
Academic Editor: Enzo Berardesca

Received: 18 April 2025

Revised: 16 May 2025

Accepted: 20 May 2025

Published: 28 May 2025

Citation: Gomes, C.P.; Oliveira, A.S.;

Rolo, J.; da Silveira, T.F.F.; Palmeira de

Oliveira, R.; Alves, M.J.; Plasencia, P.;

Palmeira de Oliveira, A. Natural

Mineral Water–Plant Extract

Combinations as Potential Anti-Aging

Ingredients: An In Vitro Evaluation.

Cosmetics 2025, 12, 113. https://

doi.org/10.3390/cosmetics12030113

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Natural Mineral Water–Plant Extract Combinations as Potential
Anti-Aging Ingredients: An In Vitro Evaluation
Carolina P. Gomes 1,2 , Ana S. Oliveira 1,2 , Joana Rolo 1,2 , Tayse F. F. da Silveira 3,
Rita Palmeira de Oliveira 1,2,4 , Maria José Alves 3,5 , Paula Plasencia 3

and Ana Palmeira de Oliveira 1,2,4,*

1 RISE-Health, Department of Medical Sciences, Faculty of Health Sciences, University of Beira Interior, Av.
Infante D. Henrique, 6200-506 Covilhã, Portugal; carolina.gomes@ubi.pt (C.P.G.);
ana_g2s@hotmail.com (A.S.O.); joanarolo@fcsaude.ubi.pt (J.R.); rpo@fcsaude.ubi.pt (R.P.d.O.)

2 Faculty of Health Sciences, University of Beira Interior, Av. Infante D. Henrique, 6200-506 Covilhã, Portugal
3 CIMO, LA SusTEC, Instituto Politécnico de Bragança, Campus de Santa Apolónia, 5300-253 Bragança,

Portugal; tayse.silveira@ipb.pt (T.F.F.d.S.); maria.alves@ipb.pt (M.J.A.); marina@ipb.pt (P.P.)
4 Labfit-HPRD: Health Products Research and Development Lda, UBIMEDICAL Estrada Municipal 506,

6200-284 Covilhã, Portugal
5 AquaValor—Centro de Valorização e Transferência de Tecnologia da Água—Associação, Rua Doutor Júlio

Martins n.◦1, 5400-342 Chaves, Portugal
* Correspondence: apo@fcsaude.ubi.pt

Abstract: Natural mineral waters (NMWs) and plant extracts have long been valued for
their therapeutic properties and skin benefits. This study investigated, in vitro, the role of
five Portuguese NMWs (A-E), combined with plant extracts from five species (Ficus carica
L., Rubus idaeus L., Vaccinium myrtillus, Cistus ladanifer and Thymus x citriodorus) as bioactive
ingredients. Antioxidant capacity was assessed using the 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) method. Cellular biocompatibility was evaluated in fibroblasts (L929) and
macrophages (RAW 264.7). Skin-repairing and anti-senescence properties were evaluated
in L929 cells through the scratch-wound method and β-galactosidase assay. Superoxide
dismutase (SOD) was quantified using a commercial kit, and lipopolysaccharide-induced
reactive oxygen species (ROS) were quantified using a fluorescent probe (H2DCFDA) in
RAW 264.7. The results highlighted the beneficial impact of extracts combined with NMWs.
An increase in antioxidant capacity of up to 90% was observed in mixtures comprising
Ficus carica L., compared with NMWs alone. In contrast, mixtures with Cistus ladanifer
showed promising anti-aging potential, with a 40% decrease in senescent cells and a 33%
ROS reduction. Rubus idaeus L. extract produced an increase in cell migration capacity (up
to 50%), depending on the NMW. This study highlights the potential synergism of natural
ingredients with plant extracts for anti-aging.

Keywords: anti-aging; agro-industrial residues; hydrolates; natural mineral waters; skincare

1. Introduction
In recent years, consumer environmental awareness has changed, and the preference

for natural products has gradually increased, with consumers choosing more environmen-
tally friendly cosmetics [1,2]. In addition, there is a growing preference for products with
minimal synthetic additives to reduce adverse effects on health and the environment [3].
Among the various types of cosmetics, anti-aging products are one of the most popular
among consumers as they promote younger-looking skin [4]. The process of skin aging
involves the combination of both intrinsic factors, such as genetic and biological aging, and
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extrinsic factors, such as UV radiation, pollution, and lifestyle choices, which influence
skin aging [5]. This wide range of mechanisms allows for different targets when designing
an antiaging product. Natural compounds and herbal-derived formulations have been
popularized due to their bioactive properties, which act through different mechanisms on
several signaling pathways for skin aging [6].

Natural mineral waters (NMWs) are some of the natural ingredients featured in
cosmetic formulations, attracting interest for their health benefits. The history of NMWs
dates to antiquity, with the Greeks attributing healing properties to these waters, while the
Romans integrated thermal baths into their daily lives [7]. NMWs originated underground
and have distinct characteristics: they emerge as springs, retain bacteriological purity, and
provide various health benefits [8,9]. Today, scientific research has supported some of the
mechanisms behind their beneficial health properties, enhancing our understanding of
these natural resources and, consequently, their value [10,11]. Studies have reported that
NMWs can positively influence skin physiology by enhancing hydration, supporting the
skin barrier, and reducing oxidative stress, key mechanisms involved in skin aging [12]. In
this context, NMWs have been increasingly incorporated into cosmetic formulations not
only for their soothing and anti-inflammatory effects, but also for their potential application
in anti-aging skincare. In fact, a recent review highlighted that NMWs exhibit antioxidant,
anti-inflammatory, and barrier-repairing properties, which are especially beneficial for
sensitive and aging skin, with these findings supporting their role as active ingredients in
formulations aimed for these applications [13].

