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Abstract: Deep-sea mineral water (DSW) consists of different compositions and properties. The
composition can be varied in different seas all around the world. However, previous studies have
investigated that DSW is a potential candidate that can be used to prevent different inflammatory
diseases. Even though inflammation is an important protective mechanism in an animal, excessive
inflammation causes organ failure and ultimate death. Therefore, the present study was carried
out to investigate the anti-inflammatory effect of DSW extracted from the South Korean Sea to
unveil its potential as an anti-inflammatory drug. To perform this, first, we have compared the
cytotoxic effect of DSW on RAW 264.7 murine macrophage cells with NaCl and normal-sea water
(NSW). Results reveal that DSW enhances cell survival while other treatments negatively affect
cell survival. Furthermore, we have investigated that DSW reduces the LPS-induced cell apoptosis
compared to the NaCl- and NSW-treated cells. Moreover, DSW has the ability to suppress the
pro-inflammatory cytokine transcription (TNF-α, IL-1β, and IL-6) and NO production upon LPS
treatment. In-vivo survival assay in zebrafish larvae shows a more than 50% survival rate in 10,
20, 30, 40, or 50% concentrations of DSW-treated larvae compared to NaCl- or NSW-treated larvae.
Further investigations unveiled that DSW can negatively regulate the neutrophil and macrophage
recruitment to the inflammatory site, which was induced by fin-fold amputation in zebrafish larvae
and pro-inflammatory cytokine (tnf-α, il-1β, and il-6) secretion. Taken together, the present study
concluded that DSW may have the ability to act as an anti-inflammatory drug to suppress excessive
inflammation and subsequent consequences.

Keywords: deep-sea mineral water; inflammation; LPS; pro-inflammatory cytokine; neutrophil;
macrophage

1. Introduction

Inflammation is a complex defensive mechanism of biological systems that is activated
by various stimuli such as pathogens, autoimmune responses, chemical agents, and noxious
mechanical [1,2]. It is a primary mechanism of the body to protect itself by destroying
invading pathogens and healing and restoring the function of damaged tissues [2]. Immune
myeloid cells such as macrophages produce proinflammatory mediators, including nitric
oxide (NO) and cytokines, for instance, tumor necrosis factor-α (TNF-α), interleukin-6
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(IL-6), and interleukin-1β (IL-1β) upon inflammatory signals to initiate and propagate
the inflammatory response [3,4]. Inflammation can be divided into acute and chronic
inflammation [1]. An acute inflammatory response is the preliminary non-specific response
of the body against an infection or trauma, which becomes severe within a short time period
and symptoms may exist for a few days only [5]. Chronic inflammation can be long lasting
for several months to years and this excessive stimulation leads to organ dysfunction and
death [1,5]. Diabetes, cardiovascular diseases, arthritis and joint diseases, allergies, and
chronic obstructive pulmonary disease are categorized as chronic inflammatory diseases [1].

Activation of macrophages by lipopolysaccharides (LPS), which is a major element of
Gram-negative bacteria cell walls, results in the release of NO- and cytokine-like inflamma-
tory mediators [6,7]. NO plays an essential role in host innate immune responses against
pathogen (bacteria, viruses, fungi, and parasites) infections [8]. Moreover, cytokines also
play a major role against pathogen infections and are produced by innate immune cells
upon pathogen detection or endogenous danger signals via various receptor families such
as toll-like receptors (TLRs), C-type lectin receptors, NOD-like receptors, and RIG-I-like
receptors [9]. However, excessive production of NO and cytokines leads to various inflam-
matory diseases [8]. Therefore, attenuation of inflammatory mediators and cytokines is a
crucial factor to be considered when developing anti-inflammatory drugs. In this regard,
DSW plays a crucial role in avoiding inflammatory diseases [10,11].

