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Background: Nasal irrigation is commonly recommended as an adjuvant treatment for blocked nose. In the present study, the

safety and efficacy profile of Stérimar Blocked Nose (SBN), a hypertonic seawater solution enriched with manganese and copper

salts, has been evaluated on nasal epithelium, in vitro.

Methodology: 3D reconstituted human nasal epithelium tissue model, MucilAir™, has been used to investigate the safety of SBN

on nasal epithelium by measuring trans-epithelial electrical resistance (TEER), cytotoxicity (lactate dehydrogenase (LDH) release)

and phlogosis-related effects (interleukin-8 secretion). Efficacy assessment was measured by ciliary beat frequency (CBF), mucoci-

liary clearance (MCC) and antimicrobial activities (against Staphylococcus aureus and Pseudomonas aeruginosa).

Results: Four-day SBN treatment did not compromise the nasal epithelium integrity as TEER values were over the tissue integrity

limit. SBN treatment did not exert cytotoxic (LDH release) or pro-inflammatory effects (IL-8 secretion). SBN treatment significantly

increased the CBF and MCC rates compared to untreated cells. SBN treatment exerted a bactericidal effect on S. aureus and P.

aeruginosa cultures, whereas seawater not enriched in copper and manganese had only a bacteriostatic effect.

Conclusions: The results demonstrate that SBN is a safe formula for use on human nasal epithelium. The results also suggest a

better potential therapeutic role for SBN in comparison to not-enriched seawater when used to control nasal congestion and

inhibit bacterial growth which may cause nasal congestion.
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Introduction

Nasal congestion is a common complaint in clinical practice and
can be associated with a variety of underlying conditions, inclu-
ding rhinitis and rhinosinusitis ©. It has been reported that one
in six adults suffers from rhinosinusitis (it is also estimated that
this number could be higher since almost 20% of the affected
people does not seek medical care) @, and nasal congestion is
reported by up to 70% of rhinosinusitis patients ¢, Although
many cases of nasal congestion resolve spontaneously with
time, it can be a very uncomfortable symptom and can interfere
with daily activities and emotional functioning of the patients
due to diminished quality of sleep and increased fatigue, the-

reby negatively affecting the quality of life in general ©7.
Specific and universally effective treatments for nasal congesti-
on without adverse effects are not available and symptomatic
therapy is the main option ©. Nasal irrigation, also known as
nasal douche or nasal wash, is a procedure in which the nasal
cavity is rinsed with isotonic or hypertonic saline solutions, and
is recommended as one of the adjuvant treatments in a variety
of conditions associated with nasal congestion ©'",
Randomized controlled clinical trials have shown that nasal ir-
rigation with isotonic or hypertonic saline has a beneficial effect
on the reduction of nasal congestion associated with chronic
rhinosinusitis and quality of life of patients ©'2'3, Isotonic
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solutions are usually recommended for regular application for
nasal hygiene, while hypertonic ones are used for decongestion
14,1t has also been reported that the use of hypertonic washes
could reduce the use of nasal decongestant medications and
therefore decrease the risk of side effects due to the overstimu-
lation of adrenergic receptors in the nasal mucosa with potential
rebound obstruction 419,

Seawater contains many essential minerals such as sodium, bi-
carbonates, potassium, calcium and magnesium ‘9, Data from in
vitro studies have suggested that calcium and potassium could
exert a beneficial effect by stimulating ciliary beat frequency
(CBF) and the mucociliary clearance (MCC), an anti-inflammatory
response, attributing an advantage of seawater over pure saline
solutions without added minerals 39, Furthermore, hypertonic
seawater solution has been shown to be better than isotonic
seawater in the improvement of symptoms of nasal congestion,
rhinorrhea, cough, headache and waking up during night 9.
Given that hypertonic seawater solutions are used in clinic, the
assessment of their safety and efficacy is particularly impor-
tant. In this paper, a set of in vitro experiments performed to
evaluate the safety and efficacy of Stérimar Blocked Nose (SBN),
a hypertonic solution (2.3% NaCl) composed of filtered seawater
enriched with manganese and copper salts, is presented. The
safety assessment was made by evaluation of tissue integrity,
cytotoxicity and pro-inflammatory profile; and the efficacy as-
sessment was made by measuring mucociliary clearance and
bactericidal properties.

