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Introduction: Typical Western diet, rich in salt, contributes to autoimmune

disease development. However, conflicting reports exist about the effect of

salt on neutrophil effector functions, also in the context of arthritis.

Methods: We investigated the effect of sodium chloride (NaCl) on neutrophil

viability and functions in vitro, and in vivo employing the murine K/BxN-serum

transfer arthritis (STA) model.

Results and discussion: The effects of NaCl and external reactive oxygen species

(H2O2) were further examined on osteoclasts in vitro. Hypertonic sodium-rich

media caused primary/secondary cell necrosis, altered the nuclear morphology,

inhibited phagocytosis, degranulation, myeloperoxidase (MPO) peroxidation

activity and neutrophil extracellular trap (NET) formation, while increasing total

ROS production, mitochondrial ROS production, and neutrophil elastase (NE)

activity. High salt diet (HSD) aggravated arthritis by increasing inflammation, bone

erosion, and osteoclast differentiation, accompanied by increased NE expression

and activity. Osteoclast differentiation was decreased with 25 mM NaCl or 100

nM H2O2 addition to isotonic media. In contrast to NaCl, external H2O2 had pro-

resorptive effects in vitro. We postulate that in arthritis under HSD, increased

bone erosion can be attributed to an enhanced oxidative milieu maintained by

infiltrating neutrophils, rather than a direct effect of NaCl.

KEYWORDS

neutrophils, sodium chloride, reactive oxygen species, neutrophil extracellular traps
(NETs), osteoclasts, K/BxN serum transfer arthritis
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1 Introduction

Neutrophils are the most abundant white blood cells, and the

first line of defense in innate immunity. Upon activation, they

migrate to the site of inflammation, to execute various effector

functions: phagocytosis, degranulation, reactive oxygen species

(ROS) and cytokine production, and neutrophil extracellular traps

(NETs) release (1, 2). In neutrophils, azurophilic (primary) granules

containing enzymes such as myeloperoxidase (MPO) or neutrophil

elastase (NE) fuse with the phagosome during phagocytosis. MPO is

a heme enzyme with peroxidase-like and halogenizing activities (3),

it utilizes the H2O2 as a substrate to generate hypochlorous acid

(HClO). The latter kills pathogens on the expense of tissue

destruction (4). The formation of NETs is commonly initiated in

neutrophils undergoing an oxidative burst (5), followed by

chromatin de-condensation and nuclear membrane disintegration

(6), NE and MPO access to the nucleus, histone modification,

cellular membrane rupture, and chromatin expulsion (7). NETs can

exert pro- or anti-inflammatory activities depending on the

intensity of neutrophil infiltration, and are eventually dismantled

by serum DNases and cleared by phagocytes.

Neutrophils contribute to the pathogenesis of many diseases.

One example is rheumatoid arthritis (RA) (8), a chronic

inflammatory autoimmune disease characterized by persistent and

progressive joint and synovial membrane damage (2, 7). In patients

with RA, immune complexes deposited in synovial tissues trigger

inflammatory responses driven by neutrophils and NETs (2). A

well-established murine model for RA is K/BxN serum transfer

arthritis (STA) (7, 8). The inflammation after transfer of serum or

purified glucose-6-phosphate isomerase (G6PI)-specific IgGs from

arthritic transgenic K/BxN mice is driven by autoantibodies against

G6PI (9). In this model neutrophils are an essential player in the

pathogenesis (10).

A Western diet, rich in salt, has various effects on the innate

immune system. It has long been considered a risk factor for

autoimmune diseases (11–14). NaCl aggravates inflammatory

arthritis via induction of pathogenic CD4+ T helper cells which

produce interleukin-17 (IL-17) (15). The effect of salt on

neutrophils, however, hasn´t been fully elucidated, as many

publications provide conflicting information. It was reported that

NaCl-induced hyperosmolarity suppresses some leukocyte

functions, such as chemotaxis, phagocytosis, intracellular killing

of bacteria and superoxide production (16). More recently, it was

reported that a high salt environment suppresses ROS-dependent

NET formation (17) while Krampert et al. reported that “high salt”

(40 mM additional NaCl) reduced neutrophil movement,

degranulation and ROS production with no changes in cell

viability or NET formation. The latest publication showed that

the effect of additional 50 mM NaCl was time-dependent and

caused a delayed activation of human neutrophils. In short-term

and long-term neutrophil cultures, production of IL-8 and

respiratory burst were inhibited or augmented, respectively (18).

The ionic strength in the bodies of mammalians is strictly

regulated (19). The overall ionic strength of cell bodies and

interstitial fluids is approximately 150 mM corresponding to 300
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mOsm/kg. Under physiological conditions, sodium plays an

important role in maintaining the volume of extracellular fluids

and generating cells’ membrane potential (20). It also plays an

important role in muscle contraction and is directly related to

blood pressure (21). In the kidney, which is involved in

osmoregulation (22), this osmotic tonicity is locally greatly

exceeded. On the way of the urine from the blood to the inner

medulla osmolarity gradually increases from 300 to 1200 mOsm/kg.

