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Editorial

Skin Anti-Aging Strategies

Remo Campiche

Beauty & Care, Dsm-Firmenich, CH-4303 Kaiseraugst, Switzerland; remo.campiche@dsm-firmenich.com

The pursuit of youthful, healthy skin remains one of the most compelling drivers in
the cosmetics industry. Anti-aging claims dominate consumer expectations, and scientific
research continues to evolve to meet these demands. This Special Issue of Cosmetics—Skin
Anti-Aging Strategies—brings together novel insights, innovative technologies, and modern
approaches to address the multifaceted nature of skin aging.

Skin aging is influenced by intrinsic factors like genetic predisposition and cellular
senescence, as well as extrinsic stressors including UV radiation, pollution, and lifestyle
habits [1]. Climate change and regional variations further complicate this landscape,
emphasizing the need for tailored solutions across diverse populations and ethnicities.

Traditional anti-aging strategies have focused on antioxidants [2], anti-inflammatory
mechanisms [3], and extracellular matrix protection [4]. Recent advances highlight emerg-
ing frontiers: the role of the skin microbiome [5], senolytic interventions [6], exosome-based
therapies [7], and neurocosmetics that integrate emotional well-being into skincare [8], as
well as skin rejuvenation and longevity claims [9].

This Special Issue features 14 peer-reviewed contributions that span molecular path-
ways, biochemical mechanisms, and clinical applications. More specifically, this includes:

e  Bioactive Ingredients: Studies on naturals as well as peptides demonstrate multifunc-
tional benefits—antioxidant, anti-inflammatory, and anti-melanogenic properties—
underscoring the power of nature-inspired actives.

e Advanced Delivery Systems and formulation: Research on composite nanocarri-
ers and innovative formulations illustrates how technology enhances efficacy and
consumer experience.

e  Nutraceutical Approaches: Clinical trials on collagen peptide supplementation reaf-
firm the synergy between oral and topical interventions for skin health.

e  Device driven skin care and Al: The use of LED-based phototherapy or the integration
of artificial intelligence reflect the industry’s commitment to innovation.

Beyond scientific evidence, this Special Issue is meant for collaboration and knowledge
exchange, driving progress toward effective and sustainable anti-aging solutions.

We invite researchers, formulators, and specialists in the field to explore these contri-
butions and join the dialogue shaping next-generation anti-aging strategies.

Acknowledgments: During the preparation of this manuscript, the author used Copilot Pro for
the purposes of generating text. The author has reviewed and edited the output and takes full
responsibility for the content of this publication.

Conflicts of Interest: The author declares no conflict of interest.
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Article

Multifunctional Effects of N-Carbamylglutamate on
Skin-Related Cells: Antioxidant, Anti-Aging, Anti-Melanogenic
and Anti-Inflammatory Activities

Sa Rang Choi T, Nu Ri Song >, Seo Yeon Shin 2, Ki Min Kim 2, Jae Hee Byun 2, Seon Ju Kim 2,
Dai Hyun Jung 3, Su Jung Kim % and Kyung Mok Park %*

Department of Otolaryngology-Head and Neck Surgery, Chonnam National University Medical School and
Chonnam National University Hospital, 42 Jaebong-ro, Dong-gu, Gwangju 61469, Republic of Korea;
choisalang_1234@naver.com
Department of Biocosmetics, Dongshin University, 185, Gunjae-ro, Naju 58245, Jeonnam, Republic of Korea;
nuri980424@naver.com (N.R.S.); ssy33144@naver.com (S.Y.S.); kimin4643@naver.com (K.M.K.);
sad1055@naver.com (J.H.B.); kimsunjoo147@naver.com (S.].K.)
3 BIO-FD&C Co., Ltd., 106, Sandan-gil, Hwasun 58141, Jeonnam, Republic of Korea;

dhjung@biofdnc.com (D.H.J.); sikim@biofdnc.com (S.J.K.)
*  Correspondence: parkkm@dsu.ac.kr; Tel.: +82-61-330-3273
These authors contributed equally to this work.

Abstract: Skin aging is accelerated by both environmental factors—including ultravio-
let (UV) radiation and pollution—and intrinsic processes such as chronic inflammaging.
N-carbamylglutamate (NCG), an arginine precursor known for its benefits for gut and
reproductive health, has not been extensively studied in dermatological applications. To
explore its suitability as a multifunctional cosmetic ingredient, this study examines the
protective role of NCG in counteracting UV-stimulated oxidative and inflammatory re-
sponses in skin cells. NCG significantly reduced UV-induced reactive oxygen species
(ROS), indicating strong antioxidant properties. It also inhibited matrix metalloproteinase
(MMP) activity, preserving collagen integrity and reducing wrinkle formation. In ad-
dition, NCG suppressed nitric oxide (NO) production and downregulated key inflam-
matory mediators—including cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), tumor necrosis factor-alpha (TNF-«), and interleukin-6 (IL-6)—highlighting its
anti-inflammatory potential. Furthermore, NCG reduced melanin production and the
expression of melanogenesis-related factors such as the microphthalmia-associated tran-
scription factor (MITF), tyrosinase-related protein 1 (TRP-1), and TRP-2. These findings
support the role of NCG as a promising multifunctional cosmetic ingredient with antioxi-
dant, anti-inflammatory, anti-wrinkle, and skin-brightening properties.

Keywords: N-carbamylglutamate; skin aging; inflammation; antioxidant; hyperpigmentation

1. Introduction

Skin aging is a multifactorial biological process influenced by both intrinsic phys-
iological factors and extrinsic environmental stressors, ultimately leading to structural
and functional deterioration of the skin [1,2]. Clinically, skin aging presents as wrinkle
formation, reduced elasticity, and hyperpigmentation—conditions that compromise both
skin health and appearance, negatively impacting quality of life. Emerging evidence has
identified inflammaging, a state of chronic, low-grade inflammation, as a pivotal contribu-
tor to skin aging. This chronic inflammatory state is exacerbated by environmental insults

Cosmetics 2025, 12, 250 https://doi.org/10.3390/ cosmetics12060250
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such as ultraviolet (UV) radiation, pollution, and lipopolysaccharide (LPS), a bacterial
endotoxin [3-5]. Among these, UV radiation is considered the most potent contributor,
inducing DNA damage, oxidative stress, and inflammatory cytokine production, which
degrade extracellular matrix (ECM) components like collagen and elastin [6-11]. Although
UVA penetrates more deeply into the dermis, UVB exerts stronger biological effects by
directly inducing oxidative stress, inflammation, and photoaging-related responses such as
MMP activation and collagen degradation. Accordingly, UVB irradiation has been widely
employed as a representative in vitro model for studying photoaging in human dermal
fibroblasts (HDFs) [12,13]. Similarly, LPS exposure activates innate immunity, stimulating
the release of inflammatory mediators that not only accelerate skin aging but also contribute
to hyperpigmentation [14-16]. Additionally, x-melanocyte-stimulating hormone (x-MSH)
upregulation promotes melanogenesis, thereby exacerbating pigmentary disorders like
melasma and lentigines [17,18].

Given this mechanistic understanding, there is a growing demand for functional
cosmetic ingredients capable of preventing or ameliorating inflammaging-related skin
aging. Although several anti-aging agents such as retinoids, peptides, and hydroxy acids
(AHA, BHA) are currently in use, these compounds often present limitations including skin
irritation, suboptimal safety profiles, and diminished long-term efficacy [19-21]. Therefore,
the development of novel functional materials with enhanced safety and efficacy remains
an urgent priority.

N-carbamylglutamate (NCG), an analog of N-acetylglutamate, serves as an effective
precursor for endogenous arginine synthesis and has demonstrated anti-inflammatory and
antioxidant effects in systemic studies. Mechanistically, NCG is known to suppress the
ERK1/2-mTOR-56K1 signaling pathway, downregulating pro-inflammatory cytokines
such as interleukin-1f (IL-1p3), interleukin-6 (IL-6), and interleukin-8 (IL-8) [22-24]. Despite
these benefits, NCG’s potential in skin health has not been systematically evaluated.

The present study investigates the biological effects and underlying mechanisms of
NCG in skin cells. We focused on its antioxidant, anti-inflammatory, anti-wrinkle, and
anti-melanogenic activities using in vitro models exposed to UVB and LPS. Our aim was to
validate NCG as a multifunctional cosmetic agent capable of alleviating inflammaging and
enhancing skin health.

2. Materials and Methods
2.1. Chemicals and Reagents

The following reagents were used in this study, sourced from the respective manufac-
turers: NCG (C4375) from Sigma-Aldrich Corporation (St. Louis, MO, USA); Dulbecco’s
Modified Eagle Medium (DMEM) and phosphate-buffered saline (PBS) from Lonza Group
Ltd. (Walkersville, MD, USA). For primary fibroblast culture, fibroblast medium (FM),
fibroblast growth supplement (FGS), and penicillin-streptomycin (P/S) were purchased
from ScienCell (Carlsbad, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), dimethyl sulfoxide (DMSO), a-MSH, arbutin, and lipopolysaccharide
(LPS) were also obtained from Sigma-Aldrich. ELISA kits for human Pro-MMP-1, Pro-
MMP-3, and Pro-Collagen I alpha 1 were purchased from R&D Systems (Minneapolis,
MN, USA). Antibodies used in Western blotting were sourced as follows: GAPDH from
Enogen Biotechnology (New York, NY, USA); TRP-1, TRP-2, MMP-1, JNK, p-JNK, TNF-«,
NF-«B, and p38 from Santa Cruz Biotechnology (Dallas, TX, USA); MITE, p-p38 MAPK,
and ERK from Cell Signaling Technology (Beverly, MA, USA); COX-2, IL-6, and iNOS from
Invitrogen (Carlsbad, CA, USA).
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2.2. Cell Culture

B16F10 melanoma cells, human epidermal keratinocytes (HaCaTs), and RAW
264.7 macrophages were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin in a humidified incubator at 37 °C with
5% CO,. HDFs were obtained from ScienCell (Carlsbad, CA, USA).

