
Heliyon 7 (2021) e08088
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
Naþi/Kþ
i imbalance contributes to gene expression in endothelial cells

exposed to elevated NaCl

D.A. Fedorov a, S.V. Sidorenko a, A.I. Yusipovich a, E.Y. Parshina a, A.M. Tverskoi a,b,
P.A. Abramicheva a, G.V. Maksimov a, S.N. Orlov a, O.D. Lopina a, E.A. Klimanova a,*

a Faculty of Biology, Lomonosov Moscow State University, Moscow, 1-12 Leninskie Gory, 119234, Russia
b Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow, 32 Vavilova Street, 119991, Russia
A R T I C L E I N F O

Keywords:
Sodium
Osmolarity
Inflammation
Endothelium
Hypertension
* Corresponding author.
E-mail address: klimanova.ea@yandex.ru (E.A. K

https://doi.org/10.1016/j.heliyon.2021.e08088
Received 4 May 2021; Received in revised form 27
2405-8440/© 2021 The Author(s). Published by Els
nc-nd/4.0/).
A B S T R A C T

High-salt consumption contributes to the development of hypertension and is considered an independent risk
factor for vascular remodelling, cardiac hypertrophy and stroke incidence. Alterations in NO production,
inflammation and endothelial cell stiffening are considered now as plausible mediators of cardiovascular
dysfunction. We studied early responses of endothelial cells (HUVEC) caused by a moderate increase in extra-
cellular sodium concentration. Exposure of HUVEC to elevated sodium within the physiological range up to 24 h
is accompanied by changes in monovalent cations fluxes and Na,K-ATPase activation, and, in turn, results in a
significant decrease in the content of PTGS2, IL6 and IL1LR1 mRNAs. The expression of NOS3 and FOS genes, as
well as the abundance of cytosolic and nuclear NFAT5 protein, remained unchanged. We assessed the mechanical
properties of endothelial cells by estimating Young's modulus and equivalent elastic constant using atomic force
and interference microscopy, respectively. These parameters were unaffected by elevated-salt exposure for 24 h.
The data obtained suggest that even small and short-term elevations of extracellular sodium concentration affect
the expression of genes involved in the control of endothelial function through the Naþi/Kþ

i-dependent
mechanism(s).
1. Introduction

Numerous epidemiological and intervention studies have demon-
strated a positive correlation between salt intake, endothelial dysfunc-
tion and elevated blood pressure (Dickinson et al. 2011). High-salt
consumption has also been shown to be associated with other disorders
including diabetes mellitus, preeclampsia, and autoimmune diseases (Oh
et al., 2016). Despite the obvious pathophysiological consequences, the
early response to high salt load, leading later to the development of
endothelial and vascular dysfunction, remains poorly investigated. A
priori, high-salt intake may contribute to the development of above-listed
disorders via signals triggered by augmented concentration of extracel-
lular sodium ([Naþ]o), chloride ([Cl�]o) and/or osmolarity of the extra-
cellular fluids determined by combined elevation of [Naþ]o and [Cl�]o.

There is a lot of evidence that high salt treatment of various types of
cells provokes their acquisition of a pro-inflammatory phenotype (Wen-
zel et al., 2019). In this respect, endothelial cells have been most studied,
however, the mechanism of the pathogenic effect of high-salt treatment
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on its function and metabolism remains poorly understood. The endo-
thelium lining the vascular walls is directly exposed to blood plasma,
where the [Naþ]o is usually from 128 to 140 mM (Aramburu and
L�opez-Rodríguez 2019). This parameter is strictly regulated, and typi-
cally does not exceed 5% even with a sharp modulation of salt intake
(Wardener et al., 2004). However, even minor changes in the extracel-
lular sodium concentration can affect cell metabolism. Indeed, excess salt
has been shown to reduce NO production by endothelial cells (H. E. de
Wardener et al., 2007), augment the expression of pro-inflammatory
factors (Dmitrieva and Burg 2015), and increase endothelial-monocytic
cell interactions (Wild et al., 2014).

Endothelium has an extensive glycocalyx, the main part of which is a
network of glycosaminoglycans that store sodium ions (Hans Oberleith-
ner and Wilhelmi, 2015). It has been shown that an excess of consumed
sodium is deposited in the form of an osmotically inactive cation in some
tissues, in the cells of which negatively charged glycosaminoglycans are
abundantly represented (e.g., skin and muscles) (Minegishi et al., 2020).
In some conditions (e.g., type 1 diabetes, chronic kidney disease), a
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disturbance of the glycocalyx integrity is observed, which is accompanied
by the release of osmotically active sodium and leads to a change in the
local extracellular [Naþ]o (Olde Engberink et al., 2017). It is believed that
the key components of the “elevated extracellular NaCl – endothelial
response” system are augmented cell stiffness (Fels et al., 2014) and
NFAT5 (Nuclear factor of activated T-cells 5)-dependent osmotic sensi-
tivity (Dmitrieva and Burg 2014). Thus, it was shown that excess sodium
damages the vascular glycocalyx and stiffens endothelial cell (Hans
Oberleithner andWilhelmi 2015), that, in turn, affects gene transcription
(Charbonier et al. 2019). It should be noted that endothelial cell stiffness
is more dependent on sodium concentration than on the osmolarity (H.
Oberleithner et al., 2009). The regulation of NFAT5, on the contrary, is
sodium-independent and is sensitive to changes in the tonicity of the
medium (Woo et al., 2000).

