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A B S T R A C T   

Remdesivir is a novel antiviral drug, which is active against the SARS-CoV-2 virus. Remdesivir is known to 
accumulate in the brain but it is not clear whether it influences the neurotransmission. Here we report diverse 
and pronounced effects of remdesivir on transportation and release of excitatory and inhibitory neurotrans
mitters in rat cortex nerve terminals (synaptosomes) in vitro. Direct incorporation of remdesivir molecules into 
the cellular membranes was shown by FTIR spectroscopy, planar phospholipid bilayer membranes and 
computational techniques. Remdesivir decreases depolarization-induced exocytotic release of L-[14C] glutamate 
and [3H] GABA, and also [3H] GABA uptake and extracellular level in synaptosomes in a dose-dependent 
manner. Fluorimetric studies confirmed remdesivir-induced impairment of exocytosis in nerve terminals and 
revealed a decrease in synaptic vesicle acidification. Our data suggest that remdesivir dosing during antiviral 
therapy should be precisely controlled to prevent possible neuromodulatory action at the presynaptic level. 
Further studies of neurotropic and membranotropic effects of remdesivir are necessary.   

1. Introduction 

Various viruses may cross the blood brain barrier and enter the 
central nervous system, causing, triggering or worsening neuronal 
impairment, psychiatric disorders and neurodegenerative diseases [1]. 
Neurotropism is a common feature of large enveloped RNA viruses, such 
as coronaviruses. Particularly, SARS-CoV-2 infection is often accompa
nied with neurological symptoms, such as dizziness (7.6–46.1%), 
impaired consciousness (9.5–64.1%), and seizures (1.2–26%) [2]. The 
coronaviruses were reveled in different brain regions in patients and 
experimental animals [3–5]. The brain was a main target organ for 
infection in mice transgenic for ACE2 [3], and MERS virus particles were 

identified only in the brain in the mice infected by low inoculum doses 
[4,5]. HEV 67N virus is transferred between neurons using the clathrin- 
dependent endocytotic/exocytotic pathway and the trans-synaptic 
transfer has been established for various CoVs [5,6], which may first 
attack the peripheral nerve terminals, and then the central nervous 
system via synapses [3,5]. SARS-CoV-2 was found in the intracellular 
organelles, e.g. vesicles, of virus-infected Vero cells [7]. Animal death in 
SARS-CoV infection may result from dysfunction and death of infected 
neurons [3]. While neurological symptoms were widely reported for 
SARS-CoV-2 infection in human, its neuronal acute and long-term con
sequences are still unclear [1]. 

Due to the coronavirus pandemic and the absence of effective 
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therapeutics for its treatment, a comprehensive study of potential anti- 
SARS-CoV-2 drugs is becoming especially important. Remdesivir (GS- 
5734) [8] is currently the only antiviral drug, which shows significant 
activity against SARS-CoV-2 and is FDA-authorised for emergency use 
for COVID-19 treatment [9]. Remdesivir was first developed as a novel 
monophosphoramidate prodrug of an adenosine analogue with antiviral 
activity against acute Ebola virus [10]. The pharmacologically active 
nucleoside triphosphate was efficiently formed in the cells incubated 
with remdesivir in vitro, and this nucleoside triphosphate acted as an 
alternative substrate and RNA-chain terminator for viral RNA poly
merase [10]. Remdesivir is an amphiphilic molecule designed to easily 
cross the cellular plasma membrane in order to be rapidly metabolised 
intracellularly. In contrast, remdesivir active metabolite is not cell 
permeable [8]. Despite well-known propensity of remdesivir to incor
porate and possible accumulate in the cell membranes there are no 
dedicated studies of its membranotropic action to date. 

Pharmacokinetics, metabolism, and distribution of remdesivir were 
examined in nonhuman primates [10]. Intravenous administration of a 
10 mg kg− 1 dose of [14C]GS-5734 in cynomolgus monkeys proved that 
the drug-derived material was distributed to eyes and brain within 4 h of 
administration. Levels of the drug and drug-derived material in the brain 
at 4 h after dose administration were approx. 7% relative to the plasma 
levels. 168 h after administration, the drug and drug-derived material in 
the brain remained detectable at the comparable levels [10]. Therefore, 
remdesivir distribution and pharmacokinetic studies revealed that it can 
be accumulated in the brain. Despite this finding, the capability of 
remdesivir to influence synaptic neurotransmission, which seems likely 
due to its membranotropism, was not studied yet. 

In this study, we have assessed the effects of remdesivir on crucial 
characteristics of glutamate- and γ-aminobutyric acid (GABA)-ergic 
neurotransmission in isolated presynaptic rat cortex nerve terminals 
(synaptosomes), one of the best model systems to explore presynaptic 
processes [11]. 

Glutamate and GABA are key fast amino acid excitatory and inhib
itory neurotransmitters in the central nervous system. Impaired gluta
mate and GABA transport/homeostasis contribute to neuronal 
dysfunction and pathogenesis of main neurological disorders. One of the 
crucial processes responsible for proper synaptic neurotransmission is 
exocytosis, fusion upon stimulation of synaptic vesicles containing 
neurotransmitter with the plasma membrane of the presynaptic nerve 
terminals. The Na+-dependent glutamate and GABA transporters are key 
players in the termination of synaptic neurotransmission and mediate 
neurotransmitter uptake to the cytoplasm and establishment of the 

extracellular level of neurotransmitters. These transporters use Na+/K+

electrochemical gradient across the plasma membrane as a driving force. 
Synaptic vesicles are the acidic compartments of the nerve terminals and 
accumulate neurotransmitters from the cytosol due to functioning of 
specific vesicular neurotransmitter transporters driving by the proton 
electrochemical gradient Δ μ H+ generated by V-ATPase that pumps 
protons into the vesicle interior. 

Molecular dynamics simulations, planar phospholipid bilayer mem
branes (BLMs) and FTIR spectroscopy were used to study interaction of 
remdesivir with the model cellular and artificial planar membranes and 
nerve terminals in vitro, respectively. The following parameters were 
studied in nerve terminals during remdesivir administration in vitro: (1) 
exocytotic release of the radiolabeled neurotransmitters [3H] GABA and 
L-[14C] glutamate; (2) the extracellular levels of these neurotransmit
ters, and tonic leakage of [3H] GABA; (3) transporter-mediated neuro
transmitter uptake; (4) transporter-mediated release of the 
neurotransmitters from nerve terminals stimulated by the membrane 
depolarization and dissipation of the vesicular proton gradient; and (5) 
acidification of synaptic vesicles using pH-sensitive fluorescent dye ac
ridine orange (Scheme 1). 

2. Methods and materials 

2.1. Molecular dynamics simulations 

The topology of remdesivir was generated with CHARMM GUI ligand 
builder [12,13]. The molecule was optimized on 6-31G level of theory 
using NWChem 6.6 software [14]. The ESP partial charges were 
computed, averaged for topologically equivalent atoms and applied to 
generated topology. 

The model membrane was generated previously with the lipid 
composition close to one of the plasma membrane of human lung 
epithelial cells. We are aware that this composition could be different 
from synaptosomes, thus obtained results should be interpreted on 
qualitative level only. We used the average abundance of the lipid head 
groups from [15,16] and the distribution of the lipid tails inside each 
lipid class from [17]. Only lipid tails with more than 5% abundance were 
taken into account. Asymmetry of the lipid content of monolayers was 
set by putting all PC, SM and ceramide lipids to the outer leaflet and all 
PE, PS, PI and plasmalogen lipids to the inner leaflet. Cholesterol was 
distributed equally between the leaflets. 

CHARMM GUI membrane builder [12,13] with the lipid composition 
detailed in Table 1 was used to compose the membrane patch containing 

Scheme 1. An experimental roadmap  
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64 lipids in each monolayer. The membrane was duplicated in X di
rection to create an elongated membrane patch containing 384 lipids. 
The system was solvated by ~40,000 water molecules. The number of 
ions corresponds to 0.15 M of NaCl with additional counter ions added 
to neutralize the system. Additional slabs of water were added in X di
rection to convert the system into the bicelle, which is periodic in Y 
direction. The advantage of the bicelle setup is the absence of the lateral 
strain caused by uncompensated difference in the areas per lipid in inner 
and outer leaflets. The bicelle caps serve as reservoirs which accumulate 
excessive lipids from one monolayer and donate them to the other. As a 
result both monolayers possess an optimal number of lipids, which 
changes dynamically during the simulation. The mixing of lipids from 
different monolayers in the bicelle caps was prevented by means of se
lective repulsive potentials as described elsewhere [18–23]. The flat 
form of the bicelle was maintained by means of EnCurv technique [24] 
with enforced zero curvature. The bicelle was equilibrated for 200 ns. 