2.3. Cell Viability Assay

The MTT assay was conducted to determine cell viability. Following seeding into
96-well plates, cells were treated with varying doses of NCG. After incubation (24 h for
HaCaT and RAW 264.7; 72 h for B16F10 and HDF), MTT solution (0.5 mg/mL) was
added and incubated for 3 h. DMSO was then added to dissolve the resulting formazan
crystals, and absorbance was measured at 570 nm using a Multiskan Sky spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Analysis of Intracellular Reactive Oxygen Species (ROS) Reduction Activity

HaCaT cells were cultured for 24 h in 24-well plates prior to further treatment. Based
on our preliminary experiments, UVB irradiation at an intensity of 15 mJ/cm? was selected
because this level effectively induced oxidative stress without causing cytotoxicity in
HaCaTs, consistent with previous studies employing similar UVB doses in keratinocyte-
based oxidative stress models [25,26]. After UVB exposure, cells were treated with various
NCG concentrations and incubated for an additional 24 h. ROS levels were assessed
using CelIROX™ Orange Reagent (Thermo Fisher Scientific). Cells were stained with 5 uM
CellROX™ for 30 min in the dark, and fluorescence was visualized using the EVOS™ M5000
imaging system with appropriate filters (excitation/emission: 545/565 nm). Fluorescence
intensity was quantified from three randomly selected fields per condition.

2.5. Measurement of Melanin Content

B16F10 melanoma cells were seeded in 6-well plates and incubated overnight. Cells
were subsequently exposed to varying concentrations of NCG for 72 h. After treatment, the
cells were washed with PBS, harvested by trypsinization, and centrifuged at 13,000 rpm
for 5 min. Following centrifugation, the collected cell pellets were treated with 1 N NaOH
containing 10% DMSO and maintained at 80 °C for 1 h to ensure complete solubilization.
Readings at 475 nm were used to determine the level of absorbance.

2.6. Determination of Cellular Tyrosinase Activity

The tyrosinase activity within B16F10 melanoma cells was assessed according to a
previously described method with slight modifications [27]. Cells were plated in 6-well
plates and treated with different concentrations of NCG for a duration of 72 h. Supernatants
obtained after centrifugation (13,000 rpm, 5 min, 4 °C) were diluted with 0.1 M phosphate
buffer (pH 6.8) and aliquoted into 96-well plates. L-DOPA (1 mg/mL) was added, and
samples were incubated for 1 h prior to reading absorbance at 475 nm.

2.7. Type 1 Procollagen Synthesis

Type I procollagen was quantified using an enzyme immunoassay specific to the
Procollagen Type I C-peptide (PIP), following the manufacturer’s protocol. HDFs were
plated and incubated for 24 h, exposed to UVB (10 mJ/ Cm2), and treated with different
NCG concentrations. Collected culture supernatants were centrifuged (12,000 rpm, 10 min,
4 °C). Antibody-POD and supernatant were added, incubated, washed, and reacted with
substrate. Reaction was stopped using 1 N H,SOy4, and absorbance was read at 450 nm.
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2.8. Inhibitory Activity of MMP-1 and MMP-3

The inhibitory effects of NCG on MMP-1 and MMP-3 were evaluated using ELISA kits
specific to human pro-MMP-1 and pro-MMP-3, respectively. HDFs were seeded into 6-well
plates and cultured. Following UVB irradiation, cells were treated with NCG for 72 h. The
culture media were collected and centrifuged to obtain the supernatant. Thereafter, 100 puL
of the collected supernatant along with the RD1-52 reagent was dispensed into each well
and allowed to react for 2 h. The wells were then emptied, followed by the addition of
either anti-human pro-MMP-1 or pro-MMP-3 conjugate antibodies, which were incubated
for another 2 h. Following this, the wells were washed, and 100 pL of substrate solution
was added and incubated for 20 min. The reaction was terminated using stop solution.
Absorbance was measured at 450 nm with a reference at 540 nm, and the final value was
calculated as the difference between the two readings.

2.9. Measurement Nitric Oxide (NO) Inhibitory Activity

The inhibitory effect of NCG on NO production was assessed by measuring nitrite
accumulation via the Griess reaction. RAW 264.7 macrophage cells were seeded into
96-well plates, stimulated with lipopolysaccharide (LPS, 1 ng/mL), and subsequently
treated with various concentrations of NCG. Following incubation, equal volumes of the
culture supernatant and Griess reagent were mixed in a new 96-well plate and allowed to
react at room temperature for 20 min. The absorbance was measured at 540 nm to quantify
nitrite levels, which reflect NO production.

2.10. Western Blot Analysis

Western blotting was conducted with minor modifications to established protocols [28].
Cells were seeded and maintained under standard culture conditions, then treated with
NCG. Following incubation, cells were lysed, and the resulting lysates were centrifuged to
isolate the supernatant. Following quantification using a protein assay method, quantities
of each protein sample were loaded onto SDS—PAGE gels and subsequently transferred
to polyvinylidene difluoride (PVDF) membranes for detection. Following 1 h of blocking
in 5% skim milk diluted in TBST, the membranes were incubated with specific primary
antibodies at 4 °C for approximately 24 h. (as detailed in Table 1). Membranes were washed
four times with TBST and subsequently incubated at room temperature for 1 h with sec-
ondary antibodies. Protein bands were visualized using an enhanced chemiluminescence
(ECL) detection system.

Table 1. Primary antibodies used in Western blot analysis.

Target Protein Catalog No. Host Species Dilution Ratio

GAPDH E12-057 Mouse 1:5000

TRP-1 ab178676 Rabbit 1:10,000
TRP-2 ab2211144 Rabbit 1:1000
MITF #12590 Rabbit 1:1000
MMP-1 sc-58377 Mouse 1:400
MMP-3 AF513 Goat 1:5000
TNF-o #12744 Mouse 1:200
COX-2 #35-8200 Mouse 1:500
IL-6 #P620 Rabbit 1:1000
iNOS #PA1-036 Rabbit 1:1000

2.11. Statistical Analysis

All experiments were independently repeated three times, and the data are expressed
as mean =+ standard deviation (SD). To evaluate statistical differences, analyses were
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conducted in SPSS (v27.0; IBM, Chicago, IL, USA). Group differences were examined using
one-way ANOVA or Student’s ¢-test where appropriate. Statistical significance was set at
*p <0.05,** p <0.01, and *** p < 0.001.

3. Results
3.1. Effect of NCG on Cell Viability

The cytotoxicity of NCG was evaluated in HaCaT, HDFE, B16F10, and RAW 264.7 cells
using the MTT assay. NCG exhibited no cytotoxic effects at concentrations ranging from
100-1000 uM in HaCaT and RAW 264.7 cells, 100-500 uM in B16F10 cells, and 25-200 uM
in HDFs. These results confirm that NCG is biocompatible within the tested ranges for
each cell type (Figure 1a—d).
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Figure 1. Effects of NCG on cell viability. (a) HaCaTs, (b) HDFs, (c) B16F10 cells, and (d) RAW
264.7 macrophages. Cells were treated with NCG and incubated for 24 h (HaCaTs, RAW 264.7) or
72 h (B16F10, HDF). Data are presented as mean & SD based on triplicate experiments. * p < 0.05,
*** p < 0.001 vs. control.

3.2. Effects of NCG on Intracellular and Mitochondrial ROS Levels

To assess the antioxidant properties of NCG, ROS production was induced in HaCaT
cells using UVB irradiation (15 mJ/ cm?). Post-irradiation treatment with NCG significantly
suppressed intracellular ROS levels in a dose-dependent manner. Notably, concentrations
between 500-1000 uM reduced ROS generation by over 90%. These findings demonstrate
the potent ROS-scavenging capacity of NCG. Importantly, 500 uM NCG exhibited a ROS
scavenging effect comparable to that of 50 mM NAC, a well-established antioxidant used
as a positive control (Figure 2). These findings demonstrate the potent ROS-scavenging
capacity of NCG, even at much lower concentrations than conventional antioxidants.
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Figure 2. Effects of NCG on intracellular and mitochondrial ROS levels. (a) Representative fluores-
cence images of ROS production in HaCaTs exposed to UVB (15 m]J/ cm?) and treated with NCG
(100-1000 uM) for 24 h. NAC (N-acetylcysteine, 50 mM) was used as a positive control. Images were
captured under identical acquisition settings at 20 x; scale bar = 150 um (applies to all images in each
row). (b) Quantification of intracellular ROS production expressed as a percentage of control. Data
are presented as mean =+ SD from at least three independent experiments. ## p < 0.001 vs. control;
***p <0.001 vs. UVB.

3.3. Effects of NCG on UVB-Induced Skin Aging in HDFs

To evaluate NCG’s protective effects against UVB-induced dermal aging, HDFs were
exposed to UVB and subsequently treated with NCG. NCG significantly restored type I
procollagen synthesis, achieving up to a 30% increase compared to UVB-treated controls
(Figure 3a). Additionally, NCG inhibited enzymatic activities of MMP-1 and MMP-3 by
more than 53% (Figure 3b,c). Western blot analysis confirmed reduced protein expression
of both MMPs following NCG treatment, suggesting a robust protective effect on ECM
integrity (Figure 3d,e).
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Figure 3. Effects of NCG on UVB-induced skin aging in HDFs. (a) Type I procollagen synthesis
measured by ELISA. (b) MMP-1 enzymatic activity measured by ELISA. (c) MMP-3 enzymatic
activity measured by ELISA. (d) Protein expression levels of MMP-1 and MMP-3 analyzed by
Western blot. (e) Densitometric quantification of Western blot bands from panel (d), showing
relative expression of MMP-1 and MMP-3. The results are expressed as the mean =+ standard
deviation from three independent experiments. it p < 0.001 vs. control; * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. UVB-treated group.