The water extracted from a depth of more than 200 m is considered as DSW. DSW is
rich in various types of minerals, such as magnesium (Mg), sodium (Na), calcium (Ca),
potassium (K), and zinc (Zn), with some other trace minerals [12]. In addition, DSW has
high purity, nutrition, stability, and low temperature as well [12]. Nowadays, there is a
variety of mineral supplementary pills available in the market to prevent inflammatory
diseases [13], and a number of studies have been carried out to investigate the properties
of DSW on disease prevention [12,13]. Moreover, deep-sea mineral water (DSW) has been
shown to improve cholesterol profiles in both the liver and serum [14,15]. DSW may help
alleviate cardiovascular issues and lower blood pressure by enhancing cardiovascular
hemodynamics [16,17]. Additionally, a study demonstrated that the anti-obesity properties
of DSW contribute to reductions in fat and body weight [18]. Bottled DSW drinking water
products, extracted from different locations, are available in the market. However, the
properties and composition of DSW extracted from different areas in the ocean can be varied.
Therefore, we have carried out experiments to investigate the effect of DSW extracted from
the South Korean Sea on LPS-induced inflammatory response in RAW 264.7 and zebrafish
larvae as an animal model to unveil its potential as an anti-inflammatory drug.

2. Materials and Methods
2.1. Preparation and Acquisition of Seawater

DSW and NSW were obtained from the Seawater Energy Plant Research Center
at the Korea Research Institute of Ships & Ocean Engineering. The DSW sample for
the experiment was collected from a depth of 500 m in Goseong, Gangwon-do, South
Korea. It was prepared using an electrodialysis device (CJT-200, ASTOM, Tokyo, Japan) to
desalinate monovalent ions and concentrate minerals. The electrodialysis device employed
a selective ion-exchange membrane (the 110 membrane) for monovalent cations (Na+, K+)
and anions (Cl−). The mineral components of DSW, including Na+, K+, Mg2+, and Ca2+,
were analyzed by ion chromatography (model: ICS-1000, Thermo Scientific, Waltham, MA,
USA /Cation Column: IonPac CS12A, Thermo Scientific, Waltham, MA, USA) and salinity
was measured by using the METTLER TOLEDO Seven Multi Meter (Columbus, OH, USA).
The mineral components of both NSW and DSW are provided in Table 1. The DSW used in
this experiment was desalinated to a NaCl concentration of 18 ppt (parts per thousand).
Additionally, the NSW was diluted from its original concentration to match the 18 ppt
salinity of the DSW for the experiments.
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Table 1. Seawater chemical parameters.

Type of Seawater Na+ (mg/L) Mg2+ (mg/L) Ca2+ (mg/L) K+ (mg/L) Salinity (ppt)

Deep-sea mineral water (Desalinated
concentrate, DSW) 70.6 1175.2 448.0 19.4 18

Normal seawater (NSW) (Salinity
adjusted to 18 ppt) 5484.4 582.6 175.2 164.9 18

2.2. Cell Maintenance and Media Preparation

Raw 264.7 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM;
Sigma-Aldrich, St. Louis, MO, USA) with 10% of heat-inactivated bovine serum (FBS,
Gibco-BRL; Life Technologies, Carlsbad, CA, USA) as a supplement and 1% antibiotic-
antimycotic (Gibco-BRL; Life Technologies, Carlsbad, CA, USA) at 37 ◦C in a humidified
incubator with 5% CO2. Additionally, a 2× cell culture medium was prepared using DMEM
powder with high glucose and pyruvate (Gibco-BRL; Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s protocol. Then, 2× DMEM was supplemented with
20% FBS (Gibco-BRL; Life Technologies, Carlsbad, CA, USA) and 2% antibiotic–antimycotic
(Gibco-BRL; Life Technologies, Carlsbad, CA, USA). Desired concentrations of NaCl, NSW,
and DSW were prepared as percentage values for the total volume of the cell culture
medium using stock solutions of NaCl, NSW, and DSW. Since the salinity of DSW is 18 ppt,
the salinity in the stock solutions of NaCl and NSW was also adjusted to 18 ppt by adding
third-distilled (3D) water. The calculated amounts, expressed as volume percentages, were
then mixed with 2× medium and 3D water to prepare 1× cell culture media with varying
volume percentages of NaCl, NSW, and DSW.