Three remdesivir molecules were added to equilibrated system 
directly above the outer leaflet. The centers of masses of remdesivir 
molecules were kept close to the membrane by means of flat-bottom 
restraining potential which turns on at 2.5 nm from the membrane 
center in Z direction. Another flat-bottom potential acting along X axis 
prevented remdesivir molecules from diffusing into the bicelle caps. The 
system was simulated for 200 ns. 

All simulations were performed in Gromacs [25] versions 2019.2 and 
2020.4 patched with Plumed [26,27] with EnCurv extension [24]. The 
CHARMM36 force field [28] was used. The pressure of 1 atm was 
maintained by Parrinello-Rahman barostat [29]. Anisotropic pressure 
coupling was applied along Y direction only (see [23,30]) for the 
rationale of this choice. The Verlet cutoff scheme was used [31]. The 
force-switch cut-off of the Van der Waals interactions was used in the 
region between 1.0 and 1.2 nm. Long range electrostatics was computed 
with the PME method [32] with the cut-off of explicit short-range 
electrostatic interactions at 1.2 nm. Velocity rescale thermostat [33] 
was used at the temperature of 320 K. An integration step of 2 fs was 
used in all simulations with the bonds to hydrogen atoms converted to 
rigid constraints. Trajectories were analyzed by a custom script based on 
Pteros molecular modeling library [34,35]. VMD 1.9.3 [36] was used for 
visualization. 

2.2. Lipid bilayer formation, transmembrane current recordings and data 
analysis 

The pore-formation was assessed by constant monitoring of 

transmembrane current across suspended planar phospholipid bilayer 
membranes (BLMs). BLMs were formed by [37] from the solution of 
cholesterol and zwitterionic phospholipid egg PC in n-heptane. The 
weight ratio of the egg PC/cholesterol mixtures was maintained at 1:2 
with the total lipid concentration of every membrane-forming mixture 
of 20 mg/ml. Lipid bilayers were suspended in a round aperture of a 
Delrin cup (0.15 mm diameter, Warner Instruments, Inc., USA) with a 
working volume of 1 ml. The actual bilayer formation was monitored in 
reflected light by MBS-9 binocular microscope (St. Petersburg Opti
co–Mechanical Plant LOMO, Russian Federation) and rectangular test 
pulses internally generated by BBA-02 amplifier (Eastern Scientific, LLC, 
Rockville, USA) connected to membrane washing saline through a HS-2 
head-stage (Eastern Scientific, LLC, Rockville, USA). The membrane 
washing solution contained 10 mM Tris–HCl (pH 7.4) and 10 mM or 100 
mM KCl. Both membrane separated chambers could be stirred when 
required. 

Voltage-clamp recordings of transmembrane current were made via 
a high-resolution amplifier BBA-02 (Eastern Scientific, LLC, Rockville, 
USA). The potential difference was referenced to the outer glass cham
ber, which was defined as being at ground potential. Voltage was 
applied to the saline inside Delrin cup held within a glass chamber. 
Membrane separated saline was connected to HS-2 head-stage of the 
amplifier BBA-02 through a pair of agar bridges immersed into a 2 M KCl 
solution with silver chloride electrodes EAG-02 (Eastern Scientific, LLC, 
Rockville, USA) placed on the opposite sides of suspended bilayer. The 
polarization between assembled electrodes was maintained at ±1.5 mV. 
Holding potentials within the range of ±100 mV were applied by uni
versal signal generator RG-3 (Eastern Scientific, LLC, Rockville, USA) or 
voltage-source built in amplifier BBA-02. Transmembrane currents were 
filtered at 0.1 kHz and recorded by a computer through USB Digitizer 
Model ADA-1210 (Eastern Scientific, LLC, Rockville, USA) using Cole- 
Palmer Instrument Company software (Illinois, USA). The computer- 
made records were analyzed with Origin Pro 8.6.0 software. All exper
iments were carried out at a room temperature (20–24 ◦C), each made 
on freshly suspended membrane. 

2.3. Ethical approval 

Animals (Wistar rats, males, body weight of approx. 120 g) were kept 
in the animal facilities of the Palladin Institute of Biochemistry NAS of 
Ukraine, housed in a temperature-controlled room (22–23 ◦C), and 
provided ad libitum with water and dry food pellets. The animal ex
periments were performed in accordance with the Guidelines of the 
European Community (2010/63/EU) and local laws/policies, and were 
approved by the Animal Care and Use Committee of the Palladin Insti
tute of Biochemistry NAS of Ukraine (Protocol from September 21, 
2020). All animal studies were reported in accordance to the ARRIVE 
guidelines for reporting experiments involving animals [38,39]. The 
total number of rats used in the study was 36, specifically, the mea
surements of the extracellular levels and uptake of L-[14C] glutamate 
and [3H] GABA in nerve terminals – 12 animals; release of L-[14C] 
glutamate and [3H] GABA – 12 animals; fluorimetry – 12 animals. 

2.4. Isolation of nerve terminals (synaptosomes) from the cortex regions 
of the rat brains 

The cortex brain region isolated from decapitated rats was rapidly 
removed, and then homogenized in the ice-cold solution containing 
0.32 M sucrose, 5 mM HEPES-NaOH, pH 7.4, and 0.2 mM EDTA. One 
synaptosome preparation was obtained from one rat, and each mea
surement was done in triplicate. The synaptosome preparations were 
obtained using differential and Ficoll-400 density gradient centrifuga
tions of rat brain homogenate according to [40–42]. The synaptosome 
preparations were used in the experiments during 2–4 h. The standard 
salt solution contained (in mM): NaCl 126; KCl 5; MgCl2 2.0; NaH2PO4 
1.0; HEPES 20, pH 7.4; and D-glucose 10. Ca2+-containing media were 

Table 1 
Lipid composition of the model bilayer adjusted to 64 lipids per leaflet. The lipid 
names correspond to CHARMM GUI naming convention.  

Lipid Outer leaflet Inner leaflet 

DPPC  5  
PLPC  3  
POPC  11  
DOPC  6  
SOPC  4  
SAPC  3  
POPI   4 
SAPI   6 
DOPE   4 
SOPE   5 
PLA20   15 
SAPE   8 
SOPS   7 
DOPS   1 
SAPS   3 
PSM  11  
CER160  7  
CER180  2  
CER241  1  
CHOL  11  11  
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supplemented with 2 mM CaCl2. Ca2+-free media were supplemented 
with 2 mM EGTA. Protein concentration was examined according to 
[43]. 

2.5. FTIR spectroscopy 

Synaptosomes without remdesivir and after incubation with 
remdesivir (0.028 mg/ml) were analyzed using INVENIO-R instrument 
(Bruker, Germany). Two types of preparations of synaptosomes of 
different functional states were used in FTIR experiments. The first one 
was functionally active synaptosomes with normal membrane potential, 
which were characterized by a high capability to accumulate potential- 
sensitive fluorescent dye rhodamine 6 G. The accumulation level was 
0.2 a.u., calculated as F = Ft/F0, where F0 and Ft were fluorescence in
tensities of rhodamine 6 G in the absence and presence of the synapto
somes, respectively. The second one was functionally inert 
synaptosomes, which were kept in freezer under − 24 ◦C during few 
weeks. They were characterized by a low capability to accumulate 
rhodamine 6 G. The accumulation level was less than 0.95 a.u. (no 
membrane potential), calculated according to above equation. 

To register the FTIR-ATR spectra, 20 μl of the synaptosome suspen
sion was applied to ZnSe crystal of the Bio-ATR attachment. The sample 
was dried in the spectrometer sample compartment for 1 h in a stream of 
nitrogen at room temperature fixing a state of synaptosomes at the 
present moment. The spectra were registered until the OH band at 3400 
cm− 1 stopped changing and the sample was dried. For FTIR-ATR 
spectra, the baseline correction and band intensity normalization by 
the Amide I band centered at 1652 cm− 1 have been done on the basis of 
supposition that a number of protein molecules was constant in the 
synaptosomes of both functional states. 