In addition to NMWs, other natural resources have been explored for their potential
in promoting skin health [14]. Since ancient times, plants have been vital resources for
healthcare and fragrance ingredients, and over the years, more of their bioactive properties
have been recognized [15,16]. According to the World Health Organization, around 80% of
the global population relies on plant-based medicinal products, especially in developing
countries [17]. Recently, the use of agro-industrial waste products to produce extracts
for various applications has emerged as a sustainable strategy, enabling the valorization
of surplus plant materials, thereby promoting circular economy practices [18,19]. These
waste products still contain bioactive compounds recognized for their antioxidant proper-
ties, among other possible bioactivities [20]. Also, hydrolates, by products of essential oil
production, have been investigated for their bioactive properties retained from the solubi-
lization of the most hydrophilic volatile compounds in the condensation water generated
during the steam distillation process [21–23]. Several studies have demonstrated that plant-
based extracts possess significant anti-aging potential, primarily due to their rich content in
polyphenols, flavonoids, and terpenoids, which act through multiple mechanisms [24,25].
Extracts derived from species such as Cistus ladanifer, Rubus idaeus, and Vaccinium myrtillus,
which are also used in this study, have shown promising results in attenuating cellular
senescence and promoting skin regeneration both in vitro and in vivo [26–28]. This ev-
idence supports their relevance as possible active ingredients in cosmetic formulations
targeting skin aging.

Given the growing interest in natural resources and circular economy, in this study,
we aimed to maximize the benefits of NMWs, combining them with plant hydrolates
or agro-industrial residues. Based on previous studies from our team, we selected four
natural mineral waters from the central region of Portugal and one from the northern region,
considering their biological active properties relevant to skin health. NMWs were combined
with two hydrolates, Cistus ladanifer (rockrose), known for its healing properties [29]
and Thymus x citriodorus (lemon thyme), recognized for its antiseptic and antimicrobial
properties [30]. Additionally, we also combined NMWs with extracts obtained from the
agro-industrial wastes of Vaccinium myrtillus, Ficus carica L., and Rubus idaeus L. We aimed
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to evaluate their ability to reduce reactive oxygen species, the number of senescent cells, and
superoxide dismutase activity, and assess their cytotoxicity, antioxidant capacity and skin
regenerating capacity. By comparing the results of the mixtures with those of the individual
ingredients, we aimed to identify promising synergistic or additive combinations with
anti-aging properties.

2. Materials and Methods
2.1. Extracts, Hydrolates, and Natural Mineral Waters Understudy
2.1.1. Plant and Agro-Industrial Residue Extracts

Thymus x citriodorus (batch: 08TC21) and Cistus ladanifer (batch: 6) hydrolates were
obtained from two Portuguese companies, namely Ervitas CatitasTM (Borba, Portugal) and
Proentia® (Proença-a-Nova, Portugal), respectively.

Aqueous extracts were produced from Vaccinium myrtillus, Ficus carica L., and Rubus
idaeus L. agroindustrial wastes at the Mountain Research Center (CIMO), Polytechnic
Institute of Bragança (IPB). Vaccinium myrtillus aerial parts were collected in Baião, Por-
tugal, while leaves of Ficus carica L. were obtained from the company “Mó de Cima”
(Lisbon, Portugal).

The plant extracts were produced according to ([31] Briefly, 150 mL of ethanol/water
80:20 (v/v) was added to 1 g of freeze-dried sample and subjected to ultrasound-assisted
extraction (Qsonica, Q500, ultrasonic processor sonicator, 20 kHz, Newtown, CT, USA).
The extraction was carried out for 10 min, with cycles of 30 s intercalated by pauses of 10 s,
at 75% intensity of 500 W. An ice bath was used to avoid sample overheating. Following
extraction, the samples were filtered, evaporated under reduced pressure (Büchi R-114,
rotary evaporator; Büchi B-480, waterbath, and Büchi B-721, vacuum controller system,
Flawil, Switzerland) at 37 ◦C until ethanol was entirely removed. The aqueous extract was
frozen, lyophilized and stored protected from light until use. For cell assays, the extracts
were used to prepare stock solutions (concentration of 8 mg/mL) in Mili-Q water.

Information about the tested hydrolates and agro-industrial waste extracts and their
chemical composition is provided in Table 1.

Table 1. Major compounds identified in the extracts under study.

Species Common Name Source Major Compounds Reference

Cistus ladanifer Rockrose
Proentia®

(Proença-a-Nova,
Portugal)

E-pinocarveol (25.3%), borneol
(14.0%), terpinene-4-ol (9.7%) [29]

Ficus carica L. Fig CIMO-IPB (Bragança,
Portugal)

Apigenin-C-hexoside-C-
pentoside,

Quercetin-O-deoxyhexosyl-
hexoside

[32]

Rubus idaeus L. Raspberry CIMO-IPB (Bragança,
Portugal)

Galloyl-HHDP-glucose,
Procyanidin dimer, Procyanidin

trimer, Methyl ellagic acid,
hexoside

[33]

Thymus x citriodorus Lemon thyme Ervitas Catitas™
(Borba, Portugal)

1,8-cineole (43.9%), α-terpineol
(21.1%), borneol (11.5%) [29]

Vaccinium myrtillus Blueberry CIMO-IPB (Bragança,
Portugal)

3-O-Cafeoylquinic acid,
5-O-Cafeoylquinic acid,

Procyanidin trimer
[31]
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2.1.2. Natural Mineral Waters

Five natural mineral waters were used in this study, four from the central region of
Portugal and one from the northern region were used for water collection. Each NMW
was collected from the boreholes of Thermal Centres in sterile collection bottles (500 mL;
Deltalab, Barcelona, Spain), following the previously described procedure [34]. The samples
were transported to the laboratory under the recommended conditions of the American
Public Health Association (APHA), American Water Works Association (AWWA) and
Water Environment Federation (WEF), described in Standard Methods for the Examination
of Water and Wastewater (Washington, DC, USA) [34] and kept refrigerated in the dark
until use. To maintain confidentiality, each water sample was assigned a letter code, which
was used throughout this study. Waters A, B, and C are sulfuric bicarbonate sodic NMWs,
water D is a silicated NMW, and water E is classified as a sodic bicarbonate gasocarbonic
NMW (Table 2).

Table 2. Information on Main characteristics of the studied natural mineral waters. information
retrieved from Hidrogenoma [35].

