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Background: Nasal irrigation is often used for managing sinonasal conditions and main-
taining nasal hygiene, which is critical to overall nasal health and to provide protection
against airborne contaminants and pathogens. However, studies comparing efficacies of
different solutions are needed.

Purpose: This in vitro study evaluated the ionic balance of an isotonic diluted seawater
solution (Stérimar Nasal Hygiene, SNH) and its safety and efficacy for regular nasal hygiene
in comparison to electrodialyzed seawater (EDS).

Materials and Methods: lonic balance of SNH, EDS and pure seawater was measured by
mass spectrometry and chromatography to be compared to the ionic balance of human
plasma as reported in the literature. Safety was measured through cytotoxicity (lactate
dehydrogenase release) and pro-inflammation (interleukin-8 secretion) assays using a 3D-
reconstituted human nasal epithelium model. For efficacy, adenosine 5'-triphosphate (ATP)
release assays, and histological (alcian blue) and immunohistochemical (aquaporin 3) stain-
ings were performed on tissues under hypotonic challenge where saline solution was used as
the negative control.

Results: Compared to EDS, the ionic balance of SNH was more similar to human plasma
and pure seawater. SNH reduced hypotonic stress-associated ATP release and maintained
tissue morphology more effectively and lastingly compared to EDS. Both solutions were safe
to use on nasal epithelium, as neither of them caused cytotoxicity or induced (pro-)
inflammation.

Conclusion: In comparison to EDS, this study confirms the safety and efficacy of SNH in
maintaining good nasal hygiene consistent with its benefits reported in clinical trials.

Keywords: nasal irrigation, electrolyte balance, homeostasis, medical device, nasal mucosa

Introduction

Nasal irrigation, i.e. rinsing the nasal cavity with saline or seawater sprays/solu-
tions, is often recommended to alleviate sinonasal symptoms. Several international
associations endorse its use as an adjuvant treatment in conditions such as allergic
rhinitis, common cold, rhinosinusitis or post-operative care after sinonasal
surgery."” Additionally, nasal irrigation is recommended by the FEuropean
Academy of Allergy and Clinical Immunology as an adjuvant to first-line therapies
with antihistamines and topical steroids in acute and chronic rhinosinusitis.** It has
been recommended with its excellent safety profile as only minority of participants

of the clinical trials evaluated in these position papers experienced minor nasal
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discomfort and/or irritation. It is also recommended by
The French National Agency of Drug Safety for improving
quality of life during common cold.’

Nasal irrigation allows a mechanical cleansing of the
nasal cavity from mucus, crusts, cell debris, pollutants,
and pathogens and helps prevent nasal infections.® In
general, nasal saline solutions are easy to use, well tol-
erated and improve nasal hygiene.” The high tolerance
and the efficacy of seawater in infants, children and
adults suffering from seasonal or perennial allergic rhi-
nitis or infection-related rhinitis have been demonstrated.
Nasal irrigation with seawater can restore the nasal per-
meability after rhinitis episodes and could prevent the
recurrence of cold and flu in children.® Seawater irriga-
tion acts by improving the elimination of secretions,
moisturizing the nasal mucosa, facilitating drainage of
the nasal cavity and thus enhancing nasal hygiene. In
the pediatric population, saline nasal irrigation has been
shown to be an effective method both for prevention and
control of nasal congestion or obstruction. It is therefore
recommended as an adjunct therapy for rhinosinusitis,
allergic rhinitis and any other nasal congestion or muco-
sal obstruction cases.’

Seawater contains many minerals that are essential to
life, such as sodium, bicarbonates, potassium, calcium and
magnesium. In 1904, Rene Quinton showed that blood
serum and interstitial fluid have an ionic balance practi-
cally identical to that of micro-filtered isotonic solution of
ocean water (0.9% w/v NaCl).'” Based on this observa-
tion, he developed the concept of marine plasma (or
diluted ocean water) which contains the full spectrum of
minerals and trace elements found in human plasma.
Recent evidence outlines the beneficial role of seawater
over classic saline solutions for nasal irrigation.”'"'? In
this regard, studies comparing the efficacies of different
seawater-based solutions are needed.