2.3. Cells Cytotoxicity Analysis

MTT assay was performed to investigate the cytotoxicity of RAW 264.7 cells upon
treatment with increasing concentrations of DSW or NSW. RAW 264.7 cells were seeded
into 24 well plates with a concentration of 1 × 105 cells/mL and incubated for 12 h at 37 ◦C
in a humidified incubator with 5% CO2. Then, the cell culture medium was replaced with
0, 10, 20, 30, 40, and 50% of DSW or NSW and incubated. The 0% treatment serves as
the control group, consisting of a 1× diluted cell culture medium made from 2× medium
and 3D water. After 24 h, cell morphology was observed under the phase-contrast micro-
scope (Leica DMi8; Leica Microsystems, Wetzlar, Germany) and images were captured.
Thereafter, MTT assay was performed as per the method described by Kumar et al. [19]
with some modifications. Briefly, the cell culture medium was removed and replaced with
180 µL serum-free DMEM media and 20 µL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) solution. Then, the plate was covered with aluminum
foil and incubated at 37 ◦C in an incubator for 3 h. After that, serum-free DMEM media
were replaced with 200 µL of dimethyl sulfoxide (DMSO) (AMRESCO, LLC, 6681 Cochran
Road, Solon, OH 44139, USA), covered with an aluminum foil, and kept on a shaker for
30 min at room temperature (RT) to completely dissolve the dark formazan. Finally, 50 µL of
dissolved formazan in DMSO was transferred to a 96-well plate to measure the absorbance
at 500 nm using a Multiskan Sky microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA). The experiment was conducted in triplicate and the percentage cell viability
was determined by considering the control cells (0% concentration) as 100% viable. 25 and
50% concentrations were selected as suitable concentrations for future experiments.

Moreover, the anti-apoptotic effect of DSW on RAW 264.7 murine macrophage cells
upon LPS treatment was compared with Control, NaCl, and NSW. To perform this, RAW
264.7 cells were seeded into 24 well plates with a concentration of 1 × 105 cells/mL and
incubated for 12 h with recommended conditions as two sets. Then, the culture medium was
replaced with 25 and 50% of NaCl, NSW, or DSW. To maintain a consistent concentration
of the cell culture medium, 2× medium was used and diluted to 1× with NaCl, NSW,
and DSW using 3D water to prepare the required treatment concentrations. Control cells
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were maintained in 1× cell culture medium diluted with 3D water. After 2 h, cells in
one experimental setup were treated with 500 ng/mL lipopolysaccharides (LPS) from
Escherichia coli 055: B5 (Sigma-Aldrich), and the other set of cells was left untreated. After
24 h, cell morphology was observed and captured using a phase-contrast microscope
(Leica DMi8; Leica Microsystems, Wetzlar, Germany) and MTT assay was performed to
investigate the cell viability. Experiments were performed in triplicates and cell viability
was calculated as percentage values considering the untreated control cells as 100% viable.

2.4. NO Assay

NO levels in the culture supernatants of LPS-treated and untreated cells were deter-
mined using the Nitric Oxide [NO] Plus Detection Kit (iNtRON Biotechnology, Seongnam,
Gyeonggi-do, Republic of Korea) according to the manufacturer’s protocol. The experiment
was performed in triplicates and illustrated in a graph as percentage values.