Code Main Composition Secondary Composition Major Compounds * PH Reference

A Sodium Bicarbonate,
Sulfuric

Carbonated,
Fluoridated,
Sulfhydrated

SiO2 (↑), Na+ (↑),HCO3
− (↑) 8.7 [36]

B Sodium Bicarbonate,
Sulfuric

Carbonated,
Fluoridated,
Sulfhydrated

HCO3
− (↑↑),Na+ (↑), SiO2 (↑) 8.8 [36]

C Sulfate, Bicarbonate,
Sodium Sulfhydrated HCO3

− (↑↑), Na+ (↑), SiO2 (↓) 8.3 [36]

D Silicate Sodium bicarbonate H3SiO4
− (↓), SiO2 (↓),HCO3

− (↓) 5.6 [36]

E Sodium Bicarbonate,
Gasocarbonate Fluoridated HCO3

− (↑↑), Na+ (↑↑), SiO2 (↑) 6.9 [37]

* The components are listed in descending order of predominance in the ionic composition of the water. (↑↑)
indicates a concentration of more than 100 mg/L; (↑) between 50 and 100 mg/L; (↓) less than 50 mg/L. The
information on the ionic composition was retrieved from the analytical reports provided by the participating
Thermal Centres, as referenced in the original study [38,39].

2.2. In Vitro Safety Assessment Through MTT Assay: Cell Biocompatibility in L929 and RAW
264.7 Cell Lines

Cell biocompatibility was assessed in two distinct cell lines: mouse macrophages
(RAW 264.7) and fibroblasts (L929). RAW 264.7 (ATCC® TIB-71™, Manassas, VA, USA)
cells were cultured in DMEM supplemented with 10% (v/v) non-inactivated fetal bovine
serum (FBS), 100 µg/mL streptomycin, 100 U/mL penicillin, 4.5 g/L D-glucose, and
1.5 g/L sodium bicarbonate. L929 (ATCC® CCL-1™, Manassas, VA, USA) cells were cul-
tured in DMEM supplemented with 10% (v/v) heat-inactivated FBS, 100 U/mL penicillin,
100 µg/mL streptomycin, 1.5 g/L sodium bicarbonate, 25 mM D-glucose (Sigma-Aldrich®,
St. Louis, MO, USA), and 35.9 mM sodium bicarbonate (Sigma-Aldrich®, St. Louis, MO,
USA). Both cell lines were maintained in a humidified atmosphere containing 95% air and
5% CO2 at 37 ◦C, according to ATCC guidelines.

Cell viability was determined using the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide), according to ISO/EN 10993-5: Biological protocol evalua-
tion of medical devices—Part 5: Tests for in vitro cytotoxicity, with adaptations for testing
the mixtures [38]. RAW 264.7 cells were seeded at approximately 2.5 × 104 cells per well
and L929 at 1 × 104 cells per well in 96-well plates. After 24 h of incubation, the cells
were exposed to different dilutions of NMWs and plant extracts for an additional 24 h.
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Agro-industrial residues were tested at concentrations ranging from 0.125 to 2 (mg/mL),
and hydrolates in the range of 1.56–25% (v/v). NMWs were used in the same concentration
range of the hydrolates, from 1.56 to 25% (v/v). Following treatment, a solution of MTT
(1 mg/mL in incomplete culture medium) was added to each well, and the plates were
incubated in the dark at 37 ◦C for 4 h. The MTT medium was removed, and propane-
2-ol was added to dissolve the formazan crystals. Absorbance was measured using an
xMarkTM microplate absorbance spectrophotometer from Bio-Rad (Hercules, CA, USA) at
an absorbance of 570 nm, with a reference wavelength of 630 nm. The condition with the
highest concentration of each natural ingredient that proved to be biocompatible with both
cell lines was selected and used in the following experiments.

2.3. Efficacy Testing
2.3.1. DPPH Assay for Antioxidant Activity

The mixture’s antioxidant potential was evaluated by assessing the ability to scav-
enge the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical using a previously described
protocol [39,40] with adaptations for testing the mixtures. In this assay, mixtures compris-
ing NMWs and plant extracts, as well as the isolated ingredients, were evaluated. Each
ingredient, either alone or combined, was mixed with a solution of DPPH (0.05 mg/mL)
in methanol in equal volumes. After adding DPPH, the plates were placed in a light-free
environment and incubated at room temperature for 30 min. After incubation, absorbance
readings were taken using a microplate reader at 517 nm (xMarkTM Microplate Absorbance
Spectrophotometer, Bio-Rad, Hercules, CA, USA). A DPPH solution was used as a negative
control, while ascorbic acid acted as a positive control for antioxidant potential, Antioxidant
Activity Index (AAI), which expresses the antioxidant activity, was calculated by dividing
the final DPPH concentration by the estimated IC50, as described in the following equation:

AAI =
DPPH f inal concentration

Sample IC50
(1)

Based on the results, the individual extracts or mixtures were classified as denoting a
poor antioxidant activity (AAI < 0.5); moderate antioxidant activity (0.5 < AAI < 1.0); and
strong antioxidant activity (1.0 < AAI < 2.0) as described in [41].

2.3.2. Senescence-Associated β-Galactosidase in L929 Cells

Cell senescence was assessed using a commercially available β-galactosidase staining
kit (Cell Signaling Technology, Danvers, MA, USA). Fibroblast cells (L929) were seeded at a
density of 1 × 104 per well in 12-well plates for 24 h. To induce senescence, the cells were
treated with 300 µM hydrogen peroxide (H2O2) for 2 h. After removing the stimuli, the cells
were washed and left to recover for 72 h in DMEM medium and either in the individual
ingredients or the respective mixtures, at the previously selected biocompatible concen-
trations. In addition to the ingredients/mixtures, the following controls were included:
a control medium (highest expected senescence) and a dilution of control consisting of
cell medium and Milli-Q water in the same proportion used in the combination of extract
and NMW. Following recovery, the cells were fixed and incubated with a β-galactosidase
staining solution at 37 ◦C in a CO2-free environment for 16 h, following the manufacturers’
instructions. The next day, the cells were examined under a microscope to detect the blue
color, indicative of senescent cells. Eight fields were randomly photographed per each well,
and quantitative analysis was performed using Image J software version 1.53 (National
Institutes of Health, Bethesda, Rockville, MD, USA) for macOS. [42]. The results were
expressed as the percentage of senescent cells relative to the total number of cells analyzed,
allowing for a comparative assessment of the different conditions.
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2.3.3. Cell Migration Assay in L929: Skin Regenerating Potential