Our previous studies strongly suggest that Naþi/Kþ
i imbalance itself

can trigger subsequent transcriptomic changes in various types of cells
through Ca2þ-independent mechanism(s) (Koltsova et al., 2012; Sidor-
enko et al., 2018). These data allowed us to propose that even minor and
short-term elevation in the extracellular [Naþ]o may control endothelial
function directly via Naþi/Kþ

i-dependent genes expression. The present
study supports this hypothesis.

2. Materials and methods

2.1. Materials

RbCl was obtained from Chem-Impex (#07221, Illinois, Wood Dale,
IL, USA). TCA (#BP555), ECL kit (#34096), Trizol reagent (#15596026),
100X Halt™ phosphatase inhibitor Cocktail (#78420), RIPA buffer
(#89900) were from Thermofisher Scientific (Massachusetts, Waltham,
MA, USA). NaCl (#194848) and KCl (#194844) was obtained from MP
Biomedicals (Ohio, Solon, OH, USA). Mannitol was from AppliChem
(#142067.1210, Darmstadt, Germany). HEPES was obtained from Flow
Laboratories (#15-884-15, California, Hyland Ave Costa Mesa, CA, USA).
MgCl2 was purchased from Honeywell (#63020, Charlotte, North Car-
olina, USA). Nonidet P-40 was obtained from Helicon (Am-E109, Mos-
cow, Russia). Secondary anti-rabbit HRP-conjugated antibodies
(#AP132P) were obtained from Millipore (California, Temecula, CA,
USA). Quick-RNA MicroPrep microkit columns was obtained from Zymo
Research (#R1051, California, Irvine, CA, USA). The ImProm-IITM
Reverse Transcription System kit was obtained from Promega,
(#A3800, Wisconsin, Madison, WI, USA). QIAquick Gel Extraction Kit
was obtained from Qiagen (#28704, Maryland, Germantown, MD, USA).
Unless otherwise noted, all chemicals were of the purest grade.

2.2. Cell culture

Human umbilical vein endothelial cells (HUVEC) were purchased
from Cell Applications (#200-05n, California, San-Diego, CA, USA) and
passaged up to 4 times. Cells were seeded at a density of �2� 104 cell
per well in 6-well plates containing endothelial cell growth medium
(#211-500, Cell Applications, California, San-Diego, CA, USA) and kept
at 37 �C in a humidified atmosphere with 5% CO2/balance air. Culture
cell medium was changed every 48 h. Five-seven days after plating, the
cells had reached 80–85% confluence andwere incubated in the presence
of normal (standard cell culture medium containing approximately 125
mM Naþ) or elevated (additional 15 mM NaCl on top of standard cell
culture medium) Naþ in 0.5, 1, 3, 6 and 24 h; 30 mMmannitol was added
to the control medium for the maintaining isoosmolarity.

2.3. The atomic force microscopy (AFM) measurements of HUVEC

Experiments on living cells were carried out immediately after they
were removed from the CO2 incubator. The AFM measurements of
HUVEC were performed at 37�С using a commercial atomic force mi-
croscope Solver Bio (NT-MDT, Moscow, Russia), combined with an
2

inverted optical microscope Olympus IX71 (Tokyo, Japan). For force
spectroscopy experiments on living cells, we used tipless AFM probes
СPC (NT-MDT) modified with a 3.25 μm radius polystyrene bead. Pa-
rameters of the modified cantilever were as follows: length – 450 μm,
width – 50 μm, thickness – 2 μm, and the mean force constant of 0.205 N
m�1.

Cover glasses with cells were placed in the Petri dish with cell culture
medium. Young's moduli were measured in control culture medium, in
control culture medium with additional 15 mM NaCl and in control
culture mediumwith additional 30mMmannitol in 30min after addition
of NaCl or mannitol and after 24 h incubation in correspondent media.
Before and after measurements, the relationship between the photodiode
signal and cantilever deflection was calibrated by recording several force
curves at a bare region of the cover glass surface, followed by measuring
the slope. To measure Young's moduli, 10 force curves were taken on
each cell. Force curves were obtained and processed according to a
procedure described elsewhere (Hermanowicz et al., 2014; Efremov
et al., 2015; Vakhrusheva et al., 2019) with AtomicJ software (https
://sourceforge.net/projects/jrobust/). Young's moduli were calculated
by interpreting the obtained force curves using the Sneddon model for a
spherical surface, which is suitable for cantilevers modified by micro-
spheres. Using a microsphere instead of a sharp needle allows for better
control of the probe geometry and prevents cell damage. The average
indentation depth was 200 nm.
2.4. Measurement of the equivalent elastic constant, ke, of HUVEC's
membranes