In this study, an in vitro reconstituted human nasal
epithelium model (MucilAir™) has been used to assess
the comparative safety and efficacy of isotonic diluted
seawater to electrodialyzed seawater for nasal hygiene.
First, the ionic balance of these solutions was compared
to human plasma and pure seawater. Safety was evaluated
via cytotoxicity (lactate dehydrogenase [LDH] release)
and pro-inflammatory potential (interleukin 8 [IL-8] secre-
tion) assays. The efficacy of these solutions on recovery
from hypotonic stress conditions was evaluated by means
of ATP release quantification and histochemical stainings
(aquaporin 3 (AQP3) and alcian blue).

Materials and Methods
Test Products

Two different seawater-based nasal solutions were com-
pared for their efficacy and safety. Stérimar Nasal Hygiene
(SNH) Baby and Adults solution (Laboratoire Fumouze,
Levallois-Perret, France) contains 31.82mL seawater and
purified water (qsp 100mL) and is sterilized by microfil-
tration. The second solution was Physiomer (Laboratoire
de la Mer, Saint-Malo, France), a commercially available
electrodialyzed seawater (EDS) sterilized by microfiltra-
tion in which NaCl in excess is removed through electro-
dialysis for an isotonic solution.

lon Concentration Determination

One mL of solutions (SNH and EDS) was used to perform
two measurements. Results for SNH and EDS are pre-
sented as a mean of analysis of three batches (six measure-
ments in total), while one batch of pure seawater (not to
confuse with saline solution as pure seawater contains
elements other than sodium and chloride) was analyzed
(two measurements). Concentrations of Ag, Ba, Cd, Co,
Cu, Fe, Mn, Mo, Ni, Pb, Se, U, V and Zn ions were
determined by inductively coupled plasma mass spectro-
metry (ICP-MS) according to the recommendations of ISO
17294-2. Todine concentration was determined by ICP-MS
of ISO 15111.
Concentrations of B, Ca, K, Mg, Na, S, Si and Sr were

according to the recommendations

determined by ICP atomic emission spectrometry (ICP-
AES) according to the recommendations of the ISO
11885 standard. Chloride concentration was determined
by ion-exchange chromatography (IC) according to the
recommendations of ISO 10304.1.

Biological Model Used for the in vitro

Experimental Studies

The remaining assays were performed in a 3D reconsti-
MucilAir™
Mucilair s

tuted human nasal
(Epithelix  Sarl,
a mixture of human nasal cells isolated from a panel of

epithelium model,
Geneva, Switzerland).

14 different donors and has been selected for its great
potential as a model to test respiratory sensitizers.'* '
Cells were cultured in 500uL of MucilAir™ culture med-
ium in a CO, incubator (37°C, 5% CO,, 100% humidity,
Heracell, Waltham, Massachusetts, United States) in 24-
well plates with 6.5-mm Transwell® inserts (Corning Life
Sciences, Corning, New York, United States). Before treat-

ments, inserts were washed with 200pL of MucilAir™
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culture medium and the quality of the tissue was assessed
under an inverted microscope (Carl Zeiss Axiovert 25,
Oberkochen, Germany).