The potential of the mixtures to promote skin regeneration was investigated using the
scratch wound assay with L929 cells, as previously described [43]. Cells were seeded at a
density of 2.5 × 105 cells per well in 12-well plates in 1 mL DMEM medium supplemented
with 10% (v/v) FBS, 25 mM glucose, 35.9 mM sodium bicarbonate, 100 U/mL penicillin
and 100 µg/mL streptomycin at 37 ◦C and 5% CO2 humidified atmosphere. After 16 h of
incubation, a wound was made by scratching using a p200 pipette tip. The mixtures and
individual ingredients were prepared in low-FBS medium (2% v/v) and were incubated
with the cells for 12 h. In addition to the mixtures at the defined concentrations, controls
were included: a control consisting only of control medium (maximum cell migration) and
a control for the dilution factor consisting of cell medium and Milli-Q water (to replace
the testing compound) in the same proportion used in the preparation of each mixture.
Photographs of the wounded area were taken immediately after the scratch (t = 0 h) and
again after 12 h. The wound area was quantified using Image J software version 1.53
(National Institutes of Health, Bethesda, Rockville, MD, USA) for macOS, and the wound
closure was determined using the following equation.

Wound closure = 100% −
[(

open wound area at t12h
open wound area at t0h

)
× 100

]
(2)

The skin regenerating potential of each mixture or individual ingredient was deter-
mined by normalizing control (cells exposed to culture medium only).

2.3.4. Reactive Oxygen Species Quantification in RAW 264.7 Cells

The ability of mixtures to reduce lipopolysaccharide (LPS)-induced reactive oxygen
species (ROS) was evaluated in macrophages using the 2′,7′- dichlorofluorescein diacetate
probe (H2DCFDA, Sigma). RAW 264.7 cells were seeded at a density of 2.5 × 104 cells
per well in a 96-well plate in DMEM culture medium without phenol red, supplemented
with 10% non-inactivated fetal bovine serum (FBS), 25 mM glucose, 17.95 mM sodium
bicarbonate, 100 U/mL penicillin, and 100 µg/mL streptomycin. The cells were maintained
at 37 ◦C and 5% CO2 for 24 h. After incubation, the mixtures prepared in culture medium
without phenol red at the selected biocompatible concentrations were added. A work
solution of LPS (10 µg/mL) was freshly prepared, and 10 µL was added to each well (final
concentration 1 µg/mL). After 24 h, the stimuli were removed, and the cells were washed
with 100 µL of Hanks balanced salt solution (HBSS). A mixture containing 5 µM H2DCFDA
and 0.5 µg/mL Hoechst prepared in culture medium was added to each well. The plate
was incubated at 37 ◦C for 45 min. Before reading, the solution was carefully removed,
and 100 µL of HBSS was added to each well. SpectraMax Gemini EM microplate reader
quantified fluorescence intensity, with excitation/emission wavelengths of 485/530 nm
for H2DCFDA and 350/461 nm for Hoechst. In addition to the mixtures at the defined
concentrations, controls were included: a negative control for ROS production (medium
without LPS), positive control—culture medium with LPS (maximum expected ROS pro-
duction), and a dilution control consisting of cell medium and Milli-Q water at the same
proportion used in each mixture. The results were normalized to the positive control for
ROS production, while the control without LPS indicated the baseline of ROS production.

2.3.5. Superoxide Dismutase (SOD) Activity in RAW 264.7 Cells

Superoxide dismutase (SOD) enzyme activity was quantified in RAW 264.7 cell line,
as previously described [11]. The cells were seeded at a density of 7 × 107 cells per well in
6-well plates. After 24 h of incubation, the cells were exposed to the mixtures at selected
concentrations and lipopolysaccharide (LPS, at 1 µg/mL) to induce SOD expression. After
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24 h, total protein was extracted using RIPA Buffer (150 mM NaCl, 50 mM Tris-HCl (pH 8.0),
1% Nonidet P-40, 0.5% (v/v) sodium deoxycholate, and 0.1% v/v SDS). SOD activity was
quantified using the SOD Assay Kit-WST (Sigma-Aldrich), which measures the reduction
in the substrate WST-1 with a superoxide anion at 37 ◦C, by spectrophotometrically mea-
suring at 450 nm. The SOD activity values were then adjusted by the total amount of
protein present in each sample. In addition to the mixtures and individual ingredients,
the following controls were included: negative control (culture medium) and a dilution
control consisting of medium + Milli-Q water (to replace the testing compound) at the
same proportion used to prepare each mixture. The results obtained were normalized in
relation to the positive control (Control + LPS) and expressed as the relative percentage of
SOD activity.

2.4. Data Analises: Statistical Approach

All experiments were performed in at least duplicate across two independent ex-
periments. The results were expressed as percentages relative to the control condition.
One-way ANOVA was conducted to compare the mixtures with other conditions or con-
trols, followed by Dunnett’s multiple comparisons test. A p-value < 0.05 was considered as
statistical significance. All analyses were conducted using GraphPad Prism version 9.5.0
(GraphPad Software, San Diego, CA, USA) for macOS.

3. Results and Discussion
Natural mineral waters (NMWs) have been historically known for their therapeutic

properties. Previous studies have demonstrated that their mineral compositions can have
a positive impact on skin health, increasing hydration, providing essential minerals, and
improving the skin’s barrier function [44]. Specifically, regarding their anti-aging properties,
research on NMWs has shown improvements in skin elasticity and a reduction in signs
of aging after treatment [13]. Like NMWs, plant extracts have been extensively studied
for their bioactivity, targeting skin aging through various mechanisms: reducing oxidative
stress, modulating inflammation, inhibiting aging-related enzymes, and regulating cellular
senescence [45,46].

In this work, we studied different combinations of Portuguese NMWs and plant
extracts (hydrolats and agro-industrial residues) through an in vitro approach focused
on skin aging, that consisted of two segments: initially, we evaluated the safety of the
mixtures via cytotoxicity assays on L929 and RAW 264.7 cells, and subsequently, we
studied their effectiveness, which included antioxidant activity (DPPH assay), potential for
skin regeneration and their effect on ROS production and SOD activity. This assessment
provided a view of how NMWs and plant extracts can target skin aging by enhancing
cellular function, promoting regeneration, and reducing oxidative stress.

