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Featured Application: Chaves thermal spring water, due to its potential anti-inflammatory and
antipollution properties, has the potential to be incorporated into a cosmetic formulation.

Abstract: Since ancient times, thermal spring water has been proven to be beneficial to the skin and
to improving dermatologic disorders, explaining its incorporation into cosmetic formulations as an
active ingredient. Chaves thermal spring water, from northern Portugal, has been used as a local
spa since Roman times, and its customers are satisfied with its medicinal quality. Despite the lack
of published evidence on its specific effects on the skin, this study evaluates the potential of using
Chaves thermal water as a cosmetic ingredient. The physiochemical composition demonstrated
that Chaves thermal spring water is low-mineralized water, and its major components are sodium,
potassium, silicon, and calcium. In vitro experiments demonstrated that this low mineralization
might explain the absence of antioxidant and antiaging potential, and the maintenance of collagen
and fibronectin levels. The quantification of the IL-6 levels showed that Chaves thermal spring
water could be used as an anti-inflammatory product, suggesting its use by individuals with skin
diseases. In agreement with this result, in vivo experiments revealed that Chaves thermal spring
water improved the integrity of the skin barrier and preserved the skin microbial community. Overall,
the present work suggests that Chaves thermal spring water might be used as a cosmetic product.

Keywords: thermal spring water; cosmetic application; anti-inflammatory properties

1. Introduction

Thermal water is naturally formed under specific geological conditions, and it is
characterized as being rich in minerals and bacteriologically pure [1]. Depending on
their geological, geochemical, and geothermic conditions, different springs can have very
diverse chemical and physical water properties [2]. Since ancient times, thermal water
has been associated with therapeutic effects; however, it is only more recently that some
of these effects have been scientifically verified [3]. Bathing in thermal water has been
proven to be beneficial to the skin and to improving dermatologic disorders such as
atopic dermatitis [4,5] and psoriasis [6,7]. Such properties prompted the World Health
Organization to officially recognize hydrotherapy and balneotherapy’s efficiency within its
Pain Management Protocol [8,9]. Given the growing emphasis on sustainable and natural
remedies in modern society [10], there has been an observed and noticeable increase in the
interest in and demand for the use of these types of therapies.

When undergoing balneotherapy, the first contact point between the human body
with the water is the skin. As the largest human organ, the skin’s primary function
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is to protect the body against the external environment, therefore making it the organ
most impacted by the properties of thermal waters. The skin consists of three layers:
the epidermis (the most exterior layer), the dermis (the middle layer), and finally, the
hypodermis (subcutaneous tissue) [11]. The epidermis is a stratified epithelium composed
of four layers of keratinocytes in progressive stages of differentiation [12]. The dermis is
predominantly composed of fibroblast cells, but it also contains structures such as blood
vessels, lymphatics, nerves, sweat glands, and pilosebaceous units. Lastly, the hypodermis
is formed by subcutaneous fat and connective tissue [13]. Additionally, the skin supports a
community composed of diverse bacteria, fungi, and viruses, which is known as the skin
microbiota. In healthy individuals, the skin microbiota is in equilibrium with the host and
is essential for skin health [14].

Exposure to pollution can cause oxidative stress, premature aging, inflammation, and
diseases, not only in the respiratory and cardiovascular systems but also on the human
skin [15]. Since most people’s skin is exposed to pollution, protecting it is important [16].
Thermal water is rich in minerals that are assimilated by the skin and, depending on the
mineral water composition and concentration, improve its physiological functions [8].
Sulfur-rich thermal waters have been proven to have antioxidant and anti-inflammatory
effects [17-19] and potential antiaging properties for skin [20]. Thermal water also protects
and repairs the skin barrier [21,22], being able to soothe sensitive skin [23]. Regarding the
skin microbiota, there is evidence that thermal water increases its diversity and decreases
inflammatory infectious agents [24,25].

The beneficial effects of thermal spring water on the skin and the skin microbiota
have led to its incorporation into cosmetic formulations as an active ingredient [26]. In
the present work, the potential of using Chaves thermal water as a cosmetic ingredient
is investigated. Chaves thermal spring water is in the north of Portugal, and it has been
used as a local spa since Roman times. Its waters are hot waters (ranging from 55 to 76 °C),
with total diluted solids of 1600-1800 mg/L and a neutral pH, and they are bicarbonate-
/sodium-/CO;,-rich [27]. Even though Chaves thermal spa has been functioning for several
decades and its customers are satisfied with the medicinal quality of the thermal spring
water [28], there is no published evidence, as far as we are aware, on the specific effects that
this thermal spring water has on the skin. Therefore, the goal of this work was to assess the
Chaves thermal spring water antioxidant, antiaging, and antipollution potential, and its
impact on the skin biometric parameters and microbiota.

2. Materials and Methods

Thermal spring water was provided by Caldas de Chaves (Chaves, Portugal) and
was directly retrieved at its source at 76 °C and bottled in 1-liter glass containers. It was
then transported at room temperature, for approximately 1 h, and stored to 2-8 °C. Upon
arrival, three different batches were filtered by vacuum with a 0.22 pm filter (Thermo Fisher
Scientific, Waltham, MA, USA) to guarantee sterility.