3.4. Effects of NCG on Melanogenesis in B16F10 Cells

To determine the impact of NCG on melanogenesis, B16F10 cells were stimulated with
«-MSH (100 nM), and arbutin (400 utM) was used as a positive control. NCG treatment
significantly inhibited melanin synthesis and reduced intracellular tyrosinase activity
by 18.3%. Western blot analysis revealed that NCG downregulated melanogenic proteins
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including microphthalmia-associated transcription factor (MITF), tyrosinase-related protein
(TRP-1), and 2 (TRP-2) by over 50%. Notably, 500 uM NCG exhibited anti-melanogenic
effects comparable to those of the positive control arbutin, both in melanin content reduction
and tyrosinase inhibition assays, indicating that NCG has a similar level of efficacy at a
comparable concentration (Figure 4). These results highlight the ability of NCG to attenuate
melanin production by modulation of key melanogenic pathways.
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Figure 4. Effects of NCG on melanogenesis in B16F10 melanoma cells. (a) Melanin content after
treatment with NCG (100-500 uM) for 72 h. (b) Intracellular tyrosinase activity following NCG
treatment. (c) Protein expression of MITE, TRP-1, and TRP-2 determined by Western blot; normalized
to GAPDH. (d) Densitometric analysis of protein levels. As a standard for comparison, arbutin was
included as the positive control. Experimental data are displayed as mean & standard deviation,
based on three independently repeated experiments. ## p < 0.001 vs. control; * p < 0.05, ** p < 0.01,
***p <0.001 vs. x-MSH group.

3.5. Anti-Inflammatory Effects of NCG

The anti-inflammatory potential of NCG was assessed in RAW 264.7 macrophages
stimulated with LPS. NCG significantly decreased NO production in a dose-dependent
manner, with a maximum reduction of 47.5% at 1000 uM. Importantly, this reduction in
NO levels did not affect cell viability. NCG effectively inhibited the protein expression of
key inflammatory mediators—cyclooxygenase-2 (COX-2), inducible Nitric Oxide Synthase
(iNOS), tumor necrosis factor-alpha (TNF-«), and IL-6—as confirmed by Western blotting,
indicating a strong anti-inflammatory response at the molecular level (Figure 5).
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Figure 5. Anti-inflammatory effects of NCG in RAW 264.7 macrophages. (a) Cell viability after NCG
treatment (100-1000 uM) for 24 h. (b) NO production measured by the Griess assay. (c) Protein
expression levels of iNOS, COX-2, IL-6, and TNF-« analyzed by Western blot; normalized to GAPDH.
(d) Quantification of Western blot bands. The results are presented as mean =+ SD obtained from three
independent experiments. Statistical significance was indicated as follows: *## p < 0.001 vs. control;
*p <0.05, ** p <0.001 vs. LPS group.

4. Discussion

Skin aging is a complex biological process influenced by intrinsic and extrinsic factors,
including genetic background, oxidative stress, and chronic inflammation [29]. Among
these, pro-inflammatory cytokines have emerged as central mediators of structural degra-
dation and functional decline in the skin. Notably, the concept of “inflammaging”—chronic,
low-grade inflammation associated with aging has garnered increasing attention as a
critical contributor of skin deterioration [30,31].

Prolonged inflammatory stimuli also influence melanogenesis [32,33]. Inflammatory
cytokines such as IL-6 and TNF-o stimulate melanocyte activity, leading to increased
melanin synthesis [34-37]. While melanin serves as a protective pigment against UV
radiation, its excessive accumulation may exacerbate oxidative stress by interacting with
reactive species, further damaging skin cells and contributing to pigmentation disorders
such as melasma and freckles [38,39].

Oxidative stress induced by UV radiation and environmental pollutants promotes ROS
generation, leading to inflammation, hyperpigmentation, and degradation of extracellular
matrix components [40-43]. Specifically, ROS trigger the expression of MMPs, such as
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MMP-1 and MMP-3, which degrade collagen and elastin fibers, reducing dermal elasticity
and accelerating wrinkle formation [44,45].

MITF is a key transcriptional regulator of melanogenesis [46]. It governs the expression
of tyrosinase and related proteins (TRP-1 and TRP-2), which are essential enzymes in
melanin biosynthesis [47]. Overactivation of MITF contributes to melanin overproduction
and the development of hyperpigmentation disorders [48].

Inflammaging is further perpetuated by transcriptional regulators including iNOS,
COX-2, TNF-«, and IL-6. iNOS generates nitric oxide (NO), COX-2 synthesizes pro-
inflammatory prostaglandins, and cytokines such as TNF-« and IL-6 amplify inflammatory
cascades [49,50]. Chronic overexpression of these mediators disrupts skin homeostasis,
impairs the skin barrier, and accelerates aging.

Our study demonstrates that NCG modulates these interconnected biological path-
ways: First, NCG attenuated UVB-induced ROS generation, reducing oxidative stress
and preventing dermal damage. Although the precise mechanism remains to be fully
elucidated, this antioxidant effect may result from both direct ROS scavenging activity and
the modulation of endogenous antioxidant systems, such as glutathione metabolism or
redox-sensitive signaling pathways. Based on these findings, we believe that NCG exerts
various biological effects—such as anti-inflammatory, anti-melanogenic, and anti-aging
activities—by suppressing UVB-induced ROS accumulation. This hypothesis is supported
by previous studies reporting that NCG enhances antioxidant capacity through glutathione
metabolism and redox-sensitive pathways [51-53]. Second, it suppressed MMP-1 and
MMP-3 activity while enhancing type I procollagen synthesis, thereby preserving ECM
structure and skin elasticity. Third, NCG modulated melanogenesis by downregulating
MITF, tyrosinase, and TRP-1 expression, leading to reduced melanin production. Finally,
NCG significantly downregulated iNOS, COX-2, TNF-«, and IL-6, thereby alleviating
inflammation and maintaining skin homeostasis. In addition, although the intracellular
uptake and skin permeability of NCG were not directly assessed in this study, the observed
cellular effects suggest that NCG may be bioavailable and capable of penetrating the skin
barrier to exert its effects in dermal cells. Future studies employing uptake assays, skin
diffusion models, or reconstructed human skin systems will be essential to validate its de-
livery and efficacy in realistic dermatological applications. To gain a more comprehensive
understanding of these biological effects, we plan to explore the involvement of key regula-
tory signaling pathways—such as NF-kB, MAPKs (p38, JNK, ERK), and CREB—in future
studies. Identifying these upstream modulators will help elucidate the precise mechanism
of action of NCG and further validate its potential as a targeted bioactive compound.

Taken together, these results position NCG as a promising multifunctional compound
capable of targeting multiple mechanisms of skin aging. Its simultaneous antioxidant,
anti-inflammatory, anti-wrinkle, and anti-melanogenic effects offer considerable potential
for use in dermocosmetic applications. Further formulation studies and clinical evaluations
will be instrumental in commercializing NCG-based skin health products.

5. Conclusions

Collectively, our findings demonstrate that NCG possesses antioxidant, anti-
inflammatory, and anti-melanogenic properties that contribute to the attenuation of in-
flammaging and skin aging (Figure 6). The current in vitro data highlight NCG’s potential
as a safe and multifunctional active compound for use in cosmetic and dermatological
products. Still, in vivo validation and clinical assessments remain necessary before it can
be considered for practical application in commercial formulations.
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Figure 6. Summary of the molecular mechanism by which NCG enhances skin physiological activity
through anti-melanogenic, anti-aging, and anti-inflammatory pathways.
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Abstract: Skin dullness contributes to a fatigued and aged appearance, often exceeding
one’s biological age. It is a common dermatological concern influenced by aging and poor
lifestyle habits, regardless of ethnicity or age. This study aimed to examine advanced
glycation end products (AGEs) and their receptor (receptor for AGEs [RAGE]) as con-
tributing factors to skin dullness. AGEs themselves have a yellowish hue, contributing to
“yellow dullness.” Additionally, AGE-RAGE signaling promotes melanin production in
melanocytes and impairs keratinocyte differentiation as a result of inflammation. Therefore,
regulating the AGE-RAGE interaction may help reduce skin dullness. Through screening
various natural ingredients, we found that peony root extract (PRE) inhibits AGE formation
and blocks AGE-RAGE binding. Furthermore, the presence of PRE leads to the suppression
of AGE-induced melanin production in melanocytes and the restoration of impaired ker-
atinocyte differentiation in glycated basement membrane components. In a human clinical
study, topical application of a 1% PRE-containing lotion for 2 weeks significantly reduced
melanin content, with a trend toward decreased AGE accumulation and visible spots on
the cheeks. These findings support the potential of PRE as a multifunctional cosmetic
ingredient that comprehensively addresses skin dullness by modulating the AGE-RAGE
interaction.

Keywords: peony root extract; advanced glycation end products; receptor for AGEs;
melanocyte; keratinocyte; skin dullness

1. Introduction

“Dullness” is a common dermatological concern, often characterized by an uneven
skin tone, which negatively affects one’s overall appearance [1]. Despite the development
of cosmetic ingredients and final products aimed at reducing skin dullness and enhancing
brightness, many individuals continue to struggle with dull skin. This persistence may
be attributable to the multifactorial nature of skin dullness, thereby not depending on
a single underlying mechanism [2]. Moreover, the contributing factors vary in balance
among individuals, making it difficult to accurately identify the cause of their dullness and
address it appropriately.

In this study, we focused on the multifaceted role of advanced glycation end products
(AGEs) in skin dullness. AGEs are a collective term for products formed through nonenzy-
matic glycation reactions wherein reducing sugars bind to proteins or lipids [3]. Given that
glycation is a nonenzymatic process, factors such as heat, excess sugar, and oxidative stress
can accelerate its reaction rate. AGEs that accumulate in the body are broadly classified

Cosmetics 2025, 12, 163 https://doi.org/10.3390/cosmetics12040163
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into those derived from external sources (e.g., food) and those produced endogenously. Ap-
proximately 10-30% of AGEs ingested through food are absorbed into the body, although a
portion is subsequently excreted [4]. Endogenous AGEs are primarily formed in response
to blood glucose levels and can accumulate in vascular endothelium, as well as in the
eyes, kidneys, and skin [5]. Oxidative processes occur in the later stages of glycation, and
age-related declines in antioxidant capacity contribute to AGE accumulation [6]. Glycated
proteins undergo structural alterations that can cause function loss and increased resistance
to degradation. In the dermis, long-lived proteins such as collagen and elastin are prone to
glycation, leading to wrinkle formation and sagging. In the epidermis, AGEs themselves
have a yellowish hue, which causes “yellow dullness” in the skin [7].

Recent studies have confirmed that AGEs contribute not only to yellow dullness but
also to various other skin issues. AGEs activate their receptor (receptor for AGEs [RAGE]),
by binding to it, thereby triggering various signaling pathways [8]. RAGE is a transmem-
brane protein expressed on the surface of epidermal keratinocytes, epidermal melanocytes,
and dermal fibroblasts. RAGE-mediated responses are diverse. For example, it stimulates
melanocytes to produce melanin [9]. Additionally, RAGE signaling induces inflamma-
tion [10]. Moreover, glycation in the cellular microenvironment suppresses keratinocyte
differentiation [11], leading to impaired skin turnover. Given these backgrounds, both
AGEs themselves and the RAGE-mediated signaling can be considered major contributing
factors to skin dullness development.