The study was carried out using an automated MIA-D interference
microscope constructed at the All-Russian Research Institute of Optical
and Physical Measurements and based on a MII-4 Linnik interferometer
(LOMO, St. Petersburg, Russia) (Minaev and Yusipovich 2012; Levin
et al. 2013). This technique provides a phase image (PI) of an object (we
can quantitatively evaluate the value of phase or proportional value –

optical path difference at each point of PI). Root mean squared amplitude
of cell membrane thickness fluctuations, st , used for estimation of
magnitude of living cell membrane fluctuations. The measurement pro-
cedure is described in detail in (Parshina et al., 2019). In short: (a)
recording a series of PI (512 images at 25 Hz); (b) calculate a z-projection
of the PI series, representing the projection of stacked images along the
axis perpendicular to an image plane and containing a root mean squared
amplitude fluctuation of the temporal optical path difference (OPD)
oscillation of each pixel of the projection; (c) calculate of the average
value of root mean squared amplitude fluctuation of temporal OPD
oscillation for the entire z-projection of the cell (without values from the
cell boundary); (d) calculate the average value of root mean squared
amplitude fluctuation of temporal OPD oscillation, scell, only for cell
without noise; and (e) calculate the value of st (Rappaz et al., 2009): st ¼
scell/(n-n0), where n – is a refractive index of cell (about 1.404); n0- is a
refractive index of a buffer solution (1.335) (Yusipovich et al., 2009).
Then the root mean squared amplitude of cell membrane fluctuations, st ,
used to calculate ke as follows (Popescu et al., 2006): ke ¼ kBT

st 2
, where kB is

the Boltzmann constant and T is the temperature (Kelvin degrees).
The vertical resolution was equal to 1.9 nm; the horizontal resolution

was about 0.5 μM; repeatability of measurements results was less than
0.1 nm.

Before measurements, the cover glass with attached cells was placed
on a mirror surface (cells to the mirror) at 37 �C.
2.5. Measurement of intracellular Naþ, Kþ, Rbþ

Six-well plates were transferred onto ice, experimental medium was
quickly removed and cells were washed three times with 3 ml of an ice-
cold 0.1 M MgCl2 solution in doubly deionized (DDI) water. Then, 1.5 ml
of 5% trichloroacetic acid (TCA) in DDI water were added to each well,
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Table 1. Primer sequences used in this study.

Gene
Symbol

Human gene name,
PCR product size
(nucleotide pairs)

bp GenBank mRNA
sequence number

Primer
nucleotide
sequence

FOS Fos proto-oncogene,
AP-1 transcription
factor subunit

154 NM_005252 F: 50-GCA AGG
TGG AAC AGT
TAT CTC-30

R: 50- GCA GAC
TTC TCA TCT
TCT AGT TG -30

IL6 Interleukin 6 195 NM_000600.4 F: 50-CAG ATT
TGA GAG TAG
TGA GGA AC-30

R: 50-CGC AGA
ATG AGA TGA
GTT GTC-30

IL1RL1 Interleukin 1 receptor
like 1

247 NM_003856 F: 50-GAA ATC
GTG TGT TTG
CCT CAG-30

R: 50-GGT GCT
GTC CAG TTG
TAG AG-30

NOS3 Nitric oxide synthase 3 102 NM_001160109.2 F: 50-GCA ACC
ACA TCA AGT
ATG CC-30

R: 50-TGT TCC
AGA TTC GGA
AGT CTC-30

PTGS2 Prostaglandin-
endoperoxide synthase
2

156 NM_000963.4 F: 50-GTA TGT
ATG AGT GTG
GGA TTT GAC-30

R: 50-CTT GAA
GTG GGT AAG
TAT GTA GTG-30

GAPDH Glyceraldehyde-3-
phosphate
dehydrogenase

131 NM_002046.7 F: 50-CCT GGT
ATG ACA ACG
AAT TTG-30

R: 50-CAG TGA
GGG TCT CTC
TCT TCC-30
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followed by incubation at 4�C overnight for complete extracting of ions
from cells. Cell precipitates were suspended and centrifuged during 5min
at 15000 g. Supernatants were transferred into test tubes and stored at
-20�C. Cell precipitates were resuspended in 0.75 ml of 0.1 M NaOH and
incubated at 65�C during 1 h for complete protein dissolving. The protein
solutions gained were used for protein amount quantification by Lowry
protein assay (Lowry et al., 1951). The Naþi and Kþ

i contents in TCA
extracts were measured by flame atomic absorption spectrometry using
the Kvant-2m1 spectrometer (Cortec, Russia) with propane-air mixture at
589 nm and 766.5 nm, respectively. KCl (0.5–4 mg L�1 Kþ) and NaCl
solutions (0.05–2 mg L�1 Naþ) in 5% TCA in DDI water were used for
calibration. The Rbþi content was determined by the same method at 780
nm, RbCl (0.2–4 mg/L Rbþ) in 5% TCA in DDI water was used for cali-
bration. To study the rate of Rbþ influx, we added 2.5 mM RbCl to the
medium 10min before the end of incubation, since during this period the
accumulation of Rbþ inside the cell occurs linearly. The Naþi, Kþ

i and
Rbþi contents in each well were normalized on protein amount in the
same well.