2.6. The exocytotic and transporter-mediated release and the 
extracellular level of L-[14C] glutamate in the nerve terminal preparations 

The synaptosome preparations were diluted in the standard salt so
lution to reach a concentration of 2 mg of protein/ml, and after pre- 
incubation at 37 ◦C for 10 min were loaded with L-[14C] glutamate 
(2.81 μM, 1 μCi/ml) in the standard salt solution at 37 ◦C for 10 min. 
After loading procedure, the synaptosome suspensions were washed 
with 10 volumes of ice-cold standard salt solution; the pellets were re- 
suspended in the standard salt solution to reach a final concentration 
of 1 mg of protein/ml. Synaptosome suspensions (125 μl; 0.5 mg of 
protein/ml) were pre-incubated at 37 ◦C for 10 min, then aliquots of 
remdesivir stock solution in dimethyl sulfoxide (DMSO) were added and 
incubated with synaptosomes for 10 min, and then sedimented using a 
microcentrifuge (20 s at 10,000g). Control synaptosome samples con
tained DMSO in related concentrations. The extracellular level of L-[14C] 
glutamate in the nerve terminal preparations was measured in Ca2+-free 
media. The transporter-mediated release of L-[14C] glutamate from 
synaptosomes was stimulated by 35 mM KCl or the protonophore FCCP 
in Ca2+-free media, and measured for 6 min. The exocytotic release of L- 
[14C] glutamate from synaptosomes, stimulated by membrane depolar
ization with 35 mM KCl, was measured at 6 min time point and calcu
lated by subtraction of the L-[14C] glutamate release values in Ca2+- 
containing media from those in Ca2+-free one. The extracellular level 
and release of L-[14C] glutamate were recorded in the aliquots of su
pernatants (100 μl) and pellets using liquid scintillation counting with 
Sigma-Fluor® High Performance LSC Cocktail (1.5 ml), and the values 
were expressed as the percentage of total accumulated synaptosome L- 
[14C] glutamate [44,45]. L-[14C] glutamate release data were collected 
in triplicate from several (n) independent experiments performed with 
different synaptosome preparations. 

2.7. The exocytotic, transporter-mediated, and tonic release and the 
extracellular level of [3H] GABA in the nerve terminal preparations 

The synaptosome preparations were diluted in the standard salt so
lution up to 2 mg of protein/ml, and after their pre-incubation at 37 ◦C 
for 10 min were loaded with [3H] GABA (50 nM, 4.7 μCi/ml) in the 
standard salt solution for 10 min. GABA transaminase inhibitor amino
oxyacetic acid at a concentration of 100 μM was used in the experiments 
of [3H] GABA loading and release to minimize the formation of GABA 
metabolites. After loading, the synaptosome suspensions were washed 
with 10 volumes of ice-cold standard salt solution. The pellets were re- 
suspended in the standard salt solution to have protein concentration of 
1 mg of protein/ml. Synaptosome suspensions (120 μl) were pre- 
incubated at 37 ◦C for 10 min, then the aliquots of remdesivir stock 
solution in DMSO were added and incubated for 10 min, and sedimented 
using a microcentrifuge (20 s at 10,000g). Control synaptosome samples 
contained DMSO in related concentrations. The extracellular level of 
[3H] GABA in synaptosome preparations was recorded in Ca2+-con
taining media. Tonic leakage of [3H] GABA from nerve terminals was 
recorded during simultaneous blockage of GABA transporters by NO- 
711 (30 μM), and expressed as elevated by NO-711 extracellular level 
of [3H] GABA. The exocytotic release of [3H] GABA from nerve termi
nals was stimulated by 15 mM KCl in Ca2+-containing media in the 
presence of NO-711 (30 μM) and measured at 5 min time point. The 
transporter-mediated release of [3H] GABA from synaptosomes was 
stimulated by 35 mM KCl or protonophore FCCP in Ca2+-free media, and 
measured for 5 min. [3H] GABA radioactivity was measured in the ali
quots of supernatants (90 μl) by liquid scintillation counting with Sigma- 
Fluor® High Performance LSC Cocktail (1.5 ml), and the values were 
expressed as the percentage of total accumulated synaptosome [3H] 
GABA [45–47]. [3H] GABA release data were collected in triplicate from 
several (n) independent experiments performed with different synap
tosome preparations. 

2.8. The initial rate and accumulation of L-[14C] glutamate by the nerve 
terminals 

L-[14C] glutamate uptake by synaptosomes was measured as follows. 
Synaptosome suspensions (125 μl of suspension, 0.4 mg of protein/ml) 
were pre-incubated in the standard salt solution at 37 ◦C for 10 min with 
the remdesivir aliquots in DMSO. The uptake was initiated by the 
application of L-glutamate and L-[14C] glutamate (10 μM and 450 nM, 
0.167 μCi/ml, respectively). The synaptosomes were more incubated at 
37 ◦C for 1 min (the initial rate value) and 10 min (the accumulation 
value), and then sedimented using a microcentrifuge (20 s at 10,000 
×g). Control synaptosome samples contained DMSO in related concen
trations. Nonspecific binding of L-[14C] glutamate was assessed in 
cooled samples after the adding of radioactivity. L-[14C] glutamate up
take was measured based on a decrease in radioactivity in the aliquots of 
supernatants (100 μl) and an increase in radioactivity in SDS-treated 
pellets. L-[14C] glutamate uptake was calculated using liquid scintilla
tion counting with Sigma-Fluor® High Performance LSC Cocktail (1.5 
ml) [48]. L-[14C] glutamate uptake data were collected in triplicate from 
several (n) independent experiments performed with different synap
tosome preparations. 

2.9. The initial rate and accumulation of [3H] GABA by the nerve 
terminals 

Synaptosomes were diluted by the standard salt solution containing 
aminooxyacetic acid (100 μM). The protein concentration in the syn
aptosome samples was 200 μg/ml. The synaptosome preparations were 
pre-incubated at 37 ◦C for 10 min, the remdesivir aliquots in DMSO were 
added to the synaptosome suspensions, and the samples were further 
incubated for 10 min. Control synaptosome samples contained DMSO in 
related concentrations. The uptake was initiated by the addition of 
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GABA and [3H] GABA (1 μM or 50 nM, 4.7 μCi/ml, respectively). To 
determine the initial rate of [3H] GABA uptake, this process was 
completed in 1 min by filtering aliquots through Whatman GF/C filters. 
After washing twice with 5 ml of ice-cold standard salt solution, the 
filters were dried, and then were suspended in the organic counting 
scintillant and counted using a scintillation counter. Nonspecific binding 
of [3H] GABA was evaluated in cooled samples filtered immediately 
after the adding of radioactivity [49]. [3H] GABA uptake data were 
collected in triplicate from several (n) independent experiments per
formed with different synaptosome preparations. 

2.10. Measurements of synaptic vesicle acidification in the nerve 
terminals 

Acridine orange, a pH-sensitive fluorescent dye, was selectively 
accumulated by the acid compartments of nerve terminals, namely 
synaptic vesicles [50]. The changes in the dye fluorescence were 
measured using spectrofluorometer PTI QuantaMaster40 and Hitachi at 

excitation and emission wavelengths of 490 and 530 nm, respectively. 
The reaction was started by the application of acridine orange (a final 
concentration of 5 μM) to synaptosome suspensions (0.2 mg/ml of final 
protein concentration) pre-incubated in a stirred thermostated cuvette 
at 37 ◦C for 10 min. Fluorescence (F) was calculated according to: F = Ft/ 
F0, where F0 and Ft were fluorescence intensities of the dye in the 
absence and presence of the synaptosomes, respectively. F0 was calcu
lated by extrapolation of exponential decay function to t = 0. 

2.11. Materials 

EGTA, EDTA, HEPES, Ficoll 400, DMSO, Whatman GF/C filters, NO- 
711, FCCP, Sigma-Fluor® High Performance LSC Cocktail, the analytical 
grade salts were purchased from Sigma (USA); remdesivir were from 
Tocris Bioscience (Bristol, UK); L-[14C] glutamate and [3H] GABA 
(γ-[2,3-3H(N)]-aminobutyric acid) were from Perkin Elmer (Waltham, 
MA, USA). Acridine orange and rhodamine 6G were obtained from 
Molecular Probes (USA). 
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Fig. 1. Remdesivir amphiphilicity study. 
a – Position and orientation of remdesivir in the 
model membrane. Snapshot from MD trajectory at 
200 ns. Lipids are shown in space-fill representation 
while remdesivir molecules are rendered as balls and 
sticks and highlighted for clarity. The lipids, which 
obscure the remdesivir molecules are removed. The 
picture shows the central bilayer region of the simu
lated bicelle used for analysis. b – Density distribu
tions of the lipid head groups and tails (left axis) and 
different chemical groups of remdesivir (right axis). 
The colors of selected chemical groups in remdesivir 
molecule (top right) correspond to the colors of the 
curved. Only the outer membrane leaflet is shown.   
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2.12. Statistical analysis 

The experimental data were expressed as the mean ± S.E.M. of n 
independent experiments. The difference between two groups was 
compared by one-way ANOVA. Differences were considered significant, 
when p < 0.05. 