We hypothesized that controlling AGE formation and RAGE-mediated signaling can
mitigate skin dullness and promote a more radiant complexion. To this end, we screened
natural ingredients capable of inhibiting the AGE-RAGE interaction and successfully iden-
tified the peony root extract (PRE) derived from the root of Paeonia albiflora. Although
peonies are widely appreciated for their ornamental value because of their striking flowers
and numerous cultivars, the root has long been used in traditional medicine for its anti-
spasmodic and anti-inflammatory properties [12]. Paeonia albiflora roots are also rich in
bioactive phytochemicals such as paeoniflorin and albiflorin, which have been reported
to possess anti-inflammatory, antioxidant, and skin-conditioning activities. However, its
potential to inhibit AGE formation or affect RAGE signaling has not yet been reported. In
this study, we demonstrate the multifaceted antiglycation activity of PRE, its efficacy in
reducing skin dullness, and its potential as a high-value cosmetic ingredient.

2. Materials and Methods
2.1. Preparation of the PRE

The roots of Japanese-grown Paeonia albiflora were purchased from Tochimoto Tenkaido
Co., Ltd. (Osaka, Japan), and the roots of Chinese-grown Paceonia albiflora were obtained
from Koshiro Co., Ltd. (Kyoto, Japan). Dried peony root was immersed in 15 times its
weight of 50% 1,3-butylene glycol (BG) and extracted at room temperature for 1 week. The
mixture was then filtered and allowed to stand at 30 °C for another 1 week. After a second
filtration, the resulting extract was prepared so that the solid concentration was 2% w/w,
and this was used as PRE. BG was selected as the extraction solvent due to its high skin
compatibility, moisturizing properties, and widespread use in cosmetic formulations. Its
ability to effectively extract glycosidic and polar constituents from peony roots made it a
suitable choice for both laboratory extraction and subsequent clinical application.

2.2. Evaluation of the Inhibitory Activity of PRE Against the AGE-RAGE Interaction

Recombinant RAGE protein (BT4127; R&D Systems, Minneapolis, MN, USA) was
dissolved in Dulbecco’s phosphate-buffered saline (D-PBS), added to 96-well plates (Nunc,
439454, Thermo Fisher Scientific, Waltham, MA, USA) at 100 ng/50 uL/well concentration,
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and incubated overnight at 4 °C for coating. After blocking the wells with D-PBS containing
0.1% BSA (Jackson ImmunoResearch, West Grove, PA, USA, 001-000-162), we washed them
with D-PBS containing 0.1% Tween 20 (washing buffer). PRE or a solvent control was
prepared in blocking buffer and added to the wells, followed by incubation at room
temperature for 1 h. After washing the wells with the washing buffer, we added biotin-
labeled AGEs (BT4127; R&D Systems) prepared in blocking buffer and incubated them
at room temperature for 1 h. Next, the wells were washed again, followed by color
development using HRP-conjugated streptavidin (ab7403; Abcam, Cambridge, UK) and
1-Step™ Ultra TMB ELISA Substrate Solution (34028; Thermo Fisher Scientific, Waltham,
MA, USA). To detect biotin-labeled AGEs bound to RAGE, we measured the absorbance
at 450 nm. The AGE-RAGE binding rate was calculated by defining the absorbance of
wells treated with solvent with RAGE coating as 100% binding and that of wells treated
with solvent alone (without RAGE coating) as 0% binding. This study used paeoniflorin
(CAS: 23180-57-6) (164-21731) and albifolorin (CAS: 39011-90-0) (016-22201), which were
purchased from FUJIFILM WAKO (Osaka, Japan).

2.3. Evaluation of the Inhibitory Effect of PRE on Melanin Production by AGEs

Normal human epidermal melanocytes (FC-0030, P5; LIFELINE Cell Technology, Fred-
erick, MD, USA) were seeded into 12-well plates and cultured in an MGM™-4 Melanocyte
Growth Medium-4 BulletKit™ (MGM) (CC-3249; Lonza, Walkersville, MD, USA) until
reaching 70% confluency. After replacing the culture medium with MGM that lacked fetal
bovine serum and incubating it overnight, this medium was replaced with fresh medium
containing PRE at 0%, 0.2%, or 0.4%. After 1 h of treatment, AGEs (22968; Cayman, Ann
Arbor, MI, USA) were added to a final concentration of 400 pug/mL, and the cells were
cultured for 6 days. Cell proliferation was assessed using the water-soluble tetrazolium salt
1 method with Cell Counting Kit-8 (DOJINDO, Kumamoto, Japan, 343-07623). Thereafter,
the wells were washed with D-PBS, and the cells were detached and collected using trypsin.
Ethanol/ether (3:1 mixture) was added to the collected samples, followed by centrifugation
at 2000 rpm to obtain melanin pellets. The pellets were then dried overnight, resuspended
in 25 puL of 1 N NaOH/10% dimethyl sulfoxide solution, and heated at 95 °C to disperse the
melanin. Melanin content was quantified by measuring the absorbance at 420 nm. Based
on preliminary cytotoxicity screening, PRE concentrations were limited to 0.4% or lower in
cell-based assays to avoid non-specific effects.

2.4. Restorative Effects of Pretreatment on Keratinocyte Differentiation Defects in the Glycosylated
Pseudobasal Layer of PRE

Laminin (iMatrix-332) (892031; Nippi, Tokyo, Japan) was dissolved in D-PBS to a
final concentration of 4.2 pg/cm? and added to 12-well plates. The plates were incu-
bated at 37 °C for 1 h to allow coating. After washing the wells with D-PBS, we added
either D-PBS alone or D-PBS containing glucose (100 mg/mL) and incubated the plates at
37 °C for 2 weeks to induce laminin glycation. Normal human epidermal keratinocytes
(NHEKS) (KK-4009, P3; KURABO, Osaka, Japan) were precultured in Keratinocyte Growth
Medium (00195130; Lonza) until reaching 80% confluence. The cells were then detached
and seeded onto glycated or nonglycated laminin-coated plates. Once confluence was
achieved, the culture medium was replaced with a differentiation medium containing
PRE at final concentrations of 0%, 0.2%, or 0.4% and 0.15 mM calcium and lacking trans-
ferrin, hydrocortisone, and epinephrine. After culturing at 37 °C for 6 h, we extracted
total RNA by using an RNeasy Kit (74104; QIAGEN, Venlo, The Netherlands). Accord-
ing to the measured total RNA concentrations, cDNA was synthesized using RevaTra
Ace qPCR RT Master Mix (FSQ201; TOYOBO, Shiga, Japan). Gene expression was then
quantitatively analyzed using THUNDERBIRD Next SYBR qPCR Mix (TOYOBO, QPX201).
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Target genes included the differentiation markers transglutaminase 1 (TGM1) and ker-
atin 10 (K10). We used the housekeeping gene RPS18 as an internal control. Primers
for TGM1 and K10 were obtained from Takara Bio (TGM1: HA171645, K10: HA347462).
The primers RPS18 Forward (TTTGCGAGTACTCAACACCAACATC) and RPS18 Reverse
(GAGCATATCTTCGGCCCACAC) were used. Based on preliminary cytotoxicity screen-
ing, PRE concentrations were limited to 0.4% or lower in cell-based assays to avoid non-
specific effects.

2.5. Evaluation of the Inhibitory Effect of PRE on AGE Formation

Albumin and glucose were dissolved in 0.4 M phosphate buffer (pH 7.4) at final
concentrations of 1 and 10 mg/mL, respectively. As a control, PRE or 50% BG was added to
a final concentration of 1%, and the solution was then filter-sterilized. After incubation at
37 °C for 4 weeks, the autofluorescence derived from AGEs formed by the albumin-glucose
reaction was measured (Ex: 370 nm, Em: 440 nm).

2.6. Clinical Studies in Humans

A randomized, single-blinded, split-face study was conducted to evaluate the clinical
efficacy of PRE. Seventeen healthy male and female participants (9 males and 8 females;
age range: 40-62 years; mean age: 50.5 £ 6.8 years) were enrolled after providing written
informed consent. Inclusion criteria included individuals with visible facial dullness or
pigmentation but otherwise healthy skin. Exclusion criteria included known allergies to
cosmetics, ongoing dermatological treatments, or any acute or chronic skin diseases. They
applied a lotion containing 1% PRE to one-half of the face and a placebo lotion to the
other half, twice daily (morning and evening) for 2 weeks. At baseline and after 2 weeks,
skin glycation levels on the cheeks were measured using the AGE Scanner (DiagnOptics
Technologies B.V., Groningen, The Netherlands). Next, melanin content and facial spots
were assessed using the Mexameter (Integral, Tokyo, Japan) and the VISIA imaging system
(Integral), respectively.

The study was performed at Ichimaru Pharcos Co., Ltd. (Motosu, Japan), and ethical
approval was granted by the company’s Institutional Review Board (Approval Code:
No. H24-001K, Approval Date: 25 October 2024). The study was conducted in accordance
with the principles outlined in the Declaration of Helsinki (1975, revised in 2013).

2.7. Statistical Analysis

The melanocyte cell number, melanin content, and differentiation marker expression
were statistically analyzed using Dunnett’s test. For the human clinical trial, comparisons
between baseline and two weeks posttreatment in each group were analyzed using the
Wilcoxon signed-rank test. A p-value below 0.05 was considered statistically significant.