3.1. Assessing Biocompatibility in L929 and RAW 264.7 Cell Lines and Selection of Optimal
Concentrations for Cellular Efficacy Testing

As the skin ages, there is a decline in cellular function, decreased collagen production,
increased oxidative stress, and accumulation of cellular damage, leading to visible aging
signs such as wrinkles, fine lines, and loss of elasticity [47,48]. In this study, we used
the L929 fibroblast cell line, commonly used to investigate skin regeneration due to the
vital role of fibroblasts in preserving skin structure and integrity. We also used RAW
264.7 macrophage cells to examine inflammatory responses and oxidative stress, factors
that are significant in the context of skin aging.

Cell viability was evaluated using the MTT method on the L929 and RAW 264.7 cell
lines. A total of 25 mixtures were created by combining each NMW with either hydrolates
from medicinal plants or extracts from agro-industrial residues. A mixture was deemed bio-
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compatible at a given concentration if cell viability exceeded 70%. Table 3 summarizes the
selected concentrations for each mixture based on the highest biocompatible concentration,
which comprises the maximum amount of extract and NMW. These selected concentrations
were applied in the remaining cellular efficacy experiments.

Table 3. Overview of the optimal biocompatible concentrations, coincident for L929 and RAW 264.7
cell lines, for each mixture based on the highest concentration of NMW (% v/v) and extract (mg/mL)
or hydrolate (% v/v).

Extract Combination with
NMW A

Combination with
NMW B

Combination with
NMW C

Combination with
NMW D

Combination with
NMW E

Cistus ladanifer 25 (% v/v) NMW +
3.13 (% v/v) hyd

12.5 (% v/v) NMW
+ 3.13 (% v/v) hyd

25 (% v/v) NMW +
6.25 (% v/v) hyd

12.5 (% v/v) NMW
+ 6.25 (% v/v) hyd

25 (% v/v) NMW +
12.5 (% v/v) hyd

Ficus carica L. 12.5 (% v/v) NMW
+ 2 mg/mL Ext

12.5 (% v/v) NMW
+ 2 mg/mL Ext

25 (% v/v) NMW +
1 mg/mL Ext

12.5 (% v/v) NMW
+ 1 mg/mL Ext

12.5 (% v/v) NMW
+ 2 mg/mL Ext

Rubus idaeus L. 12.5 (% v/v) NMW
+ 1 mg/mL Ext

25 (% v/v) NMW +
1 mg/mL Ext

12.5 (% v/v) NMW
+ 0.25 mg/mL Ext

12.5 (% v/v) NMW
+ 1 mg/mL Ext

25 (% v/v) NMW +
1 mg/mL Ext

Thymus x citriodorus 12.5 (% v/v) NMW
+ 3.13 (% v/v) hyd

25 (% v/v) NMW +
3.13 (% v/v) hyd

12.5 (% v/v) NMW
+ 6.25 (% v/v) hyd

25 (% v/v) NMW +
12.5 (% v/v) hyd

25 (% v/v) NMW +
12.5 (% v/v) hyd

Vaccinium myrtillus 12.5 (% v/v) NMW
+ 0.25 mg/mL Ext

25 (% v/v) NMW +
0.25 mg/mL Ext

12.5 (% v/v) NMW
+ 0.25 mg/mL Ext

12.5 (% v/v) NMW
+ 0.5 mg/mL Ext

25 (% v/v) NMW +
0.25 mg/mL Ext

Hyd—hydrolate.

The mixtures were assessed using the checkerboard method, which is commonly
employed in microbiology [45]. This method involves crossing two different ingredients to
evaluate their potential combined cytotoxic effect and has also been applied in previous
studies with similar objectives [49,50]. Upon analyzing the results for both lines, we identi-
fied a concentration that was biocompatible for both. We noted distinct cytotoxicity profiles.
Hydrolates emerged as more biocompatible compared to agro-industrial waste extracts,
probably because of their reduced concentration of active compounds, which favors their
application in different cosmetic products [51,52]. NMWs also showed low cytotoxicity,
confirming their safety, as previously reported [10]. The mixtures that presented higher
biocompatibility were those containing Cistus ladanifer and Thymus x citriodorus hydrolates,
as denoted in Table 3, due to the lower cytotoxicity of both types of natural ingredients.

3.2. Assessing Antioxidant Activity

The DPPH free radical scavenging method was used to determine the antioxidant
capacity of the mixtures and isolated ingredients. Considering the value of the antioxidant
activity indices (AAI, Table 4), the mixtures were classified as low, moderate, strong, or
very strong antioxidants. The IC50 represents the concentration required to reduce DPPH
radical activity by 50%, with lower values indicating higher antioxidant capacity.

The efficacy studies started with the antioxidant activity of the mixtures using the
DPPH scavenging method. Our analysis introduced a novel approach by applying two
distinct calculations, accounting for the volume of NMW and the amount of extract used.
NMWs alone presented a low antioxidant capacity, as was expected, with high IC50 values.
The antioxidant capacity of the extracts and hydrolates was variable. Agro-industrial waste
extracts, such as Vaccinium myrtillus, Ficus carica L., and Rubus idaeus L., demonstrated
higher antioxidant activity (lower IC50 values) compared to hydrolates from C. ladanifer
and T. citriodorus, likely due to the greater concentration and diversity of bioactive com-
pounds like phenolics and flavonoids, denoted of antioxidant potential [53]. Phenolics
and flavonoids are considered potent antioxidants due to their chemical structures, which
give them the ability to neutralize free radicals and reduce oxidative stress [54,55]. The
weaker antioxidant activity of hydrolates can be attributed to their lower concentration
of active compounds derived from their production process through steam distillation;
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as they are diluted aqueous solutions of the more hydrophilic volatile components iso-
lated during distillation, they have a lower content of organic and probably bioactive
molecules [30,56,57].

Table 4. Concentrations required to reduce DPPH radical activity by 50% (IC50). In each cell, the
first values refers to the NMW IC50 combined with extract IC50 (NMW IC50 + Extract IC50). Different
gray scales represent different antioxidant activity indexes (AAI) with the darker the scale, the higher
the AAI, thus the stronger antioxidant activity. The IC50value of ascorbic acid is 2.59 ± 0.23, with
an AAI of 10.09 ± 1.23. Dark gray represents an AAI > 2 and a very strong antioxidant capacity;
lighter gray a 1 < AAI < 2 and a strong antioxidant capacity; white represents an AAI < 0.5 and a low
antioxidant capacity.