3. Results 

3.1. Molecular dynamics simulations 

Remdesivir molecules incorporate spontaneously into the membrane 
during first 10–20 ns and remain intercalated between the lipids of the 
outer leaflet during the whole simulation. Visual inspection shows no 
signs of aggregation or dimerization of remdesivir molecules despite its 
active lateral diffusion. Typical positions and orientations of REM mol
ecules in the model membrane are shown in Fig. 1a. 

Fig. 1b shows density distributions of the lipid head groups and tails 
and different remdesivir chemical groups. It is evident that the most 
hydrophilic moieties of remdesivir (hydroxyl groups and nucleoside) are 
oriented towards the aqueous solution and located at the level of lipid 
head groups. In contrast, the most hydrophobic moieties (the aromatic 
ring and the branched hydrocarbon tail) are located at the level of lipid 

tails in the hydrophobic core of bilayer. The phosphate moiety is located 
at the interface of lipid head groups and tails. 

In general, remdesivir sits rather deep in the bilayer, on average 
~1.7 nm from its center. It is subject to substantial normal and lateral 
diffusive motions in the course of simulations but it never detaches from 
bilayer or changes its preferred orientation. 

Although the simulations were performed for complex lipid mixture 
mimicking the composition of the cellular membranes of lung epithelial 
cells, no specific interactions of remdesivir with particular lipid species 
were observed. Spontaneous incorporation or remdesivir molecules 
occurs randomly in respect to exposed lipids and is driven by the 
minimization of hydrophobic mismatch of its aliphatic moieties and 
favourable interaction of the polar moieties with the lipid head groups 
and water. This suggests that the same thermodynamic mechanism, 
which is similar for the majority of amphiphilic membranotropic com
pounds, also drives incorporation of remdesivir into the simpler model 
membranes containing only few lipid species. 

Our simulations do not allow studying specific influence of lipid 
unsaturation, polarity and charge on the incorporation of remdesivir. In 
order to get such information, the series of simulations with different 
lipid compositions should be performed, which is beyond the scope of 
this study. 

Fig. 2. a – Current-time traces induced by the inter
action of remdesivir with egg PC/cholesterol sus
pended planar bilayers (weight ratio of 2:1) and 
remdesivir-induced single pore conductances. 
Remdesivir was added to a final concentration of 100 
μM. Membrane separated solution contained 100 mM 
KCl (pH 7.4). Currents were monitored under +100 
mV (resulting current is shown above zero line) and 
− 100 mV (resulting current is shown below zero line) 
applied on the side of BLM opposite to where the 
drug was introduced. Remdesivir-induced pore 
openings are shown as downward deflections 
observed at a holding potential of − 100 mV. Solid 
line represents zero current. To diminish the effect of 
membrane capacity, a little extra time (1–2 s) was 
allowed before recording after application of each 
consecutive voltage pulse. To determine the selec
tivity of remdesivir-induced current, the symmetrical 
membrane-bathing solution of 100 mM KCl (pH 7.4) 
was then changed in the cis chamber (drug-addition 
side) for 10 mM KCl (pH 7.4). The record was paused 
for the time of washout and resumed later to monitor 
the shift of zero current potential. Inset: Remdesivir- 
induced pore openings are shown as upward de
flections observed at a holding potential of +100 mV 
in symmetrical solution of 100 mM KCl (pH 7.4). 
Solid line represents zero current. 
b – Current-time traces exhibiting dependence of the 
insertion of remdesivir into egg PC/cholesterol sus
pended planar bilayers (weight ratio of 2:1) upon the 
sign of membrane potential.   
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3.2. Conductivity of the BLMs after remdesivir administration 

3.2.1. Pore-formation induced by remdesivir in cholesterol-containing 
BLMs 

The introduction of remdesivir at a concentration of 100 μM to PC/ 
cholesterol BLM kept at 2:1 weight ratio was followed by the appearance 
of step-like increases in transmembrane current indicative of pore- 
formation (Fig. 2a). This included relatively stable increases in current 
and those interrupted by brief falls within a fluctuating diameter of each 
separate step, which suggest rapid resealing of the single pore (Fig. 2a). 
The mean unitary conductance of stable single-pore events varied in 
magnitude within the range of ~10 pS to ~360 pS at a holding potential 
of 100 mV (Fig. 2a, insert). Similar distribution of stable single-pore 
conductance events was also represented by amplitudes obtained at a 
negative voltage, − 100 mV applied to the same side of membrane except 
for the appearance of larger increases in current (Fig. 2a). 

The pore-formation occurred in the symmetrical membrane washing 
water solution of 100 mM KCl at 100 mV voltage applied on the side of 
membrane to which remdesivir was added, regardless to the sign of the 
membrane potential (Fig. 2a). This suggests that the sign of membrane 
potential is not the necessary prerequisites for remdesivir-induced pore- 
formation. It should be noted that positive holding potential (+100 mV) 
applied to drug-containing side of membrane decreased the lag-time 
preceding the creation of transmembrane ion-conductive pores and 
increased the rate of insertion as compared to negative holding potential 
(− 100 mV) (Fig. 2a, b). Remdesivir-induced pore-formation facilitated 
by positive potential applied on the drug-addition side can be consistent 
with physiological situation where the positive sign of resting potential 
outside of susceptible cell activates membrane insertion of remdesivir 
molecules due to the presence of multiple positively charged nitrogen- 
containing groups. 

Increasing amount of stable, lack in complete resealing pores even
tually formed a temporary quasi steady-state integral current consisting 
of many remdesivir pores (Fig. 2b). Conversely, lasting remdesivir- 
induced increase in current could be partially stabilized by flushing 
drug-containing compartment with drug-free saline. This suggests 
mostly irreversible binding of remdesivir with sterol-containing almost 
neutral phospholipid bilayer. 

3.2.2. Potential-dependence and ionic selectivity of remdesivir pores 
The effect of applied voltage gradients on magnitude of single pore 

conductance and a steady-state current flowing across remdesivir- 
modified bilayer was explored by switching holding potentials be
tween ±100 mV (Fig. 2a, b). The steady-state macroscopic current 
induced by the drug in cholesterol-containing phospholipid bilayer 
exhibited almost no dependence upon the sign of the membrane po
tential with a rectification asymmetry coefficient of 0.9 (Fig. 2a). Linear 
current-voltage dependence at positive and negative voltages applied to 
the side opposite to which remdesivir was added also implies that at 2- 
times lower holding potential (±50 mV), the single pore conductance 
and summary current will be reduced approximately by a factor of 2 for 
the type of BLMs tested. 

The Nernst potential obtained for summary remdesivir-induced 
current in the membrane washing saline of 10 mM KCl on addition 
side and 100 mM KCl on the opposite side of PC/cholesterol membrane 
consisted of 0 mV (Fig. 2a). This suggests the lack in cation/anion 
selectivity of remdesivir-created summary current [51]. Nearly 1 
asymmetry coefficient and the absence of ionic selectivity determined 
for stationary macroscopic remdesivir-induced current suggested no 
sufficient prevalence of inward current over outward current of the ions 
across drug-induced pores in plasma membranes of susceptible cells at 
positive potentials applied to the addition side that corresponded to the 
physiological situation, where remdesivir pores are formed on extra
cellular side. 

Therefore, the application of positive potential (+100 mV) to the 
remdesivir - addition side facilitated the insertion of remdesivir into the 

membrane washed in symmetrical solution of 100 mM KCl (pH 7.4) as 
compared with negative potential (− 100 mV) and smaller positive and 
negative potentials (+50 mV and − 50 mV). Remdesivir pores exhibited 
a wide range distribution of conductances between ~10 pS and 650 pS, 
which suggests the clustering of the smallest repeatable ion-conductive 
structures (~10 pS) and/or the presence of much larger particles also 
capable of pore-formation. Lack in cation/anion selectivity and appre
ciable rectification of summary remdesivir-induced steady-state cur
rents at positive and negative voltages suggests approximately equal 
contribution of the inward and outward ionic currents across the target- 
cell plasma membrane at the physiological situation, where the drug is 
present on the extracellular side. 