2.1. Chaves Thermal Water Characterization

The pH value and electrical conductivity (EC) were determined using a multiparam-
eter SevenExcellence™ Mettler-Toledo AG (Greifensee, Switzerland) at 20 °C. The pH
was measured with a precision of £0.002 pH units, and the electrical conductivity was
expressed as puS/cm.

The total dissolved solids (TDS) procedure was based on the standard method 2540C
present in Standard Methods for the Examination of Water and Wastewater™ [29]. Briefly,
the method consists of filtering a well-mixed sample through a standard glass fiber filter,
evaporating the filtrate to dryness in a weighed dish, and drying it to a constant weight at
180 °C. The increase in the dish weight represents the total dissolved solids.

For the mineral determination, 2 mL of Chaves thermal spring water was mixed with
5 mL of 65% HNOj; plus 1 mL 30% H;O, in a Teflon reaction vessel and digested in a
microwave system (Speedwave, Berghof, Eningen, Germany). Digestion was conducted as
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follows: 160 °C for 5 min; 190 °C for 10 min; and 100 °C for 4 min. The resulting solutions
were brought up to 10 mL with ultrapure water for analysis. Mineral concentrations were
analyzed by inductively coupled plasma argon spectrometry (ICP; ICP-OES Optima 7000
DV, PerkinElmer, Waltham, MA, USA). The analyses were conducted in triplicate. Mineral
concentrations were expressed in mg/L.

Microbial control was performed according to ISO 6222:1999 [30] “Water quality—
Enumeration of culturable micro-organisms—Colony count by inoculation in a nutrient
agar culture medium”, for total germs. Briefly, 1 mL of Chaves thermal spring water was
diluted in 9 mL of sterile peptone water and mixed in a vortex. Serial dilutions in peptone
water were performed, and samples were plated by spread plate in tryptic soy agar (TSA)
and Sabouraud dextrose agar (SDA). TSA plates were incubated at 37 °C for 24 h, while
SDA plates were incubated at 30 °C for 48 h. The assay was performed in triplicate. After
incubation, colony-forming units (CFUs) were calculated to determine the total aerobic
bacteria and total yeasts and molds using the following formula:

1 1
FU = n°coloni - X =
CFU = n°colonies ><V><df

2.2. Evaluation of the Antioxidant Capacity of CHAVES Thermal Spring Water

The 2.2"-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt radical
cation (ABTS) decolorization assay was performed as previously described [31]. In brief,
20 mL of ABTS solution was obtained by the addition of 7 mmol/L of ABTS (Sigma-
Aldrich, St. Louis, MO, USA) to a 2.45 mM of potassium persulfate (K,S,0g) solution
(Merck, Darmstadt, Germany) at a 1:1 (v/v) proportion. The solution was left in the
dark for 16 h and then diluted with deionized water to obtain an initial optical density
(OD) of 0.700 £ 0.020 at 734 nm. An amount of 15 pL of the Chaves thermal spring
water samples was placed in a 96-well plate with 200 pL of the diluted ABTS solution,
in duplicate, and incubated for 5 min at 30 °C. A calibration curve with Trolox standard
solutions (0.075-0.008 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) was included. After
incubation, the OD was measured at 734 nm using a Synergy H1 microplate reader (Biotek,
Winooski, VT, USA), and results were expressed as the percentage of inhibition of the free
radicals generated.

Additionally, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) salt radical cation decoloriza-
tion assay was performed as already reported [31]. Firstly, a 100 mL solution of 600 uM
DPPH was prepared combining 24 mg of DPPH salt (Sigma-Aldrich, St. Louis, MO, USA)
with methanol. This solution was then diluted with methanol to obtain a DPPH solution
with an OD of 0.600 £ 0.100 at 515 nm. Afterwards, 25 pL of the Chaves thermal spring
water was added (in duplicate) to a 96-well plate with 175 pL of the DPPH solution. It also
included a calibration curve prepared with Trolox standard solutions (0.075-0.008 mg/mL).
The plate was incubated at room temperature for 30 min, followed by the measurement of
the OD at 515 nm. The results were expressed as the percentage of inhibition of the free
radicals generated.