2.5. Cytokine Induction Analysis in Raw 264.7 Cells

The effect of DSW on cytokine induction upon LPS treatment was evaluated and
compared with NaCl and NSW in Raw 264.7 murine macrophage cells by quantitative
reverse transcription PCR (RT-qPCR) analysis. The experimental setup was arranged
similarly to the cell cytotoxicity analysis conducted upon LPS treatment. Control, NaCl-,
NSW-, or DSW-treated cells were harvested after 24 h from LPS treatment. Total RNA
was extracted from the collected cells using the RNAiso Plus kit (Takara Bio Inc., Shiga,
Japan). The quantity of the extracted RNA was measured by a µDrop Plate (Thermo
Fisher Scientific, Waltham, MA, USA) and Multiskan SkyHigh microplate reader (Thermo
Scientific, USA). The quality of the RNA was evaluated by measuring the absorbance
values at 260 and 280 nm using a Multiskan SkyHigh microplate reader and agarose gel
electroporation. cDNA was synthesized using the PrimerScript II First Strand cDNA
Synthesis Kit (Takara Bio Inc., Shiga, Japan) from 2.5 µg of extracted RNA. Finally, the
mRNA fold induction levels of TNF-α, IL-1β, and IL-6 were quantified using the qPCR
method with TB Green® Premix Ex Taq™ (Tli RNaseH Plus; Takara Bio Inc, Shiga, Japan) in
a Thermal Cycler Dice™ Real-Time System III, (Model: TP951; Takara Bio Inc, Shiga, Japan).
The primers were designed using the IDT primer Quest Tool (TNF-α sense 5′-CCG ATG
GGT TGT ACC TTG TCT ACT CC-3′, anti-sense 5′-TGG TAT GAG ATA GCA AAT CGG
CTG ACG-3′; IL-1β sense 5′-TGG AGT TTG AGT CTG CAG AGT TCC C-3′, anti-sense 5′-
TCA ATT ATG TCC TGA CCA CTG TTG TTT CCC-3′; IL-6β sense 5′-CAG AAG GAG TGG
CTA AGG ACC AAG A-3′, anti-sense 5′-AAC GCA CTA GGT TTG CCG AGT AGA-3′).
The transcription levels of cytokines were calculated using the Livak 2−∆∆CT method [20].

2.6. In Vivo Survival Assay for Zebrafish Eggs and Larvae

Four cell stage zebrafish eggs were cultured in zebrafish embryo medium (E3 water)
(5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4 in dH2O) with different
concentrations (0, 10, 20, 30, 40, and 50%) of NaCl, NSW, or DSW. To prepare the required
concentrations, 2× E3 water was prepared and diluted to 1× by mixing 3D water with the
appropriate amounts of NaCl, NSW, or DSW stock solutions. The control treatment was
prepared using 2× E3 water diluted with 3D water into 1× E3 water. Fifteen eggs were in-
troduced into each treatment and two replicates were performed. The culture medium was
renewed daily, and surviving eggs and larvae were counted until 6 days post fertilization
(dpf). Data were analyzed and illustrated in graphs as survival percentage values.

2.7. Analysis of DSW Effect on Macrophage and Neutrophil Recruitment to the Amputated Fin
Fold of Zebrafish Larvae

The effect of DSW on macrophage and neutrophil recruitment to the amputated fin
fold of zebrafish was investigated by using Tg(mpeg:EGFP) and Tg(mpx:mCherry) zebrafish
larvae, respectively [21]. Fin folds of 3dpf zebrafish larvae were amputated and introduced
into NaCl, NSW, or DSW in E3 water with 15 and 30% concentrations. To ensure consistent
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concentrations of E3 water, 2× E3 water was diluted to 1× E3 by mixing it with 3D water
and the appropriate amounts of NaCl, NSW, or DSW. The control treatment was prepared
by diluting 2× E3 water into 1× E3 water using only 3D water. After incubation of larvae
at 28 ◦C for 12 and 24 h, mpeg:EGFP and mpx:mCherry zebrafish larvae were observed under
green and red fluorescence under fluorescence microscope at 400 × magnification (Leica
DMi8; Leica Microsystems, Wetzlar, Germany), respectively. Uncut larvae and amputated
larvae in E3 water were used as the control groups. Ten fish were used for each treatment
and recruited macrophages and neutrophils to the fin fold area were counted and graphed
as average values.