Materials and methods

Test product and the biological model

SBN is a microfiltered hypertonic seawater solution composed
of 75% seawater (derived from Bay of Cancale, Brittany, France)
enriched with copper and manganese salts.

Assays (except the antibacterial activity assessment) were
performed in a 3D reconstituted human nasal epithelium model
(MucilAir™, Epithelix Sarl, Geneva, Switzerland). The human air-
way epithelia used in this study were reconstituted from primary
human cells collected upon surgical nasal polypectomy. All
experimental procedures were explained in full, and all subjects
provided written informed consent. The study was conducted
according to the Declaration of Helsinki on biomedical research
(Hong Kong amendment, 1989), and the research protocol was
approved by the local ethics committee.

Cells were cultured at the air-liquid interface in 500ul of Muci-
IAir™ culture medium in a CO2 incubator (37°C, 5% CO,, 100%
humidity, Heracell, Waltham, MA, USA) in 24-well plates with
6.5-mm Transwell® inserts (Corning Life Sciences, Corning, NY,
USA). Before treatment, inserts were washed with 200ul of Muci-
IAir™ culture medium and the quality of the tissue was assessed
under an inverted microscope (Zeiss Axiovert 25, Oberkochen,
Germany).

Treatments

For TEER, IL-8, LDH and MCC assays Mucilair™ tissues were left
untreated or were treated with 10 pl saline (0.9% NaCl) or SBN
twice a day with an 8-hour interval, for 4 days. SBN was applied
on the apical side of the epithelium in 24-well plates. Each day,
culture medium was frozen at -80°C for further analysis. The
details of each experiment are described below.

Trans-Epithelial Electrical Resistance (TEER): In order to study the
tissue integrity by TEER, tissues were left untreated (n=3) or tre-
ated with saline (n=3) or SBN (n=3) for 4 days. For this purpose,
10pl of SBN were added to each tissue placed in 700pl of saline
solution in 24-well plates. Measurements were performed using
a Millicell ERS voltohmmeter (Millipore, Burlington, MA, USA).
Three measurements were performed per sample. Basal value
was the measurement performed at Day 0. The resistance of the
tissue was calculated by subtracting the blank resistance (insert
with no tissue) from the read-out resistance (mean of three) and
multiplying by the epithelium surface size (0.33 cm2).

Lactate Dehydrogenase (LDH) secretion: Cytotoxicity was evalua-
ted by quantification of LDH released by dead cells. LDH measu-
rement was performed in untreated (n=3), saline-treated (n=3),
SBN-treated (n=3) and 1% Triton X-100 in saline solution (n=3,
0.9% NacCl, 1.25mM CaCl2, T0mM HEPES, Eurospital)-treated tis-
sues (positive control, Fluka Biochemika, n=1) at days 1,2,3 and
4 by Cytotoxicity Detection KitPLUS (LDH, Roche, St. Louis, MI,
USA) following manufacturer’s instructions.

Interleukin-8 (IL-8) secretion: I1L-8 secretion evaluation was per-
formed by ELISA (BD OptEIA™, BD Bioscience, Franklin Lakes, NJ,
USA) in untreated (n=3), saline-treated (n=3), SBN-treated (n=3)
and Cytomix-treated (positive control, n=3) tissues. Assessment
was done at days 1, 2, 3 and 4. Cytomix was composed of 1%
FCS (Amimed, Cat 2-01F36-I, BioConcept Ltd, Allschwil, Swit-
zerland), 0.2mg/ml LPS (Sigma) and 500ng/ml| TNF-a (GeneTex,
Irvine, CA, USA).

Ciliary beat frequency: CBF was measured in untreated (n=3),
saline-treated (n=3), SBN-treated (n=3) and 50 uM isoprote-
renol-treated (positive control, n=3) tissues by a special camera
system (Sony XCD V60 Firewire) at room temperature and was
expressed as Hz. For this purpose, 256 images were recorded for
each replicate and CBF was calculated using ciliaFA software.

