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ABSTRACT: An unprecedented global health crisis has been caused by a new virus called severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). We performed experiments to test if a hypertonic saline solution was capable of inhibiting virus
replication. Our data show that 1.2% NaCl inhibited virus replication by 90%, achieving 100% of inhibition at 1.5% in the nonhuman
primate kidney cell line Vero, and 1.1% of NaCl was sufficient to inhibit the virus replication by 88% in human epithelial lung cell
line Calu-3. Furthermore, our results indicate that the inhibition is due to an intracellular mechanism and not to the dissociation of
the spike SARS-CoV-2 protein and its human receptor. NaCl depolarizes the plasma membrane causing a low energy state (high
ADP/ATP concentration ratio) without impairing mitochondrial function, supposedly associated with the inhibition of the SARS-
CoV-2 life cycle. Membrane depolarization and intracellular energy deprivation are possible mechanisms by which the hypertonic
saline solution efficiently prevents virus replication in vitro assays.
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he world is facing a pandemic situation due to the In the case of SARS-CoV, which shares 76% identity with the
pathogenic SARS-CoV-2 (Severe Acute Respiratory SARS-CoV-2 S protein, it has been suggested that the virus
Syndrome CoronaVirus 2)." So far there have been more may also bind to host cells through DC-SIGN or L-SIGN
than 116 million confirmed patients around the world, and receptors.”” SARS-CoV-2 and ACE-2 interaction is essential to
more than 2.6 million deaths due to COVID-19 disease, mediating virus infection.'® The S protein has two main
according to WHO data as of March 2021 (https://covid19.
who.int). This new virus is an unprecedented serious global
health threat, and few medical procedures are available which
could reduce viral load, decreasing patient hospitalization time,
virus dissemination, and the number of patients with severe
symptoms. Different vaccines are available, but the new Received: March 15, 2021 E?ﬁ:ﬁ 'S
variants of SARS-CoV-2 may decrease their effectiveness.”” Published: September 3, 2021 &
SARS-CoV-2 uses a surface glycosylated spike (S) protein to
bind human angiotensin-converting enzyme 2 (hACE-2)* and
may also with other host receptors such as CD147> and sialic
acid receptors®” to develop coronavirus disease (COVID-19).

subunits, the S1 subunit involved in binding to the host cell
receptor and the S2 subunit that mediates fusion of the viral
and cellular membranes. Initially, the homotrimeric S protein
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Figure 1. Antiviral activity of NaCl against SARS-CoV-2 in vitro assay. (a) Y axis labeling of the graph represents percentage inhibition of virus load
in cellular supernatant by increasing NaCl concentration. Four different times of NaCl addition were evaluated, comprising the virus preincubation
(VPI, orange line), absorption (AD, green line), postinfection (PI, blue line), and adsorption plus postinfection (FT, red line). Error bars indicate
the standard error of the mean of three independent experiments with each one carried out in triplicate. *p < 0.05, **p < 0.005, and ***p < 0.0005
when compared to 110 mM NaCl. Vero CCL-81 cell viability was not significantly impaired in the presence of increasing concentrations of NaCl
(110 mM up to 285 mM). (b) Cell viability was determined following 0, 1, 24, and 72 h post-treatment with different concentrations of NaCl using
AlamarBlue Cell Viability Reagent (Thermo Fisher Scientific). (c) Cell viability was also determined by quantification of LDH released into the
culture supernatant from cells with damaged membranes, using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega Corp., Madison,
WI). Cell viability was normalized to that determined with cells kept at a physiological NaCl concentration (110 mM NaCl). (d) Percentage of
dead cells determined by propidium iodide/Hoechst 33342 staining. Viability below 70% (cell death rates of more than 30%) was considered as
evidence of cytotoxicity. Error bars represent the mean + SEM of three independent experiments carried out in triplicate. (e) Infected cells by
SARS-CoV-2 were observed by indirect immunofluorescence (IIF) assay. SARS-CoV-infected and noninfected Vero cells were stained with a
convalescent serum, followed by incubation with the Alexa488-conjugated goat antihuman IgG antibody (green). Cells were counterstained with
DAPI for nuclear staining (blue). Positive (infected nontreated cells) and negative (noninfected cells) controls are represented in the bottom of the
image. Representative images were captured with a 20X objective using the Operetta High Content Imaging System (PerkinElmer).
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Figure 2. Effects of increasing NaCl concentrations on Calu-3 cells (lung epithelial cells). (a) The left Y-axis of the graph represents percentage
inhibition of virus load in postinfection cellular supernatant. Error bars indicate the standard error of the mean of three independent experiments,
each of them carried out in triplicate. *p < 0.05, **p < 0.005, and ***p < 0.0005 when compared to 110 mM NaCl. Cells were treated with
increasing concentrations of NaCl (110 mM up to 285 mM). Then, 72 h post-treatment cellular viability was determined. The dotted rectangular
area (185 to 210 mM NaCl) shows the concentrations of NaCl that significantly inhibit SARS-CoV-2 replication, and more than 70% of the cells
are viable. (b) Percentage of dead cells determined via propidium iodide/Hoechst 33342 staining. Viability below 70% (cell death more than 30%)
was considered as evidence of cytotoxicity. Error bars represent the mean &+ SEM of three independent experiments carried out in triplicate.

via its receptor binding domain (RBD) located at the S1
subunit binds to hACE-2, causing a conformational change in
the S1 and S2 subunits leading to the fusion of the virus
membrane with the host cell membrane.'"'> The SARS-CoV-2
S protein structure has been recently solved in the apo form'’
and in complex with ACE-2 protein.'* Interestingly, the
interface between the RBD of S protein with hACE-2 is highly
polar, involving charged residues mainly located at the hACE-2
interface and polar residues at the RBD interface.'* These ionic
interactions might in principle be weakened by increasing the
ionic strength of the environment and might be used to break
down the interaction of the virus with the host cell. However,
increasing NaCl concentration did not significantly affect
RBD—hACE-2 binding affinity."> This may be explained by the
way that RBD binds hACE-2. The RBD has two regions, E1
and E2, which bind to hACE-2 differently. At high ionic
strengths, the hydrophilic contacts mediated by E2 become
progressively weaker, while the hydrophobic contacts mediated
by El increase to favor the maintenance of the Spike/hACE-2
complex. This may reflect the necessity of complex stability
during the process of S1 subunit release followed by the virus—
cell membrane fusion process."