Sulfuric Bicarbonate Sodic Silicated
Sodium,

Bicarbonate,
Gasocarbonic

NMW A NMW B NMW C NMW D NMW E W/o NMW
(Extract IC50)

Cistus ladanifer 34.760 * + 34.760 * 19.770 * + 19.770 * 23.920 * + 23.920 * 53.630 * + 53.630 * 40.583 * + 40.583 * 26.000 *
Ficus carica L. 11.220 + 0.080 6.144 + 0.049 6.201 + 0.0448 6.566 + 0.0525 16.703 * + 0.133 0.041

Rubus idaeus L. 16.540 * + 0.010 8.137 + 0.006 10.85 + 0.008 11.470 + 0.009 20.932 * + 0.016 0.006
Thymus x citriodorus 37.770 * + 37.770 * 24.230 * + 24.230 * 31.050 * + 31.050 * 40.820 * + 40.820 * 51.846 * + 51.846 * 36.980 *
Vaccinium myrtillus 8.750 + 0.010 5.576 + 0.004 5.482 + 0.004 14.910 + 0.011 9.836 + 0.007 0.004

W/o extract
(NMW IC50) 36.840 * 25.260 * 61.200 * 67.540 * 38.799 * -

* Indicates a statistically significant difference compared to ascorbic acid (p < 0.05); w/o—without.

Overall, we observed that the antioxidant capacity increased in mixtures involving
NMWs C and B with the two hydrolates in the study, demonstrating that the combination
of these ingredients can be beneficial.

When the agro-industrial waste extracts were combined with NMWs, a substantial
reduction in the IC50 values of the NMWs was observed. This effect was particularly
evident in mixtures containing extracts with strong antioxidant activity, suggesting that the
potent free radical scavenging properties of the extracts significantly enhanced the overall
antioxidant capacity of the mixtures.

3.3. Overview of the Efficacy Results Using Cell Models

Table 5 presents the results obtained for all the mixtures studied in the cellular efficacy
in vitro assays. The mixtures were compared with both the NMW and extracts alone, as
well as controls, and categorized as presenting statistically significant results compared
with one of the ingredients or a statistically significant difference compared to all conditions.
The subsections below highlight the most significant results from each efficacy test related
to each bioactivity.

Table 5. Representative table of the results obtained in the cellular efficacy in vitro tests. The results
are categorized using the following symbology: ↓ indicates a statistically significant reduction (p <
0.05) compared with one of the ingredients, ↑ indicates improved result (p < 0.05) compared with
one of the ingredients, ↑↑ indicates improved activity compared with two ingredients, ↑↑↑ indicates
improved activity compared with three conditions, ✓ indicates improved activity compared with all
conditions and—indicates no significant changes. The most interesting results resulting from specific
combinations are highlighted in gray.

Senescence Migration ROS Production SOD Activity
Extract

NMW A B C D E A B C D E A B C D E A B C D E
Cistus ladanifer ↑↑ ↑↑ ↑↑ ↑ ↑ ↓ – ↓ – ↓ ↑↑ – ↑↑↑ ↓ ✓ – ↓ ↓ ↓ ↓
Ficus carica L. ↑ ↑ ↑↑↑ ↓ ↓ ↑ – – – ↓ ↑↑ ↓ ↓ ↓ ↑ – ↓ – – –

Rubus idaeus L. – ↓ – ↓ – ↑↑ ↓ ↑ ↑↑↑ ↑↑ ↑ – ↑ – ↑ ↓ ↓ ↑ ↓ –
Thymus x citriodorus ↓ – ↑↑ ↑ ↓ – ↓ – ↓ ↓ – ↓ ↑↑ ↑ ↑↑ – ↑ – – ↓
Vaccinium myrtillus ↓ – ↓ – ↓ – – ↓ – ↑↑ ↑↑ ↑ – ↑ ↓ – ↓ ↑ ↓ ↓
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As shown in Table 5, some mixtures caused a statistically significant improvement in
the parameters compared to the individual ingredients studied. The subsections below
highlight the most significant results from each efficacy test. For example, in the results
from the senescence test and ROS production, the combination of Cistus ladanifer with the
different NMW produced overall positive results compared to the other extracts. In the
migration assay, the Rubus idaeus L. combination produced the most interesting results,
while in the SOD activity assay, Thymus x citriodorus hydrolate showed better results
when compared with different extracts. In several mixtures, no significant changes were
observed, which indicates that some combinations did not affect the results of the individual
ingredients. For the purpose of this work, we highlighted the most promising mixtures.

3.4. Senescence-Associated β-Galactosidase Senescence in L929 Cell Line

Regarding the senescence results, none of the mixtures showed a significant decrease
in the number of senescent cells compared to all the conditions tested. However, several
mixtures showed improvements when compared to the isolated ingredients.

Mixtures of NMW and Cistus ladanifer consistently showed increased efficacy com-
pared to one of the ingredients alone. Figure 1 shows the impact of combinations of
Cistus ladanifer with different NMWs on the cell senescence. However, all the mixtures
showed a statistically significant improvement compared to the dilution control, which is
particularly promising as it indicates that the combinations studied decreased the number
of senescent cells. Combinations of this hydrolate with NMW A, B, C, and D showed
significant reductions in the number of senescent cells, with statistically relevant results in
contrast with the combinations with NMW E. Based on the hydrolyte’s chemical profile
previously described, the composition of Cistus ladanifer hydrolate is characterized by
the major compounds E-pinocarveol, borneol and terpinene-4-ol, that have recognized
antioxidant and anti-inflammatory properties [29]. These compounds play a key role in
modulating oxidative stress, a critical factor in inducing cellular senescence [55,58]. As
shown in previous studies, terpenic compounds such as borneol can modulate senescence
pathways by reducing the activation of p53/p21 and p16INK4a/Rb [59].

Figure 1. Effect of mixtures containing Cistus ladanifer hydrolate and NMWs A–E on β-galactosidase
senescence in fibroblasts. Four conditions were evaluated: the mixture, the respective NMW, the
extracts, and controls (culture medium and dilution effect). The results are expressed as a percentage
of the total number of cells counted in each condition. Error bars indicate the mean ± SEM of
independent tests. # p < 0.05 relative to extract, $ p < 0.05 relative to NMW and & < 0.05 relative to
dilution control. Only statistics involving the mixture when compared with the remaining ingredients
or controls are represented.
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With the remaining conditions, this decrease in activity may be due to the loss of the
predominance of the extract’s activity when diluted in water, which causes it to lose its
activity [60].