2.3. Skin Enzyme Inhibition
2.3.1. Elastase Inhibition Assay

The Neutrophil Elastase Inhibitory assay kit (Abcam, Cambridge, UK) was performed
to evaluate the elastase inhibitory capacity of Chaves thermal spring water. In a 96-well
plate, a mixture of 25 puL of Chaves thermal spring water and 50 pL of elastase solution was
incubated for 5 min at 37 °C. Then, the substrate solution was added to each well, and the
fluorescence was measured at Ex/Em = 400/505 nm for 30 min at 37 °C using Synergy H1
(Biotek, Vila Nova de Gaia, Portugal). Each assay included the blank, 5.0 x 10~% mg/mL
of peptide succinyl-alanyl-alanyl-prolyl-valine chloromethyl ketone (SPCK) as a positive
control of inhibition, and 8 mg/mL of vitamin C (benchmark). The RFU of the fluorescence
produced by substrate hydrolysis was determined by ARFU = R2 — R1. It is advised to
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read kinetically and select R1 and R2 in the linear range. The percentage inhibition was
calculated using the following equation:

% 100

Enzyme inhibition activity (%) = ARFU test inhibitor
)~ ARFU enzyme control

2.3.2. Collagenase Inhibition Assay

The colorimetric metalloproteinases 1 (MMP1) inhibitor screening kit (abcam, Cam-
bridge, UK) was performed according to the manufacturer’s instructions. Briefly, the
0.75 U/L MMP1 enzyme was introduced to a flat-bottom 96-well microplate (Thermo
Scientific, MA, USA), followed by the addition of Chaves thermal spring water samples,
vitamin C (benchmark), N-Isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid
(NNGH) as a positive control, and the blank to the respective wells. Then, the microplate
was incubated at 37 °C for 30 to 60 min, facilitating the interaction between the test samples
or controls and the enzyme. Finally, 1 mM thiopeptide chromogenic substrate (Ac-PLG-[2-
mercapto-4-methyl-pentanoyl]-LG-OC,Hs) was added, and the absorbance was recorded
at 412 nm using Synergy H1 (Biotek, Vila Nova de Gaia, Portugal). The data were collected
for 10 to 20 min at intervals of 1 min. The percentage of enzyme inhibition activity was
calculated using the following equation, in which V is the reaction velocity expressed in
OD/min:

V inhibit
Enzyme inhibition activity (%) =1 — ( TPROr 100)
V enzyme control

2.3.3. Tyrosinase Inhibition Assay

A colorimetric tyrosinase inhibitor assay kit (abcam, Cambridge, UK) was used.
Shortly, a 96-well plate containing a mixture of 20 puL of Chaves thermal spring water
samples and 50 pL tyrosinase solution was incubated at 25 °C for 10 min. Then, the sub-
strate solution was added, and the absorbance was measured at 510 nm using Synergy H1
(Biotek, Vila Nova de Gaia, Portugal). Throughout a 30 min period, the data were monitored
at 2 min intervals. Each assay included a blank, 0.021 mg/mL of Kojic acid as a positive
control of inhibition, and 8 mg/mL vitamin C (benchmark). To determine the equivalent
values for absorbance (Al and A2), two time points (T1 and T2) were selected in the linear
range of the plot. The slopes were computed for each sample (S), inhibition control (IC),
and enzyme control (EC) by dividing the AA (A2-Al) values by the time (AT) (T2-T1). The
percentage of enzyme inhibition activity was calculated using the following equation:

fEC —
Enzyme inhibition activity (%) = Slope glfpi S fs};gpe of S x 100

2.4. Cell Culture Assays

Different types of cells were used, including the Human Keratinocyte (HaCaT) cell line
(CLS, Lot No. 300493-4619) and Human Primary Dermal Fibroblasts (nHDFs) from adult
skin (Lonza Bioscience, Cat. CC2511, Lot No. 0000577924). Both cell lines were cultured
in Gibco Dulbecco’s Modified Eagle Medium (DMEM) supplemented with FBS (Gibco,
Thermo Fisher Scientific, USA) plus penicillin (100 U/mL)-streptomycin (100 pg/mL)
(Gibco, Thermo Fisher Scientific, USA) and maintained at 37 °C in a 5% CO, humidified
atmosphere.

For in vitro assays, two additional media were prepared: DMEM powder high-glucose
medium (Gibco, Thermo Fisher Scientific, USA) with 200 mL of Chaves thermal spring
water (test culture medium) and DMEM powder high-glucose medium with 200 mL of
ultrapure Mili-Q-type water (control culture medium). The final pH values of the culture
media were adjusted to 7.4. Finally, culture media were supplemented with FBS plus
penicillin (100 U/mL)-streptomycin (100 pg/mL).
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2.4.1. Cytotoxicity Assay

HaCaT and nHDF lines were seeded at 1 x 10* cells/well in a 96-well plate and left
to adhere overnight at 37 °C in a 5% CO; humidified atmosphere. Afterwards, culture
medium was replaced by test culture- or control culture-supplemented media and cells
were re-incubated for 24 h at 37 °C in a 5% CO, humidified atmosphere. To evaluate the
cytotoxicity, 10% (v/v) of 10x PrestoBlue cell viability reagent (Invitrogen, Thermo Fischer
Scientific, Waltham, MA, USA) was added to each well and incubated for 1 h at 37 °C in 5%
CO,, protected from direct light. Then, the cell viability was detected by fluorescence using
Synergy H1 (Biotek, Vila Nova de Gaia, Portugal), and morphological cell alterations were
monitored by microscope observation. The experiments were performed in triplicates using
HaCaT cells on the 20th and 22nd passages and nHDF cells on the 5th and 6th passages. The
results were presented as the percentage of cell viability, where 100% viability corresponds
to control cells and a reduction in the cell viability of more than 30% is considered a
cytotoxic effect, according to ISO 10993-5 [32].