2.8. Cytokine Induction Analysis in Zebrafish Larvae

To investigate the effect of DSW on cytokine induction in zebrafish larvae, 3 dpf larvae
(15 larvae per treatment) were cultured in 15 and 30% of NaCl, NSW, or DSW in E3 water as
described above. Then, larvae were treated with 100 µg of LPS from Escherichia coli 0111:B4
(Sigma-Aldrich) and a similar treatment group was left untreated as the control group.
After a 12 and 24 h incubation period at 28 ◦C, larvae were harvested and immediately
frozen in liquid nitrogen and stored at −80 ◦C, followed by total RNA extraction performed
with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA). Then, cDNA synthesis
was performed using the PrimeScript II first-strand cDNA synthesis kit (Takara, Japan).
The transcription levels of tnf-α, il-1β, and il-6 were analyzed using RT-qPCR with the
primers designed using the IDT primer Quest Tool (tnf-α sense 5′-CTC TCC GCT CTT CAG
TTG ACC-3′, anti-sense 5′-GTG TGG TTT TGC CGT GGT C-3′; il-1β sense 5′-GAG AGC
TGA GCC AAG ATG AAG C-3′, anti-sense 5′-CAC TCC AAT CAG GCT CAC TAT GG-3′;
il-6 sense 5′-CTT CAT GAG TCT CGC TGA CCC-3′, anti-sense 5′-CAG ATC TCT GGC CAT
CAG ATG C-3′).

2.9. Statistical Analysis

Results are indicated as the means of three replicate determinations ± standard
deviation. The statistical differences between groups were analyzed using Student’s t-test
with GraphPad Prism Version 8.0.2 software (GraphPad Software, Inc., San Diego, CA,
USA). Statistical significance was set at p < 0.05.

3. Results and Discussion
3.1. DSW Enhances the Viability of RAW 264.7 Macrophage Cells

Macrophages are infiltrated or tissue-resident immune cells crucially important in
innate immunity for tissue repair after injury upon pathogen infections or other environ-
mental challenges [22]. To determine the cytotoxicity of DSW in vitro, RAW 264.7 cells were
cultured in culture media with different concentrations (0, 10, 20, 30, 40, and 50%) of DSW
or NSW for 24 h. Thereafter, cell morphology was observed, and viable cells were analyzed
using the MTT assay (Figure 1). Cell images show that there is no significant effect of
DSW on the morphology of RAW 264.7 murine macrophage cells until 30% concentration
and NSW until 20% concentration (Figure 1A). However, 40 and 50% of DSW-treated
cells and 30 to 50% of NSW-treated cells show morphological differences with activation.
Interestingly, MTT assay results reveal that the increasing concentration of DSW enhances
the cell viability, while NSW reduces the cell viability (Figure 1B). Similarly, Maehira et al.
show that DSW can enhance the viability of osteoblastic cells [23]. Furthermore, Chun et al.
also found that refined DSW has no cytotoxicity effect on RAW 264.7 murine macrophage
cells [12]. Taken together, our results indicated that up to 50% concentration, there is
no cytotoxic effect of DSW on RAW 264.7 murine macrophage cells, and cell viability is
significantly increased. However, increasing the concentration of DSW changes the mor-
phology of RAW 264.7 murine macrophage cells. A similar observation was found in a
previous study that macrophages have the capability to proliferate and activate with IL-4
treatment [24]. However, the mechanism of DSW in the above-mentioned scenario must
be investigated.
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Figure 1. DSW increases the RAW 264.7 cell viability in high concentrations compared to the NSW.
RAW 264.7 cells were treated with different concentrations of DSW or NSW for 24 h. (A) cellular
morphology was captured by using phase-contrast microscope and (B) relative cell viability was
determined by using MTT assay. Data are indicated as mean ± SD (n = 2). Statistical significances
(p < 0.05) between control (0%, normal-sea water) and each treatment were calculated using Student’s
t-test. ( ***, p ≤ 0.001; ####, p ≤ 0.0001).