3. Results
3.1. PRE Inhibits the AGE-RAGE Interaction

Naturally derived ingredients capable of inhibiting the binding between AGEs and
RAGE were screened using an ELISA-based binding assay. Among the 380 natural ingre-
dients [13,14] evaluated, PRE showed to be a potent inhibitor. Figure 1 shows that PRE
inhibits the binding of AGEs in a concentration-dependent manner. At 1% concentration,
PRE derived from Japanese-grown Paeonia albiflora reduced AGE-RAGE binding by ap-
proximately 90% compared with the untreated group (Figure 1A). Similarly, PRE derived
from Chinese-grown Paeonia albiflora exhibited approximately 70% inhibition at the same
concentration (Figure 1B). Furthermore, similar inhibitory effects were confirmed using
PREs obtained from different production regions within Japan and China, suggesting that
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the observed activity is reproducible and not limited to a single source. Since the wells were
washed after PRE treatment and AGEs were added afterward in the binding assay, PRE acts
on RAGE to inhibit its interaction with AGEs. The PRE contains paeoniflorin and albiflorin
as constituent compounds [15], both of which are well-known phytochemicals in Paeonia
roots and were thus selected as candidate active components for further evaluation. There-
fore, the binding between AGEs and RAGE was evaluated in the presence of paeoniflorin
(0.26,1.3, and 6.5 ng/mL) and albiflorin (0.1, 0.5, 2.5 ug/mL). As a result, neither compound
exhibited inhibitory activity even at the highest concentration, which was significantly
higher than the levels present in PRE [15]. Thus, paeoniflorin and albiflorin are unlikely to
be the active components responsible for the effects of PRE observed in this study.
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Figure 1. Inhibitory effect of PRE on advanced glycation end products—Receptor for AGEs interac-
tion. AGE-RAGE interaction rate was evaluated using recombinant protein. The data are presented
as percentages (1 = 1), with the control (Ctrl) representing 100%. (A) Inhibition effect of PRE, which
extracted from Japanese-grown Paeonia albiflora. (B) Inhibition effect of PRE, which extracted from
Chinese-grown Paeonia albiflora. (C) Inhibition effect of the compounds (1 = 3, mean + SEM). Accord-
ing to Dunnett’s test, none of the compounds showed statistically significant differences from the
control at any tested concentration. (D) Chemical structures of paeoniflorin and albiflorin.

3.2. PRE Suppresses AGE-Induced Melanin Production

The effect of PRE, which inhibits the binding of AGEs to RAGE, on AGE-induced
melanin production was evaluated (Figure 2). In normal human epidermal melanocytes
(NHEM), the addition of AGEs resulted in a significant 37% increase in melanin production
compared with the untreated control group. In the presence of PRE, melanin production of
NHEM by AGEs inhibited without cytotoxicity. The effect was concentration-dependent,
with 0.4% PRE reducing melanin production by 12%. These results indicate that AGEs
promote melanin production in NHEMs, and that the presence of PRE suppresses AGE-
induced melanin synthesis.

3.3. Pretreatment Restores the Differentiation Ability of Keratinocytes on Glycosylated Laminin 332

Laminin 332 is a key component of the epidermal basement membrane that aids
in maintaining NHEK homeostasis in the basal layer. When basal layer components
become glycated, their protein functions are impaired, negatively affecting keratinocyte
differentiation. Suppressed keratinocyte differentiation can lead to abnormal keratinization
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and uneven skin turnover, ultimately resulting in uneven skin tone. As shown in Figure 3,
the effects of glycated laminin 332 and PRE treatment on NHEK differentiation were
evaluated using laminin 332—coated wells as a model of basal layer differentiation. In the
glycated laminin group, the mRNA expression level of K10, a marker of early to midstage
keratinocyte differentiation, was significantly reduced, while that of TGM1, a marker of
terminal differentiation, also showed a decreasing trend. Once PRE was added, both the
K10 and TGM1 mRNA expression levels showed a dose-dependent recovery, with K10
expression being significantly increased in the 0.4% PRE-treated group compared with that
in the glycated group. Therefore, laminin 332 glycation may suppress NHEK differentiation,
and PRE treatment may restore it.
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Figure 2. Effects of PRE on melanin production. Melanin contents of melanocytes were evaluated in
the presence or absence of PRE (1 = 3, mean + SEM, * p < 0.05 by Dunnett’s test vs. control, T p < 0.05
by Student t-test vs. control).
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Figure 3. Effects of PRE on keratinocyte differentiation. The mRNA expression levels of K10 (left)
and TGM1 (right) were evaluated in keratinocytes cultured on glycated laminin—coated plates (Ctrl;
control, n = 3, mean + SEM, * p < 0.05 by Dunnett’s test vs. control, ¥ p < 0.05 by Student t-test
vs. control).
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3.4. PRE Suppresses AGE Formation

The ability of PRE to suppress AGE formation was evaluated. After 4 weeks, the
level of AGE-derived autofluorescence in the PRE-treated group was less than half that
observed in the 0.5% BG control group (Figure 4). Therefore, PRE may not only suppress
melanin production from melanocytes by modulating the AGE-RAGE interaction and
restore keratinocyte differentiation (Figures 2 and 3) but also directly inhibit AGE formation.

@ Control
O PRE (1%)

0-w 2-W 4-w
Incubation time

Figure 4. Anti-glycation effect of PRE in vitro. The AGE production level was measured by the
autofluorescence of AGEs (n =1).

3.5. PRE Exhibits Cosmetic Effects in Human Clinical Trials

In the human clinical trial, facial parameters such as skin glycation levels on the
cheeks, melanin content, and skin pigmentation were measured using the AGE Scanner
(DiagnOptics Technologies B.V.), Mexameter (Integral), and VISIA (Integral), respectively.
The AGE Scanner measures the number of AGEs deposited approximately 1 mm beneath
the skin surface by detecting their inherent autofluorescence. The cheek AGE levels in the
group treated with the PRE-containing lotion showed a decreasing trend (Figure 5A). In
the same group, melanin levels were significantly reduced (Figure 5B). Conversely, these
two parameters demonstrated no significant changes in the placebo group. Regarding
skin pigmentation, the number of dark spots tended to increase in the placebo group but
decrease in the PRE-treated group (Figure 5C). Therefore, PRE may suppress the production
of AGEs and melanin in the human skin, thereby reducing pigmentation spots and dullness
and subsequently contributing to a more even and radiant complexion. No local irritation
or adverse reactions were observed.
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Figure 5. Cosmetic effects of PRE in vivo. (A) Impact of PRE on AGEs in the human skin. The
amount of AGEs was measured using the AGE Scanner. (B) Impact of PRE on melanin production
in the human skin. Melanin content was measured using the Mexameter. (C) Impact of PRE on
pigmentation spots. The number of pigmentation spots was evaluated using VISIA. Representative
pictures are shown. Areas identified as visible spots are indicated in red. Data are expressed as
mean + SEM (n = 17, ** p < 0.01 by Wilcoxon signed-rank test).

4. Discussion

This study identifies PRE, a naturally derived ingredient that blocks the interaction
between AGEs and RAGE, as a novel cosmetic ingredient for mitigating skin dullness. PRE
is known to exhibit various effects, including wound healing [16], anti-inflammatory activ-
ity [17], melanin production inhibition [18], and blood circulation promotion [19]. However,
its effect on the AGE-RAGE interaction has not yet been documented. AGE accumulation
is accelerated in UV-exposed skin, resulting in a negative loop that further activates RAGE
signaling by AGEs and boosts melanin production [20], making it an increasingly important
target in cosmetic product development. Currently, PRE’s specific compounds that are
responsible for inhibiting the AGE-RAGE interaction remain unknown. We fractionated
PRE using a column packed with the synthetic adsorbent HP20 and evaluated the inhibitory
activity of the resulting fractions; however, none of the fractions inhibited AGE-RAGE
binding. These findings suggest that the active compound(s) may require synergistic
interactions among multiple constituents, or that they may have been lost or inactivated
during the fractionation process. Although HPLC-based fractionation or mass spectrome-
try analysis was not performed in the present study, further phytochemical investigation

24



Cosmetics 2025, 12, 163

is warranted. Detailed chemical profiling, such as activity-guided HPLC fractionation
followed by LC-MS/MS analysis, is considered an important direction for future research.
Furthermore, paeoniflorin and albiflorin, which are representative compounds known to
be present in PRE, showed no inhibitory activity against AGE-RAGE binding (Figure 1).
Although paeoniflorin suppresses RAGE expression [21], our data suggest that neither of
these compounds directly acts on RAGE. We also demonstrated that PRE suppresses AGE
formation (Figure 4). Natural substances such as quercetin and epigallocatechin gallate re-
portedly inhibit AGE formation [22,23], but no studies demonstrated that these compounds
are present in PRE. Polyphenols have also been reported to inhibit AGE formation and the
AGE-RAGE interaction [24]. Given that PRE is rich in polyphenols [25], these compounds
might be responsible for the observed inhibitory activities of PRE.

Moreover, we found that PRE suppresses melanin production induced by AGEs
(Figure 2). Paeoniflorin inhibits melanin production triggered by «-MSH stimulation [26].
In this mechanism, cAMP response element-binding protein (CREB) activation is sup-
pressed, and tyrosinase and the tyrosinase-related proteins 1 and 2 are downregulated.
Conversely, AGEs promote melanin production through a different signaling pathway;, trig-
gering downstream ERK phosphorylation via RAGE and subsequently activating CREB [9].
Thus, the entry points of the signaling cascades differ between «-MSH and AGEs. PRE
suppresses both the a-MSH and RAGE pathways; thus, it may provide a more robust
inhibition of melanin production.

Although RAGE signaling suppression through the application of a lotion containing
1% PRE in human clinical trials has not yet been confirmed, the observed reductions in
skin AGE levels and melanin content are nonetheless significant (Figure 5). The reduc-
tion in AGE levels might be caused by the inhibitory effect of PRE on AGE formation,
whereas the reduction in melanin content might be attributed to the suppression of RAGE
signaling by PRE. Given that AGEs are metabolized slowly, their removal involves phago-
cytosis by anti-inflammatory M2 macrophages [27]. Furthermore, RAGE knockout leads
to the polarization of macrophages to the M2 type [28]. Based on these reports and our
results, we hypothesize that PRE possibly suppresses RAGE signaling, thereby influencing
macrophage polarization and contributing to reduced AGE accumulation. However, it
should be emphasized that this remains speculative in the absence of direct experimental
evidence, such as analysis of RAGE expression or downstream signaling (e.g., ERK/CREB
phosphorylation). Future studies, including in vitro assays, are necessary to directly clarify
the effects of PRE on RAGE modulation. This observation represents an important direction
for future investigation.