3.3. FTIR spectroscopy of nerve terminals after remdesivir administration 

Interaction of remdesivir with synaptosomes was examined using 
FTIR-ATR spectroscopy. Two types of preparations of synaptosomes of 
different functional states were used in the experiments, i.e. the func
tionally active and functionally inert synaptosomes (see Method sec
tion). An increase in the intensity of the Amide A band was recorded 
after remdesivir action on functionally active synaptosomes, apparently 
due to an increase in the contribution of OH-NH stretching vibrations 
(Fig. 3a). In the area of absorption of the Amide I and Amide II bands, the 
changes were insignificant. The Amide I band has a characteristic po
sition for the dominant contribution of the α-conformation of proteins at 
1650 cm− 1 with band asymmetry at 1628 cm− 1 (contribution of 
β-layers). Similarly, the region of 1500–1300 cm− 1 was without 
changes, where the absorption bands of the deformation vibrations of 
CH can be registered. However, the changes were observed in the area of 
absorption of phosphate groups PO2

− , namely the appearance of the 
shoulder at 1208 cm− 1 in the bands of asymmetric stretching bands PO2

−

(1226 cm− 1) in the synaptosome sample after incubation with remde
sivir. There was also an increase in the intensity of the bands at 1135 and 
1049 cm− 1, as well as at 988 and 926 cm− 1. Therefore, the changes in 
hydrogen binding in hydrogen-bound groups, and especially in phos
phate groups were attributed to functionally active synaptosomes during 
their interaction with remdesivir. The nature of spectral differences was 
not in frequency shifts, but in changes in the contribution of bands to 
intensity. 

Functionally inert synaptosomes (Fig. 3b) showed different changes 
after remdesivir administration as compared to the functionally active 
ones (Fig. 3a). After interaction with remdesivir, high-frequency shift of 
the PO2-asym band from 1232 to 1236 cm− 1, an increase in contribution 
of 1146 cm− 1, and in addition, low-frequency shift of the CO band from 
982 to 976 cm− 1 and low-frequency C––O shift from 1740 to 1736 cm− 1 

were registered. In contrast to experiments with functionally active 
synaptosomes, here it was registered an increase in the contribution of 
CH stretching vibrations in the region of 3000–2800 cm− 1. There was 
also an increase in the contribution of deformations of CH at 1399 cm− 1. 
An increase in the intensity of vibrations of other functional groups 
indicated that the bonds in the system have become weaker. The integral 
intensity of the difference spectrum in the region of 3800–630 cm− 1 was 
equal to 16.8 for functionally active synaptosomes (Fig. 3a, black bot
tom line) and 26.2 – for functionally inert synaptosomes (Fig. 3b, black 
bottom line). It can be concluded that the drug undoubtedly affected the 
membrane of synaptosomes, although this effect was quite insignificant 
in terms of spectroscopic features. 

3.4. Radiolabel assay 

Beside specific barrier function of the plasma membranes in the 
majority of cells, the plasma membrane of nerve cells is directly involved 
in realization of their functional activity, i.e. signal transduction. Taking 
into account membranotropic action of remdesivir (Figs. 1–3), its effects 
on key characteristics of synaptic neurotransmission were analyzed in 
nerve terminals using radiolabelled and fluorescence assays. 
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3.4.1. Exocytotic release of L-[14C]glutamate and [3H]GABA from nerve 
terminals during remdesivir administration 

KCl (35 mM) - induced Ca2+-dependent exocytotic release of L-[14C] 
glutamate from nerve terminals was decreased by remdesivir in a dose- 
dependent manner (Fig. 4a). The exocytotic release value was 6.25 ±
0.44% of total synaptosome label in the control, 4.98 ± 0.43% of total 
synaptosome label in presence of remdesivir at a concentration of 1 μМ 
[F(1,22) = 4.67; p < 0.05; n = 12], 2.80 ± 0.47% of total synaptosome 
label in presence of remdesivir at a concentration of 10 μМ [F(1,22) =

18.02; p < 0.001; n = 12], 0.70 ± 0.17% of total synaptosome label in 
presence of remdesivir at a concentration of 100 μМ [F(1,22) = 63.49; p 
< 0.001; n = 12]. 

Ca2+- dependent exocytotic release of [3H]GABA from nerve termi
nals was stimulated by KCl (15 mM) and measured during blockage of 
transporter-mediated GABA uptake by NO-711 (30 μM). 1 μM remde
sivir did not change the exocytotic release of [3H]GABA from nerve 
terminals, whereas 10 μМ remdesivir and higher decreased the release 
value. As shown in Fig. 4b, the release was 8.36 ± 0.61% of total syn
aptosome label in the control, 7.48 ± 0.63% of total synaptosome label 
in the presence of remdesivir at a concentration of 1 μМ [F(1,22) = 1.14; 

p = 0.3; n = 12], 5.69 ± 0.53% of total synaptosome label in the pres
ence of remdesivir at a concentration of 10 μМ [F(1,22) = 11.91; p < 0.01; 
n = 12], and 4.52 ± 0.41% of total synaptosome label in the presence of 
remdesivir at a concentration of 100 μМ [F(1,22) = 29.65; p < 0.001; n =
12]. 

Therefore, remdesivir at a concentration of 1 μM had no significant 
effect on the exocytotic release of [3H]GABA, but influenced that of L- 
[14C]glutamate in nerve terminals. An increase in drug concentrations 
up to 10 and 100 μM caused a significant dose-dependent decrease in 
this parameter for both neurotransmitters. 

3.4.2. The extracellular levels of L-[14C]glutamate and [3H]GABA, and 
tonic leakage of [3H]GABA from nerve terminals during remdesivir 
administration 

As shown in Fig. 4c, the extracellular level of L-[14C]glutamate was 
not changed by remdesivir at concentrations of 1, 10, 100 μM that was 
equal to 18.48 ± 0.83% of total synaptosome label in the control, 18.51 
± 0.52% of total synaptosome label in presence of remdesivir at a 
concentration of 1 μM [F(1,22) = 0.001; p = 0.97; n = 12], 18.79 ± 0.58% 
of total synaptosome label in presence of remdesivir at a concentration 
of 10 μM [F(1,22) = 0.1; p = 0.75; n = 12], 19.62 ± 1.13% of total syn
aptosome label in presence of remdesivir at a concentration of 100 μM 
[F(1,22) = 0.69; p = 0.41; n = 12]. 

As shown in Fig. 4d, the extracellular level of [3H]GABA was 13.25 
± 0.37% of total synaptosome label in the control, 11.76 ± 0.42% of 
total synaptosome label in the presence of remdesivir at a concentration 
of 1 μМ [F(1,22) = 7.62; p < 0.05; n = 12], 11.09 ± 0.35% of total syn
aptosome label in the presence of remdesivir at a concentration of 10 μМ 
[F(1,22) = 19.52; p < 0.001; n = 12], 10.01 ± 0.33% of total synaptosome 
label in the presence of remdesivir at a concentration of 100 μМ [F(1,22) 
= 46.45; p < 0.001; n = 12]. 

Tonic leakage of [3H]GABA from nerve terminals was recorded 
during simultaneous blockage of GABA transporters by NO-711 (30 μM), 
and expressed as the extracellular level of [3H]GABA elevated by this 
blocker. No changes in tonic [3H]GABA leakage between the control and 
synaptosomes in the presence of remdesivir at concentrations of 1, 10, 
100 μM were shown (Fig. 4e). Elevated by NO-711 extracellular level of 
[3H]GABA in synaptosome preparations was 25.18 ± 1.06% of total 
synaptosome label in the control and 24.93 ± 1.15% of total synapto
some label in presence of remdesivir at a concentration of 1 μM [F(1,22) 
= 0.03; p = 0.87; n = 12], 24.85 ± 1.03% of total synaptosome label in 
presence of remdesivir at a concentration of 10 μM [F(1,22) = 0.06; p =
0.81; n = 12], 25.29 ± 1.35% of total synaptosome label in presence of 
remdesivir at a concentration of 100 μM [F(1,22) = 0.005; p = 0.95; n =
12]. 

Therefore, remdesivir at concentrations of 1, 10, 100 μM did not 
change the extracellular level of L-[14C] glutamate in nerve terminal 
preparations, but decreased this level of [3H]GABA. Tonic leakage of 
[3H]GABA from nerve terminals was not changed, thereby showing 
absence of remdesivir-induced changes in the membrane permeability 
for this neurotransmitter. 

3.4.3. Transporter-mediated uptake of L-[14C]glutamate and [3H]GABA 
by nerve terminals during remdesivir administration 

As shown in Table 2, remdesivir did not change the initial rate of 
uptake and accumulation of L-[14C] glutamate for 10 min by nerve 
terminals. 