3.2. DSW Reduces LPS-Induced Apoptosis in RAW 264.7 Macrophage Cells

LPS is the major activating mediator of macrophage [12]. LPS triggers the toll-like
receptor 4 (TLR4) and activates pro-inflammatory gene transcription [25]. Moreover, NO
and TNF are primary mediators released by macrophages, which are crucial in the apoptosis
process [26]. To investigate the effect of DSW on LPS-induced apoptosis, RAW 264.7 murine
macrophage cells were cultured with 25 and 50% of NaCl, NSW, or DSW in a cell culture
medium. Two hours later, cells were treated with 500 ng/mL of LPS for 24 h. Thereafter,
cell morphology was observed, and relative cell viability was analyzed using the MTT
assay (Figure 2). Results reveal that the LPS-treated cells cultured in 25 or 50% of NaCl
and NSW show activation and cell death (Figure 2A). Relative cell viability results elicited
that LPS-treated cells cultured in 25 and 50% of DSW-containing culture medium showed
significantly high cell viability compared to the control, NaCl-, and NSW-treated cells
(Figure 2B). The above analysis indicates that DSW could suppress LPS-induced apoptosis
in RAW 264.7 murine macrophage cells.
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Figure 2. DSW reduces LPS-induced apoptosis in RAW 264.7 cells. RAW 264.7 cells were cultured
with 25 or 50% of NaCl, NSW, or DSW with cell culture medium and treated with 500 ng/mL LPS for
24 h. (A) Cellular morphology was captured by using a phase-contrast microscope and (B) relative
cell viability was determined by using MTT assay. Data are indicated as mean ± SD (n = 2). Statistical
significances (p < 0.05) between control (oh, normal-sea water) and each treatment were calculated
using Student’s t-test. (ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001).

3.3. DSW Suppresses LPS-Induced NO Production and Pro-Inflammatory Cytokine Induction

Macrophages express indispensable inflammatory mediators such as nitric oxide
synthase (iNOS), chemokines, and pro-inflammatory cytokines including TNF-α, IL-1β,
IL-6, and IL-10, which are paramount in different chronic and acute inflammatory dis-
eases [27]. In an abnormal situation, iNOS-synthesized NO overproduction is a prominent
pro-inflammatory mediator that induces inflammation [28]. LPS is considered a stimulant
that induces NO production via MAPKs and NF-kB pathways [27]. Therefore, we stimu-
lated NO production in RAW 264.7 murine macrophage cells that were cultured in a cell
culture medium with 25 or 50% of NaCl, NSW, or DSW by treating 500 ng/mL of LPS. After
24 h, we evaluated the effect of DSW on NO production compared to the NaCl, NSW, and
control groups. Results elucidated that both 25 and 50% concentrations of DSW show low
NO production compared to the NaCl and NSW (Figure 3A). The important observation is
the cells stimulated by LPS in 25% DSW-containing cell culture medium show a significant
reduction in NO production compared to the control group. However, even though the 50%
DSW shows a reduction in NO production, it is significantly higher than the control group.
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Thus, this reveals that DSW shows negative regulatory effects against NO production in
the inflammation process.
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levels in RAW 264.7 cells. RAW 264.7 cells were cultured with 25 or 50% of NaCl, NSW, or DSW
in cell culture medium and treated with 500 ng/mL LPS for 24 h. Another similar group was kept
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Moreover, we have investigated the pro-inflammatory cytokine production by RAW
264.7 murine macrophage cells upon LPS treatment (Figure 3B–D). To investigate that,
we performed RT-qPCR analysis to find out the mRNA transcription levels of TNF-α, IL-
1β, and IL-6 in the cells with the same experimental conditions as above. Results show
that RAW 264.7 murine macrophage cells cultured in both concentrations of DSW reduce
TNF-α, IL-1β, and IL-6 significantly compared to the control groups and other treatments.
In accordance with our results, Chun et al. also discovered that DSW can abolish the
production of TNF-α, IL-1β, IL-6, and IL-10 [12]. Taken together, our investigation reveals
that DSW has the potential to impair NO and pro-inflammatory cytokine production in the
inflammatory process of macrophage cells.
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3.4. DSW Shows Less Lethal Effect on Zebrafish Larvae

Zebrafish is an ideal model for biomedical research compared to other vertebrates
due to its fully discovered genome, easy alteration of DNA makeup, external fertilization,
high fecundity, high growth rate, and transparent embryo and larval stages [29,30]. Water
quality is a pivotal factor to be considered in zebrafish research as it affects every aspect
of zebrafish physiology. The most important parameters are temperature, conductivity,
pH, hardness, alkalinity, nitrogenous wastes, and dissolved gases [31]. Therefore, before
investigating the immune effect of DSW in zebrafish, we analyzed whether there is any
lethal effect of DSW on zebrafish embryos and larvae in different concentrations.