5. Conclusions

This study is the first to identify that PRE possesses the abilities of inhibiting the AGE-
RAGE interaction and suppressing AGE formation. Additionally, human clinical trials have
demonstrated that PRE has a cosmetic effect of reducing skin dullness. Given that AGEs
are waste products associated with lifestyle factors and aging, PRE can potentially improve
AGE-induced skin dullness across various ethnicities. Therefore, PRE is a comprehensive
cosmetic ingredient that mitigates skin dullness, offering a promising novel approach that
addresses the unmet needs of dullness care.
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Abbreviations

The following abbreviations are used in this manuscript:

AGE advanced glycation end product

BG 1,3-butylene glycol

K10 keratin 10

MGM  MGM™-4 Melanocyte Growth Medium-4 BulletKit™
NHEK normal human epidermal keratinocytes

PRE peony root extract

RAGE  receptor of AGE

TGM1  transglutaminase 1
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Abstract: Skin aging is a complex process influenced by several factors, including UV
exposure, environmental stressors, and lifestyle choices. The demand for effective, natural
skincare products has driven research into plant-based oils rich in bioactive compounds.
Rosehip oil has garnered attention for its high content of carotenoids, phenolics, and an-
tioxidants, which are known for their anti-aging, photoprotective, and skin-rejuvenating
properties. Despite the growing interest in rosehip oil, limited studies have investigated
its efficacy on human skin using advanced imaging technologies. This study aims to fill
this gap by evaluating the efficacy of cold-pressed Rosa canina seed oil on facial skin charac-
teristics, specifically wrinkles, ultraviolet (UV) spot reduction, and erythema mitigation,
using imaging technologies (the VISIA analysis system). Seed oil pressed from R. canina
collected from the Baisoara area of Cluj County has been selected for this study due to its
high carotenoid, phenolic, and antioxidant contents. The oil has also been analyzed for the
content of individual carotenoids (i.e., lutein, lycopene, 3 Carotene, and zeaxanthin) using
HPLC-DAD (High-Performance Liquid Chromatography—Diode Array Detector), along
with lutein and zeaxanthin esters and diesters. After the preliminary screening of multiple
Rosa species for carotenoid, phenolic, and antioxidant contents, the R. canina sample with
the highest therapeutic potential was selected. A cohort of 27 volunteers (aged 30-65)
underwent a five-week treatment protocol, wherein three drops of the selected rosehip
oil were topically applied to the face daily. The VISIA imaging was conducted before and
after the treatment to evaluate changes in skin parameters, including the wrinkle depth,
UV-induced spots, porphyrins, and texture. Regarding the bioactivities, rosehip oil showed
a significant total carotenoids content (28.398 ng/mL), with the highest levels in the case of
the 3-carotene (4.49 pug/mL), lutein (4.33 pg/mL), and zexanthin (10.88 pug/mL) contents.
Results indicated a significant reduction in mean wrinkle scores across several age groups,
with notable improvements in individuals with deeper baseline wrinkles. UV spots also
showed visible declines, suggesting ideal photoprotective and anti-pigmentary effects
attributable to the oil’s high vitamin A and carotenoid content. Porphyrin levels, often
correlated with bacterial activity, decreased in most subjects, hinting at an additional an-
timicrobial or microbiome-modulatory property. However, skin responses varied, possibly
due to individual differences in skin sensitivity, environmental factors, or compliance with
sun protection. Overall, the topical application of R. canina oil appeared to improve the
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facial skin quality, reduce the appearance of age-related markers, and support skin health.
These findings reinforce the potential use of rosehip oil in anti-aging skincare formulations.
Further long-term, large-scale studies are warranted to refine dosing regimens, investigate
mechanisms of action, and explore synergistic effects with other bioactive compounds.

Keywords: Rosa canina; skin complexion; hyperpigmentation; skin aging; topical treatment

1. Introduction

In recent years, the field of aging research has evolved significantly, bringing to the
forefront advanced technologies that allow a detailed and accurate assessment of skin qual-
ity [1]. The VISIA system’s analysis of the skin provides insights into various parameters
such as texture, wrinkles, blemishes, and pores, thus contributing to the understanding of
the mechanisms of aging and the effectiveness of treatments. The VISIA analysis system,
developed by Canfield Scientific Inc., provides assessments of skin conditions through
multi-spectral and 3D imaging and allows the efficacy of applied treatments to be evaluated.

Bioactive compounds present in Rosa canina oil are widely recognized for their role
in skin protection and regeneration, mitigating oxidative damage and preventing prema-
ture aging [2—4]. Rosa canina L., commonly known as rosehip, is a widespread species
in Europe and Asia, recognized for its nutrient-rich pseudofruits. The oil extracted from
rosehip seeds has gained significant cosmetic and therapeutic attention due to its high
concentration of bioactive compounds. These compounds include vitamin A, carotenoids,
polyphenols, and polyunsaturated fatty acids, known for their remarkable antioxidant
properties [2,3]. R. canina oil’s most notable characteristic is its extremely high vitamin
A content. Studies have shown that rosehip (fruits) contain vitamin C concentrations of
up to 1252.3 mg/100 g fresh weight, thus surpassing other vitamin C-rich fruits, such as
sea buckthorn (Hippophae rhamnoides) and black elder (Sambucus nigra) [5,6]. Subsequently,
the abundance in vitamin A contributes significantly to the antioxidant capacity of the oil,
protecting the skin from free radicals and oxidative damage caused by UV exposure [4].
In addition to vitamin C, Rosa canina is a natural source of phenolic compounds and
carotenoids. Phenolic compounds, including quercetin and its derivatives, provide antioxi-
dant and anti-inflammatory benefits, contributing to skin health and protections against
premature aging [7]. Carotenoids, a prominent class of plant pigments, are responsible
for the characteristic colors of various fruits and vegetables and have been extensively
documented to exhibit antioxidant activity [8]. The antioxidant properties of rosehip oils
are a crucial factor in determining their stability and suitability for medical applications.
Studies have reported varying total carotenoid contents ranging from 36.4 to 107.7 mg/kg
in oil samples from Poland [9] and 86.3 mg.kg in samples from Turkey [10]. Notably, the
extraction technique employed has been shown to significantly influence the carotenoid
content of rosehip oils [11], highlighting the importance of optimized extraction methods
in preserving the bioactive compounds. A comprehensive study by Fromm et al. (2012)
reported a total carotenoid content of 39.15 mg/kg, with 3-carotene being the predomi-
nant carotenoid (9.28 mg/kg), accounting for approximately 24% of the total carotenoid
content [12]. Notably, the study also detected appreciable amounts of all-trans isomers of
lutein, zeaxanthin, rubixanthin, and lycopene [12]. In terms of a dermatological assessment,
carotenoids, including lycopene and [3-carotene, not only protect against oxidative stress,
but are also involved in collagen synthesis, which is essential for maintaining skin elasticity
and firmness [13].
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The present study evaluated the topical application of rosehip oil for its beneficial
effects on skin conditions, specifically in terms of wrinkle reduction, the management of
UV spots, and the elimination of porphyrins. Each of these outcomes can be explained
through plausible mechanistic pathways linked to the bioactive components of rosehip oil,
which include enhancing collagen synthesis, inhibiting melanin formation, and exhibiting
antibacterial effects [3,14,15]. One of the primary mechanisms by which rosehip oil reduces
wrinkles is through the promotion of collagen synthesis. Collagen is an essential protein
in the skin that maintains its structure and elasticity. The rich composition of rosehip oil,
particularly its high concentration of polyunsaturated fatty acids (PUFAs) like linoleic
and alpha-linolenic acids, supports the dermal structure and promotes fibroblast activity,
which is crucial for collagen production [16,17]. Rosehip oil can activate type III collagen
and accelerate collagen synthesis, leading to improved wound contraction and repair.
This process is likely facilitated by the antioxidant properties of rosehip oil, attributed
to its vitamin A content and phenolic compounds, which help protect skin cells from
oxidative stress that can damage collagen fibers, supporting overall skin integrity and
elasticity. Furthermore, studies have shown that rosehip oil has demonstrated wound-
healing properties due to its richness in fatty acids, particularly linoleic, linolenic, and
oleic acids [18]. However, the absorption of these compounds may be limited due to
their relatively high molecular weight (>500 Da). An FTIR analysis of skin treated with
R. rubiginosa oil did not detect vibration transitions characteristic of the oil, suggesting
that it remains on the skin surface, which is consistent with the proposition that high
molecular weight molecules may not readily penetrate the skin. Nevertheless, the topical
application of R. rubiginosa fixed oil may still provide benefits through an occlusive effect,
creating a protective barrier on the skin surface that prevents moisture loss and reduces
transepidermal water loss [19,20]. In this regard, the study conducted by der Walt (2017)
involved the formulation and preparation of two oil-in-water emulsions (0/w) [15]. The
results revealed significant physical and chemical changes in both formulations, exceeding
the 5% threshold in key parameters, such as active ingredients, viscosity, and conductivity.
Clinical studies showed that both formulations (20% and 100% rosehip seed oil) effectively
improved skin hydration levels. Additionally, both products demonstrated beneficial effects
for reducing wrinkles and enhancing skin viscoelasticity [15]. In a different study, the use
of chitosan films with rosehip oil-loaded nanocapsules as a future prospective application
in skincare regimes has been evaluated. It was revealed that nanoencapsulation protects
the oil from UV-induced oxidation, and the nanocapsules incorporated into a chitosan gel
and film show promise for topical applications in dermatology and cosmetics [19].

The effectiveness of rosehip oil in managing UV spots is primarily linked to its ability
to inhibit melanin formation. Melanin is produced by melanocytes in response to UV
radiation, and an excess can result in pigmentation irregularities, including spots. Stud-
ies have demonstrated that rosehip oil can reduce the activity of key enzymes involved
in melanin synthesis, such as tyrosinase, thereby decreasing melanin production [17,20].
This effect is further enhanced by the oil’s antioxidant properties, which counteract ox-
idative stress-induced melanin production, providing a dual mechanism in addressing
UV-induced pigmentation [21]. Additionally, its anti-inflammatory properties may help
alleviate conditions, such as post-inflammatory hyperpigmentation, that arise from UV
damage [22].