3.5. Skin Regenerating Potential of the Mixtures

The skin regenerating capacity of the mixtures and isolated ingredients was assessed
on the L929 fibroblast cell line, by evaluating cell migration. The mixtures showed varying
degrees of efficacy, with the mixtures containing Rubus idaeus L. extract standing out for
their superior migratory capacity compared with the remaining conditions tested. This
profile is presented in Figure 2, which shows the effect of combinations of Rubus idaeus L.
with different NMWs on cell migration capacity in L929 cells.

Figure 2. Effect of mixtures of plant extract R. idaeus with NMWs A–E on cell migration potential in
L929 cells after 12 h. Four conditions were evaluated: the mixture, the respective NMW, the extracts,
and controls (culture medium and dilution effect). The results are expressed as a percentage of the
control group. Error bars indicate the mean ± SEM of independent tests. # p < 0.05 relative to extract,
and & < 0.05 relative to dilution control and $ p < 0.05 relative to NMW. Only statistics involving the
mixture when compared with the remaining ingredients or controls are represented.

In general, it can be seen that the combinations with NMW A, NMW D, and NMW
E show significant results compared with both isolated ingredients, NMW and R. idaeus
extract, and trend for higher cell migration compared with the control, suggesting a possible
benefit combination of these mixtures. In contrast, combinations with NMW B, C, and E
showed a less pronounced migratory response, still with combinations comprising NMWs
C and E, producing an increased effect when compared to the isolated ingredient. Notably,
in the cases of NMW D, an increase in migratory capacity was observed relative to the
dilution control, further supporting their potential role in enhancing cell migration.

Previous studies have characterized the chemical composition of Rubus idaeus agro-
industrial waste extracts. These extracts are rich in phenolic compounds, with galloyl-
HHDP-glucose being the most abundant, and an important contribute to their biological
activity [33]. Numerous studies indicate that phenolic-rich extracts can enhance cell mi-
gration, a result linked to their antioxidant effects and the regulation of cellular pathways
related to tissue regeneration [61]. Phenolic compounds present in Rubus idaeus, such as
anthocyanins, have also been previously associated with the activation of the PI3K/Akt
pathway, promoting cell migration in different cell lines [62,63]. Silica is another compound
known for its structural benefits in skin regeneration, contributing to collagen synthesis,
enhancing skin elasticity, and promoting wound healing by supporting fibroblast function
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and extracellular matrix formation [64]. Among the NMWs studied, NMW D exhibited the
highest silica concentration. The improved skin regenerating potential seen in mixtures
involving NMW D could suggest a possible contribution of silica to this outcome. In
addition to silica, other ionic constituents may also contribute to the observed bioactivities.
For instance, bicarbonates, prevalent in NMWs B and C, help maintain physiological pH in
skin cells [65]. Sulfates, abundant in NMWs A-C, have been associated with keratinocyte
differentiation. Studies have shown that sulfate compounds play crucial roles in regulating
cell proliferation and differentiation in the epidermis, suggesting that the sulfates present
in NMWs may contribute to these processes [66,67]. Sodium plays a key role in cellular
hydration and osmotic balance, which can influence cell viability and migration [68]. The
combination of these elements likely contributes synergistically to the observed antioxidant
and regenerative properties of the mixtures. These results reinforce the potential of the
mixtures to promote skin regeneration, attributed to the synergistic combination of the
structural benefits of silica and the antioxidant and anti-inflammatory properties provided
by the extract’s rich composition of phenolic compounds [30,69].

Cistus ladanifer hydrolate also promoted cell migration, suggesting its potential as
a key ingredient in anti-aging formulations, corroborating previous studies with this
hydrolate [29]. However, when this ingredient was combined with the NMW under study,
the migratory capacity of cells decreased, probably consequent to the extracts dilution.

3.6. Reactive Oxygen Species Quantification

The quantification of reactive oxygen species (ROS) was performed on RAW 264.7
macrophage cells to evaluate the reversion of oxidative stress prompted by different plant
extracts and their mixture with NMWs. This analysis was based on the ability of these
extracts and mixtures to reduce ROS levels. During this test, we observed that the mixtures
containing Cistus ladanifer hydrolate showed the most promising results (see Figure 3).

Figure 3. Effect of mixtures of Cistus ladanifer hydrolate with natural mineral waters A–E on ROS
levels in macrophages. Four conditions were evaluated: the mixture, the respective NMW and
extracts, and controls (culture medium with and without LPS and dilution effect). The results
are expressed as a percentage of the control + LPS group. Error bars indicate the mean ± SEM
of independent tests. * p < 0.05 represents a statistically significant difference relative to control;
# p < 0.05 relative to extract, and & < 0.05 relative to dilution control and $ p < 0.05 relative to NMW.
Only statistics involving the mixture when compared with the remaining ingredients or controls
are represented.
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The combination of Cistus ladanifer with NMW C resulted in a significant reduction in
ROS levels compared to NMW C and hydrolat alone, and the control group, reversing ROS
levels to their basal state, and indicating a strong antioxidant capacity of this mixture. Cistus
ladanifer contains a wide variety of bioactive compounds, such as oxygenated monoterpenes,
which play a key role in modulating ROS, such as E-pinocarveol, borneol, and terpinene-4-
ol [29,70], which have been described as effective in modulating oxidative stress through
radical-scavenging activity and regulation of redox-sensitive cellular pathways [71]. The
reduction in ROS levels observed in some mixtures may also be related to a decrease in
cellular senescence, since oxidative stress plays a central role in activating pro-senescence
pathways p53/p21 and p16INK4a/Rb, as discussed above [59].