To perform this, we cultured four cell stage zebrafish eggs in E3 medium with 10,
20, 30, 40, and 50% of NaCl, NSW, or DSW and counted the dead embryos and larvae
until 6 dpf (Figure 4). Thereafter, the survival percentage was calculated and graphed.
Results show that culturing of zebrafish embryos and larvae in 10% and 20% NaCl-, NSW-,
or DSW-containing E3 medium shows more than 80% survival, indicating that all the
treatments show little effect on the mortality of zebrafish embryos and larvae in 10 and 20%
concentrations (Figure 4A,B). Moreover, in 30% of treatments, NSW shows less than 30% of
survival with high mortality (Figure 4C). However, NaCl or DSW treatments do not show
a significant effect on the mortality of fish. Survival percentages of 40% and 50% of NaCl-,
NSW-, or DSW-treated zebrafish embryos and larvae show similar patterns. However, NSW
treatment shows the highest mortality in both 40 and 50% concentrations with 0% survival
at 1 dpf (Figure 4C,D). Also, NaCl treatment shows 0% survival at 6 dpf. However, DSW
shows the lowest mortality even in 50% concentration by showing a survival percentage of
not less than 50% (Figure 4E). By considering these results, we have decided to use 15%
and 30% concentrations of NaCl, NSW, or DSW for future experiments.
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Figure 4. Survival percentage of zebrafish eggs and larvae cultured in various concentrations of NaCl,
NSW, or DSW until 6dpf. Four cell stage zebrafish eggs were cultured in 0, 10, 20, 30, 40, and 50%
of NaCl, NSW, or DSW in E3 water, and surviving eggs and larvae were counted daily until 6 dpf.
Survival percentage was calculated in (A) 10, (B) 20, (C) 30, (D) 40, and (E) 50% treatment groups.
Data are indicated as mean values (n = 15).

3.5. DSW Reduces the Macrophage and Neutrophil Recruitment to the Amputated Fin Fold

Fin fold amputation is a method to create an inflammation in a zebrafish model to
study inflammation and regeneration [32]. However, excessive inflammation leads to
damage to healthy organs and tissues [1]. Macrophages and neutrophils play a pivotal task
in inflammatory diseases [22]. Therefore, in the present study, we have investigated the
effect of DSW on macrophage and neutrophil recruitment to the amputated fin fold.

To perform this, 3 dpf Tg(mpeg:EGFP) (macrophage with green fluorescence) and
Tg(mpx:mCherry) (neutrophil with red florescence) zebrafish larvae fin folds were ampu-
tated and introduced to the E3 medium containing 15 or 30% of NaCl, NSW, or DSW.
Post-amputation (hpa) fluorescence images were obtained 12 and 24 h after, and the av-
erage number of macrophages and neutrophils were calculated and graphed (Figure 5).
Results reveal that both macrophage and neutrophil recruitment to the amputated fin
fold of the larvae cultured in E3 medium containing DSW is lower in both concentrations
(15 and 30%) compared to the control, NaCl-, or NSW-containing E3 medium. These
results demonstrated that DSW may have anti-inflammatory properties by hindering the
recruitment of macrophages and neutrophils to the inflammatory site.
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Figure 5. DSW hinders the macrophage and neutrophil recruitment to the amputated fin fold of
Tg(mpeg:EGFP) and Tg(mpx:mCherry) zebrafish larvae. Fin fold of 3 dpf zebrafish larvae was ampu-
tated and cultured in 15 and 30% of NaCl, NSW, or DSW in E3 water, and (A) green (macrophages)
and (B) red (neutrophils) fluorescence images were obtained at 12 and 24 h. Average number of
(C) macrophages and (D) neutrophils recruited to the area within the 100 µm range from the edge of
the amputated fin of Tg(mpeg:EGFP) and Tg(mpx:mCherry) larvae were calculated. Data are indicated
as mean ± SD (n = 10). Statistical significances (p < 0.05) between control and each treatment were
calculated using Student’s t-test. (ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001).