The presence of porphyrins, often related to acne and other dermal issues, has been
shown to be effectively managed with rosehip oil due to its antibacterial properties. The oil
contains various phytochemicals that have demonstrated antimicrobial efficacy, including
the ability to inhibit bacterial growth, which is critical in reducing skin lesions associated
with porphyrins [23]. The antimicrobial action helps clear bacteria that might otherwise
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exacerbate inflammatory responses or contribute to acne development, promoting healthier
skin overall. By controlling bacterial populations on the skin surface, rosehip oil may also
indirectly support the prevention of porphyrin accumulation, leading to clearer skin and
reduced lesion formation [24].

Therefore, the topical application of rosehip oil proves to be associated with multiple
mechanistic pathways that support skin health. Its ability to enhance collagen synthesis
contributes to anti-wrinkle effects, while its capacity to inhibit melanin formation addresses
UV spots. Finally, its antibacterial properties play a significant role in managing porphyrins.
The integration of these actions makes rosehip oil a versatile therapeutic option for various
skin conditions.

The present pilot study focuses on the analysis using the VISIA system to assess the
outcome of using rosehip oil as topical treatment to alleviate several skin characteristics,
including color-related (i.e., red areas, spots, brown, and UV spots) and perception-related
characteristics (i.e., texture, wrinkles, pores, and porphyrins). Furthermore, this study aims
to assess the potential of the studied Rosa canina oil to improve the appearance and health
of the skin, supporting its use in skin care products and anti-aging treatments. To the best of
our knowledge, this is the first study to comprehensively investigate the effects of a topical
R. canina seed oil treatment on various skin characteristics. By utilizing a systematic and
quantitative approach, this pilot study aims to provide novel insights into the benefits of
rosehip oil for skin health, shedding light on its potential as a natural and effective skincare
solution. The findings contribute to the growing body of evidence supporting the use of
natural products in dermatology and esthetics and pave the way for future research into
the therapeutic applications of rosehip oil.

2. Materials and Methods
2.1. Seed Material

The fruits of Rosa canina (Municipality Baisoara, Cluj county, Romania) were carefully
harvested to avoid damage. After harvest, the seeds were extracted, washed, and air-dried
to ensure complete removal of impurities, an essential step in order to obtain an oil free
from contaminants that could affect its properties. The seeds were subjected to a controlled
drying process to reduce internal moisture, an important step for efficient oil pressing.
Drying was carried out in an oven at temperature below 40 °C, to prevent degradation
of heat-sensitive bioactive components, according to [25,26]. Under-drying the seeds can
lead to the growth of molds and bacteria, while over-drying can lead to the loss of valuable
nutrients. After complete drying, the seeds were ground to a fine powder using a grinding
mill (Grindomix®, GM 200—Retsch Gmbh, Haan, Germany). The particle size obtained by
grinding increases the contact surface area of the plant material, thus facilitating complete
oil extraction during pressing. The powder obtained must be uniform to ensure efficient
pressing and maximum oil yield.

2.2. Cold Seed Pressing and Oil Filtration

The seed powder was placed in a cold press where mechanical pressure was applied to
extract the oil. The cold-pressing process was carried out at temperatures between 24 and
28 °C to reduce as much as possible the loss of bioactive components, such as essential fatty
acids and antioxidants. Cold-pressing prevents the denaturation of these heat-sensitive
compounds, ensuring high quality oil with therapeutic properties. The crude oil, extracted
by pressing, underwent a filtration process to remove remaining solids and impurities.
Filtration was carried out using nylon filters which do not react with the oil, ensuring
its clarity and purity. This step is essential to obtain a high-quality end product suitable
for therapeutic and cosmetic uses [27]. The filtered oil was stored in opaque brown glass
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containers to prevent oxidation caused by exposure to light. The containers were kept in a
cool and dark place at temperatures between 18 and 22 °C and away from humidity.

2.3. Determination of Total Phenolic Compounds (TPC) Content

To determine the content of phenolic compounds in rosehip oil, a multi-step structured
extraction protocol was followed. Initially, 3 mL of oil was mixed with 3 mL of hexane and
vortexed to ensure uniform dispersion of the substances. Next, 5 mL of methanol/water
solution was added in a 3:2 ratio to facilitate solubilization of the phenolic compounds.
The resulting mixture was subjected to treatment in an ultrasonic bath for 15 min, followed
by centrifugation at 25 °C for 10 min to separate the phases [28]. The sonication and
centrifugation process was repeated 23 times, each time adding 3 mL of fresh hexane to
maximize the extraction of the compounds. Finally, the oil samples were subjected to an
evaporation step to remove residual solvents and concentrate the phenolic compounds.
The concentrated residue was dissolved in 1 mL of methanol and filtered through a nylon
filter with a porosity of 0.45 um to obtain a clear extract, optimal for further analysis.

Total phenolic content (TPC) was assessed using the Folin—Ciocalteu method [29].
For this purpose, 25 uL of the sample was taken and mixed with 1.515 mL of distilled
water in a 24-well microplate. Each extract was mixed with 120 uL of Folin—-Ciocalteu
reagent (0.2 N) and left at room temperature for 5 min. Subsequently, 340 pL of 7.5% (w/v)
Na2CO3 solution was added to create primary conditions (pH~10) for the redox reaction
between the phenolic compounds and Folin—Ciocalteu reagent. The resulting solution was
incubated in the dark at 25 °C for 30 min. Methanol was used as a control, and absorbances
were measured at 750 nm using a microplate reader (BioTek Instruments, Winooski, VT,
USA). Gallic acid (0.013-1.00 mg/mL) was used to create the standard curve, and TPC in
the samples was expressed as gallic acid equivalents (GAEs) in mg/100 g of plant material.
The analysis was performed in triplicate.

2.4. Antioxidant Activity

The antioxidant activity of the samples was determined using the DPPH (1,1-diphenyl-
2-picrylhydrazyl) free radical neutralizing capacity technique developed by [30]. To de-
termine the antioxidant response of the samples studied, 35 uL of oil samples previously
extracted in methanol was prepared in triplicates, mixed with 250 uL. methanolic DPPH
solution. The reaction solution was incubated for 30 min at room temperature in the
dark before measuring the absorbance at 515 nm using a multi-mode plate reader (BioTek,
Winuschi, Winuschi, VT, USA). The results were presented as Trolox equivalents, (umol
TE)/100 g sample.

2.5. Determination of Individual Carotenoids via HPLC-DAD Analysis

In order to determine the individual carotenoids, the standard chromatogram was
first performed. For this purpose, the oil sample was dissolved in hexane in 1/1 (v/v) ratio,
filtered through a Chromafil Xtra nylon 0.45 pm and 20 pL Chromafil Xtra nylon 0.45 pm
filter, then injected into the HPLC system (High-Performance Liquid Chromatography).
Agilent 1200 series HPLC system was equipped with degasser for solvents, quaternary
pumps, DAD (Diode Array Detector). and automatic injector (Agilent Technologies, Santa
Clara, CA, USA). Separation was performed on EC 250/4.6 Nucleodur 300-5 C-18 ec.
column (250 x 4.6 mm, 5 um) at a temperature of 25 °C (Macherey-Nagel, Diiren, Ger-
many). Mobile phases of acetonitrile/app/triethylamine 90/10/10/0.25 (A) and ethyl
acetate/triethylamine 100/0.25 (B) were used in the following gradient: at min. 0, 90%
A; at min. 10, 50% A; at min. 20, 10% A, and at min. 26 returns to 90% A. The flow rate
was 1 mL/min, and chromatograms were recorded at the wavelength A = 450 nm. Data
recording and interpretation of results was achieved using Agilent ChemStation software,
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version Rev. B.02.01-SR2. Acetonitrile and ethyl acetate (HPLC purity) were purchased
from Merck (Darmstadt, Germany) and triethylamine (99.5% purity) from Fluka (Buchs,
Switzerland). Ultrapure water was purified with the Direct-Q UV system from Millipore
Corporation (Burlington, VT, USA). For the identification and quantification of carotenoids
in the samples, lutein, lycopene and (-carotene standards from Sigma, Virginia Beach, VA,
USA, were used. For the quantification of carotenoids, calibration curves were performed
by injecting five different concentrations of lutein, lycopene, and (3-carotene dissolved in
ethyl acetate.

2.6. Assay and Assessment of Therapeutic Effects on Human Skin Conditions

VISIA® facial scanning (Canfield Scientific Inc., BV Proostwetering, Utrecht, The
Netherlands) used 3D images to identify and quantify all aspects of skin esthetics, even
before there are visible signs of deterioration or aging. The system integrates imaging
technologies to support clinical trials in evaluating skin health and the efficacy of various
treatments (software version 8.5). The 3D imaging allows multi-angle images of the face,
facilitating a complete examination of skin topography, whereas RBX enhances visualization
of subcutaneous conditions, such as pigmentation and vascular problems, providing
information beyond the superficial layer of skin. The TruSkin age simulates the effect of
aging and predicts skin health, particularly for long-term studies. The system quantifies the
depth and distribution of wrinkles and accurately identifies and measures hyperpigmented
spots and pore size, helping to assess skin texture and clarity. Furthermore, the system
detects sun damage not visible to the naked eye, which is important for photoprotection
and skin repair studies.

2.7. Subjects and Selection Criteria

The open-label, non-blinded study was conducted on a cohort of 86 volunteers,
from which 27 participants (23 females and 4 males) were selected based on skin type
(i.e., normal) and stringent inclusion and exclusion criteria as part of the PhD thesis study
protocol. The exclusion of 59 volunteers was due to the presence of skin conditions that
could potentially confound the study outcomes or compromise the comprehensiveness of
the results. This study commenced on 14 October 2024 and concluded on 23 November
2024, allowing sulfficient time for the assessment of therapeutic effects. The sample size was
determined based on the minimum customary criterion for pilot studies, aiming to involve
at least 20 individuals with baseline and 5-week scores (ranging from 0 to 100). The study
protocol was approved by an Ethics Committee with the reference ID 194 /3 October 2024.
Participation was contingent upon volunteers providing informed consent, ensuring their
conscious and voluntary involvement. This study adopted an inclusive approach, with no
gender restrictions, and enrolled volunteers aged 25-65 years, encompassing a broad adult
demographic. Participants were stratified into four age groups: AG1 (25-35 years, n = 8),
AG2 (3645 years, n = 8), AG3 (46-55 years, n = 5), and AG4 (5665 years, n = 6). Further
details on participant characteristics are provided in Supplementary Table S1.