Tissue Treatment

For LDH and IL-8 assays (see details below), Mucilair™
tissues were treated with test and control solutions (10 pL)
twice a day with an 8-hour interval, for 4 days. Solutions
were applied on the apical side of the epithelium in 24-
well plates. Each day (days 1, 2, 3 and 4), culture medium
was frozen at —80°C for further analysis. For ATP release
quantification, AQP3 and alcian blue stainings (see details
below), Mucilair™-HF tissues (Mucilair™ co-cultured
with human airway fibroblasts) were treated with hypo-
tonic solution (300 pL, ImM CaCl, and ImM MgCl,
solution) for 5 minutes, which was then immediately
replaced with 100 pL saline solution (0.9% NacCl, control),
SNH or EDS for 5 or 15 minutes. Tissues not subjected to
hypotonic stress (ie treated with saline solution from the
beginning of the assay) were used as negative control. For
stainings, tissues were rinsed with saline solution and fixed
in an adapted fixative. Samples were embedded in paraffin
blocks and 5 pm sections were obtained. The details of
each experiment are described below:

LDH Secretion

LDH measurement was performed in untreated (n=3),
EDS-treated (n=3), SNH-treated (n=3) and 1% Triton
X-100 in saline solution-treated tissues (positive control,
Fluka Biochemika, n=3) by Cytotoxicity Detection
KitPLUS (LDH, Roche, St. Louis, Missouri, United
States) following manufacturer’s instructions.

IL-8 Secretion

IL-8 secretion evaluation was performed by ELISA (BD
OptEIA™, BD Bioscience, Franklin Lakes, New Jersey,
United States) in untreated (n=3), EDS-treated (n=3),
SNH-treated (n=3) and Cytomix-treated (positive control,
n=3) tissues. Cytomix was composed of 1% FCS
(Amimed, Cat 2-01F36-I, BioConcept Ltd, Allschwil,
Switzerland), 0.2mg/mL LPS (Sigma) and 500ng/mL
TNF-a (GeneTex, Irvine, California, United States).

ATP Release Quantification

Tissues were treated with saline, hypotonic solution and
saline, hypotonic solution and EDS or hypotonic solution
and SNH in triplicates. ATP was quantified by CellTiter-
Glo® Luminescent Cell Viability Assay kit (Promega,
Madison, Wisconsin, United States). Thirty microlitres of

CellTiter-Glo® reagent was added to 30 pL of collected
apical solution in three biological replicates. The plates
were incubated at 37°C for 20 minutes and read in TECAN
Infinite M200 (Tecan Group Ltd, Méannedorf, Switzerland)
(bioluminescence mode setting integration time of 1000ms).
Two measurements per sample were performed.

AQP3 Staining

Tissues were treated with saline, hypotonic solution and
saline, hypotonic solution and EDS or hypotonic solution
and SNH in triplicates. Paraffin slides were deparaffinized,
rehydrated, and incubated at 99°C for 8 minutes in citrate
buffer for antigen retrieval. Tissues were then incubated
overnight with primary rabbit polyclonal AQP3 antibody
(1:500 in 1% BSA in PBS), 30 minutes with Histofine
Simple Stain AP Multi (Nichirei Biosciences Inc, Tokyo,
Japan), and with New Fuchsin chromogen (Nichirei
Biosciences Inc, Tokyo, Japan) and examined under the
Leica DM2500 microscope (Leica, Wetzlar, Germany)
(40% magnification).

Alcian Blue Staining

Tissues were treated with saline, hypotonic solution and
saline, hypotonic solution and EDS or hypotonic solution
and SNH in triplicates. Slides were deparaffinized, rehy-
drated with distilled water and stained with alcian blue for
30 minutes. Counterstaining was performed with nuclear
fast red solution for 5 minutes. Tissues were dehydrated in
95% and 100% alcohol, mounted with resinous mounting
medium and analyzed under light microscopy (40x
magnification).