2.4.2. Quantification of Pro-Collagen 1 «1 and Fibronectin

nHDFs were seeded in 12-well plates at 3 x 10° cells/well and allowed to adhere
overnight at 37 °C in a 5% CO, humidified atmosphere. Next, the culture medium was
replaced by test culture- or control culture-supplemented media and cells were incubated
for 24 h at 37 °C in a 5% CO; humidified atmosphere. At the end, the total protein was
obtained using the lysis buffer of the ELISA kits, and its concentration was determined by
the BCA kit (Thermo Fischer, Waltham, MA, USA). The amount of total protein of all the
samples was normalized to 10 pg/mL. The pro-collagen 1 «1 was quantified by the Human
Pro-Collagen I alpha 1 ELISA Kit (abcam, Cambridge, UK), while the fibronectin quantifi-
cation was performed using the Human Fibronectin ELISA Kit (abcam, Cambridge, UK),
according to the manufacturer’s instructions. An amount of 0.5 pM Palmitoyl Tripeptide-1
(Pal-GHK, Cayman Chemicals, Ann Arbor, MI, USA) was used as a positive control for
both assays, which were performed in triplicate.

2.4.3. Exposure to Urban Particulate Matter

HaCaT cells were seeded at 1 x 10° cells/well in a 24-well plate and maintained at
37 °Cin a 5% CO; humidified atmosphere for 24 h. Afterwards, cells were incubated with
and without 500 pg/mL of urban air pollution particles (SRM 1648a) resuspended in test-
or control-supplemented medium for 24 h, following the literature [33]. The supernatants
were collected and used to evaluate the levels of proinflammatory cytokines, such as
IL-6, by ELISA (Biolegend, San Diego, CA, USA). Cells were lysed with water and used
for protein quantification via the BCA method (Thermo Fischer, Waltham, MA, USA).
Two independent experiments were performed, and the results were expressed in pg of
cytokine/mg of total protein.

2.5. Population of the Study of Skin Microbiota

For the present study, female and male volunteers more than 18 years old with or with-
out skin diseases were recruited. The group of selected volunteers did not include pregnant
women or women during the lactation period; individuals with tattoos or significant scars
on the inner forearm; individuals that performed hair removal/exfoliation/skin cleansing
on the inner forearm 3 to 4 weeks prior to the sampling and during the study period. We
also excluded individuals that applied cosmetic products onto the inner forearm prior
to the sampling and during the study, and those who took pre- or probiotics, antibiotics,
immunosuppressants, and chronic anti-inflammatory and chronic antihistamine drugs
and/or systemic antifungals 1 month prior to the sampling and during the study period.
Based on these exclusion criteria, a total of 23 participants were included (19 females
and 4 males), who were divided into two age groups: 26 to 35 years old (n=17) and 36
to 45 years old (n = 6). Seven of the volunteers mentioned eczema, neurofibromatosis,
psoriasis, and sensitive skin. Oral and written instructions were provided to all volunteers,
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who received a 50 mL vaporizer with Chaves thermal spring water to be used twice a day
(firstly in the morning and lastly in the afternoon) for 15 days.

Volunteers visited the locale of the study on days 0, 8, and 16, on which the measure-
ment of the skin biometric parameters of both inner forearms was performed. Additionally,
samples of skin microbiota were collected from both inner forearms of 13 of the total
selected volunteers. The control and test forearms were randomly chosen to eliminate the
effect of the dominant arm. All volunteers signed an informed consent form after receiving
a detailed explanation about the purpose and procedures of the study. Skin microbial sam-
ples and skin biometric data were delinked and unidentified from their donors. The present
study (project no. 83) was validated by the Health Ethics Committee of the Portuguese
Catholic University (CES-UCP) before its execution.

2.6. Measurement of Skin Biometric Parameters

To evaluate the beneficial effects of Chaves thermal spring water on the skin, the bio-
metric parameters were measured on the inner forearm before (day 0) and after (days 8 and
16) the application of the product. Twelve hours before the measurement, the volunteers
were instructed not to apply any cosmetic or the test product. A Multi Probe Adapter MPA
6 (Courage and Khazaka, Cologne, Germany) coupled with different probes was used: the
Corneometer® CM 825 probe, to quantify the level of hydration; the Tewameter® TM Hex
probe, to determine the transepidermal water loss (TEWL); and the probe Skin-pH-meter
PH 905, to measure the pH.