Nevertheless, the potential antiviral activity, in vitro, of
sodium chloride (NaCl) has been already confirmed for RNA
viruses, such as mengov1'rus,14’16 respiratory syncytial virus,
influenza A virus, human coronavirus 229E, and coxsackievirus
B3, and also for DNA viruses, like herpes simplex virus-1 and
murine gammaherpesvirus 68.'” Furthermore, a randomized
controlled clinical trial studying the effectiveness of the
treatment for viral upper respiratory tract infection, using
hypertonic saline nasal irrigation and gargle (HSNIG),"
observed a decrease in the duration of illness, over-the-counter
medications use, transmission within household contacts, and
viral shedding.18 However, the molecular details of the antiviral
NaCl activity remain unresolved.

1516

We performed different assays to determine if increasing
NaCl concentrations would affect SARS-CoV-2 replication, an
RNA enveloped virus, when cultured in monkey kidney
epithelial cells (Vero CCL-81) as well as in a human lung cell
line (Calu-3). We also performed assays to elucidate the
mechanism involved in the action of NaCl in the inhibition of
virus replication. In this study, we found that 1.5% NaCl
inhibited virus replication by 100% in Vero cells, and 1.1%
NaCl was sufficient to inhibit virus replication by 88% in Calu-
3 cells. Our results indicate that the inhibition is due to an
intracellular mechanism due to a low energy state, ATP
deprivation, supposedly associated with inhibition of the
SARS-CoV-2 life cycle. On the basis of our results, hypertonic
saline solution efficiently prevents SARS-CoV-2 replication in
in vitro assays and may be a promising therapeutic treatment
for COVID-19 patients and an efficient way to prevent SARS-
CoV-2 infection.

B RESULTS

Antiviral Activity of Hypertonic Saline Solution
against SARS-CoV-2 in Vero Cells. We determined effects
of increasing concentrations of NaCl (135, 160, 185, 210, 235,
260, and 285 mM equivalent to 0.8, 0.9, 1.1, 1.2, 1.4, 1.5, 1.7%,
respectively) on cell viability and their antiviral activity on
SARS-CoV-2. Efficacies were evaluated by quantification of
viral copy numbers in the cell supernatant using quantitative
real-time RT-PCR (RT-qPCR) and confirmed by microscopic
visualization of cytopathic effects following 72 h of infection
(hpi.). Our data show that 210 mM NaCl (1.2%) was
sufficient to inhibit virus replication by 90% (Figure la),
achieving 100% of inhibition at 260 mM NaCl (1.5%). The
inhibitory activity with a mean 50% inhibitory concentration
(ICS0) value was 149.6 mM. Next, to determine which stage of
virus replication was affected by the NaCl, we evaluated if viral
inhibition was a direct effect of NaCl on the virus particles. For
that purpose, the viruses were preincubated with media
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Figure 3. Vero and Calu-3 cell membrane depolarization by increasing concentrations of NaCl and KCL. (a) Membrane potential indicated as
relative fluorescence units (RFU) in Vero cells after 0, 1, 24, and 72 h post-treatment with increasing concentrations of NaCl (110 up to 285 mM)
as determined by microfluorimetry. Increasing NaCl concentration caused membrane depolarization that was maximal after 24 h and tended to
return to control values after 72 h of treatment. (b) Increasing KCl concentrations caused immediate membrane depolarization at concentrations
above 25 mM in Vero cells as determined by real time fluorescence measurements. (c) The increasing NaCl concentrations caused an immediate
membrane depolarization at concentrations above 160 mM. Membrane depolarization of cells treated with up to 210 mM NaCl returned to the
resting point after 70 s. (d) Increasing KCI concentrations caused immediate membrane depolarization at concentrations above 25 mM in Calu-3
cells as determined by real time fluorescence measurements. Data are representative of three independent experiments and shown as mean values +

SEM; one-way ANOVA (*p < 0.05).

containing increasing concentrations of NaCl for 1 h before
absorption. Such treatment (pre-exposure) with NaCl did not
affect viral replication at any tested concentration (Figure 1la,
VPI curve). The same result was observed when we treated
cells with NaCl 1 h before infection (Figure 1a, AD curve). On
the other hand, significant inhibition of viral replication (up to
50%) was seen when as little as 160 mM of NaCl was available
during virus replication alone (Figure 1a, p = 0.032, PI curve)
or full-time, during adsorption and replication (Figure la, p =
0.030, FT curve). There was not any statistically significant
difference between postinfection (PI) and adsorption plus
postinfection (FT) treatments (p = 0.985). Altogether, these
data suggest that SARS-CoV-2 inhibition in the presence of
NaCl reflects an intracellular mechanism and is not ascribed to
the dissociation of Spike SARS-CoV-2 and human ACE-2
protein complexes.