2.6. Real-time quantitative RT-PCR

HUVEC cells (�10� 104 cells) were washed with an ice-cold PBS
buffer and an appropriate volume of Trizol reagent was added in order to
isolate the total RNA. After isolation of the aqueous phase containing
nucleic acids using chloroform and treatment with 96% ethanol, further
steps of RNA isolation and treatment with DNase were performed on
Quick-RNA MicroPrep microkit columns. The ImProm-IITM Reverse
Transcription System kit was used for the reverse transcription reaction.
In all cases, procedures were followed according to the manufacturer's
instructions. The real-time PCR was carried out with Bio-Rad Real-Time
PCR System (Bio-Rad, California, Hercules, CA, USA). Primers (Syntol,
Moscow, Russia, Table 1) were added to a final concentration of 160 nM.
Amplification modes: 95�C 5 min; 95�C 10 s; 58�C 17 s; 72�C 20 s; 40
repetitions of steps 95�C 10 s, 58�C 17 s, 72�C 20 s; melting curve from 72
to 95�C, increment 0.5�C 5 s. The selection of primers was performed
using the Beacon Designer 7 program, as well as using the NCBI and BLAT
search databases. The expression level of each gene of interest was
calculated using the reference GAPDH (glyceraldehyde 3-phosphate de-
hydrogenase) gene by the ΔΔСt method (Vandesompele et al., 2002).
Gene expression in the control was taken as 100%. To verify the PCR
products, they were sequenced. Electrophoresis was performed in 2%
agarose gel using TBE buffer in the presence of ethidium bromide for
~1h at 75 mV. PCR products were extracted from the gel using a QIA-
quick Gel Extraction Kit according to the manufacturer's protocol. DNA
sequencing was carried out by Genom (Moscow, Russia). The sequences
were aligned using the BLAST program. All DNA sequences were as
stated.

2.7. The isolation of cytoplasmic and nuclear fractions

Cells after treatment were scraped off at 37 �C and centrifuged during
5 min at 1000 g, 4 �C. Pellets were resuspended in 200 μl of cold buffer A
(10 mM HEPES, pH 7.9; 1.5 mM MgCl2; 10 mM KCl; protease inhibitor
cocktail) and incubated for 15 min on ice. Then, 0.6% Nonidet P-40 was
added to each sample, followed by centrifugation during 1 min at 14000
g, 4 �C. Supernatants were used as cytoplasmic fractions. Pellets were
resuspended in 50 μl of RIPA buffer containing protease inhibitor cocktail
and shaken vigorously. The suspension was centrifuged for 20 min at
14000 g, 4 �C, supernatants were used as nuclear fractions. Protein
concentrations were determined using Lowry protein assay (Lowry et al.,
1951).

2.8. Western blot analysis

Protein samples were analysed by SDS-PAGE according to the
Laemmli technique (Laemmli 1970) (4% stacking gel, 10% separating
3

gel) and transferred onto a nitrocellulose membrane (Bio-Rad, California,
Hercules, CA, USA) for 30 min in a semi-dry Trans-blot Turbo, Standard
SD mode (Bio-Rad, California, Hercules, CA, USA). Following electro-
transfer, the membrane was blocked with 5% Milk/TBS solution for 1 h
and incubated with a rabbit polyclonal antibody recognizing NFAT5
(#PA1-023, Thermofisher Scientific, Massachusetts, Waltham, MA, USA)
at a dilution of 1:1000 overnight at 4 �C on a rocking platform and with
goat anti-rabbit IgG peroxidase conjugated antibody (AP132P, Sigma
Aldrich, Darmstadt, Germany) at a dilution of 1:25000 for 1 h at 37 �C.
The total amount of NFAT5 was normalized to β-actin (#4970, Cell
Signaling Technology, Massachusetts, Danvers, MA, USA, 1:1000). The
cytosolic and nuclear NFAT5 content was normalized by incubation with
primary antibodies to GAPDH (sc-32233, Santa Cruz Biotechnology,
Texas, Dallas, TX, USA, 1:3000) and to lamin-B1 (sc-56145, Santa Cruz
Biotechnology, Texas, Dallas, TX, USA, 1:1000) for 1 h at room tem-
perature, respectively. The membranes were then washed by TBST and
incubated with secondary peroxidase conjugated antibodies to mouse
IgG (A-9044, Sigma Aldrich, Darmstadt, Germany, 1:1000) or rabbit IgG
(AP132P, Sigma Aldrich, Darmstadt, Germany, 1:1000) for 1 h at room
temperature. Antibodies bound to the membrane were detected using
chemiluminescent SuperSignal™ West Femto Maximum Sensitivity
Substrate ECL kit in an Endolab ChemiDoc XRSplus instrument (Bio-Rad,
California, Hercules, CA, USA). Relative protein content was assessed
using densitometry with ImageLab™ 3.0 software (Bio-Rad, California,
Hercules, CA, USA).
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2.9. Statistical analysis

The results from microscopy methods were statistically processed
using Graphpad Prism 9.0 demo software (GraphPad Software, La Jolla
California, USA). D'Agostino & Pearson omnibus normality test (p <

0.05) used to examine the normality of data. The other statistical pro-
cedure is described in figures captions.