The initial rate of [3H]GABA uptake by nerve terminals was equal to 
164.27 ± 9.54 pmol/min/mg of protein in the control, 159.02 ± 6.79 
pmol/min/mg of protein in the presence of remdesivir at a concentra
tion of 1 μM [F(1,22) = 0.22; p = 0.64; n = 12], 135.50 ± 7.97 pmol/min/ 
mg of protein in the presence of remdesivir at a concentration of 10 μM 
[F(1,22) = 5.83; p < 0.05; n = 12], and 121.99 ± 3.01 pmol/min/mg of 
protein in the presence of remdesivir at a concentration of 100 μM 
[F(1,22) = 19.51; p < 0.001; n = 12]. Accumulation of [3H] GABA by 
nerve terminals for 5 min consisted of 563.13 ± 20.92 pmol/mg of 
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Fig. 3. FTIR-ATR spectra of functionally active (a) and functionally inert (b) 
synaptosomes in the control (without remdesivir) (a, b - red lines) and in the 
presence of remdesivir (a, b - green lines). a, b (black bottom lines) – difference 
in the synaptosome spectra (obtained by subtraction of the synaptosome spectra 
after incubation with remdesivir from the spectra of control synaptosomes 
without remdesivir). Functionally active synaptosomes were incubated at 37 ◦C 
for 5 min to restore their ion gradients [44]. To register the FTIR-ATR spectra, 
20 μl of the synaptosome suspension was applied to the ZnSe crystal of the Bio- 
ATR attachment. After that the sample was dried in the spectrometer sample 
compartment for 1 h in a stream of nitrogen. The spectra were registered until 
the OH band at 3400 cm− 1 stopped changing and the sample was dried. After 
recording the spectra, the baseline was corrected and the absorption spectra 
were normalized. 
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protein in the control, 540.49 ± 15.84 pmol/mg of protein in the 
presence of remdesivir at a concentration of 1 μM [F(1,22) = 0.81; p =
0.38; n = 12], 471.84 ± 15.36 pmol/mg of protein in the presence of 
remdesivir at a concentration of 10 μM [F(1,22) = 13.50; p < 0.01; n =
12] and 361.80 ± 12.24 pmol/mg of protein in the presence of remde
sivir at a concentration of 100 μM [F(1,22) = 75.26; p < 0.001; n = 12] 
(Fig. 4f). 

Therefore, remdesivir did not affect L-[14C] glutamate uptake, 
whereas it decreased [3H] GABA uptake in a dose-dependent manner 
starting from a concentration of 10 μM, thereby demonstrating diverse 
effects on uptake of excitatory and inhibitory neurotransmitters. 

3.4.4. Depolarization-induced transporter-mediated release of L-[14C] 
glutamate and [3H] GABA from nerve terminals during remdesivir 
administration 

Remdesivir at concentrations of 1, 10, 100 μM did not influence 
Ca2+-independent transporter-mediated synaptosomal release of L-[14C] 
glutamate stimulated by 35 mM KCl that was 7.15 ± 0.83% of total 
synaptosome label in the control, 7.06 ± 0.7% of total synaptosome 
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Fig. 4. a, b – Depolarization-induced Ca2+-depen
dent exocytotic release of L-[14C]glutamate (a) and 
[3H] GABA (b) from nerve terminals in the control 
and in the presence of remdesivir at concentrations of 
1, 10, 100 μM. Data are the mean ± SEM. n.s., no 
significant differences; *, p < 0.05; **, p < 0.01; ***, 
p < 0.001, as compared to the control; n = 12. 
c, d, e – The extracellular level of L-[14C]glutamate 
(c) and [3H]GABA (d) in the nerve terminal prepa
rations; tonic leakage of [3H] GABA from nerve ter
minals during blockage of GABA transporters by NO- 
711 (30 μM) (e) in the control and in the presence of 
remdesivir at concentrations of 1, 10, 100 μM. Data 
are the mean ± SEM. *, p < 0.05; ***, p < 0.001; n.s., 
no significant differences as compared to the control; 
n = 12. 
f – The initial rate of transporter-mediated uptake 
and accumulation of [3H]GABA by nerve terminals in 
the presence of remdesivir at concentrations of 1, 10, 
100 μM. Data are the mean ± SEM. **, p < 0.01; ***, 
p < 0.001 as compared to the control; n = 12.   

Table 2 
L-[14C] glutamate uptake by nerve terminals in the presence of remdesivir.   

The initial rate of L- 
[14C] glutamate 
uptake by nerve 
terminals (nmol/ 
min/mg of protein) 

p- 
Value 

Accumulation of L- 
[14C] glutamate by 
nerve terminals for 10 
min (nmol/mg of 
protein) 

p- 
Value 

Control 2.52 ± 0.13  9.97 ± 0.16  
Remdesivir 

1 μM 
2.84 ± 0.19 p =

0.15 
n.s. 

10.40 ± 0.26 p =
0.17 
n.s. 

Remdesivir 
10 μM 

2.71 ± 0.12 p =
0.25 
n.s. 

10.43 ± 0.24 p =
0.12 
n.s. 

Remdesivir 
100 μM 

2.41 ± 0.07 p =
0.46 
n.s. 

9.79 ± 0.09 p =
0.32 
n.s. 

n.s., no significant differences as compared to the appropriate control; n = 12. 
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label in the presence of remdesivir at a concentration of 1 μM [F(1,22) =

0.007; p = 0.93; n = 12], 6.86 ± 0.98% of total synaptosome label in the 
presence of remdesivir at a concentration of 10 μM [F(1,22) = 0.05; p =
0.82; n = 12], and 7.67 ± 0.93% of total synaptosome label in the 

presence of remdesivir at a concentration of 100 μM [F(1,22) = 0.19; p =
0.66; n = 12] (Fig. 5a). 

Remdesivir at concentrations of 1 and 10 μM did not influence Ca2+- 
independent transporter-mediated synaptosomal release of [3H] GABA 

a                                                                   b  

c                                                                          d 

e 

0

2

4

6

8

10

12

Control 1 μM 10 μM 100 μM

Remdesivir

[1
4 C
]g
lu
ta
m
at
e,
%
of

to
ta
l n.s.

0

2

4

6

8

10

12

14

Control 1 μM 10 μM 100 μM

Remdesivir

[3
H
]G
AB

A,
%
of

to
ta
l

***

n.s.

0

5

10

15

20

FCCP FCCP +
Remdesivir (100 μM)

L-
[1
4
С]
gl
ut
am

at
e,
%
of

to
ta
l

***

0

5

10

15

20

25

FCCP FCCP +
Remdesivir (100 μM)

[3
H]
G
AB

A,
%
of

to
ta
l n.s.

f g 

0.48

0.5

0.52

0.54

0.56

0.58

0.6

0.62

0 200 400 600 800 1000 1200

AO
flu

or
es
ce
nc
e,
F
=
F t
/
F 0

Time, s

100 μM Remdesivir
10 μM Remdesivir
1 μM Remdesivir
DMSO

35 mM KCl

DMSO or remdesivir

0

2

4

6

8

10

12

14

16

18

20

DMSO 1 μM 10 μM 100 μM

Remdesivir

AO
flu

or
es
ce
nc
e,
%

***
***

***

0

1

2

3

4

5

6

7

8

9

Control 1 μM 10 μM 100 μM

Remdesivir

AO
flu

or
es
ce
nc
e
sp
ik
e,
%

***

***

Fig. 5. a, b – Transporter-mediated release of L-[14C] 
glutamate (a) and [3H] GABA (b) from nerve termi
nals stimulated by the membrane depolarization with 
35 mM KCl in Ca2+-free media in the presence of 
remdesivir at concentrations of 1, 10, 100 μM. Data 
are the mean ± SEM. n.s., no significant differences; 
***, p < 0.001, as compared to the control; n = 12. 
c, d – FCCP-induced transporter-mediated release of 
L-[14C] glutamate (c) and [3H] GABA (d) from nerve 
terminals in the presence of remdesivir (100 μM). 
Data are the mean ± SEM. n.s., no significant dif
ferences; ***, p < 0.001, as compared to the control; 
n = 12. 
e, f, g – Synaptic vesicle acidification in the presence 
of remdesivir at concentrations of 1, 10, 100 μM. e – 
The synaptosome suspension was equilibrated with 5 
μM acridine orange, and when the steady level of the 
dye fluorescence was reached, DMSO or remdesivir 
(marked by arrow) were applied to synaptosomes. f – 
Calculation of changes in AO fluorescence in 
response to addition of DMSO or remdesivir. g – 
Calculation of changes in the spike of AO fluores
cence in response to addition of 35 mM KCl during 
remdesivir administration. Data are mean ± SEM. 
***, p < 0.001 as compared to the control; n = 12.   
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stimulated by 35 mM KCl that was 9.79 ± 1.01% of total synaptosome 
label in the control, 10.85 ± 1.53% of total synaptosome label in the 
presence of remdesivir at a concentration of 1 μM [F(1,22) = 0.36; p =
0.55; n = 12], 10.37 ± 0.96% of total synaptosome label in the presence 
of remdesivir at a concentration of 10 μM [F(1,22) = 0.18; p = 0.67; n =
12]. Whereas, remdesivir at a concentration of 100 μM decreased 
transporter-mediated release of [3H] GABA that was equal to 5.51 ±
0.46% of total synaptosome label in the presence of remdesivir [F(1,22) =

14.95; p < 0.001; n = 12] (Fig. 5b). 
Therefore, remdesivir did not change the release of L-[14C] gluta

mate via glutamate transporter reversal, but decreased that of [3H] 
GABA starting from a concentration of 100 μM. 