The tonicity of the corresponding interstitial spaces follows the

increase inside the tubules (23). In addition to these osmolar active

ions, bones constitutively contain much sodium adsorbed to the

apatite in an osmolar inactive manner. In vivo sodium quantification

in the healthy human wrist by the means of MRI revealed average

sodium concentrations ranging from 115 to 150 mmol/L in

noncartilaginous regions, and from 200 to 210 mmol/L in

cartilaginous regions (24). However, the exact tissue concentration

of sodium inmany pathological tissues, as in those of RA patients, has

not been determined yet. In patients with human brain tumors, MRI

showed increased sodium concentration in tumors relative to that in

normal brain structures (25). High sodium intake has been associated

with rheumatoid arthritis (26), and patients with rheumatoid arthritis

showed increased sodium excretion (27). Furthermore, hypertonic

sodium rich environment can be found in the lymphatic organs, skin,

and the inflamed tissue, under both physiological and pathological

conditions. In inflamed tissues of patients with skin infection the

sodium accumulates at the site of infection (23, 28). Whether this

sodium increases the local tonicity is not fully clarified. Measurement

of the tissue osmolality in lymphoid tissues also revealed the

hyperosmolar environment (29).

Here we examined the effects of hypertonic sodium-rich

media on neutrophil viability, nuclear morphology and various

cell activities, as well as osteoclast differentiation and resorption

activity, in the context of inflammatory arthritis. We observed that

hypertonic sodium-rich media changed the morphology of

neutrophils’ nuclei, greatly reduced neutrophil viability by

primary or secondary necrosis, and inhibited neutrophil effector

functions, except, it fostered ROS production. In vivo, HSD

aggravated STA by increasing tissue inflammation, bone erosion

and osteoclast count, and was accompanied by enhanced

neutrophil infiltration in the hind paws. Additional 25 mM

NaCl decreased osteoclast differentiation in vitro without

altering their resorption activity, whereas external ROS (H2O2)

increased resorption activity, despite decreased cell differentiation

in these conditions.
2 Materials and methods

2.1 Ethical issues

Investigations on human material were performed in

accordance with the Declaration of Helsinki and with the

approval of the ethical committee of the University Hospital

Erlangen (permit 243_15 B). A written informed consent was

given by each donor. All animal experiments and procedures
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were performed according to institutional guidelines on animal

welfare and were approved by the local Animal Care and Use

Committees of the Danylo Halytsky Lviv National Medical

University (permit numbers 20191219/10 and 20201221/9).
2.2 Isolation of human neutrophils

Whole blood from healthy human donors was freshly drawn

into EDTA tubes (Sarstedt). We isolated neutrophils by density

gradient centrifugation at 350 g for 30 minutes at room temperature

(RT) with Lymphoflot Ficoll-Diatrizoate (Bio-Rad). The high-

density layer was subjected to hypotonic erythrocyte lysis. We

resuspended pelleted neutrophils in Dulbecco´s Phosphate

Buffered Saline (DPBS, ThermoFisher Scientific) and determined

the viable cell concentration by staining with acridine orange/

propidium iodide (Logos Biosystems) employing the Luna-FL™

Dual Fluorescence Cell Counter (Logos Biosystems).
2.3 4 color death staining

We incubated freshly isolated neutrophils in DPBS-NaCl

buffers at various osmolarities (1) isotonicity 137 mM NaCl, (2)

moderate hypertonicity 200 mM NaCl, and (3) high hypertonicity

300 mM NaCl, with or without addition of 10% heat-inactivated

fetal calf serum (FCS, c.c.pro GmbH), at different time points.

Corresponding buffers were prepared by addition of 3.4 M NaCl

solution (Merck) to the standard DPBS buffer. Cell viability was

assessed by Gallios Flow Cytometer (Beckman Coulter) after 30-

minute staining with Annexin A5-FITC (Immunotools, 0.5 µg/ml),

PI (Sigma-Aldrich, 1 µg/ml), DilC1(5) (Invitrogen, 1.67 nM) and

Hoechst33342 (Molecular Probes, 1 µg/ml) in Ringer´s solution

(Delta Select) at 4°C as reported previously (30). The analysis was

performed in Kaluza Analysis 2.1 software (Beckman Coulter).
2.4 ROS and mitochondrial
ROS production

We pre-incubated freshly isolated neutrophils at 37°C with

general oxidative stress indicator 2 µM CM-H2DCFDA

(ThermoFisher Scientific) or mitochondrial superoxide indicator

5 µMMitoSOX Red (ThermoFisher Scientific) for 20 or 10 minutes,

respectively, and incubated them in respective DPBS-NaCl buffers

(137, 200 or 300 mM) without serum upon Phorbol 12-myristate

13-acetate (PMA, 100 ng/mL) or Pyocyanin (10 µM or 50 µM,

respectively) stimulation for another 20 minutes. We stained the

neutrophils with CD15 APC (BioLegend, 1:150) and CD16 PB (BD

Pharmingen, 1:150) for 30 minutes at 4°C, and assessed the CM-

H2DCFDA (ThermoFisher Scientific) and MitoSOX Red

(ThermoFisher Scientific) fluorescence in the FL-2 channel with
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performed in Kaluza Analysis 2.1 software (Beckman Coulter).
2.5 Phagocytosis

We coated the Fluoresbrite YG Carboxylate Microspheres, 1 µm

(Polysciences, 15702-10) with 2 mg/mL human immunoglobulins

(IVIg, Gammunex-C) or 2 mg/mL human serum albumin (HSA,

Sigma-Aldrich) and stored them at 4°C in a DPBS-NaCl buffer with

10 mg/mL bovine serum albumin (BSA, Santa Cruz Biotechnology).