3. Results

3.1. Elevated extracellular NaCl triggers changes in monovalent cations
fluxes

Our previous studies have demonstrated that appreciable Naþi/Kþ
i

imbalance induced by Na,K-ATPase inhibition triggers subsequent tran-
scriptomic changes in various types of cells (Koltsova et al., 2012; Kli-
manova et al., 2019). In the present study human endothelial cells were
incubated in the medium with moderately increased Naþo concentration
for 1, 3, 6 and 24 h with consequent measurement of Naþi and Kþ

i
intracellular content. Figure 1A demonstrates a small but statistically
significant decrease in the intracellular Naþi content in response to the
elevation in extracellular NaCl by 15 mM for 1 h. No statistically sig-
nificant alterations in the intracellular Naþi content were observed upon
this treatment for 3, 6 and 24 h. As shown in Figure 1B, the intracellular
Kþ

i content was not statistically changed in the presence of additional 15
mM NaCl up to 24 h. Since the amount of Kþ

i is quite large, its small
change is difficult to register. In this regard, we studied Rbþ influx. Rbþ

as a Kþ congener is widely used to estimate transport of Kþ into cells.
Since the content of Rbþ in cells is very small, its increment is easy to
detect. As we can see, an enhanced Rbþ influx was observed with
elevated-salt exposure of HUVEC for 1 and 3 h (Figure 1C).

The augmentation in Rbþ influxmay be associated with the activation
of Na,K-ATPase and/or Na–K–2Cl-cotransporter by increased intracel-
lular Naþi, which, in turn, appears to be the result of enhanced Naþ influx
due to its increase in the extracellular medium. Amiloride-sensitive Naþ

channels have been shown to facilitate the inward Naþ current in
endothelial cells (Wang et al., 2009). We did not observe any changes in
Naþi, Kþ

i content and Rbþ influx in response to an increase in
Figure 1. Time-dependent action of elevated extracellular NaCl on Naþ (A), Kþ

(B) content and Rbþ influx (C) in HUVEC. Cells were subjected to control cell
culture medium containing additional 15 mM NaCl for 1, 3, 6 and 24 h. Baseline
values of Kþ

i, Naþi and Rbþi content obtained in the control for each time point
were taken as 100%. The significant differences were calculated using the rank-
based nonparametric Kruskal-Wallis ANOVA test. * - p < 0.05 compared to
control cells. Means � S.E. are shown, n ¼ 6–12.
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extracellular NaCl in the presence of 1 μM amiloride either for 1 h
(Figure 2A-C) or 3 h (Figure 2D-F) of incubation. These data demonstrate
that amiloride-sensitive Naþ channels are involved in the changes in
monovalent cation fluxes that we observed in response to an elevation of
extracellular NaCl concentration (Figure 1). Barbaro and colleagues have
previously shown that sodium entry into high-salt-treated dendritic cells
is also mediated by amiloride-sensitive Naþ channels (Barbaro et al.,
2017).

Enhanced Naþ influx leads to an increase in its intracellular content.
Na,K-ATPase-activating effect of Naþ ions has been previously described
(Skou and Esmann 1992; Therien et al., 1996). Indeed, in the presence of
3 μM ouabain, we observed an increase in intracellular Naþi content in
HUVEC upon their exposure to the medium with an elevated NaCl con-
centration for 1–3 h (Figure 3A, D). However, the change in this
parameter after 1 h of incubation was not significant (Figure 3A).
Intracellular Kþ

i content was decreased after 1 and 3 h of Na,K-ATPase
inhibition (Figure 3B, E), but an even greater decrease was observed
after 3 h of incubation in a medium with additional 15 mM NaCl in the
presence of 3 μM ouabain (Figure 3E). However, no differences in Rbþ

influx were detected (Figure 3C, F). Summarizing these data, we can
conclude that, in response to an elevation in NaCl concentration in the
medium, endothelial cells tend to support gradient of monovalent cations
by the activation of Na,K-ATPase. Moreover, the activation of Na,
K-ATPase in endothelial cells by elevated extracellular NaCl has been
demonstrated earlier (Korte et al., 2012).

Therefore, cells appear to maintain sodium homeostasis in response
to the increase in extracellular Naþo. It should be noted that the change in
osmolarity induced by the addition of 30 mM mannitol did not affect
intracellular content of monovalent cations in endothelial cells
(Figure 4). It demonstrates that the alteration in the monovalent cations
fluxes across the plasma membrane depends more on NaCl concentration
than on osmolarity of the extracellular medium.

3.2. Naþi/Kþ
i perturbations affect gene expression

We investigated whether moderate augmentation in extracellular
NaCl (additional 15mM) influences gene expression. Tested genes (NOS3
(nitric oxide synthase 3)), FOS (Fos proto-oncogene), PTGS2 (prosta-
glandin-endoperoxide synthase 2), IL6 (interleukin 6), IL1LR1 (inter-
leukin 1 receptor like 1)) were chosen for the study because of their well-
documented importance in endothelium functioning and involvement in
the proinflammatory response (Moncada and Higgs 2006; DebRoy et al.,
2014; Mu~noz and Ana, 2015; Rincon 2012; Choi et al., 2009). In addition,
it was reported that dissipation of the Naþi/Kþ

i gradient in HeLa (human
malignant epithelial cells), HUVEC and RVSMC (rat vascular smooth
muscle cells) affects FOS, IL6, PTGS2 transcription via Ca2þ-independent
mechanism(s) (Koltsova et al., 2012). Figure 5 displays that exposure of
HUVEC to the medium with elevated NaCl decreased the content of
mRNAs encoding PTGS2 after 3, 6 and 24 h of incubation. IL1LR1 gene
was downregulated at increased-salt stimulation for 6 and 24 h. The
content of IL6 gene mRNAs was significantly decreased all the time. The
expression of FOS and NOS3 genes remained statistically unchanged in
the presence of additional 15mMNaCl. Wemay conclude that alterations
in the transcription of above-listed genes are due to exactly Naþi/Kþ

i
perturbations because the change in osmolarity of the extracellular me-
dium induced by the addition of mannitol didn't affect either monovalent
cations intracellular content (Figure 4) or tested genes expression
(Figure 6). Weik and co-workers have previously demonstrated that
compatible organic osmolytes diminished PTGS2 expression triggered by
the hyperosmotic effect of lipopolysaccharide-stimulated rat liver sinu-
soidal endothelial cells (Weik et al., 1998). Most likely, the accumulation
of these substances led to the alterations in Naþi/Kþ

i activities and a
subsequent decrease in PTGS2 mRNA levels.