3.4.5. Synaptosomal transporter-mediated release of L-[14C] glutamate and 
[3H] GABA stimulated by the dissipation of the synaptic vesicle proton 
gradient during remdesivir administration 

The classical protonophore carbonylcyanide p-tri
fluoromethoxyphenylhydrazone (FCCP) was used to dissipate the proton 
gradient of synaptic vesicles, thereby stimulating leakage of vesicular L- 
[14C] glutamate and [3H] GABA to the cytosol, and then to the extra
cellular space via transporter reversal. 

Remdesivir at a concentration of 100 μM decreased the FCCP- 
stimulated release of L-[14C] glutamate from nerve terminals that was 
18.55 ± 1.56% of total synaptosome label in the control and 10.74 ±
1.43% of total synaptosome label in the presence of remdesivir [F(1,22) =

14.88; p < 0.001; n = 12] (Fig. 5c). Remdesivir at a concentration of 100 
μM did not change the FCCP-stimulated release of [3H] GABA from 
nerve terminals. [3H] GABA release was of 16.89 ± 1.62% of total 
synaptosome label in the control and 16.11 ± 0.82% of total synapto
some label in the presence of remdesivir [F(1,22) = 0.2; p = 0.66; n = 12] 
(Fig. 5d). 

3.4.6. Fluorescence assay: synaptic vesicle acidification during remdesivir 
administration 

One of the causes of remdesivir-induced mitigation of exocytotic 
release can be changes in filling of synaptic vesicles with neurotrans
mitters that depends on the V-ATPase functioning and the proton 
gradient across the vesicle membrane. A рН-sensitive fluorescent dye 
acridine orange was applied to measure the synaptic vesicle acidifica
tion, as a component of the electrochemical proton gradient [52]. As 
shown in Fig. 5e, the addition of acridine orange to the nerve terminals 
caused a partial quenching of the fluorescence signal due to accumula
tion of acridine orange by synaptic vesicles. The steady state level of the 
dye fluorescence was achieved for 6 min, and this level was considered 
as 100% in further calculations. Application of remdesivir caused an 
immediate increase in the dye fluorescence, indicating а decrease in 
acidification of synaptic vesicles (Fig. 5e, f). Membrane depolarization 
using 35 mM KCl induced a spike of the dye fluorescence due to a 
temporal decrease in nerve terminal acidification associated with syn
aptic vesicle exocytosis followed by the acidification increase resulted 
from endocytosis. It was revealed a remdesivir-associated decrease in 
the fluorescence spike (Fig. 5e, g) that reflected a decrease in synaptic 
vesicle exocytosis, thereby confirming above experiments with radio
labeled neurotransmitters. 

4. Discussion 

To our knowledge current study is the first report of strong interac
tion of remdesivir with the cellular membrane and its deep incorpora
tion in the lipid bilayer demonstrated by means of molecular dynamics 
simulations (Fig. 1a, b), BLMs technique (Fig. 2a, b) and FTIR spec
troscopy (Fig. 3). 

Viral envelopes consist of proteins and lipid components derived 
from the membranes of host cells [53]. Therefore, it can be hypothesized 
that remdesivir can incorporate into the viral envelopes in the same way 
as it incorporates into the membranes of the host cells. Virus is not 

capable to metabolize remdesivir, and so the latter can accumulate in 
the lipid bilayer of the viral envelope. One can speculate that the drug 
may even disturb proper functioning of envelope proteins, in particular 
S-glycoprotein of SARS-CoV-2 responsible for fusion of the viral enve
lope and host cell membrane [54] and influence the membrane fusion 
events, crucial for the virus life cycle. Although our results do not allow 
estimating such direct effects of remdesivir on viral membranes, it 
suggests that the virus envelope-targeted activity of remdesivir requires 
further detailed investigation. 

Another major finding of this study is a remdesivir-induced decrease 
in exocytotic release of excitatory and inhibitory neurotransmitters from 
nerve terminals, which was dose-dependent and more strong in L-[14C] 
glutamate experiments (Fig. 4 a) than in [3H] GABA ones (Fig. 4b). 
Disturbance of the extracellular level of L-[14C] glutamate was not a 
cause of exocytosis impairment, because remdesivir did not affect this 
parameter (Fig. 4c). Remdesivir acted differently in glutamate- and 
GABA-ergic nerve terminals attenuating the extracellular level of [3H] 
GABA (Fig. 4d), thereby gaining a capability to mitigate synaptic inhi
bition. Importantly, unchanged tonic leakage of [3H] GABA from nerve 
terminals measured during blockage of GABA transporter functioning 
(Fig. 4e) showed unchanged passive membrane permeability for the 
neurotransmitter in the presence of remdesivir. Data on the L-[14C] 
glutamate uptake (Table 2) agreed with the extracellular level data 
(Fig. 4с) with no remdesivir effects on both parameters. Whereas, the 
drug decreased [3H] GABA uptake in a dose-dependent manner starting 
from a concentration of 10 μM (Fig. 4f), thereby demonstrating diverse 
effects on uptake of excitatory and inhibitory neurotransmitters. Some 
discrepancy can be found between the extracellular level and uptake in 
[3H] GABA experiments, namely remdesivir acted in a unidirectional 
manner on these parameters, whereas as usual these parameters 
demonstrated oppositely directed alterations in different studies, e.g. 
hypoxia model, exposure to neurotoxic and membrane active substances 
and nanoparticles [49,55–58] Transporter-mediated L-[14C] glutamate 
release (Fig. 5a) was not changed by remdesivir, and so agreed with the 
above-mentioned extracellular level (Fig. 4с) and uptake data (Table 2). 
Whereas, remdesivir differently influenced this parameter in GABA- 
ergic nerve terminals and decreased transporter-mediated [3H] GABA 
release staring from a concentration of 100 μM (Fig. 5b). [3H] GABA 
data may be explained by decreased surface expression of GABA trans
porters due to impaired substrate-dependent regulation of GABA 
transporter functioning via protein kinase C-dependent mechanism in 
the presence of remdesivir. In this context, a decreased number or 
changed subtype distribution of functionally active GABA transporters 
may result in decreased uptake, reduced cytosolic pool of the neuro
transmitter, and thus weakened transporter-mediated release, the 
extracellular level and turnover of neurotransmitter across the plasma 
membrane [59,60]. 

These effects of remdesivir may be due to its capability to form active 
nucleoside triphosphate [10] that can replace ATP molecule in ATP 
hydrolysis-dependent synaptic processes and ATP-associated receptor 
signalling, for instance, exocytosis, functioning of Na-K ATPase, V- 
ATPase, P2X7 receptors, etc. In particular, capability of remdesivir to 
interact with V-ATPase was predicted in computational modeling [61] 
that in turn may result in decreased synaptic vesicle acidification and 
decreased vesicular neurotransmitter content. Also, elevated extracel
lular levels of ATP evoked by SARS-CoV-2 infection may trigger 
hyperactivation of P2X7 receptors, which are ATP-gated ion channels 
widely expressed in the central nervous system [62]. In particular, P2X7 
receptor activation evoked by viral infection led to alterations in reac
tive oxygen species formation, increased Ca2+ influx and glutamate 
release [63,64]. In turn, glutamate activates NMDA receptors expressed 
in nerve terminals, which determine Ca2+-dependent exocytosis of ATP 
and more glutamate release, causing a massive release of the neuro
transmitters augmenting excitotoxicity and cell death [1]. It can be 
suggested that remdesivir-derived nucleoside triphosphate may prevent 
hyperactivation of P2X7 receptors evoked by SARS-CoV-2, whereas this 
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suggestion needs to be further investigated. 
Taking into account L-[14C] glutamate results, it can be suggested 

that remdesivir did not provoke development of excitotoxicity because 
of an unchanged extracellular level, uptake and transporter reversal. 
However, a decreased extracellular level of [3H] GABA may result in 
weakening synaptic inhibition and misbalance of excitatory and inhib
itory signals. 