2.7. Collection of Skin Microbiota

On days 0 and 16, samples of skin microbiota from the inner forearms of 13 volun-
teers were collected using the procedure previously described by our team [34]. Briefly,
AN6FLOQSwabs™ (Thermo Fisher Scientific, Waltham, MA, USA) moistened in a sterile
solution of phosphate buffer solution (PBS) (at 0.1 M, pH 7.3 & 0.2 at 25 °C) plus 0.1% (v/v)
Tween 80 were used to collect the skin microbiota samples from each inner forearm. After
the collection, the swab was placed into a tube with RPMI 1640 medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), and it was incubated for 2 h at 34 °C with agitation.
The control of the collection method was performed using the same procedure without the
skin microbiota sample. At the end, all tubes were centrifuged at 21,130 x g for 10 min, and
the pellet was recovered and stored at —20 °C until DNA extraction. The controls were
processed similarly to the skin microbiota samples.

2.8. DNA Extraction and Quantitative Real-Time PCR (qPCR)

Total DNA was extracted from all pellets with the QlAamp DNA Microbiome Kit
(Qiagen, Hilden, Germany), according to the manufacturing instructions. After extraction,
DNA was quantified by the Qubit 4 Fluorometer dsDNA HS Assay Kit (Life Technologies,
Foster City, CA, USA), and the concentration was standardized at 10 ng/uL.

qPCR assays were used to determine the relative abundances of specific microbial
genera and species. For this, we used a universal assay, composed by universal primers
targeting a conserved region of the 165 rRNA gene for bacteria and the ITS2 region for
fungi, and genus- or species-specific assays, composed by primers targeting genus- or
species-specific genes. qPCR reactions were prepared as previously described by our
team [34].

2.9. Statistical Analysis

Data were plotted and treated using GraphPad Prism version 6.00 (GraphPad Soft-
ware, Insight Partners, La Jolla, CA, USA). Data were further analyzed for significant
differences. Multiple comparison tests were performed by one-way ANOVA supplemented
with Tukey’s HSD post hoc test. Differences were considered statistically significant at
p <0.05.
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3. Results
3.1. Characterization of Chaves Thermal Water

Chaves thermal spring water is characterized by a neutral pH (6.8) and low mineral-
ization (1630 mg/L of total dissolved solids), and its main minerals are sodium, potassium,

silicon, and calcium (Table 1). Additionally, no microbial growth was detected on the TSA
and SDA plates.

Table 1. Elemental composition of Chaves thermal spring water (recalculated) and physicochemical
properties.

Chaves Thermal Spring Water

Physicochemical characterization

pH 6.84 £ 0.01
Conductivity (uS/cm) 2532 £2.12

Total dissolved solids (mg/L) 1630 £ 10

Minerals (mg/L) *

Sodium (Na) 576 + 16.91
Potassium (K) 74.02 +1.02
Silicon (5i) 37.20 +0.34
Calcium (Ca) 26.03 + 0.46

Magnesium (Mg) 7.62 £ 0.10

Sulfur (S) 4.89 + 0.05

Phosphor (P) 4.02 £0.05
Molybdenum (Mo) 0.04 £ 0.001
Manganese (Mn) 0.03 4+ 0.0004
Cadmium (Cd) 0.02 £ 0.0003

* The elemental concentrations were recalculated from the measured concentrations of chemical species present in
the water to represent the elemental equivalents.

3.2. Cytotoxicity Assessment

The impact of Chaves thermal spring water on the viability of nHDF and HaCaT
cells was evaluated by the PrestoBlue cell viability assay. As represented in Figure 1, the
exposure to Chaves thermal spring water did not significantly reduce the nHDF or HaCaT
cell viability when compared to the control. According to ISO 10993-5, an ingredient is
considered cytocompatible when the cell viability inhibition is lower than 30%.

Human primary dermal fibroblasts

Human keratinocytes

o
=)

Cell vaibility (%)
Cell vaibility (%)

(@) (b)

Figure 1. Effect of Chaves thermal spring water on cellular viability in (a) human dermal fibroblasts
(nHDFs) and (b) keratinocytes (HaCaT) after 24 h incubation. nHDF and HaCaT cells were incubated
with DMEM powder high-glucose medium plus Chaves thermal spring water (TW) and with DMEM
powder high-glucose plus Mili-Q-type water (control). The pH values of both media were adjusted to
7.4, and the media were supplemented with FBS plus penicillin-streptomycin. Results are presented
as percentage of cell viability, where 100% corresponds to untreated cells. The dotted line represents
a 30% inhibition of cell viability. Statistical analysis was performed using the one-way ANOVA with
Tukey’s multiple comparison test.
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3.3. Antioxidant and Antiaging Enzyme Activities

To investigate the antiaging potential of Chaves thermal spring water, commercial kits
were used to determine the percentage of inhibition of aging-related enzymes, including
elastase, collagenase, and tyrosinase (Table 2). Chaves thermal spring water significantly
inhibited the activity of elastase in comparison to vitamin C, while the activity of MMP-
1 (collagenase) and tyrosinase was not reduced. Vitamin C (at 8 mg/mL) showed an
inhibition capacity to all the tested enzymes between 90 and 99%.

Table 2. Evaluation of antioxidant and antiaging potential of Chaves thermal spring water.