We then centrifuged the microspheres and replaced the supernatant

with 50% autologous serum diluted in DPBS-NaCl buffers of

various salt concentration (137, 200 or 300 mM). We vortexed

the microspheres for 5 minutes and washed them with 1% BSA in

DPBS. We resuspended them in hypertonic sodium-rich media

(137, 200 or 300 mM). The microspheres were sonicated for 10

minutes, and vortexed for 5 minutes before immediate use. We

isolated the neutrophils as described in 2.2., and resuspended them

in respective DPBS-NaCl buffers (137, 200 or 300 mM). We added

the final microsphere suspension to the cells and incubated them for

1 hour at 37°C and 5% CO2. We stained the cells with CD15 APC

(BioLegend, 1:150) and CD16 PB (BD Pharmingen, 1:150) for 30

minutes at 4°C and quantified the signal using the Gallios Flow

Cytometer (Beckman Coulter). The analysis was performed in

Kaluza Analysis 2.1 software (Beckman Coulter).
2.6 Degranulation

We isolated neutrophils as described in 2.2., and incubated

them for 1 hour with PMA (100 ng/mL) or Pyocyanin (10 µM) in

various DPBS-NaCl buffers (137, 200 or 300 mM). We stored the

supernatant and later used it for MPO or NE activity measurement

(2.7 and 2.8, respectively). The remaining cell pellet was

resuspended and stained with anti-CD66b-FITC (Immunotech,

1:1000) for 30 minutes at 4°C and quantified using the Gallios

Flow Cytometer (Cytoflex S) to assess degranulation. The analysis

was performed in Kaluza Analysis 2.1 software (Beckman Coulter).
2.7 MPO activity

To assess the MPO peroxidation activity, reaction was developed

by adding the TMB substrate set (BioLegend) to the collected

supernatants. The reaction was stopped by adding 25% sulfuric

acid (PanReac AppliChem). The optical densities (ODs) were read

at 450 nm with a reference at 620 nm using the SUNRISE microplate

reader (Tecan). To assess the MPO chlorination activity, we used the

EnzChek™ Myeloperoxidase (MPO) Activity Assay Kit

(ThermoFisher Scientific) according to manufacturer´s instructions.

The fluorescence intensity was read in an Infinite F200 PRO plate
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reader (Tecan; ex. 485 nm, em. 530 nm). We used RIPA buffer

(ThermoFisher Scientific) for complete cell lysis representing

maximum MPO activity in the cell supernatant.
2.8 NE activity

To assess the NE activity, reaction was developed by adding the

NE fluorogenic substrate (MeOSuc-AAPV-AMC, Santa Cruz

Biotechnology, 1:10) to the collected supernatants. The

fluorescence intensity was measured for 12 hours at 37°C in an

Infinite F200 PRO plate reader (Tecan; ex. 360 nm, em. 465 nm).

We used RIPA buffer (ThermoFisher Scientific) for complete cell

lysis representing maximum NE activity in the cell supernatant.

Endpoint values were analyzed.
2.9 Quantification and imaging of NETs

We employed SYTOX™ Green Nucleic Acid stain

(ThermoFisher Scientific, 1: 1200) to detect extracellular DNA

(ecDNA) in neutrophils cultures. Neutrophils were stimulated by

PMA (100 ng/mL) or Pyocyanin (10 µM), and DPBS as control for

NET formation in various salt conditions. 150 000 neutrophils were

seeded per well, and the fluorescence intensity of SYTOX™ Green

Nucleic Acid stain was measured for 4 hours at 37°C and 5% CO2 in

an Infinite F200 PRO plate reader (Tecan; ex. 485 nm, em. 535 nm).

Endpoint values were analyzed.

To visualize NETs, we cultured neutrophils in chamber slides

(Permanox, Thermo Fisher) for 4 hours at 37°C and 5% CO2 with

PMA (100 ng/mL) or Pyocyanin (10 µM), or without stimuli

(DPBS). We fixed the cells with 2% paraformaldehyde (PFA,

Merck), permeabilized with 0.1% Triton X-100 (Merck), and

blocked with blocking buffer (10% FCS, 2% BSA, 0.1% Triton X-

100, 0.05% Tween 20 in DPBS) for 1 hour. Next, we stained them

with primary rabbit anti-human neutrophil elastase (NE,

Invitrogen, PA5-87158, 1:50), secondary goat anti-rabbit Cy5

(Jackson Lab., 111-175-144, 1:400) and DNA stain Hoechst33342

(Molecular Probes, 1µg/ml), and mounted them with DAKO

fluorescence medium (Agilent). Controls were stained with

Hoechst33342 and secondary goat anti-rabbit Cy5 only. We took

the microphotographs with fluorescence microscope BZ-X710

(Keyence Corporation). Fluorescence microscopy pictures of

NETs were analyzed using Adobe Photoshop CC 2018 to quantify

the intensity of NE.
2.10 K/BxN-STA model for human
inflammatory arthritis

We initially transferred the sera from arthritic K/BxN mice into

healthy 2-month-old C57BL/6J female mice by intraperitoneal (i.p.)