Mucociliary clearance: Microbeads (5 um) were added onto the
apical surface of untreated (n=3), saline-treated (n=3), SBN-
treated (n=3) and 50 uM isoproterenol-treated (positive control,
n=3) tissues. For bead tracking, one-minute videos (images
taken every second) were recorded using DMIRE2 microscope
(Leica, Wetzlar, Germany) equipped with DS-5MC camera (Nikon,
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Figure 1. Effect of SBN treatment on tissue integrity monitored by TEER
on untreated (n=3), saline-treated (n=3), SBN- treated (n=3) tissues at
Day 1 and Day 4 post-treatment. *p<0.05, ***p<0.001, compared to

untreated cultures. Error bars represent SEM.

Tokyo, Japan). MCC was measured at days 1 and 4. Results
represent an average of 200-500 beads tracked (Image Pro Plus,
Media Cybernetics, Rockville, MD, USA).

Assessment of bacterial activity

Staphylococcus aureus (ATCC 6538) and Pseudomonas aeruginosa
(ATCC 9027) were thawed out and subcultured in Tryptic Soy
Agar (TSA) plates and then in suspension at 30-35°C up to 10®
CFUs (as calculated by OD620). SBN solution (1% final treatment
concentration) was added to the suspension to ensure minimal
changes in growth characteristics. Monitoring was carried out
at a 24-hour interval with counts immediately after (Oh) and 1,

3 and 24 hours after the treatment. After appropriate dilutions,
S. aureus and P. aeruginosa were plated on TSA plates. Counting
was performed on TSA plates after incubation at 30-35°C. TSA
plates without addition of SBN were used as growth control. The
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effect of SBN was also compared to that of isotonic (0.9% NaCl)
and hypertonic (2.2% NaCl) seawater controls which were not
enriched with copper and manganese.

Statistical analyses
Statistical analyses were performed by T-test (two-tailed) by
Microsoft Excel.

Results

Evaluation of tissue integrity

In tissues treated with SBN, a significant decrease in TEER was
observed at both Day 1 and Day 4 after treatment (Figure 1).
Similarly, significant decreases were observed in saline treated
cultures. Nevertheless, these values were above the range of an
intact epithelium (>100 Q.cm?), indicating that SBN treatment
does not compromise epithelial integrity.

Lactate dehydrogenase secretion

As seen in Figure 2, tissues treated with SBN and saline had a
similar LDH profile to that of untreated cells, indicating that
these solutions are not cytotoxic. Treatment with Triton X-100
was used as positive control for cell lysis corresponding to 100%
cytotoxicity.

Evaluation of pro-inflammatory profile

As observed in Figure 3, SBN did not induce pro-inflammatory
effects. In fact, a significant decrease in the release of IL-8 occur-
red after the application of SBN in comparison with untreated
cultures (p=0.0009, p=0.0016, and p=0.0005 for Days 2, 3 and
4, respectively), which confirmed that SBN is not a trigger of
inflammation. In saline-treated tissues, a significant increase in
IL-8 release was observed on Day 1 (p=0.0217), which was not
observed at later time points. Cytomix was used as a positive
control, and, as expected, it induced a significant release of IL-8
at all timepoints.

Triton X-100
*—=—0—0

SBN

[ s o O

DAY 1 DAY 2 DAY 3 DAY4 DAY 1 DAY 2 DAY 3 DAY 4 DAY 1 DAY 2 DAY 3 DAY 4 DAY 1 DAY 2 DAY 3 DAY 4

Figure 2. Effect of SBN on cytotoxicity. Secreted lactate dehydrogenase (LDH) profile after treatment with SBN. Levels of LDH were measured in
untreated (n=3), saline-treated (n=3), SBN-treated (n=3) and Triton X-100-treated (n=3) MucilAir™ epithelial cells for 1-4 days. Cytotoxicity was ana-

lyzed at days 1, 2, 3 and 4 by monitoring LDH release.
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Figure 4. Effect of SBN on ciliary beat frequency. Untreated (n=3), saline-
treated (n=3), SBN-treated (n=3) and isoproterenol-treated (n=3) tissues
were monitored on days 1 and 4; *p<0.01, **p<0.01 and ***p<0.001

compared to untreated cultures. Error bars represent SEM.