As noted above, one potential mechanism of gene expression alter-
ations in endothelial cells in response to the osmolarity change can be
NFAT5-dependent regulation of transcription (Dmitrieva and Burg



Figure 2. Effect of 1 μM amiloride on the content of
Naþi and Kþ

i, and Rbþ influx in HUVEC. Cells were
incubated in control culture medium and in culture
medium with additional 15 mM NaCl for 1 (A, B, C)
and 3 (D, E, F) hours. To study the rate of Rbþ influx,
we added 2.5 mM RbCl to the medium 10 min before
the end of incubation. Kþ

i, Naþi and Rbþi content in
cells for each time point in the absence of amiloride
was taken as 100%. The significant differences were
calculated using the One-way ANOVA test. Means �
S.E. are shown, n ¼ 4–14.

Figure 3. Effect of 3 μM ouabain on the content of
Naþi and Kþ

i, and Rbþ influx in HUVEC. Cells were
incubated in control culture medium and in culture
medium with additional 15 mM NaCl for 1 (A, B, C)
and 3 (D, E, F) hours. To study the rate of Rbþ influx,
we added 2.5 mM RbCl to the medium 10 min before
the end of incubation. Kþ

i, Naþi and Rbþi content in
cells for each time point in the absence of ouabain was
taken as 100%. The significant differences were
calculated using the One-way ANOVA test. * - p <

0.05 compared to control cells; # - p < 0.05 compared
to cells incubated in culture medium in the presence
of ouabain. Means � S.E. are shown, n ¼ 4–14.
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2014). In addition, it was shown that NFAT5 expression can not only be
increased, but also be suppressed depending on the cellular ionic strength
(Woo et al., 2000). However, we did not detect an altered abundance of
NFAT5 protein in response to the elevation of extracellular NaCl by 15
mM within 24 h (Figure 7). Taking into account the fact that NFAT5 is a
nuclear transcription factor, we determined its nuclear and cytosolic
distribution. As shown in Figure 8, an overwhelming amount of this
transcription factor was detected in the nuclear fractions of cells. It is
important to note that no significant differences were found in the con-
tent of nuclear NFAT5 in cells treated with excess NaCl or mannitol for 1,
5

3, 6, and 24 h. These findings support the idea that Naþi/Kþ
i-dependent

mechanism of transcription regulation takes place. The molecular origin
of Naþi/Kþ

i sensor(s) involved in this process should be identified in
forthcoming studies.

3.2. Moderate hyperosmotic stimulation of HUVEC for 24 h didn't affect
cellular mechanical properties

The term “cell stiffness”, or rigidity, although commonly has no un-
ambiguous definition in physics as a term. Usually the stiffness is



Figure 4. Time-dependent effect of 30 mM mannitol on Naþ and Kþ content in
HUVEC. Mannitol was added to the control medium for the maintaining iso-
osmolarity. Baseline values obtained in the control were taken as 100%. Means
� S.E. are shown, n ¼ 6–12.
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understood as a measure of the resistance of a material to deformation as
mechanical forces are applied to it (Janmey et al. 2019). The stiffness can
depend on the geometry, time, degree of deformation, state of cell
compartments, especially membrane and cytoskeleton, adhesion, etc.
Atomic force microscopy (AFM) is one of the most popular method used
to evaluate cell stiffness. Using AFM, it is possible to estimate Young's
modulus (elasticity modulus). This value depends on cytoskeleton con-
dition. Moreover, living cells are characterized by local membrane fluc-
tuations or flickering (low-frequency vibrating movements about 100 nm
scale amplitudes at frequencies 0.1–30 Hz) (Brochard and Lennon 1975).
In this case, the term “membrane” is usually used as an acronym of the
term “membrane–cytoskeleton complex”. The fluctuation depends on
lateral tension (inversely), cell adhesion and other mechanical charac-
teristics (Kononenko 2009). Moreover, membrane fluctuations can be
driven by force generating processes such as ion pumps or lipid trans-
porters activity or via mechanical coupling to the underlying cytoskel-
eton (Turlier and Betz 2018). Using membrane fluctuations, we can
calculate the equivalent elastic constant of cell membranes, ke, which
depends on the bending modulus, lateral surface tension (Popescu et al.,
Figure 5. Time-dependent action of elevated extracellular NaCl on gene transcript
additional 15 mM NaCl for 1, 3, 6 and 24 h mRNA content in control cells is taken as 1
* - p < 0.05 compared to control cells. Means � S.E. from 3 experiments performed
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2006) and, to a lesser extent, other parameters. Under normal conditions,
surface tension usually makes the main contribution to ke.