1517

The antiviral activity of NaCl was not caused by cytotoxic
effects of NaCl on Vero cells, as determined by the AlamarBlue
Cell Viability Reagent (Figure 1b) and LDH assays (Figure
1c). Furthermore, we determined cell death rates to confirm
the integrity of cells after being exposed to NaCl in the same
conditions performed in the experiments performed in the
presence of the virus. We observed less than 8% cell death at all
tested NaCl concentrations (Figure 1d). We observed less than
20% cytotoxicity (cell viability above 80%) at all tested NaCl
concentrations (Figures 1b, ¢, and d). SARS-CoV-infected and
noninfected Vero cells were analyzed by an indirect
immunofluorescence assay, and NaCl concentrations greater
than 185 mM NaCl (1.1%) significantly inhibited virus
replication without appreciably affecting cell viability (Figure
le).
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Figure 4. Increasing concentrations of NaCl affect ATP homeostasis independently of voltage-gated calcium channels. Membrane potential
indicated as relative fluorescence units (RFU) in Vero cells (a) and Calu-3 cells (b) 3 min after the addition of increasing concentrations of NaCl
(110 up to 285 mM) as determined by microfluorimetry. NN55-0396 (1 #M), a blocker of Cav Ca** channels, was incubated 5 min prior to NaCl
challenge. (c, d) Variations in intracellular free calcium [Ca*"]; concentration, indicated as relative fluorescence units (RFU) in Vero cells exposed
to increasing concentrations of NaCl (110 up to 285 mM) (c) and upon addition of 10 uM ATP (shown by arrows) (d), as determined by
microfluorimetry. The data are representative of three independent experiments and shown as mean values + SEM; two-way ANOVA (*p < 0.05).

Hypertonic Saline Solution Inhibits SARS-CoV-2
Replication in Human Lung Epithelial Cells. We further
evaluated if a similar inhibition profile of NaCl in SARS-CoV-2
replication could be observed in a human Calu-3 (ATCC
HTB-55) lung cell line that has shown to be susceptible to
SARS-CoV-2." First, we noticed a greater cytotoxicity of NaCl
in this cell type (more than 30% cell death), when compared
with Vero cells. However, there was a significant reduction of
viral replication at 185 mM NaCl (Figure 2a line green, 88%
reduction, p < 0.001) and 210 mM NaCl (Figure 2a line green,
90% reduction, p < 0.001). These concentrations of NaCl were
not cytotoxic (cell viability above 70%) for Calu-3 cells (Figure
2a, orange line).

Even with different NaCl tolerances and inhibition potencies
of viral replication between Calu-3 and Vero cells, these data
are relevant with up to 90% inhibition of virus replication at
non-toxic NaCl concentrations. A recent work highlighted the
fact that cell lines mimicking important aspects of respiratory
epithelial cells should be used when analyzing the antiviral
activity of compounds that target host cell functions.”

Hypertonic Saline Solution Causes Cell Membrane
Depolarization in NaCl Dose-Dependent Manner. In
order to determine whether hyperosmotic stress would cause

1518

membrane depolarization, Vero cells were incubated with
different NaCl concentrations (135, 160, 185, 210, 235, 260,
and 285 mM equivalent to 0.8, 0.9, 1.1, 1.2, 1.4, 1.5, and 1.7%,
respectively), and assayed following 1, 24, and 72 h of
incubation (Figure 3a). Results are indicated as relative
fluorescence units (RFU), whose increased values refer to
membrane depolarization. Cells showed a rapid membrane
depolarization effect upon stimulation with increasing NaCl
concentrations (Figure 3b). The membrane depolarization
effect was dose-dependent, with statistical differences starting
at 160 mM NaCl. Results obtained 24 h after incubation with
NaCl showed that the depolarization of the membrane
increased with the time of exposure. The membrane potential
tended to return to control values 72 h after exposure to NaCl,
indicating that Vero cells were partially capable of recovering
their resting membrane potential.

The SARS-CoV-2 inhibition assays were performed using
monkey kidney cells that, similarly to lung epithelial cells, are
heavily infected by SARS-CoV-2'"*" and perform endo- and
exocytosis, therefore being a good cell line model to study the
SARS-CoV-2 life cycle. Our results show that an increase of
NaCl as well as KCI concentrations causes immediate
membrane depolarization of Vero and Calu-3 cells (Figure

https://doi.org/10.1021/acsptsci.1c00080
ACS Pharmacol. Transl. Sci. 2021, 4, 1514—1527


https://pubs.acs.org/doi/10.1021/acsptsci.1c00080?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00080?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00080?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00080?fig=fig4&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

a

S0 1h
Bl 72hs
E 20‘
=
o
| *
<T 10
110135 160 185 210 235 260 280
[NaCI] (mM)
C
150
- Oligomycin
T 125
= 0
E 100 z\" = - 135
Q. / Se=I=A S Qe i T -+ 160
E 75 /\'ﬂif@.s ~ 185
o - 210
g 50 —_— - 235
w 280
o4 . ; . : :
0 25 50 75 100 125
Time (min)

b

5 800- Rot_enorje &

Q Oligomycin ¢ antlm*ycm A

-]

€ 600 p&‘ 110

se S = 135

.g.g \ -+ 160

£ o 4007 ~ 185

§ E ~ 210

5 - 3

§, [ 280

? c T L] T L) 1

(o) 0 25 50 75 100 125
time (min)

Figure 5. NaCl-induced depolarization affects the cell energetic state without impairment of mitochondrial function. (a) Total cellular ATP
quantification of Vero cells treated for 1 h or 72 h with increasing NaCl concentrations by the luciferase assay. The oxygen consumption rate, OCR,
(b) and the extracellular acidification rate, ECAR, (c) were measured in cultured Vero cells (40 000 cells/well) after 72 h of NaCl incubation, using
Seahorse technology with the Mito Stress Test kit. Sequential injections of oligomycin, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), and
rotenone plus antimycin A are indicated. Mitochondrial respiration was evaluated under four different conditions: basal respiration, corresponding
to the cell basal consumed oxygen; proton leak, after oligomycin (ATP-synthase blocker) addition; uncoupled, after addition of the respiratory chain
uncoupler CCCP, where the oxygen consumed reflects the maximal respiration rate (irreversibly uncoupling from ATP synthesis); and inhibited,
through complex I and complex III total inhibition by rotenone and antimycin A, respectively. The ECAR rate was verified by application of the
glycolysis stress test kit (Agilent Technologies). The data are representative of three independent experiments and shown as mean values + SEM;

two-way ANOVA (*p < 0.05).