Ciliary Beat Frequency (CBF)

Treatment with SBN significantly increased CBF at Day 1 and
Day 4 when compared to untreated cells (Day 1: 6.9 Hz vs 8.4 Hz,
p=0.0002; Day 4: 5.8 Hz vs 6.9 Hz, p=0.0051) (Figure 4). A signi-
ficant but milder increase has been observed in saline-treated
tissues on Day 4 compared to untreated tissues (p=0.018).

Mucociliary clearance (MCC)

Treatment with SBN significantly increased the microbead clea-
rance velocity at Day 4 when compared to untreated cells (36.4
pm/s vs 88.9 um/s, p=0.0007) (Figure 5). No significant changes
were observed in saline-treated tissues compared to untreated
tissues. The MCC rate of SBN-treated cells was even higher than
the rate observed in tissues treated with isoproterenol (positive
control) at Day 4 (p=0.0001).

Antimicrobial activity

SBN exerted a bactericidal effect on the growth of S. aureus and
P. aeruginosa starting three hours and one hour after applica-
tion, respectively (Figure 6). On the contrary, in isotonic and

Figure 3. Effect of SBN on IL-8 secretion.
IL-8 levels were measured in an ELISA

assay in MucilAir™ epithelium of untreat-
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Figure 5. Effect of SBN on mucociliary clearance. Untreated (n=3), saline-
treated (n=3), SBN-treated (n=3) and isoproterenol- treated (n=3) tissues
were monitored on days 1 and 4; ***p<0.001 compared to untreated

cultures. Error bars represent SEM.

hypertonic seawater-treated samples, bacterial growth was
inhibited, and this effect persisted until the end of the experi-
ment 24 h after application indicating a bacteriostatic effect of
these solutions.

Discussion

Nasal congestion is one of the most commonly reported
symptoms in medical practice and it can be associated with a
variety of conditions, with rhinitis, rhinosinusitis and allergic rhi-
nitis being the most frequent ones . As an adjuvant treatment,
nasal irrigation is frequently used to reduce nasal congestion
1M, Hypertonic seawater solutions have been proven to be the
most effective non-pharmacological treatment to decrease the
symptoms of nasal congestion most likely due to the draining of
excess water from cells by inducing osmosis 9.

In the present study, in vitro evidence on the safety and efficacy
of SBN, a hypertonic seawater solution enriched with mangane-
se and copper salts has been presented. The majority of in vitro
assays were performed in a MucilAir™ 3D model which simulates
the morphological and metabolic characteristics of the nasal
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Figure 6. Efficacy of SBN against S. aureus and P. aeruginosa. Growth of germs in bacterial cultures treated with TSA (control), TSA + isotonic seawater

(0.9%), TSA + hypertonic seawater (2.3%), TSA + SBN.

epithelium in vivo and is increasingly been used for the safety
evaluation of substances (719,

The safety of the product was first tested by evaluating the
integrity of the epithelium tissue using a TEER assay after an
apical exposure to the test formulation. This technique evaluates
the stability of tight junctions in the epithelium and is therefore
used as a measure of the barrier function in cell culture models
of endothelial and epithelial monolayers. It is the measurement
of electrical resistance across a cellular monolayer and it is ac-
cepted as a very sensitive and reliable method to confirm the
integrity and permeability of the monolayer ?°. Maintenance of
stability and electrical resistance of the epithelium is of crucial
importance for essential physiological processes. Thus, signi-
ficant changes in TEER may be an early sign of cell damage @".
Although TEER values were lower upon treatment with SBN
when compared to untreated cells, they remained within the
ranges of an intact epithelium. Moreover, similar decrease has
been observed with saline treatment.