Results
lonic Balance of SNH Compared to EDS

and Human Plasma

In order to evaluate the ionic balance of solutions obtained
by dilution and electrodialysis techniques, concentrations of
ions were determined by IC, ICP-AES or ICP-MS (see
methods for details). Samples included pure seawater
(n=1), SNH (n=3) and EDS (n=3). Results were then com-
pared to human blood plasma as per literature reports.'” As
shown in Table 1, the ionic balance of SNH is clearly closer
to both human plasma and pure seawater, compared to EDS,
in which the total percentage of Na" and Cl~ was signifi-
cantly lower and the total percentage of K, Ca**, Mg*" and
S was significantly higher than human plasma, pure seawater
and SNH. The ionic balance of SNH suggested that it is
closer to human plasma than EDS.
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Table | lonic Balance of Stérimar Nasal Hygiene Compared to Other Solutions (Represented as % of All Quantified 24 Elements)

Electrolytes Pure Seawater from Cancale Human Stérimar Nasal Electrodialyzed
Bay Plasma'’ Hygiene Seawater
(%, n=1) (%, n=3) (%, n=3)
Na* + CI” 9l1.10 86.50 89.50 68.00
Na* 31.80 40.70 49.90 30.90
cr 59.20 45.80 39.60 37.10
K"+ Ca™ + Mg> +S | 8.90 13.50 10.50 31.50
K* I.14 2.10 1.30 0.50
Ca** I.15 1.23 1.40 3.50
Mg* 3.80 0.30 4.50 16.80
S 2.80 9.90 3.30 10.70
Others <0.1 <0.1 <0.1 0.5
Total (%) 100.0 100.0 100.0 100.0

Safety Assessment

Lactate Dehydrogenase Secretion

As seen in Figure 1B and C, tissues treated with EDS and
SNH had a similar LDH profile to untreated cells (Figure
1A), indicating that neither of these solutions are cyto-

toxic. Treatment with Triton X-100 was used as a positive
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control for cell lysis corresponding to 100% cytotoxicity
(Figure 1D).

Evaluation of Pro-Inflammatory Profile
As observed in Figure 2, SNH and EDS treatments did not
at all

induce pro-inflammatory effects. In general,

B Electrodialyzed Seawater

G
DAY 1

*ﬂ
DAY 2 DAY 3 DAY 4

D Triton X-100
*— ¢ o o

DAY 1 DAY2 DAY3 DAY4

Figure | Effect of SNH and EDS on cytotoxicity. LDH secretion profiles in (A) untreated, (B) EDS-treated, (C) SNH-treated and (D) Triton X-100-treated MucilAir™

tissues for 4 days.
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Figure 2 Effect of SNH and EDS on IL-8 secretion. Levels of IL-8 were measured by ELISA in untreated, EDS-treated, SNH-treated and Cytomix-treated MucilAir™ tissues
for 4 days. *p<0.05, **p<0.01 and ***p<0.001 compared to untreated cultures. Error bars represent standard deviation.

Abbreviation: IL-8, interleukin-8.

timepoints, there was a decrease in IL-8 levels compared
to untreated cultures. Although there was an increase in
IL-8 levels on Day 3 upon SNH treatment, this increase
was not statistically significant compared to EDS-treated
or -untreated samples, and on Day 4, there was
a significant decrease in IL-8 levels compared to untreated
cultures, confirming that SNH does not trigger any inflam-

matory process. Cytomix (see the Materials and Methods

section) was used as a positive control, and, as expected, it
induced a significant release of IL-8 at all timepoints.

Effects on Tissue Morphology and
Physiology

ATP Release Quantification

Figure 3A shows hypotonic stress-induced ATP release in
all samples compared to the negative saline control

A B
ATP Release (nM) Alcian blue AQP3
(Mucins in blue, cells in pink) (Pink)
75
M5
. » kl15  Saline
50 £ *
Hypo.
., yp > 8
Saline
25 Hypo.
+
EDS |
0 Hypcl-
. :
e t2 tR L2 SN L
T g8 SW 59
n TN I T

Figure 3 Evaluation of the ATP release and cell morphology effects of SNH compared to EDS. (A) ATP release in nM after 5 and 15 minutes of treatment following 5
minutes of hypotonic saline solution application. *p<0.05, **p<0.01, hypotonic solution was compared to saline-only control, EDS and SNH were compared to the hypotonic
solution. (B) Histochemical staining of the treated tissues by alcian blue and AQP3 antibody, 15 minutes after treatment. Violet arrows: ciliated epithelial cells; blue arrows:
protrusions or blebs; red arrows: damaged cilia. Error bars represent standard deviation.