3c and d), probably through the activation of an extracellular
Na* sensitive channel, called Na,.**

Voltage Gated Ca?* Channels Do Not Participate in
Hypertonic Saline Solution-Induced Membrane Poten-
tial Impairment in Both Vero and Calu-3 Cell Lines. In
order to understand the mechanism involved in virus inhibition
by NaCl, we performed membrane potential assays that show a
direct relationship between NaCl concentration and mem-
brane depolarization. The activation of Na, channels, highly
expressed in epithelial cells,”® supposedly leads to Na* inward
flow, causing depolarization, which in turn might activate
Cav2.1 voltage-gated Ca** channels that are expressed at the
apical membrane of epithelial cells.”’

Voltage-gated calcium channel activity is known to be
involved in cell viral infection. In Vero cells, the application of
T-type Ca®* channel selective blockers inhibited infection by
Herpes simplex virus type 2 (HSV-2), which did not occur for
voltage-gated L-type Ca®* channels.””*" Inhibition of T-type
Ca** channel activity by NNC 55-0396”° did not affect
membrane potential at most NaCl concentrations, indicating
that this voltage-gated channel is not involved in the
depolarization observed in Vero and Calu-3 cells (Figure 4a
and b). Since there are several other types of voltage-gated
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Ca?* channels, we sought to evaluate if NaCl-induced
depolarization promoted calcium transients in Vero cells in
the first place (Figure 4c). In agreement with our results,
calcium influx was not noted under the present conditions of
hypertonic NaCl solutions. ATP (10 uM)-induced [Ca*'];
transients provided a positive control for confirming Vero cell
viability and responsiveness of the intracellular calcium
signaling system (Figure 4d). Thus, we conclude that calcium
is not involved in NaCl-promoted effects. This may also
indicate that potassium channels activated by calcium, such as
small conductance (SK) and big conductance (BK)
channels,”>*® are also not involved in NaCl-induced
depolarization and following repolarization to resting potential
conditions.

Energy Balance (ATP/ADP) As a Central Mechanism
for Virus Replication Inhibition Induced by Hypertonic
Saline. An important influence on viral replication is the
amount of ATP available, once viral processes require a robust
energy expenditure.”” Therefore, we measured with the
luciferase assay the total intracellular ATP levels in Vero cells
treated for 1 h or 72 h with hypertonic solutions of NaCl. The
indirect method of relative ATP concentration quantification
by luciferase activity showed significantly lower levels of ATP
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Figure 6. Ouabain treatment abolished the cell energetic state impairment caused by NaCl. Relative quantification of cellular ATP concentrations
of Vero cells treated for 1 h with DMEM cell culture medium, containing 115 mM NaCl (resting conditions) or with DMEM with NaCl
supplemented to 185 or to 210 mM final NaCl concentrations, as shown in panels a and b, respectively. Relative ATP concentrations were
measured by a luciferase assay. The data are representative of three independent experiments and shown as mean values + SEM; one-way ANOVA

(*p < 0.08, **p < 0.01).

following 1 h versus 72 h of inhibition (Figure Sa), at
depolarized and resting membrane potential, respectively.

We hypothesized that hyperosmotic stress would result in
impaired mitochondrial function, affecting the production of
ATP, thus inhibiting virus replication. Also, it is known that
mitochondrial depolarization may lead to cell membrane
depolarization,”® which would explain the effect observed with
NaCl incubation. To determine if NaCl addition was causing
mitochondrial disruption, mitochondrial metabolism of intact
Vero cells was assessed with a high-resolution respirometry
assay. For this, two parameters were evaluated: oxygen
consumption rate (OCR; Figure Sb) and extracellular
acidification rate (ECAR; Figure Sc). When mitochondrial
metabolism is compromised, glycolytic enzymes enhance their
activity to compensate for ATP production. The end product
of this pathway is lactate, and its synthesis and accumulation
results in medium acidification.”” Figure Sb shows oxygen
consumption in four states: basal, proton leak, uncoupled, and
inhibited (see methods). Basal indicates normal cell respiration
values; proton leak reflects mitochondrial inner membrane
integrity; uncoupled indicates respiratory chain activity of
complex I to IV (ie, maximal respiratory capacity); and
inhibited reflects nonmitochondrial processes that consume
oxygen. After 72 h of NaCl addition in cultured Vero cells,
there was no difference compared to control values. In
agreement, ECAR evaluation (Figure Sc) indicated that NaCl
addition, in all concentrations, was not enough to shift the
metabolism to the anaerobic pathway, as a compensation to
maintain cell basal ATP levels. OCR and ECAR results
indicate that all tested NaCl concentrations did not impair
mitochondrial function in Vero cells. For any studies of
chemicals with therapeutic potential, such a result is important
since it is common to observe mitochondrial impairment
during the development of new clrugs.‘Q’0 Therefore, inhibition
of SARS-CoV-2 replication in Vero cells by hypertonic
solution is not due to mitochondrial membrane depolarization,
but it is due to the exacerbated consumption of ATP necessary
for re-establishing the resting membrane potential.

Na*/K* ATPase Is the Main Pump for Depleting the
ATP Stock of the Cells in Order to Recover the Resting
Membrane Potential. We observed that NaCl-caused ATP
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intracellular energy depletion was not due to a mitochondrial
dysfunction (Figure S). In view of that, we hypothesized that a
decrease of intracellular ATP levels may be due to over-
stimulation of the Na*/K" ATPase pump. In order to test this
hypothesis, we inhibited the Na'/K" ATPase pump using
ouabain to observe if the effect in ATP is reversed if ATP
depletion would be reversed. We performed assays using Vero
cells in the presence of 185 and 210 mM NaCl in the presence
and absence of ouabain (0.5 uM and S yM). In the presence of
ouabain, blocking the activity of Na*/K" ATPase, no
statistically significant decay of intracellular ATP concentration
at 185 mM and 210 mM NaCl is seen, as shown in Figure 6a
and b, respectively. Therefore, Na*/K" ATPase is the main
pump depleting the ATP stock of the cells in order to recover
the resting membrane potential.