injection. The 3R principles (Replace, Reduce, Refine) were

considered for the calculation of the minimum required sample

size and it was determined that to have an 80% chance of detecting a

drop of 4 points in the arthritis score at the 5% level of significance
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included in this study. Simple (unrestricted) randomization of all

mice into 4 groups followed. One group (n=8) was fed a diet with

normal salt content (0.24% sodium) in food (ssniff Spezialdiäten

GmbH, V1534-000) and water, while the other group (n=8)

received a diet with high salt content: 4% NaCl-containing pellets

(ssniff Spezialdiäten GmbH, E15431-34) and 0.9% NaCl-containing

water one week before injection of the K/BxN serum and during the

observation period. We followed the onset of arthritis for 43 days

post-injection by measurement of ankle thickness with caliper and

estimation of ankle thickness (clinical) by scoring of joint swelling

of front and hind paws as follows: each paw was individually scored

using a 4-point scale (0, normal paw; 1, swelling and redness of one

joint type; 2, swelling and redness of two joint types; 3, swelling and

redness on three joint types; 4, maximal swelling and redness which

leads to complete joint deformity). Scoring was performed blindly

and the measuring order of the cages was randomly alternated to

avoid observer bias. Once the acute and resolution phases were

defined, we induced arthritis to additional two groups (n=5) and

euthanized at the peak of joint inflammation at day 10. The

collected data were thereafter matched with the corresponding

groups and analyzed accordingly.
2.11 Micro-computed tomography (µCT)

In order to evaluate bone erosions at distal sites from

inflammation, we performed µCT imaging of tibiae collected after

43 days of STA was performed using the cone-beam Desktop Micro

Computer Tomograph “µCT 40” by SCANCO Medical AG,

Bruettisellen, Switzerland. The settings were optimized for

calcified tissue visualization at 55 kVp with a current of 145 µA

and 200 ms integration time for 500 projections/180°. For the

segmentation of 3D-Volumes an isotropic voxel size of 8.4 µm

and an evaluation script with adjusted greyscale thresholds of the

operating system “Open VMS” by SCANCO Medical was used. For

evaluation of the trabecular and bone structure of the proximal tibia

metaphysis the volume of interest was determined as starting

0.42mm from the middle of the growth plate and extending

1.680mm (200 tomograms) distally. The segmentation of cortical

and trabecular bone was carried out manually, based on a threshold

dependent Open VMS-auto-contouring script provided by

SCANCO Medical.
2.12 Histology

We euthanized 10 mice (5/group) on day 10 and fixed the paws

overnight (ON) at RT in 4% PFA (Merck), washed them ON in 70%

ethanol, and decalcified them in Teitel buffer for 2 weeks.

Histological sections were prepared by embedding in paraffin and

staining for hematoxylin and eosin (H&E) and tartrate-resistant

acid phosphatase (TRAP). We took pictures with the fluorescence

scanner (Aperio Versa 8, Leica Biosystems). We quantified the

tissue area (T.Ar.), bone area (B.Ar.), inflammation area (Infl.Ar.),

eroded area (Er.Ar.), and osteoclast count (N.Oc.) using the Aperio
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ImageScope image analysis software (Leica Biosystems). We stained

another set of histological sections with primary antibody sheep

anti-mouse neutrophil elastase (NE, R&D, AF4517, 1:100),

secondary antibody donkey anti-sheep Alexa Fluor 647 (AF647,

ThermoFisher Scientific, A-21448, 1:400) or primary antibody rat

anti-mouse Ly6G (BioLegend, 127601, 1:100), secondary antibody

donkey anti-rat Cy5 (712-175-150, Jackson Lab., 1:400) or primary

antibody rabbit anti-human citrullinated histone H3 (citH3)

(ab5103, Abcam, 1:300), secondary antibody goat anti-rabbit Cy5

(111-175-144, Jackson Lab., 1:400), and DAPI (1 µg/ml), followed

by mounting with DAKO fluorescence medium. Controls were

stained with DNA stain and secondary antibody only. We took

microphotographs using the Aperio Versa 8 fluorescence scanner.

We exported immunofluorescence images of the infiltrated areas of

interest as grayscale TIFF files. We performed basic cell

segmentation employing the Spectre R package (10.1002/

cyto.a.24350), with instructions and source code provided at

https://github.com/ImmuneDynamics/spectre. We used the stable

version (4.2.1) of CellProfiler downloaded from the CellProfiler

website (www.cellprofiler.org) to obtain single cell data. The

fluorescence intensity of NE was further quantified using Adobe

Photoshop CC 2018. Lastly, we performed NE activity

measurement using deparaffinized paw sections from K/BxN

mice as follows: we added the NE fluorogenic substrate (MeOSuc-

AAPV-AMC, Santa Cruz Biotechnology, 1:10) to the tissue and

incubated the slides at 37°C for 24 hours. The following day, we

transferred the incubation fluid to a 96-well plate and measured the

fluorescence intensity in an Infinite F200 PRO plate reader (Tecan;