Endothelial flexibility is a necessary factor for its normal function
(Lang 2011). In accordance with previous publications, even a small
increase in extracellular Naþo leads to increased stiffness of the vascular
endothelium and affects its functional properties (H. E. de Wardener
et al., 2007). We studied the effect of additional extracellular Naþo (þ15
mM) on the endothelial cell stiffness using the force curve method and
assessment of plasma membrane fluctuations. These approaches allow to
determine Young's moduli (elasticity moduli) and equivalent elastic
constants of membranes, respectively, which reflect the degree of cell
stiffness. Measurements were performed after 0.5 and 24 h of cells
exposure to the medium with excess Naþo. To control the effect of
extracellular osmolarity, we used the addition of 30mMmannitol instead
of 15 mM NaCl. In our experimental conditions, we detected an increase
in Young's modulus (Figure 9) and a decrease in equivalent elastic con-
stants (Figure 10). However, compared to control samples (normal
Naþo), we found that the change in these parameters developed over time
and did not depend on the osmolarity of the extracellular medium (Fig-
ures 9 and 10). Sodium effect on endothelial stiffness has been demon-
strated earlier to be dependent on aldosterone (H. E. de Wardener et al.,
2007). However, moderate elevation of extracellular Naþo (þ15 mM)
also didn't affect endothelial cell stiffening in the presence of 1 nM
aldosterone up to 48 h in our experiments (data not shown). On the other
hand, it was shown that a pronounced effect of Naþo on the mechanical
properties of the endothelium is observed at its concentration above 139
mM (Hans Oberleithner, Kusche-Vihrog, and Schillers 2010). Summari-
zing these results, we can speculate that cell stiffening mediated by
extracellular Naþo depends on its concentration.

4. Discussion

In this study, we examined the effects of short-term exposure of
HUVEC to moderately elevated sodium (within the physiological range)
on gene expression and cellular mechanical properties. These parameters
are believed to be physiological mediators that induce endothelial
dysfunction.

We found that elevated extracellular sodium downregulates expres-
sion of some genes related to the inflammatory response (PTGS2, IL6,
IL1LR1). Оur results strongly suggest that Naþi/Kþ

i alterations play a key
role in affecting the transcription of these genes in endothelial cells
exposed to hyperosmotic conditions. This conclusion is supported by
evidences listed below.
ion in HUVEC. Cells were subjected to control cell culture medium containing
00%. The significant differences were calculated using the One-way ANOVA test.
in triplicate are shown.



Figure 6. Effect of 30 mMmannitol on gene transcription in HUVEC. Cells were subjected to control cell culture medium containing additional 30 mM mannitol for 1,
3, 6 and 24 h mRNA content in control cells is taken as 100%. Means � S.E. from 3 experiments performed in triplicate are shown.

Figure 7. Representative Western blots and relative content of NFAT5 in
HUVEC exposed to normal- and elevated-sodium medium for 3, 6 and 24 h. The
content of proteins in control cells was taken as 1.0. Data obtained in three
independent experiments are reported as means � S.E.
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First, an increase in extracellular [Naþ]o from 125 to 140 mM influ-
enced the Naþi/Kþ

i gradient in HUVEC. Second, PTGS2, IL6, IL1LR1were
found to be downregulated upon cells exposure to elevated sodium.
Third, we did not detect an altered abundance of cytosolic and nuclear
NFAT5 protein in response to the increase in extracellular sodium by 15
mMwithin 24 h. Fourth, neither Naþi/Kþ

i ratio, nor the content of PTGS2,
IL6, IL1LR1 was affected by exposure of HUVEC to the control medium
containing additional 30 mMmannitol. Fifth, the change in osmolarity of
the extracellular medium, either due to the addition of NaCl or mannitol,
had no effect on the mechanical properties of endothelial cells.

We should take into account that Naþi/Kþ
i imbalance in HUVEC

observed in our experiments may result in slight [Ca2þ]i alterations (e.g.,
through Naþ/Ca2þ exchanger), which, in turn, lead to gene expression
changes. However, to assess the role of this mechanism is necessary to
determine how [Ca2þ]i in endothelial cells varies in response to an
7

increase in the extracellular sodium. At the same time, it has been shown
that prominent transcriptomic changes in various types of cells in the
presence of extracellular Ca2þ-chelators are at least partially mediated by
an elevation of the [Naþ]i/[Kþ]i ratio and activation of Ca2þi-indepen-
dent, [Naþ]i/[Kþ]i-mediated mechanism of excitation-transcription
coupling (Koltsova et al., 2012). All these data demonstrate that mod-
erate and short-term elevation of extracellular sodium can affect endo-
thelial function regardless of alterations in its mechanical parameters.
This effect may be mediated by Naþi/Kþ

i-sensitive mechanism(s) of gene
transcription regulation and is not associated with changes in the os-
molarity of extracellular fluids.

At first glance, the results demonstrating downregulation of the
proinflammatory genes in response to an elevation of the extracellular
sodium concentration seem paradoxical. Indeed, contrary to previously
observed data, we detect not an increase, but a decrease in the inflam-
matory response under these conditions. However, there is a correlation
between the change in the intracellular Naþ content and the induction of
a pro- or anti-inflammatory response. Short-term stimulation of endo-
thelial cells with moderately increased sodium in the physiological range
leads to a decrease in the intracellular Naþ content as a result of Na,K-
ATPase activation that, in turn, maintains Naþ homeostasis in the cell.
Apparently, a decrease in the intracellular Naþ content causes an anti-
inflammatory effect, and its increase as a result of Na,K-ATPase inhibi-
tion triggers pro-inflammatory genes upregulation, as we have shown
earlier (Klimanova et al. 2017, 2020).

