in the plasma, including the brain,
heart, lung, kidney, liver, intestine, and testis [58]. If this is also the case
for the fallopian tubes, preimplantation embryos may be exposed to
higher concentrations of RDV than the plasma levels.

To our knowledge, the present study is the first to demonstrate the
adverse impact of RDV on developing embryos, causing the collapse of
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the blastocyst cavity at a high concentration (8 pM) and diminishing the
formation of the ICM lineage at lower concentrations (2 and 4 uM). It is
unclear whether these embryotoxic effects are related to the cytotoxicity
of RDV that is observed in primary and immortalized cells of various
tissues [1,9,31,60]. The cytotoxicity of RDV on these cells are man-
ifested as a significant decrease in the number of metabolically active
cells (due to reduced proliferation or increased death) or impaired ac-
tivities of mitochondria. Interestingly, the sensitivity to RDV varies
considerably among different cell types. For example, in the case of
primary cells, the 50% cytotoxic concentration (CCsg) is 14.8 pM for
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peripheral blood mononuclear cells, and 2.5 pM for hepatocytes. In the
case of immortalized cell lines, CCsg is 8.9 pM for the PC-3 prostate
adenocarcinoma cell line, and 1.7 pM for the MT-4 T-cell line [60]. The
molecular nature of such cell type-specific differences in the sensitivity
is unclear, although it is speculated that differences in the drug
permeability and the efficacy of intracellular metabolism may play a
role. Here, we showed that the ICM lineage is more sensitively affected
by RDV than the TE lineage. There are significant differences in the gene
expression profiles between the presumptive ICM and TE cells even at
the 16-cell stage [12,18,49,61]. The pattern of the energy metabolism is
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Fig. 11. Impact of remdesivir and GS-441524 on the proliferation and viability of human embryonic stem cells. Graphs show the relative light unit of the CellTiter-
Glo Luminescent Assay as a proxy for the relative number of metabolically active cells after 2 days of treatment. Different letters indicate statistically significant
differences among treatments (mean =+ standard deviation, n = 3 for each treatment group, one-way ANOVA followed by t-test, p < 0.01).

also different between TE and ICM. Namely, the anaerobic glycolysis is
more active in ICM, whereas the oxidative phosphorylation is more
active in TE [20,22]. These differences may influence the uptake and
intracellular metabolism of RDV.

The present study also demonstrated the differences in the embry-
otoxic effects between RDV and its main metabolite GS-441524. In
various types of cells, both RDV and GS-441524 are converted to the
triphosphate form (GS-443902), which acts as an inhibitor of viral RNA-
dependent RNA polymerases [10,30,34]. It is unclear whether RDV and
GS-441524 are converted to GS-443902 in the preimplantation embryo.
Interestingly, the enzymes responsible for the conversion of RDV into
GS-443902 appear to be robustly expressed in mouse E3.5 early blas-
tocysts, namely, Ctsa (encoding cathepsin A), Hint1 (encoding histidine
triad nucleotide-binding protein 1), and Ak2/4/6, (encoding adenylate
kinases), according to our previous RNA-seq study [39]. By contrast, the
enzyme required for the conversion of GS-441524 into GS-443902,
specifically Adk (encoding adenosine kinase), is only marginally
expressed in E3.5 embryos [39]. This suggests that RDV, but not
GS-441524, may be converted into the active triphosphate form in
embryos to exert the adverse effects, which may account for the potent
and severe embryotoxic effects of RDV. Note that the expression levels of
several genes were altered by GS-441524 in a manner different from
RDV (Figs. 5 and 9): the epiblast markers (Sox2, Nanog, and Esrrb) were
up-regulated by GS-441524, whereas they were down-regulated by
RDV. This raises the possibility that the molecular actions of GS-441524
and RDV on preimplantation development are significantly different
from each other, and may not be mediated by their conversion to the
triphosphate form.

While we used mouse embryos to evaluate the embryotoxicity of
RDV in the present study, they may respond to RDV differently from
human embryos. Experimentations using human embryos would be
ideal to assess human embryotoxicity. However, it is highly challenging
to conduct extensive studies with actual human embryos for ethical and
practical reasons. Recent studies have shown that human pluripotent
stem cells can be used to create “blastoids”, which resemble blastocysts
at the morphological and molecular levels [14,29,54,62,63]. Human
blastoids may be explored as in vitro alternatives of human preim-
plantation embryos to evaluate the adverse effects of RDV, although the
validity of using blastoids for toxicity assessment needs to be investi-
gated first in reference to various known embryotoxic chemicals.
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