ex. 360 nm, em. 465 nm). We then took microphotographs

employing the Aperio Versa 8 fluorescence scanner, and extracted

the paw area using the Aperio ImageScope image analysis software

(Leica Biosystems).
2.13 Murine osteoclast differentiation

We isolated macrophage-like osteoclast precursor cells from

female C57BL/6J mice (6-14 weeks old) by flushing the bone

marrow from femora and tibiae. We incubated the cells in a Petri

dish at 37°C and 5% CO2 overnight. The next day, we collected the

non-adherent cells and plated them on 96-well plates coated with

calcium phosphate, at 1 x 106/mL (200 µL/well) in a-MEM (Gibco)

containing 10% FCS and 1% Penici l l in/Streptomycin,

supplemented with 30 ng/mL recombinant murine M-CSF

(Peprotech, 315-02) and 50 ng/mL recombinant murine sRANK

Ligand (Peprotech, 315-11). Where stated, 5, 15, or 25 mM NaCl

and/or 100 nM H2O2 were added in the medium change (every 2

days). On day 9, we fixed and stained the fully differentiated

osteoclasts using the TRAP staining Kit (Merck, 387A-1KT). We

identified purple colored cells with more than 3 nuclei as

osteoclasts. One field per well was imaged. We quantified the

osteoclasts employing the Carl Zeiss microscope equipped with a

camera (Osteomeasure; Osteometrics). After TRAP analysis, cells

were lysed with ddH2O, and we performed Von Kossa staining

(Resorption Assay). We took the microphotographs of all wells

using the fluorescence microscope BZ-X710. We identified the
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resorbed area as white patches on black background, and

performed the morphometry analysis in ImageJ. We pooled the

results from 5 mice.
2.14 Statistical analyses

We performed the statistical analyses in Excel 2019 (Microsoft)

or in Graphpad Prism 9. We performed Mixed Effects Analysis, 2-

way ANOVA, ordinary one-way ANOVA, Multiple t-tests,

Unpaired t-test, Mann-Whitney test or Kruskal-Wallis test, as

indicated in the figure legends. All data are presented as mean ±

standard deviation (SD).
3 Results

To investigate the effect of hypertonic sodium-rich media on

neutrophils, we first assessed the viability of human neutrophils in

vitro in various tonicities by flow cytometry (Figure 1A): (1)

isotonicity 137 mM NaCl, (2) moderate hypertonicity 200 mM

NaCl, and (3) high hypertonicity 300 mMNaCl in either serum-free

(Figure 1B) or serum-supplemented (Figure 1C) buffers. We

induced hypertonicity by increasing the NaCl content by 63 mM

(200 mM DPBS-NaCl), or 163 mM (300 mM DPBS-NaCl). Using a

four-color death staining protocol (30) we differentiated the cell

subpopulations by flow cytometry: viable (V), apoptotic (A),

primary necrotic (pN), and secondary necrotic (sN) cells. High

hypertonicity greatly reduced neutrophil viability, whereas

moderate hypertonicity only marginally affected cell viability. In

high hypertonicity, cell viability decreased greatly after 1 hour, and

in serum-supplemented environment after 2 hours. Neutrophils

underwent primary or secondary necrosis rather than apoptosis.

Table 1 depicts the differences in cell viability under various

salt conditions.

As cell death staining assays showed that neutrophils preserved

viability in moderate hypertonicity, we tested whether this increase

in salinity effects neutrophil effector functions. We measured ROS

and mitochondrial ROS production upon stimulation with PMA or

Pyocyanin (Figures 2A, B, respectively), and phagocytic activity in

various salt conditions (Figure 2C). We further performed assays

for degranulation (Figure 2D), MPO peroxidation and chlorination

activity (Figures 2E, F, respectively) and observed that high

hypertonicity (300 mM) increased ROS production upon

stimulation (Figure 2A), and moderate hypertonicity (200 mM)

increased mitochondrial ROS production. Likewise, in high

hypertonicity (300 mM), NE activity was also increased

(Figure 2G). On the contrary, phagocytosis (Figure 2C),

degranulation (Figure 2D) and MPO peroxidation activity were

significantly inhibited (Figure 2E) in high hypertonicity (300 mM).

Importantly, phagocytosis was already affected by moderate

hypertonicity (200 mM). The absolute values of unstimulated

neutrophils are displayed in Supplementary Figure S1.

We were next interested in the effect of salt on NET formation.

We stimulated neutrophils with PMA or Pyocyanin to form NETs

in various salt conditions (137, 200 or 300 mM), and used DPBS as a
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control (Figures 3A, B). We measured DNA externalization using

the cell-impermeable SYTOX™ Green Nucleic Acid stain. NET

formation was decreased with increasing salt concentrations. Upon

PMA or Pyocyanin stimulation, NET formation was already

reduced at 200 mM when compared to isotonic media. To
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confirm the suppression of NET formation, we employed

fluorescence microscopy after immunostaining for NE in the

presence of Hoechst33342 (Figure 3B). and analysed nuclear

morphology and intracellular colocalization of DNA and NE.

Unstimulated neutrophils in various salt conditions were also
TABLE 1 Cell viability1.

P value (w/o serum) P value (w/serum)

V A pN sN V A pN sN

137 vs. 200 mM, 1h n.s. n.s. n.s. n.s. 0.0162 n.s. n.s. n.s.