Unfortunately, not all studies have investigated how the intracellular
monovalent cations content alters in response to an elevation in the
extracellular Naþ concentration. Nevertheless, an analysis of those
studies in which these data were presented shows that a change in the
osmolarity of the extracellular medium, which is not accompanied by an
Naþi/Kþ

i imbalance (for example, using nonpermeant osmolytes), does
not trigger prominent transcriptomic changes. These changes, according
to our observations, are the result of the Naþi/Kþ

i perturbation itself. This
suggestion is consistent with the observations of other researchers. Thus,
it was shown that an increase in the extracellular Naþ concentration
triggers its augmented input into epithelial cells by Nax channel and the
subsequent upregulation of proinflammatory genes. At the same time,
Nax downregulation led to a decrease in the expression of these genes,
including PTGS2, and prevented Naþ accumulation in the cell (Xu et al.,
2015; Hou et al., 2021). In another study, it was demonstrated that
high-salt diet leads to the accumulation of Naþ ions in tumor tissues and
inhibits their growth in mice. Gene expression analysis of
myeloid-derived suppressor cells isolated from these tumor tissues
revealed that these cells have a pro-inflammatory phenotype as a result of



Figure 8. Representative Western blots and relative cytosol and nuclear content of NFAT5 and Lamin B1 in HUVEC exposed to normal- and elevated-sodium medium
for 1, 3, 6 and 24 h. The content of proteins in control cells was taken as 1.0. Data obtained in three independent experiments are reported as means � S.E.

Figure 9. Effect of osmolarity of the cell culture medium on Young's modulus of
HUVEC. The data shown as experimental values (points) and median with
interquartile range (black lines). The significant differences were calculated
using the Kruskal-Wallis test, p < 0.05. The significant differences between cells
incubated in different mediums for 0.5 and 24 h, correspondingly, were not
observed. *- p < 0.05 compared to control cells incubated for 0.5 h.

Figure 10. Effect of osmolarity of the cell culture medium on equivalent elastic
constants of HUVEC. The data shown as experimental values (points) and me-
dian with interquartile range (black lines). The significant differences were
calculated using the Kruskal-Wallis test, p < 0.05. The significant differences
between cells incubated in different solutions for 0.5 and 24 h, correspondingly,
were not observed. *- p < 0.05 compared to control cells incubated for 0.5 h.
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prominent transcriptomic changes in comparison with cells of
normal-salt-diet animals (He et al., 2020). Barbaro and colleagues in
experiments with dendritic cells showed that these cells, in response to
high-salt-treatment (but not mannitol), increase the production of the
pro-inflammatory interleukin Il-1β. Nevertheless, it should keep in mind
that an increase in the intracellular Naþ content in response to an
8

increase in the concentration of this ion in the medium was accompanied
by the activation of Ca2þ-dependent signaling pathways. It is useful to
note that these experiments were carried out in the presence of 190 mM
NaCl for 24 h, which can activate Ca2þ-signaling and further affect gene
expression (Barbaro et al., 2017).
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It is well known that NFAT5 plays a key role in the adaptation of cells
to conditions of increased Naþ content in the extracellular medium
(Cheung and Ko 2013). In our experiments, we did not detect abundance
alterations of this transcription factor, which would indicate its contri-
bution to the regulation of the expression of the studied genes. Never-
theless, Neubert and colleagues showed that high-salt treatment (but not
mannitol) of E. coli-infected mice macrophages was accompanied by
rapid Naþ influx and subsequent increased Nfat5 expression and trig-
gered transcriptomic changes in infected cells. However, some genes
whose expression affected under high-salt conditions were not influ-
enced by Nfat5-silencing (Neubert et al., 2019). All these data together
clearly demonstrate that the extracellular sodium itself (the Naþi/Kþ

i
imbalance, as consequence), but not the hyperosmotic stimulation
and/or cell stiffening, can independently regulate gene expression in
endothelial cells.

The next question that should be addressed is the nature of mono-
valent cations intracellular sensor(s). From our point of view, G-quad-
ruplexes located within the DNA are the most suitable candidate for this
role. These secondary structures are formed within guanine-rich regions
of nucleic acids and are abundant in the human genome. It was also
shown that their structure is stabilized by monovalent cations in the
following sequence: Kþ > Naþ, NH4

þ >>> Liþ (Kharel et al., 2020). Sen
and Gilbert were the first to show that the ratio of Naþ and Kþ ions is
critical for the DNA G-quadruplexes’ formation, the so-called
“sodium–potassium switch” (Sen and Gilbert 1990). Moore and Morrill
proposed a model according to which Na,K-ATPase activity determines
the ionic composition of the nucleus and thus “play an important role in
the regulation of gene activity” (Moore and Morrill 1976). Taking this
into consideration, we speculate that Naþi/Kþ

i imbalance mediates
transcriptomic changes directly, through a change in DNA conformation
within G-quadruplexes. However, these assumptions require further
experimental verification.
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