Enzyme Relative Inhibition (%) Antioxidant Activity (%)
Elastase MMP-1 Tyrosinase ABTS DPPH
Chaves thermal =) ) 4 429b  070+£025°  0005+000°  9.09+388" ND
spring water
Vitamin 90.54 £1.51% 9626 +0.31%  99.26 +0.31° - -
(8 mg/mL)
Vitamin C _ _ b b
(0.075 mg/mL) 91.94 +2.03 86.56 = 0.48

ND—not detected. Elastase positive control used was SPCK (5.0 x 104 mg/mL), for MMP-1 or collagenase,
NNGH (4.1 x 10~ mg/mL) was used, and for tyrosinase, kojic acid was used (0.021 mg/mL). P Different letters
represent the significant differences (p < 0.05) between Chaves thermal spring water and vitamin C.

Additionally, two chemical methods (ABTS and DPPH) were used to assess the antiox-
idant activity of Chaves thermal spring water. However, only the ABTS method allowed
for an evaluation of the neutralization of free radicals by Chaves thermal spring water
(Table 2).

3.4. Cosmetic and Skincare Properties
3.4.1. Collagen and Fibronectin Production

The Human Pro-Collagen I alpha 1 ELISA Kit demonstrated a similar quantity of
pro-collagen I alpha 1 protein between nHDF cells incubated with the test-supplemented
medium and those incubated with the control-supplemented medium (Figure 2a). In
agreement with this result, the quantity of fibronectin protein detected in nHDF cells
incubated with the test-supplemented medium did not show statistical differences when
compared with nHDF cells incubated with the control-supplemented medium (Figure 2b).

*kk

c [ ” 3000+
£ _ EEm— -
5 60 75’ 25004
o 1404 37
2 1201 & 20004
[
2 1004 £ 15004
~ (8]
3 804 (]
. S 10001
[ —
S 401 2 500
% 20- w
(.') 0 0+ T
o - \
o N &
iéo @ C;Z* 0& 9&
00 09 N [¢) 40
o & P &
¢ (@
(a) (b)

Figure 2. Quantification of (a) pro-collagen 1 a1 and (b) fibronectin in nHDF cells treated with
Chaves thermal spring water (Chaves TW). The control condition of both assays corresponds to
standard culture medium prepared with Mili-Q water. Palmitoyl Tripeptide-1 (Pal-GHK) was used
as a positive control. Statistical analysis was performed using the one-way ANOVA with Tukey’s
multiple comparison test (** p < 0.001, *** p < 0.0001).
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3.4.2. Cellular Exposure to Urban Particulate Matter

To evaluate the anti-inflammatory potential of Chaves thermal spring water, HaCaT
cells were exposed to urban air pollution particles, followed by IL-6 quantification, which
is a sensitive and reliable inflammation marker due to its involvement in the acute-phase
response [35]. It was possible to observe that in the basal conditions (without urban air
particles), Chaves thermal spring water led to a significant decrease in the IL-6 levels in
comparison to the control condition (Figure 3a). Moreover, the levels of IL-6 increased
10-fold after the exposure to urban air pollution particles. The treatment with Chaves
thermal spring water led to a significant reduction in the IL-6 levels in comparison to the
control condition. The betamethasone (potent anti-inflammatory molecule) was used as a
positive control (Figure 3b).
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Figure 3. Evaluation of anti-inflammatory potential of Chaves thermal water. The IL-6 levels were
quantified in supernatants of HaCaT cells (a) without urban air pollution particles and (b) upon
contact with urban air pollution particles. HaCaT cells were incubated with DMEM powder high-
glucose medium plus Chaves thermal spring water (TW) and with DMEM powder high-glucose plus
Mili-Q-type water (control). The pH values of both media were adjusted to 7.4, and the media were
supplemented with FBS plus penicillin-streptomycin. Betamethasone (Beta) was used as a positive
control for the anti-inflammatory effect. (** p < 0.001, **** p < 0.0001).

3.5. Evaluation of Skin Parameters and Skin Microbiota

The skin biometric parameters, including the hydration levels, transepidermal water
loss (TEWL), and pH values, were evaluated before (day 0) and after (days 8 and 16) the
application of Chaves thermal spring water (Figure 4). The hydration levels of both inner
forearms of 23 volunteers were similar when comparing day 0 with day 8 and day 16
(Figure 4a). To evaluate whether the hydration levels were influenced by gender, age, or the
presence/absence of skin diseases, the results were analyzed based on these criteria, which
demonstrated that the hydration levels were maintained during the time. Interestingly,
when the volunteers were grouped based on their hydration levels at day 0 (before the
application of Chaves thermal spring water), the group of volunteers with very dry skin
(hydration levels < 30) revealed a statistically significant increase in their hydration levels
at day 8, maintaining this until day 16.