137 vs. 300 mM, 1h n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

200 vs. 300 mM, 1h n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

137 vs. 200 mM, 2h n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

137 vs. 300 mM, 2h n.s. n.s. n.s. n.s. 0.0027 n.s. 0.0027 0.0027

200 vs. 300 mM, 2h n.s. n.s. n.s. n.s. 0.0036 n.s. 0.0027 0.0315

137 vs. 200 mM, 4h n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

137 vs. 300 mM, 4h n.s. n.s. n.s. n.s. 0.0063 0.0072 0.0072 0.0072

200 vs. 300 mM, 4h n.s. n.s. n.s. n.s. 0.0009 n.s. 0.0063 0.0054
frontie
1Statistical analysis was performed in Graphpad Prism 9 using Mixed Effects Analysis. All P values were calculated applying the Bonferroni correction; n.s., not significant.
A

B

C

FIGURE 1

Hypertonic sodium-rich media decrease viability of human neutrophils and induce primary or secondary cell necrosis in vitro. Cell viability was assessed
by flow cytometry after four-color death staining with PI, Hoechst33342, Annexin A5-FITC and DilC1(5) in various salt conditions (1) isotonicity 137 mM
NaCl, (2) moderate hypertonicity 200 mM NaCl, and (3) high hypertonicity 300 mM NaCl, at various time points. (A) Flowcytometric dot plot analysis
showing the gating strategy used to identify viable, apoptotic, and necrotic cell populations; (B) culture without (w/o) serum; (C) culture with (w/) 10%
heat-inactivated FCS. Data were obtained from 3-5 healthy individuals and are presented as mean ± SD. Statistical analysis was performed using Mixed
Effects Analysis. Table 1 displays all numerical P values. pNecrotic, primary necrotic; sNecrotic, secondary necrotic.
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morphometrically evaluated (Figure 3C). To this end we compared

area size, circularity and DNA content of the neutrophils’ nuclei

(Figure 3D), and observed that the neutrophils lost their lobulated

nuclear morphology (left panel) at moderate hypertonicity (middle

panel). At high hypertonicity the nuclei shrunk and displayed

increased Hoechst33342 fluorescence intensities (right panel).

Next, we performed the murine STA model with a normal (NSD)

or a high salt diet (HSD), to investigate the effect of salt on the

development of arthritis in vivo. The course of arthritis was time-

monitored (Figure 4A). Mice kept on HSD developed more severe

arthritis, reflected by increased paw swelling and increased clinical

score. The tibiae were scanned by µCT to investigate whether the

inflammation of the paws caused changes in the proximal bone (Figure

S2). Since µCT analysis revealed no long-term effect on tibial bone

remodeling inHSDmice, we investigated the acute phase of arthritis by

analyzing the hind paws with HE (Figure 4B) or TRAP staining

(Figure 4C). Both techniques revealed significant morphological

changes in mice on HSD with extended tissue inflammation

(Figure 4B), increased bone erosion and osteoclast count (Figure 4C).

We analyzed hind paw sections for NE, Ly6G (Figure 5) and

citrullinated histone H3 (citH3) by fluorescence microscopy (Figure

S3). Between the carpal bones we detected extracellular DNA, co-

located with citH3 or NE, namely NETs (Figure S3A–D,

respectively). Importantly, we also detected intact neutrophils

(Ly6G positive cells) infiltrating the carpal bones of both mice

kept on NSD or HSD (Figures 5C, D). Infiltrating neutrophils

displayed a granular phenotype with no obvious signs of NET

formation. However, quantification of similar sized bone infiltrates

from mice on NSD or HSD revealed that the frequency of NE
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positive cells tended to be higher in HSD mice, and that the

intensity of NE expression at the single cell level was increased in

the HSD group (Figures 5A, B). Accordingly, the NE activity was

increased in the paws of HSD mice (Figure 5E).

Since neutrophil infiltrations in a high salt environment were

accompanied by more severe arthritis, increased osteoclast counts

and bone erosion, and neutrophils responded to high salt with

increased ROS production, we analyzed the effect of NaCl, H2O2

(ROS mimetic) or both on osteoclast differentiation (Figures 6A, B)

and their resorptive activity (Figures 6C, D) in vitro. The addition of

25 mM NaCl or 100 nM H2O2 decreased total osteoclast counts

when compared to controls. Whereas NaCl alone had no effect, the

addition of H2O2 increased osteoclast resorption.
4 Discussion

Diet together with other environmental factors accounts for

70% of the risk towards developing an autoimmune disease (31).