B DISCUSSION

Vesicle formation is important for kidney and lung cells as
responses to alteration of osmosis, regulated by aquaporin
channels,®' as well as for vesicle transfer between cells, which
has been suggested to contribute to lung disease and possibly
to the propagation of the SARS-CoV-2 virus into neighboring
cells.*** Following that line, a hyperosmotic response by high
extracellular salt concentration may influence the functionality
of different membrane channels, which could affect endocy-
tosis and, thereby, decrease the efficiency of entrance of SARS-
CoV-2 into cells. Endocytic, clathrin-independent, lipid-raft
involving virus entry has been described for SARS-CoV,*
supporting a role of endocytosis in SARS-CoV-2 cell entry.
During SARS-CoV-2 infection, pulmonary edema and
cytokine storms are responsible for the most lethal
scenarios.””* The increased amount of liquid blocking the
airway at the alveoli causes extreme injury, and fibrotic scar
tissue substitutes the injured tissue (Figure 7a). Along with
embryonic pulmonary development, the organ is full of liquid,
which is removed mainly by the action of sodium channels,
such as epithelial sodium (Na*) channels (ENaCs) that are
sensitive to amiloride.””*>>’ These ENaCs are expressed
mainly by epithelial cells of different organs, such as kidneys,
lungs, colon, skin, and by some neurons in the brain.”* In
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channels, which are critically involved in body-fluid homeostasis. High cytoplasmic Na* concentrations can recruit epithelial sodium (Na*)
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energetic state would be detrimental for viral replication. Thus, the imbalance of intracellular K* concentration may also affect the functioning of
different potassium channels that may be important for the virus life cycle. The illustration was created with the web-based tool BioRender

(https://biorender.com).

adulthood, ENaC usually controls the concentration of Na* in
the extracellular environment. Therefore, the channels are
extremely important for the organism’s water balance, by
controlling reabsorption of Na' in kidneys, sweat, and the
colon. In this way, the activity of ENaC can influence blood
pressure and the renin-angiotensin system, as well as the
thickness and dryness of the airway.”” Interestingly, this
channel is also involved in taste sensation, and its improper
functioning could be related to a loss of taste.””

Our data show the efficiency of hypertonic NaCl solutions in
blocking SARS-CoV-2 replication in Vero monkey kidney
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epithelial cells as well as in Calu-3 human lung epithelial cells.
These data suggest that hypertonic solutions could be
investigated as a prophylaxis or an alternative treatment for
COVID-19 patients. The data regarding the membrane
potential, obtained by us, point to a possible inhibition
mechanism of SARS-CoV-2 infection in Vero and Calu-3 cells
by extracellular increased concentration of NaCl. Various
pulmonary virus infections impair the activity of ENaC, and
the increased activation state of these channels can significantly
decrease influenza A infection.”*™** Additionally, the spike (S)
and envelope small membrane proteins (E) of SARS-CoV can
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directly decrease the inward current of ENaC as well as
decrease its expression through the protein kinase C (PKC)
signaling pathway.”” Impairment of ENac activity itself would
be enough to explain pulmonary edema in the alveoli, since its
inhibition would increase the amount of Na* in the airway, and
water would flow by osmosis.”>*"

Moreover, the sodium-concentration ([Na'])-sensitive Na
channel (Na,) is a sodium sensor that controls salt-intake
behavior."* TIts activation upregulates prostasin (protease)
release into the extracellular space, activating ENaC by
cleaving the extracellular loop of the y ENaC subunit.*’~*
Following Na* influx via ENaC, the cells also present
downstream mRNA synthesis elevation of inflammatory
mediators.” In the same line, Na, expression blockade can
improve scarring.”> Therefore, an extracellular Na* imbalance
through ENac inefficiency by SARS-CoV-2 infection may
explain the formation of pulmonary fibrosis due to virus
infection.

The membrane potential has been shown to be important
for cell infection by some viruses, as in the case of human
rhinovirus type 2 infection, in which membrane hyper-
polarization enhances infection.* Inhibition of membrane
depolarization is part of the viral lung infection strategy, as
shown for SARS-CoV***® and respiratory syncytial
virus,”***” whose cell infection inhibits the entry of Na*
into the cell. While the ENac is voltage-insensitive, the gradient
between high and low Na* (outside and inside of the cell)
would force the entry of Na*, being an unfavorable condition
for SARS-CoV-2 infection, which may explain virus replication
inhibition by NaCl

We also observed that NaCl causes ATP intracellular energy
depletion. In view of that, we tested the hypothesis that
mitochondrial dysfunction was contributing to the antiviral
effect, as mitochondrial membrane potential can be determi-
nant for antiviral cell responses. In human embryonic kidney
(HEK) and mouse embryonic kidney (MEF) cells, the
application of the mitochondrial uncoupler carbonyl cyanide
3-chlorophenylhydrazone (CCCP), which dissipates the trans-
membrane potential through the increase of membrane
permeability, impaired the antiviral response of the cell.*®
This did not occur in the presence of the F\Fy ATP synthase
inhibitor oligomycin B, indicating that the observed
diminished antiviral effects were associated with mitochondrial
membrane depolarization, but not with impaired ATP
synthesis alone. In our work, oxygen consumption results
indicate that, in Vero cells, the addition of NaCl did not
compromise mitochondrial metabolism (Figure Sb and c).
These results are promising, as viral replication impairment
was not accompanied by cytotoxicity. The importance of
mitochondrial function in human health is clear, when impacts
of mutations on mitochondrial DNA or nuclear proteins
critical for mitochondria activity are evaluated. In such cases,
the respiratory as well as peripheral and central nervous
systems, heart, liver, skeletal muscle, and kidneys, are
affected.”” In addition, mitochondrial impairment is considered
to be a major contributor for the development of cardiac and
hepatic toxicity induced bZ drugs, such as cerivastatin,
troglitazone, and tolcapone.”” Thus, the results indicating
that increasing NaCl concentrations does not disrupt
mitochondrial metabolism is a positive outcome for future
clinical trials.