Fluorimetric results using a pH-sensitive dye confirmed above ex
periments with radiolabeled neurotransmitters showing a decrease in 
exocytosis, one of the cause of which can be dissipated pH gradient 
across the synaptic vesicle membrane (Fig. 5e, f, g), which is the driving 
force for neurotransmitter accumulation, and so filling of synaptic ves
icles with neurotransmitters. It should be noted that above fluorimetric 
studies demonstrated a cumulative response of all types of nerve ter
minals on remdesivir administration. In addition, it can be suggested 
that remdesivir can also dissipate the pH gradient of other intracellular 
acidic compartments, for instance, endosomal-lysosomal system 
involved in virus transportation. This can represent the additional 
mechanisms of virus-targeted action of remdesivir not only as RNA 
polymerase inhibitor, but also as modulator of intracellular virus 
transportation. Also, disturbance of exocytotic process per se can miti
gate virus transmission. 

Besides possible action of remdesivir in nerve terminals as a nucle
oside analogue, the neurologic effects may be associated also with its 
amphiphilic properties and capability to interact with the membrane. 
The correlation of BLM and synaptic neurotransmission data was 
analyzed in our previous studies [56,65,66]. It was revealed that carbon 
nanodots (synthesized from β-alanine) and detonation nanodiamonds 
were capable of increasing the conductance of the BLM by inducing 
stable potential-dependent cation-selective pores. It was concluded that 
transmembrane BLM currents induced by both nanoparticles coincided 
with disturbance of neurotransmitter transport, in particular the extra
cellular concentrations of excitatory neurotransmitters L-[14C]gluta
mate and D-[2,33H]aspartate, as well as inhibitory ones [3H]GABA and 
[3H]glycine in nerve terminal preparations. Simultaneously, both 
nanoparticles decreased acidification of synaptic vesicles [66]. In this 
context, it can be speculated that membrane active compounds/nano
particles can change not only properties of the plasma membrane but 
also synaptic vesicle membrane presumably because of vesicle recycling. 
In other study, it was suggested that capacity of particles to affect 
integrity of nerve terminals and so key synaptic transmission charac
teristics may be evaluated using BLM by monitoring membrane con
ductivity in the presence of particles [56]. Also, pore-formation induced 
in the BLM by cationic biocide, polyhexamethylene guanidine hydro
chloride, coincided with decreased exocytotic release and uptake of L- 
[14C]glutamate and increased extracellular concentration of this 
neurotransmitter in nerve terminal preparations [65]. 

Taken together, our neurodata demonstrated for the first time that 
remdesivir starting from a concentration of 1 μM decreased 
depolarization-induced exocytotic release of L-[14C] glutamate and [3H] 
GABA in a dose-dependent manner. Remdesivir at concentrations of 
1–100 μM did not change the extracellular level of L-[14C] glutamate in 
nerve terminal preparations, but decreased this level of [3H] GABA. 
Remdesivir did not affect L-[14C] glutamate uptake, whereas it 
decreased [3H] GABA uptake in a dose-dependent manner starting from 
a concentration of 10 μM, thereby demonstrating diverse effects on 
transportation of excitatory and inhibitory neurotransmitters. Tonic 
leakage of [3H] GABA from nerve terminals measured in the presence of 
GABA transporter inhibitor NO-711 was not changed by the drug, 
thereby showing unchanged membrane permeability for this neuro
transmitter. The drug did not change the release of L-[14C] glutamate via 
glutamate transporter reversal, but decreased transporter-mediated 
[3H] GABA release at a concentration of 100 μM. Protonophore FCCP- 
induced L-[14C] glutamate release was decreased by remdesivir, but 
[3H] GABA one remained unchanged. Fluorimetric studies using pH- 
sensitive dye acridine orange confirmed remdesivir-induced 

impairment of exocytosis and revealed a decrease in synaptic vesicle 
acidification. 

A special attention should be paid to the fact that remdesivir and 
drug-derived material can be accumulated in the brain without changes 
in their concentrations during 7 days after administration [10]. It is clear 
that remdesivir concentrations must be precisely controlled during 
antiviral therapy, because the drug action can be accompanied by dys
regulation of synaptic neurotransmission. Indeed, the literature data 
described usable remdesivir concentrations within the concentration 
ranges similar to this study. In patient treatment, remdesivir dosage was 
200 mg intravenously on day 1 and 100 mg intravenously on day 2–10 
[67,68]. In studies in vitro, active nucleoside triphosphate formation in 
human monocyte-derived macrophages was analyzed following 72-h 
incubation with 1 μM remdesivir [10]. Remdesivir inhibited acute 
Ebola virus replication in human cells including primary macrophages 
and human endothelial cells with half-maximum effective concentration 
(EC50) values of 0.06 to 0.14 μM. 

Our data on changes in glutamate and GABA neurotransmission are 
in accordance with reported side effects of remdesivir, e.g. nervous 
system disorders (~3%) and psychiatric disorders (~1%) [69]. Identi
fied neuropsychological toxicities of remdesivir were headache, anxiety, 
seizures, lethargy, delirious symptoms, and poor mental status 
[68,70–72]. Also, hypoxia (~2.5%) was shown as side effect of remde
sivir [69] that in turn can significantly aggravate remdesivir-induced 
disturbance in neurotransmitter transport shown in our study. Other 
most common adverse events of remdesivir in the treatment of critically 
ill patients were increased hepatic enzymes, diarrhea, rash, renal 
impairment, hypotension, multiple-organ-dysfunction syndrome, and 
septic shock [68]. 

To date, many studies have been revealed the central nervous system 
toxicity in response to application of antiviral agents, which may cause 
severe neuropsychiatric complications, i.e. depression, psychosis, pain
ful peripheral neuropathy, irritability, difficulty sleeping, etc. Neuro
psychiatric effects of antiviral drugs are a common occurrence, which 
complicates treatment [73]. Pathogenetic mechanisms may involve 
different molecular targets, including GABAA receptors. Peripheral 
neuropathy for nucleoside and nucleotide analogues is more noticeable 
with higher dosage and prolonged duration of exposure [73]. Nucleotide 
analogues used to treat human immunodeficiency virus or hepatitis C 
virus can cause sensorineural peripheral neuropathy and other neuro
logical toxicities [74,75]. It has been suggested that the reaction to most 
antiviral drugs is idiosyncratic, and the mechanisms of neuropsychiatric 
effects of these drugs are still unclear, and further research is warranted 
to elucidate this fact [73]. 

Drugs used in the palliative treatment of COVID-19 patients also 
have neurotoxic effects [76]. Antiretroviral drugs targeted coronavirus 
replication may produce undesirable effects on the central/peripheral 
nervous systems, variable in frequency and severity, depending on the 
involved molecular mechanisms [77]. Despite poor penetration through 
the blood-brain barrier, these drugs are essentially neurotoxic, showing 
perioral and peripheral paresthesias, and changes in taste within the first 
month of treatment [78]. In particular, the combination of lopinavir and 
ritonavir was associated with bilateral sensorineural hearing loss (in 4 
weeks of treatment), and the appearance of depressive symptoms. In 
contrast, darunavir did not show increased neurotoxicity [77,78]. 

5. Conclusions 

Direct membranotropic and neurotropic effects of remdesivir are 
shown for the first time. Remdesivir is able to accumulate in the cell 
membranes and affects lipid interactions. The drug decreases exocytotic 
release of L-[14C] glutamate and [3H] GABA from nerve terminals while 
not provoking development of excitotoxicity and not changing the 
passive membrane permeability for neurotransmitters. Decreased 
extracellular level of [3H] GABA after drug administration may weaken 
synaptic inhibition and change the balance of excitatory and inhibitory 
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signals. The drug decreases synaptic vesicle acidification that can be one 
of the causes of decreased exocytosis. 

As remdesivir and its active metabolite can accumulate in the brain, 
the remdesivir dosing during antiviral therapy should be controlled 
carefully due to possible unwanted modulation of excitatory and 
inhibitory synaptic neurotransmission. 
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M. Masetti, R. Meyer, A. Michaelides, C. Molteni, T. Morishita, M. Nava, 
C. Paissoni, E. Papaleo, M. Parrinello, J. Pfaendtner, P. Piaggi, G.M. Piccini, 
A. Pietropaolo, F. Pietrucci, S. Pipolo, D. Provasi, D. Quigley, P. Raiteri, S. Raniolo, 
J. Rydzewski, M. Salvalaglio, G.C. Sosso, V. Spiwok, J. Šponer, D.W.H. Swenson, 
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