3.6. DSW Reduces LPS-Induced Pro-Inflammatory Cytokine Production

LPS-induced inflammation results in cytokine production [33]. LPS is primarily
identified by toll-like receptor 4 (TLR-4) followed by downstream signaling stimulating the
production of cytokines, such as TNF-α, IL-1β, and IL-6 [33,34]. Therefore, to investigate
the effect of DSW on pro-inflammatory cytokine transcription in zebrafish larvae, we
cultured 3 dpf zebrafish larvae in 15 and 30% of NaCl, NSW, or DSW in E3 water, and
the fish were treated with 100 µg/mL of LPS. Then, fish were harvested at 12 and 24 h
post-treatment (hpt) to perform RT-qPCR to analyze the transcription levels of tnf-α, il-1β,
and il-6 (Figure 6). Results demonstrated that zebrafish larvae cultured in both 15 and 30%
DSW concentrations show a significant reduction in tnf-α transcription level compared to
the control fish upon LPS treatment at 12 hpt (Figure 6A). However, 24 hpt results show
that only 15% of DSW has the ability to suppress tnf-α transcription compared to the control
upon LPS treatment. Moreover, all the treatments (NaCl, NSW, or DSW) suppress the
LPS-induced il-1β transcription level of zebrafish larvae in both concentrations at 12 and
24 hpt (Figure 6B). In the case of il-6 transcription in zebrafish cultured in different culture
mediums with NaCl, NSW, or DSW, both concentrations show low transcription levels
at 12 hpt compared to the control (Figure 6C). However, 24 h later, 30% DSW treatment
shows the lowest il-6 expression level upon LPS treatment while other treatments show
high or non-significant differences with the control group. Taken together, the above results
reveal that DSW has the ability to suppress pro-inflammatory cytokine production upon
LPS-induced inflammation.

Currently, there are only drinking water bottles made from deep-sea mineral water
(DSW), but several studies have explored its various health benefits [15–17,35,36]. The
effects of DSW can vary depending on the mineral composition of the water sourced from
different locations. Therefore, ongoing research is necessary to uncover the health benefits
of DSW from various regions. At present, the industry primarily focuses on producing
DSW water bottles as a commercial product. However, given the identified health benefits,
scientists could conduct further research to develop direct medical products, such as
injections or oral medications, by concentrating the minerals found in DSW.
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3 dpf zebrafish larvae were cultured in 15 and 30% of NaCl, NSW, or DSW in E3 water and the fish
were treated with LPS (100 µg/mL); at the same time, fish in the control group were cultured in only
E3 water. Similar groups were kept untreated and (A) tnf-α, (B) il-1β, and (C) il-6 mRNA expression
levels were analyzed by RT-qPCR after 12 and 24 h post-treatment. Data are indicated as mean ± SD
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4. Conclusions

In conclusion, the present study reveals that DSW extracted from the South Korean Sea
has the ability to suppress the inflammation in RAW 264.7 murine macrophage cells and
the zebrafish model by hindering the excessive activation of pro-inflammatory cytokines
and NO production. Furthermore, DSW negatively regulates the recruitment of neutrophils
and macrophages to the inflammatory site that was induced by fin fold amputation in
zebrafish larvae. Moreover, DSW does not show a cytotoxic effect in concentrations less
than 40% in both RAW 264.7 murine macrophage cells and zebrafish larvae. Taken together,
our results concluded that the DSW tested in the present study is a potential candidate for
use as an anti-inflammatory drug to treat inflammatory diseases.
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