We observed mainly two patterns of depolarization: (1)
lower concentrations of NaCl triggered depolarization, and
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after 180 s the cell membrane reestablished the resting state,
causing a timid inhibition of the virus release, while (2)
concentrations higher than 210 mM could trigger a high
amplitude depolarization, in which the cells needed periods
longer than 24 h to recover the resting state, causing over 90%
inhibition of virus replication (Figures la and 2b). Based on
our results that show NaCl dose-dependent SARS-CoV-2
replication inhibition, membrane depolarization and intra-
cellular ATP stock depletion, we propose the following
mechanism (Figure 7b): In the first situation, we hypothesize
that activation of K* channels and Na*/K* ATPase pumps
could recover the steady state in the short term, while in the
second situation, the over stimulation of Na, and ENaC would
overwhelm the cell by prolonged activation of the Na*/K*
ATPase pump, consuming cellular ATP, thus resulting in low
ATP stores. Our data indicate that cytosolic ATP concen-
tration decreases with prolonged depolarization mainly
induced by NaCl incubation for 1 h, corroborating the
hypothesis that virus replication inhibition depends on the
availability of host energy.

Hypertonic nasal saline, which facilitates mucociliary
clearance, may have an important role in SARS-CoV-2, since
it is a highly virulent respiratory virus with significant presence
in the nasal and nasopharyngeal mucosa.”® Our data shows
that NaCl decreases viral replication by more than 90%,
probably due to a mechanism associated with the effect of
membrane depolarization and consequently a high ADP over
ATP concentration ratio. Since Na, and ENaC channels face
the luminal surface (air space), they will be the sensors of
higher concentration of salt in the alveoli. Basolateral Na*/K*
ATPase would transport the Na* from inside of the epithelial
cells to the interstitial space that connects to capillaries.
Consequently, Na* would be diluted by the blood flow.*
Therefore, a possible treatment with hypertonic saline solution
(1.1—1.4% NaCl) probably will have a local effect of inhibiting
virus replication. This low salt amount is not expected to cause
any systemic hypertension in the organism.

Besides the mechanism we have investigated, there is also an
immune approach that could investigate the release of pro- or
anti-inflammatory cytokines. The literature already reported
inhibitory effects on IL-6 and IL-8 release and in respiratory
syncytial virus infection by hypertonic saline solution treat-
ment in cultures of human respiratory epithelial lines.”'
However, our in vitro model has some limitations to resemble
the lung, since it does not contemplate the immune system. It
would be interesting to further investigate the role of
hypertonic saline solution treatment in macrophages as well,
since elevated concentrations of NaCl enhance the conversion
of CI” and hydrogen peroxide (H,0,) to hypochlorous acid
(HOCI) in nonmyeloid cells.'”** HOCI has septic properties
that would locally shield the tissue, preventing virus infection.

It is worth mentioning that hypertonic solution treatment is
used to improve lung function in cystic fibrosis patients.>’
Moreover, nebulized 3% hypertonic saline treatment for infants
with moderate to severe bronchiolitis is safe without any
adverse events, such as bronchospasm, cough, or wheezing
aggravation.”*”*® Furthermore, a posthoc analysis of
NCT02438579 clinical trial suggests that hypertonic saline
nasal irrigation and gargling may have played a role in reducing
symptoms and duration of illness caused by COVID-19.”” In
addition, given available evidence, the scientific community has
been proposing that saline irrigations with or without indicated
additives may be safe for use in COVID-19 patients.”®* In
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that way, there are three clinical trials registered in ongoing
status (NCT04465604, NCT04382131, and NCT04341688)
according to ClinicalTrials.gov (https:// clinicaltrials.gov/ct2/
home), related to the use of hypertonic saline solution for
COVID-19 treatment. This scenario highlights the importance
of our results and reinforces the need of carrying out clinical
studies for a better understanding of the benefits of hypertonic
saline treatment for COVID-19 patients.”

In summary, hypertonic saline solution inhibits SARS-CoV-2
virus replication in Vero monkey epithelial kidney cells and
Calu-3 human lung epithelial cells due to perturbation of one
or several steps of the virus intracellular life cycle. Our results
suggest that more than 185 mM NaCl (1.1%) causes
membrane depolarization resulting in insufficient ATP stocks
available for virus replication, therefore being a general
mechanism to avoid virus replication inside cells in vitro
assays. Hence, the complete molecular mechanism underlying
the observed phenomenon may be more complex, involving
several factors that together result in the inhibition of viral
infection. Nevertheless, we highlight that in vivo experiments
and clinical trials should be carried out in order to prove the
efficacy of hypertonic saline treatment in humans with
COVID-19.

B EXPERIMENTAL SECTION

Cell, Virus, and NaCl Dilution. The African green
monkey kidney Vero E6 cell line (ATCC CCL-81) and
human lung epithelial cell line Calu-3 (ATCC HTB-SS) were
maintained in Dulbecco’s modified eagle medium (DMEM),
supplemented with 10% fetal bovine serum (FBS), 1%
nonessential amino acids (NEAA), 1% sodium pyruvate
(Sigma-Aldrich Co., Deisenhofen, Germany), and incubated
in a humidified atmosphere containing 5% CO, at 37 °C. A
clinical isolate of SARS-CoV-2/SP02/human/2020/BRA
(GenBank access no. MT126808.1) was propagated in Vero
cells, and the viral titer was determined by 50% tissue culture
infective dose (TCIDs,) and by plaque forming units per
milliliter (PFU/mL), as previously described by Araujo and
collaborators.”” We conducted all infection experiments in a
biosafety level-3 (BLS-3) laboratory at the Institute of
Biomedical Sciences, University of Sao Paulo, Sao Paulo,
Brazil, following the Laboratory biosafety guidance related to
the novel coronavirus (2019-nCoV) by the WHO.?" Sodium
chloride (NaCl) was diluted in freee-DMEM that already
contains in its composition 110 mM NaCl. In that way, we
assumed seven additional increased concentrations (25, 50, 75,
100, 125, 150, and 175 mM) of NaCl in the cell medium,
resulting in final NaCl concentrations of 135, 160, 185, 210,
235, 260, and 285 mM.