HSD is considered to be generally pro-inflammatory, but more

recent findings imply that it has anti-inflammatory effects as well,

such as polarizing the medullary mononuclear phagocytes, and

inducing neutrophil apoptosis (32, 33). High salt conditions not

only cause osmotic and ionic imbalance, but also oxidative stress

and metabolic changes (34). In our work, we assessed the effect of

hypertonic sodium-rich media on neutrophil viability and activity

in various salt conditions in vitro. Our data show that the high salt

content compromised neutrophil-driven immune response by

decreasing neutrophil viability, degranulation, phagocytosis, MPO
A B D

E F G

C

FIGURE 2

Neutrophils cultured in hypertonic sodium-rich media increase ROS production and NE activity, but reduce degranulation, phagocytosis and MPO
peroxidation activity. Analyses of freshly isolated neutrophils in various salt conditions by flow cytometry: (A) ROS production; (B) Mitochondrial ROS
production; (C) Phagocytosis; (D) Degranulation; (E) MPO peroxidation activity; (F) MPO chlorination activity, and (G) NE activity. In (A, B, D–G),
neutrophils were either not stimulated (DPBS) or stimulated with PMA (100 ng/mL) or Pyocyanin (10 µM or 50 µM). In (C), cells were incubated with
microspheres coated with either 2 mg/mL IVIg or 2 mg/mL HSA (baseline). In (E), (F) and (G), RIPA buffer was used for complete cell lysis and equals
maximum enzymatic activity. All y-axes display log2 values, except in (G). Data were obtained from 3-6 healthy individuals and are presented as
mean ± SD. Statistical analysis was performed using 2-way ANOVA. OD, optical density; MFI, mean fluorescence intensity.
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activity and NET formation; processes crucial for immune defense

(35). However, high salt content increased oxidative burst activity,

an effective but damaging mechanism of defense. Moderate salt

content increased mitochondrial ROS production. Nuclear

morphometry of unstimulated neutrophils revealed that at 200

mM NaCl the nuclei rounded up and swelled. At 300 mM NaCl

nuclei shrunk, got more circular, and displayed a higher

fluorescence intensity, indicating higher DNA densities in the

pyknotic nuclei. Pyknosis is known as the irreversible

condensation of chromatin in the nucleus of a cell undergoing

cell death and precedes karyorrhexis (36, 37). Our data indicate that

neutrophils in hypertonic environment initiated the apoptotic

program with preserved membrane integrity, rapid loss of

mitochondrial potential, and shrinkage of the nucleus before they

progressed to secondary necrosis. Interestingly, under these

conditions the release of DNA was abrogated.
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In the work of Nadesalingam et al., hypertonic saline induced

neutrophil apoptosis along with decrease in ROS production and

NET formation (17). Our data rather suggest that while the

hypertonic environment promoted apoptotic cell death and

suppressed NET formation, the ability to produce ROS was

preserved, or enhanced. An enhanced ROS production due to

metabolic imbalances is used by cells to sense stress and was also

reported by other authors due to osmotic stress and increased salinity

(34, 38). Superoxide production was lower when neutrophils were

pre-treated with hypertonic saline and then activated, and highest,

when cells were first activated, and then treated with hypertonic

saline. Meaning, the increased ROS production driven by high salt

depends on prior activation of the neutrophils. Neutrophil

cytotoxicity is therefore increased by higher salinity only if the

system has already been primed by inflammation and cells were

pre-activated (39). In our settings, neutrophils were simultaneously
A B

D

C

FIGURE 3

Hypertonic sodium-rich media inhibit NET formation in vitro and change neutrophils’ nuclear morphology. (A, B) NET formation in various salt
conditions without serum unstimulated (DPBS), and after stimulation with PMA (100 ng/mL) or Pyocyanin (10 µM). Data were obtained from at least
4 healthy individuals and are presented as mean ± SD. Statistical analysis was performed using 2-way ANOVA; (C, D) nuclear morphology of
unstimulated neutrophils stained with Hoechst33342 in various salt conditions and analysis by morphometry; statistical analysis was performed
applying ordinary one-way ANOVA. MFI, mean fluorescence intensity; bars represent 100 µm.
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activated by PMA/Pyocyanin and treated with high salt; these

conditions augmented ROS production in high hypertonicity. This

is in line with recent findings where NaCl initially inhibits (up to 2

hours) (18, 40) but later (6 to 18 hours) fosters ROS production (18),

even at lower osmolarities (190 - 200 mM). Our higher salinity was

enough to induce oxidative stress in short-term cell cultures.Whereas

high hypertonicity (300 mM) increased the oxidative burst, already

moderate hypertonicity (200 mM) increased the ROS production in

the mitochondria of neutrophils. Interestingly, NET formation, in

which also mitochondrial ROS can be used as an alternative ROS

source in the absence of functional NADPH-oxidase (41), was

decreased. Both NOX-dependent and NOX- independent NET

formation (42) were abrogated despite increased levels of ROS, and
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mitochondrial ROS, respectively. Mitochondrial ROS also plays an

important role in cells´ signalling pathways, including the regulation

of immune responses, apoptosis, autophagy and inflammation (43).

Once the cellular homeostasis is disrupted, as with increased NaCl

content in our settings, mitochondrial ROS facilitate crosstalk to

determine the cell´s fate. Taken together, neutrophils display a higher

oxidative stress level and a rapid progression to secondary necrosis in

high hypertonicity.

In RA, several immune-mediated mechanisms affect the balance

of bone-forming osteoblasts and bone-resorbing osteoclasts (44).