Abbreviations: ATP, adenosine 5'-triphosphate; AQP3, aquaporin 3; hypo, hypotonic.
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(p<0.01) at both time points. In tissues that were chal-
lenged with hypotonic solution, after 5 minutes of treat-
ment with EDS or SNH, the levels of ATP were lower than
in the sample treated with saline solution, indicating better
recovery from the hypotonic stress (p<0.05). However,
only the recovery due to SNH treatment was persistent
after 15 minutes: ATP release levels in the SNH-treated
sample are 30.9% less compared to the saline-treated
sample (27.43 nM, p<0.05) and 47.9% less compared to
the EDS-treated sample. Surprisingly, at 15 minutes,
a significant increase in ATP release is observed in the
EDS-treated sample indicating a return to stress-like con-
ditions as in saline-treated sample (52.66 nM p<0.05).
Thus, in reversing hypotonic stress, SNH has a more sus-
tained effect than EDS compared to saline treatment.

Alcian Blue and AQP3 Stainings

The effect of stress on the morphology of the tissues was
also monitored by alcian blue staining. As seen in Figure
3B (left panel), saline-only negative control tissues present
a clear and regular organization of cuboidal mucus-
producing goblet cells and ciliated epithelial cells (violet
arrows). After hypotonic stress, initial cell swelling stimu-
lated the exocytosis of numerous intracellular vesicles. By
fusing with the plasma membrane, these vesicles cause the
membrane to expand and form some protrusions (blue
arrows). In tissues treated with saline solution for 15
minutes after hypotonic stress, cilia were damaged (red
arrows) and less mucus was present on the surface. EDS
treatment after hypotonic stress only partially restored
cuboidal, mucus-producing goblet cells and ciliated
epithelial cells. Holes, vacuoles and protrusions were still
present. Differently, SNH treatment has better restored the
morphology of the tissues, eliminating the majority of
protrusions and blebs.

In homeostatic conditions, AQP3 is expressed mainly
in the basal layer of the airway epithelium,'® as seen in
isotonic saline solution-treated tissues (Figure 3B, right
panel). Upon hypotonic stress and subsequent saline treat-
ment, increase in the AQP3 expression was observed and
the distribution of the staining was evident across the
whole tissue, ie AQP3 expression is present not only in
the basal layers but rather in the whole epithelium. EDS
treatment did not restore normal AQP3 expression.
However, SNH treatment re-established the pattern, loca-
lization and levels of AQP3 expression indicating
a recovery in tissue morphology.

Discussion

Existing evidence has shown that nasal irrigation with
saline or seawater solutions can help relieve nasal and
sinus symptoms and is often recommended for nose
hygiene and as an adjunct therapy.'*° Evidence from
clinical studies suggests that nasal washes with seawater
solutions could restore the normal function of the nose
after rhinitis episodes and help prevent recurrence of
such episodes in both children and adults.* " In the pre-
sent study, in vitro evidence on the safety and efficacy of
SNH, an isotonic seawater solution, has been presented in
comparison to electrodialysed seawater.

First, the ionic balance of SNH and EDS was compared
with that of human plasma and pure seawater (Table 1).
The IC, ICP-MS and ICP-AES results showed that SNH
has an almost identical ionic balance to human plasma,
which is not the case for EDS. These results, confirmed by
different assays, indicate that SNH is a safe and physiolo-
gically relevant agent for nasal irrigation.

The airway epithelium is the first line of defense in the
upper respiratory tract and therefore its integrity is very
important for the functionality of the respiratory system.

Since both solutions are designed for human use, the
safety of these solutions was put to test through cytotoxi-
city and pro-inflammation assays on an in vitro nasal
epithelial tissue.