The results observed for mixture E are particularly interesting, since this condition
contains the highest amount of Cistus ladanifer hydrolate (12.5 per cent), suggesting that
this component may contribute significantly to the observed effect. This indicates that the
hydrolate alone may play a role in modulating ROS levels, possibly due to the presence
of volatile compounds with radical-scavenging and anti-inflammatory properties. In this
combination, NMW E—rich in bicarbonate and sulfate—may enhance redox. Similarly,
in mixture A, which also showed a significant reduction in ROS, the presence of sulfur
and bicarbonate in NMW A may synergize with the monoterpenes of Cistus ladanifer to
support intracellular antioxidant mechanisms. In mixture C, sulfate and sodium, abundant
in NMW C, may contribute to maintaining osmotic balance and modulating cellular stress
responses. These observations reinforce the hypothesis that the antioxidant effects observed
in mixtures A, C, and E result from an interaction between the mineral composition of the
waters and the phytochemical profile of the plant extract.

3.7. Effect on Superoxide Dismutase (SOD) Activity

Maintaining our focus on oxidant stress we also quantified the superoxide dismutase
(SOD) activity in RAW 264.7 cells. When exposed to the LPS (pro-oxidant stimuli used to
generate ROS), the cells presented a higher enzyme activity, when compared to the basal
control group.

Overall, the addition of the mixtures did not produce significant differences in SOD
activity when compared to the other conditions tested. Still, mixtures involving Thymus x
citriodorus demonstrated positive results, producing an increase in the cellular antioxidant
responses. The mixture of NMW B shows a significant increase in SOD activity compared
to the extract and NMW alone or the control groups, as can be seen in Figure 4. SOD is
a key enzyme in the defense against oxidative stress, and its increase suggests that this
mixture not only directly reduces free radicals but also strengthens the cells’ endogenous
antioxidant response [72]. The volatile fraction of Thymus x citriodorus is predominantly
composed of oxygenated monoterpenes, such as 1,8-cineole(43.9%), α-terpineol (21.1%)
and borneol (11.5%), which have antioxidant properties and can contribute to the activity of
the superoxide dismutase (SOD) enzyme, protecting cells against oxidative stress [29]. As
proven in previous studies, these compounds have demonstrated the ability to modulate the
cellular antioxidant response and reduce the damage caused by reactive oxygen species [73].
Furthermore, the presence of specific minerals in the NMWs, particularly bicarbonates
and sulfates, may have contributed to the observed synergistic effect by enhancing the
antioxidant activity of the hydrolate [74].
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Figure 4. Effect of mixtures of natural mineral water A–E with Thymus x citriodorus hydrolate in
SOD activity in macrophages. Four conditions were evaluated: the mixture, the respective NMW
and extracts, and controls (culture medium with and without LPS and dilution effect). The results
are expressed as a percentage of the control + LPS group. Error bars indicate the mean ± SEM of
independent tests. & < 0.05 relative to dilution control and $ p < 0.05 relative to NMW. Only statistics
involving the mixture when compared with the remaining ingredients or controls are represented.

3.8. Integrated Discussion

The NMWs studied originated from different regions of Portugal, each characterized
by different mineral compositions. NMWs A, B, and C are sulfur, bicarbonate, and sodium-
rich waters, and these minerals play crucial roles in skin health. Sulfur is known for its
antimicrobial and antioxidant properties, bicarbonate helps maintain the skin’s pH balance,
and sodium aids in moisture retention [75]. NMW D is rich in sulfates, known for their
detoxifying effects, which can help purify the skin [76], while NMW E contains significant
quantities of silicates, which are beneficial for skin elasticity [77].

The different mineral profiles of the NMWs contributed to the variations in bioactivity
that were observed [13,78]. The highest biocompatibility of certain mixtures could be
attributed to the presence of minerals that support cellular function. In fact, NMWs A,
B, and C, which are rich in these minerals, showed low levels of cytotoxicity, especially
when combined with Cistus ladanifer and R. idaeus extracts. Similarly, the antioxidant
properties of some mixtures may be linked to minerals known for their role in oxidative
stress reduction, such as sulfur, highly present in NMW A, B and C, which is recognized for
its ability to neutralize free radicals and support cellular antioxidant defenses. This aligns
with our findings, where combinations involving NMW A showed a significant reduction
in ROS levels, particularly when combined with Cistus ladanifer. Additionally, the presence
of bicarbonates in NMW B and C may contribute to maintaining cellular redox balance,
as observed in the increased superoxide dismutase (SOD) activity in mixtures involving
Thymus x citriodorus.

The highest biocompatibility of certain mixtures could be attributed to the presence of
minerals that support cellular health and function. These combinations likely benefit from
the presence of sulfur, bicarbonates and sodium, which are known to contribute to cellular
homeostasis, osmotic balance, and redox regulation [65,67,68]. Similarly, the antioxidant
properties of some mixtures may be linked to sulfur, highly present in NMWs A, B, and
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C, which is recognized for its ability to neutralize free radicals and support intracellular
antioxidant defenses [78].

Given the promising results observed, additional validation in more complex biolog-
ical systems could be pursued. However, the present study was designed as an in vitro
initial screening to assess the bioactivity and safety of the proposed combinations. Further
in vivo studies in human volunteers, may help confirm the efficacy of these mixtures un-
der physiological conditions, provided that they comply with the ethical and regulatory
requirements applicable to cosmetic ingredients.

4. Conclusions
These results provide valuable information about the anti-aging potential of NMWs

combined with other natural ingredients as plant extracts. Their biocompatibility, skin
regeneration potential, potential to reduce ROS levels and increase SOD activity show that
these mixtures can be used as active ingredients in anti-aging formulations. Notably, some
combinations were able to reduce ROS levels by up to 33% (NMW A + Cistus ladanifer),
decreased senescent cell percentages by approximately 40% (NMW A + Cistus ladanifer),
and increased migration capacity of over 50% (NMW A + Rubus idaeus), compared to control
conditions. Particularly, the ability of these mixtures to reduce ROS and senescent cells and
to increase SOD activity, support their role in reducing oxidative stress, a key factor in the
aging process. The mineral compositions of NMWs and the bioactive compounds in the
extracts/hydrolates contribute to their efficacy, and the results of this research emphasize
the importance of selecting the right combination. Although the relationships between
the different ingredients are complex, since both NMWs and plant extracts/hydrolates are
composed of a large number of individual compounds, future studies could further explore
the molecular mechanisms underlying these effects and assess which key players contribute
to the observed activities. Moreover, given their performance and natural origin, these
combinations may be considered for future application in dermocosmetic formulations
targeting skin aging.
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