Excessive osteoclast activity has been linked to bone erosion, joint

destruction and disability. Recent findings revealed that for

osteoclast differentiation and resorption activity, ROS are
A

B

C

FIGURE 4

K/BxN mice kept on HSD develop more severe arthritis than mice on NSD. (A) Clinical scoring of front and hind paws in C57BL/6J mice with K/BxN
serum transfer arthritis; corresponding plot of area under the curve (AUC). Data are shown from mice kept on either NSD, n=8, or HSD, n=8, and are
presented as mean ± SD; (B) Representative images of HE-stained hind paw sections and their histological quantification at day 10. Upper row: paw
sections of mice kept on NSD; lower row: paw sections of mice kept on HSD; (C) Representative images of TRAP-stained hind paw sections and
their histological quantification. Upper row: left and right paw of a mouse kept on NSD; lower row: left and right paw of a mouse kept on HSD. Data
are shown from mice kept on either NSD, n=5, or HSD, n=5, and are presented as mean ± SD. Statistical analysis was performed using 2-way
ANOVA (Clinical Score), Unpaired t-test (Infl.Ar./T.Ar.) or Mann-Whitney test (AUC, Inflammation, Osteoclast Count). AUC, area under the curve;
Infl.Ar., inflammation area; T.Ar., tissue area; Er.Ar., eroded area; B.Ar., bone area; N.Oc., osteoclast count; bars represent 900 µm. Black arrows
indicate infiltrates (B), or eroded bone (C).
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A B

DC

FIGURE 6

Hypertonic NaCl, as well as external ROS (H2O2) impair the maturation of murine osteoclasts in vitro. H2O2 increases osteoclast resorption activity in
vitro. (A) TRAP-stained osteoclasts (n=5 per group) in purple (>3 nuclei) and (B) their quantification. Statistical analysis was performed using Kruskal-
Wallis test; N. Oc., osteoclast count; bar represents 50 µM; (C) Von Kossa staining of the corresponding area resorbed by the osteoclasts (white) and
(D) quantification per osteoclast (%), n=5. Data are presented as mean ± SD. Statistical analysis was performed using Kruskal-Wallis test. N.Oc.,
osteoclast count; bars represent 500 µM.
A B

D
C

E

FIGURE 5

K/BxN mice on HSD are characterized by increased NE expression and enzymatic activity within the carpal bone infiltrates. Representative images of
hind paw infiltrates (A, C) and their histological quantification (B, D, respectively), after staining consecutive sections with primary antibody sheep
anti-mouse NE (R&D, AF4517) or rat anti-mouse Ly6G (Biolegend, 127601) and DAPI. Corresponding controls (wo1st) were stained with secondary
antibody only. Red: DAPI, green: NE or Ly6G, respectively. White asterisks indicate single cells. Pictures were taken using the fluorescence scanner
(Aperio Versa 8, Leica Biosystems); (E) NE activity measurement in hind paw sections. Data are presented as mean ± SD. Statistical analysis was
performed using Mann-Whitney test (NE MFI) or Unpaired t-test (NE activity); outlier marked with asterisk was excluded. MFI, mean fluorescence
intensity; pos, positive; bar represents 200 µm.
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necessary. The application of oxidant scavengers, such as N-

acetylcysteine (NAC) or diphenylene iodonium (DPI) suppressed

RANKL-mediated ROS production, and consequently inhibited

osteoclast differentiation (45). Importantly, RANKL KO mice are

protected from bone erosion after the transfer of K/BxN serum (46).

As our in vitro data showed an increased ROS production by

neutrophils in high hypertonicity, we examined the effect of HSD

in the STA arthritis model. In line with previous findings, our data

show that HSD boosted osteoclast differentiation and bone erosion

as seen in bone histology of osteoclast-specific TRAP staining (47).

The aggravated arthritis in the STA mice on HSD was accompanied

by high osteoclast count (N.Oc./B.Ar.), increased bone erosion

(Er.Ar./B.Ar.), and increased inflamed tissue area (Infl.Ar./T.Ar.).

In this work, neutrophils infiltrated the interosseous spaces of

the STA mice, especially in HSD. This likely contributed to the

release of pro-inflammatory mediators leading to inflammation and

arthritis aggravation. Whether this was a direct effect of NaCl, or an

indirect effect mediated by increased ROS production of neutrophils

was examined in a simplified in vitro system. As in the in vitro

studies using human neutrophils, various NaCl conditions were

tested in experiments using in vitro generated osteoclasts. Our

findings indicated that H2O2 alone, increased osteoclasts’

resorptive activity. Therefore, we suggest that the accumulation of

neutrophils in inflamed synovium is an important source of ROS

promoting osteoclast differentiation (48).

This study examined the relation between NaCl, neutrophils

and osteoclasts both in vitro and in vivo. It investigated the effect of

increased hypertonicity on neutrophils in more detail, and how this

affects osteoclast differentiation and function in the context of RA.

Our study has some limitations, and to clarify the exact relations

between neutrophils and osteoclasts, further experiments need to be

conducted. These include neutrophil depletion in vivo in a STA

model with mice on NSD/HSD and the use of ROS scavengers such

as NAC. Based on our data, we postulate that the increased

osteoclast differentiation and bone erosion observed in arthritis

under HSD are not a direct effect of NaCl on osteoclast

differentiation and activity, but rather a consequence of the

increased local ROS production by the infiltrating neutrophils in

a hypertonic environment. HSD contributed to an enhanced

oxidative milieu maintained by infiltrating neutrophils, which

greatly aggravated arthritis by supporting bone erosion.
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