On day 16, our results demonstrated that the application of Chaves thermal spring
water significantly decreased the transepidermal water loss to values under 10 g/m?/h in
comparison to day 0, meaning that this thermal water might help to restore the integrity of
the skin barrier (Figure 4b). Additionally, the skin pH values of the volunteers increased
significantly on days 8 and 16 in comparison to day 0. However, the volunteers presented
similar skin pH values on days 8 and 16, demonstrating that Chaves thermal spring water
allowed them to maintain a healthy skin pH (Figure 4c).
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Figure 4. Skin biometric parameters. The measurement of (a) hydration levels, (b) transepidermal
water loss (TEWL), and (c) pH values was performed on days 0 (before the application) and on days
8 and 16 (after the application). The results are represented as bar graphs (average + SD). * and **
stand for p < 0.05 and p < 0.005, respectively. ns, not significant (p > 0.05).

To further evaluate the impact of Chaves thermal spring water on skin health, we also
characterized the skin microbiota in a subset of 13 volunteers at days 0 and 16. Staphylo-
coccus, Propionibacterium, and Corynebacterium are the main bacterial genera that compose
the human skin microbiota [36]. Thus, their relative abundances were determined on
the samples collected from the skin of the inner forearms of volunteers on day 0 (before
the application) and day 16 (after the application), which presented similar amounts of
these genera (Figure 5a—c). We also determined the relative abundances of S. epidermidis
and P. acnes (skin health sentinels), demonstrating no statistically significant differences
between the skin microbiota samples collected before and after the application of Chaves
thermal spring water (Figure 5e,f). A similar result was obtained for the Staphylococcus
sp./ Propioniobacterium sp. and S. epidermidis/P. acnes ratios when comparing both time
points of collection. Moreover, the comparison of samples collected on day 0 and those
collected on day 16 showed that the relative abundance of Malassezia genus was similarly
detected at both time points (Figure 5d).
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Figure 5. The relative abundances of (a) Staphylococcus sp.; (b) Corynebacterium sp.; (c) Propionibac-
terium sp.; (d) Malassezia sp.; (e) Staphylococcus epidermidis; (f) Propionibacterium acnes, determined by

qPCR (ns, not significant).

4. Discussion

For centuries, thermal spring water has been used as a treatment for several diseases,
including dermatologic diseases [3]. Different studies have reported the absence of side
effects of thermal spring water, allowing for its use as an adjuvant in the treatment of
various skin disorders, demonstrating the importance of thermal spring waters in the
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cosmetics industry [26]. The scientific knowledge about the mechanisms of action and
clinical benefits of this natural resource has been increasing over the years, including
in Portugal [23,37-40]. In the present study, we performed a preliminary screening of
Chaves thermal spring water, evaluating its biological potential for use as a therapeutic or
cosmetic product.

We began by determining the physicochemical composition of Chaves thermal spring
water, which was consistent with previous reports [27], indicating that Chaves thermal
spring water has been stable over the years. Its pH value was 6.8, an almost neutral
value. This is an important characteristic for a potential cosmetic active ingredient that
will be topically applied, since skin pH is normally acidic, ranging between 4 and 6,
which regulates the maintenance of the stratum corneum homeostasis and the skin barrier
permeability [41]. Therefore, skincare products should have a pH similar to that of skin
so they do not alter it [42]. Additionally, Chaves thermal spring water contained less
than 2 g/L of total dissolved solids and is classified as low-mineralized in comparison
to other thermal waters, but this does not impair its potential to benefit the skin, since
the absorption of minerals through the skin is limited [43]. For example, Aveéne thermal
spring water is also low-mineralized, and it presents anti-inflammatory, antioxidant, and
anti-irritant proprieties [23,44,45]. The main minerals presented in Chaves thermal spring
water, sodium, potassium, silicon, and calcium, are also present in other thermal spring
waters around the globe, but in different proportions [26]. After the determination of the
physicochemical composition, a cytotoxicity assay was performed, demonstrating that
Chaves thermal spring water did not interfere with the viability of HaCaT and nHDF cells,
allowing it to go through further in vitro tests. The non-toxicity of other thermal spring
waters has also been reported by other authors [46-48].

Recently, Figueiredo et al. [26] reviewed the published data on the dermatologic
potential of thermal spring waters, based on our evaluation of the antiaging and antioxidant
capacity of Chaves thermal spring water. Our results demonstrated that Chaves thermal
spring water inhibited the activity of elastase, which is an enzyme that hydrolyses elastin,
and its activity is associated with the mechanical properties of connective tissues, including
the firmness and elasticity of the skin [49]. This result suggests that Chaves thermal spring
water may contribute to the improvement in skin health while avoiding the degradation of
the elastase.

The antioxidant activity of thermal spring waters is related to their mineral compo-
sition. In fact, minerals like calcium, potassium, and magnesium are involved in human
cell defense mechanisms against reactive oxidative species (ROS), since they support the
activity of several antioxidant enzymes. It is also known that mineral salts such as selenium,
copper, manganese, and zinc have an important role as antioxidants, with selenium being
used in the effective removal of peroxides from cytosol and cell membranes, while the
cytosolic superoxide dismutase requires copper to activate its antioxidant properties [50].
For example, Avene, Uriage, and Vichy thermal spring waters, as well as dead sea water,
present high contents of some of these minerals, and in vitro experiments have demon-
strated their antioxidant capacity by reducing the generation of ROS in UV-exposed skin
or cells [26,51,52]. In contrast, Chaves thermal spring water did not show antioxidant
activity in comparison to vitamin C via the ABTS and DPPH methods. This result might be
explained by its mineral composition, in which sodium is dominant.