Antiviral Activity of NaCl during Different Times of
Addition. Vero cells were seeded in a clear-bottom 96-well
plate (5 X 10* cells/mL) and incubated for 24 h at 37 °C for
cell adherence. Then, they were treated with increasing
concentrations of NaCl at different stages of virus infection
as described below. Four different NaCl times of addition were
evaluated,'®®> compromising virus preincubation (VPI),
absorption (AD), postinfection (PI), and adsorption plus
postinfection, named full-time (FT). For the VPI treatment,
SARS-CoV-2 was preincubated with increasing concentrations
of NaCl for 1 h before infecting the cells. After adsorption, the
inoculum was removed, replaced with media, and maintained
until the end of the experiment. For AD treatment, the
different concentrations of NaCl were added to the cell
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monolayer for 1 h prior to virus infection and maintained for 1
h for the viral attachment process. Then, the virus—NaCl
mixture was replaced with fresh DMEM until the end of the
experiments. During the Pl-staining experiment, the virus was
added to the cells to allow infection for 1 h, and then the virus-
containing supernatant was replaced with a different NaCl-
concentration-containing medium until the end of the
experiment. For FT treatment, Vero cells were pretreated
with different concentrations of NaCl for 1 h prior to virus
infection, followed by incubation with the virus for 1 h in the
presence of the NaCl. Then, the virus mixture was removed,
and cells were cultured with the same concentrations of NaCl-
containing medium until the end of the experiment. For all
experimental groups, cells were infected with the virus at a
multiplicity of infection (MOI) of 0.02, and at 72 h
postinfection (h.p.i.). Then, cell supernatants were collected
for RT-qPCR, and cells were screened for the presence/
absence of cytopathic effects (CPE) under an optical
microscope (Olympus, Tokyo, Japan).

Nucleic Acid Extraction and Quantitative Real-Time
RT-PCR (RT-qPCR). In order to perform the quantification of
SARS-CoV-2 viral load, the extraction of total nucleic acid
(RNA and DNA) from the collected cell culture supernatant
was carried out, using the semiautomated NucliSENS easyMag
platform (BioMerieux, Lyon, France), following the manu-
facturer’s instructions. The quantification of viral RNA was
done using the AgPath-ID One-Step RT-PCR Kit (Applied
Biosystems, Weiterstadt, Germany) on an ABI 7500 SDS real-
time PCR machine (Applied Biosystems) using a reference
published sequence of primers and probe for the E gene.”’
Numbers of RNA copies/mL were quantified using a specific
in vitro-transcribed RNA quantification standard, kindly
granted by Christian Drosten, Charité - Universititsmedizin
Berlin, Germany, as described previously.®*

Indirect Immunofluorescence (IFl). The methodology
here described for determination of the number of active
SARS-CoV-2 viruses was adapted from Sales-Medina et al.*®
Briefly, after 72 h.p.i, the plates were fixed for 30 min in 4%
paraformaldehyde in 1x PBS (pH 7.4) and subjected to
indirect immunofluorescence detection of viral cellular
infection. After washing twice with 1X PBS, containing
0.05% Tween 20 (PBST), plates were blocked with bovine
serum albumin (BSA; 5% w/v in 1X PBS; Sigma-Aldrich) for
30 min at room temperature and washed twice with PBST. As
a primary antibody, we used serum from a COVID-19
convalescent Brazilian patient diluted 1:1000 in PBS to detect
SARS-CoV-2 infection in Vero cells. The primary antibodies
were incubated for 30 min, and plates were washed twice with
PBST. As secondary antibodies, goat antihuman IgG labeled
with Alexa 488 (Thermo Scientific) was used, diluted at 4 pg/
mL in PBS and incubated for 30 min with S ug/mL 4',6-
diamidino-2'-phenylindole dihydrochloride (DAPI, Sigma-
Aldrich) in PBS to stain nucleic acid. The plates were washed
twice with PBST and imaged in the Operetta High Content
Imaging System (PerkinElmer) using a 20X magnification
objective. Five images were acquired per well and analyzed in
the software Harmony (PerkinElmer), version 3.5.2. Image
analysis consisted of identifying and counting Vero cells based
on nuclear segmentation and viral infection based on
cytoplasmic staining detected by the immunofluorescence
assay.

Cell Viability Assays. For determination of Vero and
Calu-3 cell viability and stress, S X 10* cells adhered to black
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clear-bottom 96 well plates and were stained with the
AlamarBlue Cell Viability Reagent (Thermo Fisher Scientific),
according to the manufacturer’s instructions. Fluorescence
intensities were recorded at rest (point 0 h), 1 h, 24 h, and 72
h after NaCl challenge, using 530 nm for excitation and 560/
590 for emission detection in the FlexStation III microplate
reader (Molecular Devices, Sunnyvalley, CA). Data were
normalized with a blank control that consists of cell medium
for natural reduction conditions. Data are plotted as a
reference to the basal condition of 110 mM NaCl
concentration (DMEM'’s salt concentration). Cell viability
was further evaluated using a colorimetric assay by quantifying
lactate dehydrogenase (LDH) released into the culture
supernatant from cells with damaged membranes, using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega
Corp., Madison, WI). Detection was performed using a
microplate reader (POLARstar Omega, BMG LABTECH,
Ortenberg, Germany) at 492 nm. The activity of the released
LDH was reported as a percentage of the total cellular LDH
(measured after the complete lysis of control cells correspond-
ing to the maximal amount that can be released by cells,
therefore 100%). Cell viability was normalized to that of
untreated cells (no NaCl added). A viability of 70% was used
as a threshold for cytotoxicity.®®

Cell Death Quantification. For cell death detection, we
adapted a usual method for flow cytometry, based on staining
live cells with the cell membrane-impermeant dye, propidium
iodide (PI), and the cell membrane-permeable fluorophore,
Hoechst 33342. Since PI stains dead cells, while Hoechst
33342 stains every cell in the dish, cell death rates were
quantified by the total fluorescence intensity of the PI staining
in the well, normalized by the total fluorescence intensity of
Hoechst 33342.°” The recordings were acquired at rest (point
0h), 1 h, 24 h, and 72 h after NaCl challenge, using 535 nm
for excitation and 617 nm for emission to detect PI and 350
nm for excitation and 461 nm for emission of Hoechst 33342
in the FlexStation III microplate reader. For positive controls
of total cell death, cells were lysed with 1% TritonX-100
detergent.