Apart from serving as a physical barrier, the airway epithelium
also functions as a modulator of the immune response by
release of a number of cytokines, especially IL-8 ?22%, Quantifi-
cation of IL-8 after application of SBN revealed that there was
no induction of inflammation (indeed there were statistically
significant decreases on Days 2, 3 and 4). The cytotoxicity of the
tested formula was also evaluated in the MucilAir™ 3D model
by quantifying the LDH released by dead cells ?%. Similar results
were obtained for untreated cultures and the cultures treated
with saline or SBN, demonstrating that SBN is not cytotoxic.
These results indicate that the application of the hypertonic
seawater solution on nasal epithelium is safe. After concluding
the safety profile of the tested formula, the efficacy of SBN was
evaluated through a series of in vitro assays.

It has been suggested that nasal saline irrigation could exert
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its beneficial effects by removing antigens and irritant particles
through improved MCC which is a first line defense mechanism
that aids the airway epithelia to clear foreign particles and
chemicals, contributing to better respiratory function 2%, MCC
is widely dependent on CBF, and CBF is partly linked to MCC
rates. The analysis of the results on the efficacy of SBN on MCC
revealed that the MCC significantly increased upon treatment
with SBN at day 4 in comparison to untreated cultures. MCC ve-
locity of SBN treated cultures was even higher than the positive
control isoproterenol, a bronchodilator known to activate CBF
@7, In fact, our data shows that CBF was significantly increased
in SBN-treated tissues compared to untreated-tissues. In clinical
settings, this increase in MCC and CBF rates may result in a hi-
gher and quicker removal of debris, virus, bacteria and potential
irritants from the nasal cavity lining.

As part of the in vitro evaluation of its efficacy, the antibacterial
activity of SBN was assessed against S. aureus (Gram-positive)
and P. aeruginosa (Gram-negative) species, two bacteria known
to colonize upper airway cells in some circumstances 229,
Results showed that SBN has a bactericidal effect against these
bacteria starting as early as 1 hour for P. aeruginosa and 3 hours
for S. aureus, and this effect lasted until the end of the experi-
ment (24h). In contrast, both isotonic and hypertonic seawater
not enriched in copper and manganese had only a bacterio-
static effect; therefore, the bactericidal effects of SBN may be
attributed to the presence of copper and/or manganese in its
formulation. Copper and manganese are found in very small
amounts in the human body. They are reported to stimulate the
body’s self-defense mechanisms 3", Copper salts may aid in
fighting viral infections as well, as cupric ions have been shown
to inactivate several types of viruses, including members of the
herpesvirus and arenavirus families ?®. In addition, it has been
shown that copper salts have great potential to be used to
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control the growth of both gram positive, gram negative, and
multi-drug resistant bacteria isolated from clinical samples 233,
It has been reported that cations such as copper and silver are
electrostatically attracted to heterotrophic bacteria which have
a net negative surface charge at around neutral pH values. This
attraction results in the induction of cell ionization and bacterial
inactivation. The copper-induced bacterial inactivation is related
to its oxidation power through electrolytically formed hydrogen
peroxide. Moreover, copper has been shown to facilitate hydro-
lysis and nucleophilic displacement reactions which has been
shown to disrupt several cell enzymatic pathways and break
hydrogen bonds, thus directly causing DNA damage ©*.

The limitations of the study include the low number of replicates
used in the assays and the controls used in different experi-
ments: ie, saline in TEER, LDH, IL-8, CBF and MCC, and isotonic
and hypertonic seawater solutions in antibacterial assays.
Considering the positive results obtained in this study, further
tests with a larger number of samples and consistent inter-expe-
riment controls should be performed in the future.

Conclusions

As a summary, in this study, SBN has been shown to be safe for
use on human nasal epithelium. The results also suggest a better
potential therapeutic role for SBN in comparison to not-enriched
seawater when used to control nasal congestion, as shown by its
efficacy on stimulating CBF and MCC, and on inhibiting bacterial
growth which may cause nasal congestion. However, clinical
trials are warranted.
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