Previous studies have reported that thermal spring waters have a positive effect on
extracellular matrix (ECM) proteins, including collagen and fibronectin, as its major com-
ponents. Collagen is responsible for skin elasticity and flexibility, while fibronectin plays an
important role in the ECM organization and stability [26,51,52]. For instance, in vitro stud-
ies have demonstrated that Blue Lagoon and Nitrodi’s spring waters significantly increased
the levels of collagen 1al and 1a2 in human epidermal keratinocytes and fibroblasts [53,54].
It has been also reported that the silicon content of thermal spring water might be related to
collagen synthesis via the activation of hydroxylation enzymes that are crucial for forming
the collagen network, thereby improving skin elasticity and strength [55]. Although Chaves
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thermal spring water contains 37.20 mg/L of silicon, this concentration was not sufficient to
increase the collagen synthesis in nHDF cells. Moreover, in vitro studies have demonstrated
a promotion in the fibronectin deposition with Nitrodi’s spring water [53]. In contrast,
our results demonstrated no significant increase in the production of fibronectin after the
incubation of nHDF cells with Chaves thermal spring water.

The human skin acts as the exterior interface of the human body with the environment,
meaning that the exposure to air pollution or UV radiation might have a negative impact on
skin health, leading to inflammatory processes and ROS production. Several changes have
been reported to occur in skin cells after their exposure to pollution factors, such as in lipid
composition and protein oxidation, and increases in inflammation markers and oxidative
stress [16]. In the present study, Chaves thermal spring water significantly decreased the
levels of IL-6 in HaCaT cells exposed to urban air pollution particles. This result indicates
the soothing potential of Chaves thermal spring water, which is in accordance with the
published data for other thermal spring waters [56].

In addition to in vitro experiments, we measured the skin biometric parameters on
the forearms of volunteers, demonstrating that Chaves thermal spring water significantly
decreased the TEWL without changing the hydration level (comparing day 0 and day 16).
The values of the TEWL and hydration level are associated with the health of the skin as
well as the age of individuals, and sometimes they are inversely related [57]. Thus, both skin
parameters are frequently used in dermatology and cosmetology to evaluate the integrity
of the skin barrier and to assess the efficacy of topical products, such as thermal spring
waters [40,57]. Our results suggested that Chaves thermal water might be used to restore
the skin barrier function due to the decrease in the TEWL, making it helpful for individuals
with skin diseases, who are associated with higher values of TEWL in comparison to the
unaffected [58,59]. Montero-Vilchez et al. [58] reported that the TEWL was significantly
higher in psoriatic plaques and atopic dermatitis eczematous lesions than in uninvolved or
healthy skin. Different studies have demonstrated that thermal spring water might have
prebiotic and probiotic effects based on their microbial and mineral compositions [60-63].
Chaves thermal spring water is a low-mineral water, mainly composed of sodium and
potassium, with a stable microbial community over time [64]. These factors might explain
the absence of differences between the skin microbiota samples collected before application
(day 0) and those collected after thermal water application (day 16). In contrast, a study
with 57 individuals with psoriasis showed that a 12-bath treatment at Terme di Comano
(Trentino, Italy) helped to restore the microbial community of psoriatic lesions so that it
resembled that of unaffected or peri-lesion skin [63]. Moreover, the 3-week balneotherapy
treatment with La Roche Posay thermal water (selenium-rich water) significantly increased
the level of the Xanthomonas genus, which was associated with a clinical improvement in
psoriasis vulgaris [62].

5. Conclusions

Overall, the present study provides a comprehensive evaluation of the biological
potential of Chaves thermal spring water as a cosmetic product.

Due to its closeness to a neutral pH level, Chaves thermal spring water reveals itself as
an ideal candidate for topical application, without disrupting the skin’s natural acidity. It
also exhibits a low-mineralized composition, aligning it with other renowned, commercially
available thermal waters known for their dermatological benefits.

The most notable characteristic of this water is its anti-inflammatory properties. As
demonstrated here, Chaves thermal spring water significantly reduced the IL-6 levels in
HaCaT cells that were exposed to urban pollution, making it relevant in the context of
increasing environmental stressors affecting skin health.

Additionally, the clinical study here employed revealed a significant reduction in
transepidermal water loss in the human volunteers, suggesting that Chaves thermal spring
water may help restore the skin barrier function, which is a critical finding for individuals
with skin conditions associated with an impaired barrier function.
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In summary, this study establishes a solid foundation for the use of Chaves thermal
spring water as a cosmetic ingredient, highlighting its benefits for skin health. However, it is
necessary to perform additional studies, including those with a high number of volunteers
with different skin diseases (such as psoriasis and eczema), to evaluate the beneficial effects
of Chaves thermal water on affected skin.
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