Analysis of Membrane Potential Variation by Micro-
fluorimetry. Changes of the membrane potential of Vero cells
exposed to increasing concentrations of NaCl was determined
by plate microfluorimetry recordings with the FlexStation III
microplate reader and the FLIPR Membrane Potential Assay
Kit (Molecular Devices Corp., Sunnyvale, CA) following the
manufacturer’s instructions, as previously described.”® The kit
provides results in good correlation with those obtained in
patch-clamping assays. Recordings of the fluorescence intensity
of § X 10* cells in black, clear-bottom, 96-well plates were
acquired at rest (point 0 h), 1 h, 24 h, or 72 h after NaCl
challenge (depolarizing agent). Cells, exposed to NaCl in
parallel assays for 0—72 h, were then incubated with the
Membrane Potential Kit for 1 h at 37 °C before measurements.
Each preparation was only used for one time point measure-
ment. In the case of real time kinetics assays, the cells were
previously incubated with the Membrane Potential Kit for 1 h
at 37 °C, and then the cells were treated with different
concentrations of NaCl and the fluorescence measurements
performed for 120 s at 1.52 s intervals. Basal fluorescence
intensity was measured for 30 s. Responses were calculated as
the peak fluorescence minus the basal fluorescence. Fluo-
rescence intensity was determined using the SoftMax2Pro
software (Molecular Devices).
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Analysis of Changes of [Ca%']; by Microfluorimetry.
Variation of intracellular free calcium concentrations ([Ca**];)
of Vero cells exposed to increasing concentrations of NaCl was
determined by plate microfluorimetry recordings with the
FlexStation III microplate reader and the FLIPR Calcium 41
Assay Kit (Molecular Devices Corp., Sunnyvale, CA) followin
the manufacturer’s instructions, as previously described.’
Recordings of the fluorescence intensity of 5 X 10* cells in
black clear-bottom 96-well plates were acquired by measuring
at 1.52 s intervals for 120 s after 15 s of monitoring basal
fluorescence intensity. Responses were calculated as the peak
fluorescence minus the basal fluorescence. Fluorescence
intensity was determined using the SoftMax2Pro software
(Molecular Devices).

Analysis of Mitochondrial Function through Oxygen
Consumption Rate and Extracellular Acidification Rate.
The oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured using the Seahorse
XFe24 Analyzer (Agilent Technologies). XFe24 plates were
seeded with 40 000 Vero cells per well. After 24 h, the culture
medium was replaced with a medium containing the NaCl
treatment (110, 135, 160, 185, 210, 235, 260, 280 mM final
concentration) and incubated for 72 h. The medium utilized
for OCR and ECAR experiments was DMEM high glucose
(Gibco, Thermo Fisher) without sodium bicarbonate and FBS.
Cells were then incubated for 1 h at 37 °C. Four compounds
were used for the Seahorse XF Cell Mito Stress Test and
injected during the assay at the following final concentrations:
oligomycin (1 ug/mL), CCCP (2 uM), and rotenone (1 yM)
plus antimycin A (1 pg/mL). Mitochondrial respiration was
evaluated under four different conditions: basal respiration,
corresponding to the cell basal oxygen consumption, without
the addition of substrates or inhibitors; proton leak, after
oligomycin (ATP-synthase blocker) addition, where oxygen
consumption occurs due mitochondrial inner membrane
proton leak; uncoupled, after the addition of respiratory chain
uncoupler CCCP, where the oxygen consumed reflects the
maximal respiration rate (irreversibly uncoupling from ATP
synthesis); and inhibited, with the addition of rotenone
(complex I blocker) and antimycin (complex III blocker),
where the oxygen consumption reflects nonmitochondrial
activity. The ECAR rate was verified through application of the
glycolysis stress test kit (Agilent Technologies). Agilent
Seahorse Wave 2.6.1 software was used for data analysis.

ATP Detection Luciferase Assay. Changes of the total
concentration of ATP in Vero cells exposed to increasing
concentrations of NaCl for 1 or 72 h was determined by plate
microfluorimetry recordings with the FlexStation III micro-
plate reader and the ATP Assay Kit (SIGMA-Aldrich)
following the manufacturer’s instructions, as previously
described.”® The kit provides sensitive results, detecting ATP
release of 10—100 mammalian cells/well, based on the firefly
luciferase-catalyzed oxidation of p-luciferin in the presence of
ATP, in which the amount of ATP is quantified by the amount
of light (hv) produced. Recordings of the luminescence
intensity of 5 X 10* cells in black clear-bottom 96-well plates
were acquired at rest (point 0 h) and 1 and 72 h after NaCl
challenge (depolarizing agent). Time kinetics were obtained by
measuring at 1.52 s intervals for 120 s after 10 s of monitoring
basal fluorescence intensity, which is the luminescence
emission rate prior to addition of the ATP-releasing agent.
Responses were calculated as the peak luminescence minus the
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basal luminescence, using the SoftMax2Pro software (Molec-
ular Devices).

Statistical Analysis. Data were expressed as mean values +
SEM (standard error of the mean) of three independent
experiments, with each measure performed in triplicate.
Percentages of inhibition and cytotoxicity were calculated
and normalized to untreated (110 mM NaCl) cells. p values
were calculated using an unpaired two-tailed ¢ test or one-way
ANOVA, when appropriate. p < 0.05 was considered
significant. The data were analyzed, and the graphics were
designed using GraphPad Prism 8.4.1 software.
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