Cytotoxicity was assessed by measuring extracellular
LDH levels (Figure 1). LDH is released by dead cells and
its measurement is a widely recognized method for asses-
sing toxicity and cell membrane integrity.”> SNH or EDS
treatments did not have a cytotoxic effect as assessed by
LDH release quantification. Almost identical results were
observed for untreated, EDS- and SNH-treated cultures,
indicating that the cellular membrane remains intact upon
treatment with both solutions.

On the other hand, pro-inflammatory markers were
measured through ELISA-based IL-8 secretion assays
(Figure 2). IL-8 is one of the most abundant pro-
inflammatory mediators released by airway epithelial
cells and elevated IL-8 levels indicate an inflammatory
process.”® The applications of SNH or EDS did not induce
a pro-inflammatory response as shown by the evaluation of
the IL-8 profile. Although there was an increase in IL-8
secretion on Day 3 of SNH treatment and compared to
EDS-treated or -untreated samples, which was statistically
insignificant, there was a significant decrease in its levels
in comparison to untreated cultures on Day 4. Together
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with cytotoxicity data, this data indicates that both SNH
and EDS are safe for human use.

Next, SNH was compared to EDS in recovery from hypo-
tonic stress both via ATP release quantification and morpho-
logical evaluation through histological (alcian blue) and
(AQP3) (Figure 3).
Aquaporins are membrane water channel proteins that have

immunohistochemical stainings
a specific tissue distribution and cellular expression pattern
and permit rapid and selective water transport across the
membrane of the human airway epithelium in response to
osmotic gradients.”**> The ATP is a paracrine regulator of
airway epithelia functions and is released in response to var-
ious mechanical stimuli including direct deformation of the
cell membrane surface, physiological fluid shear stress and
hypotonic stress-induced swelling.”*?* As a response to hypo-
tonic stress conditions, cells swell via osmosis and exhibit
increased ATP release. Isotonic solutions prevent excessive
ATP efflux by sustaining the ionic equilibrium across the cell
membrane. Post-hypotonic challenge, both SNH and EDS
treatments induced a decrease of ATP after a 5-minute treat-
ment. This positive effect was maintained for 15 minutes (last
time point of the assay) in the case of SNH. On the contrary, an
increase in ATP release was observed in EDS-treated tissues at
this timepoint. These results are also supported by the mor-
phological evaluation of the tissue: After hypotonic stress, cell
swelling, exocytosis of numerous intracellular vesicles, mem-
brane protrusions were observed. In tissues treated with saline
solution for 15 minutes after hypotonic stress, cilia were
damaged, and less mucus was present on the surface.
However, SNH treatment allowed a more efficient recovery
in cell morphology than EDS at the later timepoint (15 min-
utes). These data indicate that SNH preserves nasal epithelium
homeostasis longer than EDS, and that dilution of seawater in
SNH does not compromise efficacy, but rather maintains an
ionic balance very close to that of human plasma. These
in vitro results suggest that SNH would be more physiologi-
cally relevant for nasal irrigation than EDS.

Conclusions

In conclusion, the in vitro studies have shown that both
EDS and SNH are safe for use on human epithelium.
However, SNH is closer to human plasma than EDS in
terms of ionic balance and superior to EDS in restoring
sustained homeostasis after stress conditions. This in vitro
research supports the clinical studies reported in the litera-
ture on safety and efficacy of seawater—water-based iso-
tonic solutions in the maintenance of good nasal hygiene.

Abbreviations

3D, three dimensional; AQP3, aquaporin 3; ATP, adenosine 5'-
triphosphate; EDS, electrodialyzed seawater; ELISA, enzyme-
linked immunosorbent assay; FCS, fetal bovine serum; IC,
ion-exchange chromatography; ICP-AES, inductively coupled
plasma atomic emission spectrometry; ICP-MS, inductively
coupled plasma mass spectrometry; IL-8, interleukin §; LDH,
lactate dehydrogenase; SNH, Stérimar Nasal Hygiene.
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