2.8. Study Design

To assess the therapeutic effects of cold-pressed R. canina seed oil on the complexion,
each volunteer applied three drops of oil daily using a pipette. Application was carried
out over the entire face, avoiding the eye area. This protocol was followed consistently
throughout the study to ensure uniformity of treatment. Skincare routines were standard-
ized (e.g., participants refrained from new or potentially confounding cosmetic treatments).
The individuals refrained from using anything other than rosehip oil in their skincare
routine. They were allowed to use regular make-up during the day and to cleanse in the
evening with micellar water. Furthermore, clear instructions were given to participants
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regarding sunscreen use, sun exposure, or other daily skincare products. Given that the
study took place in late fall, in a country where the average temperature is around 10 °C,
the participants did not use SPF in their skincare routine, so as to not influence the results’
outcome on the evaluated skin characteristics, particularly UV spots and redness.

With this method of application and evaluation, the aim was to determine the im-
provements brought about by rosehip oil on the skin.

2.9. The Allocation of Volunteers According to the Treated Area and the Selection of the Skin
Assessment Parameter Set

To be eligible for the study, volunteers had to meet certain inclusion criteria. Thus,
men and women without pre-existing skin or other health conditions that could affect the
integrity of the results were included. They also had not undergone any minimally invasive
or invasive skin resurfacing procedures, such as fractional laser treatments, ablative laser,
chemical peels, or microneedling, in the previous 12 months.

On the other hand, exclusion criteria were clearly defined to ensure the integrity and
safety of the assay. Volunteers with keloid scars or a history of eczema in the treatment
area, psoriasis, or other chronic skin conditions considered by the investigator as disqual-
ifying were not considered eligible. Those with a history of actinic (solar) keratoses in
the treatment area, hemophilia, or diabetes were also excluded. Volunteers with raised
moles or warts on the treatment area were also excluded. Furthermore, other exclusion
criteria included conditions such as scleroderma, collagen vascular disease, or cardiac ab-
normalities, blood clotting problems, active bacterial or fungal infections, facial melanosis,
malignant tumors, or immunosuppressant. Also, the use of anticoagulants or prednisone,
pregnant or breastfeeding women, corticosteroid administration in the last two weeks
before the procedure, chronic liver disease, porphyria, or other skin diseases were reasons
for exclusion.

2.10. Statistical Analysis

The statistical analyses were assessed using SPSS software (version 19). As a pilot
study, the primary focus of the statistical analyses was descriptive statistics reflecting ac-
ceptability and outcome scores of the topical treatment. Dermatology parameters measures
were tested for normality using the Shapiro-Wilk test. Mann-Whitney pairwise com-
parison with Bonferroni corrected p values was used for comparing groups with normal
distributions (Supplementary File). Cohen’s d was employed to assess effect sizes; values
in the range between 0.20 and 0.49 represent minor effect sizes, between 0.50 and 0.79
denote medium effect sizes, values between 0.80 and 1.19 indicate high effect sizes, and
values exceeding 1.20 reveal very large impact sizes [31]. Statistical power and sample size
using goal seek have been generated to provide insights into the implications and necessary
sample size, which can be used in future investigations (Supplementary Table S5).

The data are represented as means =+ standard deviation. Box plots were generated
using the ggplot2 package. Principal component analysis (PCA) was employed to visu-
alize trends associated with the age groups and evaluated skin parameters according to
each side of facial characteristics. Pearson’s correlation coefficients were constructed to
evaluate the associations before and after 5 weeks of topical treatment with rosehip with
the assessed skin parameters. Heatmaps and hierarchical cluster analysis (HCA) were
created, employing the Euclidean distance to point out the resemblances and distinctions
in the improvements or detrimental effects imposed by the topical application of rosehip
oil. The packages used included cluster R, dendextend, and ggplot from the R database
(version 2024.12.1).
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3. Results
3.1. R. canina Oil TPC and Antioxidant Activity

Prior to the initiation of the clinical study, a detailed laboratory analysis was conducted
to determine the chemical composition and therapeutic potential of R. canina oil. The
results revealed a high total carotenoid content, reaching values of up to 32.687 ng/mL in
samples collected from the Baisoara region, indicating a significant concentration of natural
antioxidants. Furthermore, the assessment of phenolic compounds showed a total content
of 2.637 mg gallic acid equivalents (GAEs)/100 g, and the antioxidant potential measured
by the DPPH assay was of 5.572 umol Trolox/100 g. These findings suggest that R. canina
oil not only exhibits a high antioxidant capacity but also possesses skin-protective and
regenerative properties, thereby justifying its inclusion in the proposed clinical study to
investigate its therapeutic effects on human skin.

3.2. Determination of Carotenoids by HPLC-DAD Method

Carotenoids (lutein, lycopene, and [(-carotene) were identified by comparing
retention times and UV-VIS absorption spectra with those of standard substances
(Supplementary Table S2), and lutein and zeaxanthin esters and diesters were assessed
by a comparison with literature data [13].

The chromatogram for the oil extracted from R. canina seeds from the Baisoara area,
recorded at a wavelength of 450 nm, is displayed in Supplementary Figure S1. The chro-
matogram was obtained using HPLC, an advanced method for the separation and identifica-
tion of chemical compounds, with a specific detection for carotenoids and other compounds
absorbing in the 450 nm spectral region. The major peaks at Rt = 12.306 and Rt = 19.542
are mostly representative for lutein, 3-carotene, and other carotenoids present in R. canina
oil, which are essential for antioxidant properties and various human health benefits. A
detailed overview of the chemical composition of the R. canina oil observed by the diversity
of peaks indicates chemical complexity, which may contribute to its therapeutic and antioxi-
dant potential. The dominant peak at Rt = 19.542 is presumably associated with (>-carotene,
known for its beneficial effects as a potent antioxidant. This implies that R. canina oil from
the Bdisoara area is rich in bioactive compounds, which is relevant for therapeutic and
cosmetic applications. The chromatogram confirms the therapeutic and antioxidant value
of the oil, demonstrating the importance of optimizing extraction methods to maximize the
yield of bioactive compounds. Table 1 shows the content of free and esterified carotenoids
detected in the Rosa canina oil from the Baisoara area. The rosehip oil showed a significant
total carotenoids content (28.398 pg/mL), with the highest levels in the case of 3-carotene
(4.49 pg/mL), lutein (4.33 pg/mL), and zexanthin (10.88 pg/mL) contents.

Table 1. Individual carotenoids identified in R. canina oil.

No Rt Compound R. canina Oil Collected from the Baisoara
’ (min.) Area (ug/mlL)

1 5.81 Lutein 1.291
2 12.30 Lycopene 2.835
3 14.06 [3 Carotene 4.495
4 17.45 Lutein-C12:0-C12:0 2.513
5 17.91 Zeaxantin-C12:0-C12:0 2.052
6 18.75 Lutein-C12:0-C14:0 4.333
7 19.15 Zeaxantin-C12:0-C14:0 5.901
8 19.54 Zeaxantin-C14:0-C14:0 4.979

Total carotenoids 28.398
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3.3. Overall Skin Improvement Results Evaluated with VISIA System on Different Parameters

The VISIA system provided an overview of various parameters, including texture,
wrinkles, blemishes, and pores, according to the subject’s skin type, age, and gender.

Several skin parameters were evaluated, including color-related (i.e., red areas, spots,
brown, and UV spots) and perception-related characteristics (i.e., texture, wrinkles, pores,
and porphyrins). Regarding color-related parameters, the red areas score registered an
overall slight increase after the topical application of rosehip oil from 12.79 to 13.37, which
might denote different skin types and sensitivities. The score of spots was revealed to have
a comparable tendency before (31.17) and after (31.42) the end of the treatment, as also
noticed in the case of UV spots, which registered a trivial intensification from 16.53 to 18.85.
Surprisingly, the score in brown spots diminished post-treatment, with a score from 18.22
to 17.47, highlighting the effectiveness of rosehip oil in reducing skin pigmentation and
signs of aging and promoting skin brightness. Subsequently, the texture score presented
a reduction from 6.90 to 5.03, highlighting the efficiency of the treatment in reducing
roughness and promoting glossiness. The porphyrins registered a decrease in score from
11.13 to a final score of 10.37 post-treatment. The porphyrin content is known to be highly
related to proinflammatory outcomes owing to the presence of bacterial activity, which may
also promote the formation of acne predominantly in individuals with an oily type skin.
A diminished score in facial pores has also been recorded from 12.51 to 11.23. A positive
outcome has been observed in the case of wrinkle visibility with values from 17.20 to 15.75,
which underlines the effectiveness of rosehip oil in promoting skin elasticity.

3.3.1. True Skin Age

The true skin age parameter evaluated the changes and improvement in the skin
complexion and can be visualized in Figure 1. Significant differences have been observed
before and after the topical treatment, particularly in AG1 on the right side of the face
before (33.5 + 4.87) and after (29.625 + 6.07); however, there was a small effect size
before and after treatment (95% conf. interval = —4.9679, 8.8938; Cohen’s d = 0.1547).
Insignificant differences have been recorded in the other age groups with similar values
before and after the treatment. The same outcome has been recorded on the left facial side
(95% conf. interval = —6.294, 7.9237; Cohen’s d = 0.0626), with an improvement in skin
complexion in AG1 as observed before (32.571 £ 5.782) and after (30 & 6.141) 5 weeks. The
following age groups recorded a slight improvement in their complexion, such as in AG2
from 37.714 £ 4.627 to 36.625 & 5.423, followed by AG3 with similar positive effects from
54.75 & 8.62 to 52 £ 7.906. Lastly, individuals in AG4 presented a trivial enhancement with
values starting from 60.40 4= 5.762 to 59.01 &+ 6.633.
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Figure 1. The assessment of the TruSkin age evaluated with the VISIA analysis system for the right
and left side of the face, before (left chart) and after (right chart) 5 weeks of the rosehip oil treatment;
AG—age group; L—left side of the face; R—right side of the face; 14, individuals divided by age,
starting from younger to older. Significant differences are represented by asterisks and p values,
where * represents a significance level less than 0.05, ** represents a significance level less than 0.01,
and *** represents a significance level less than 0.001.
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3.3.2. Assessment of Spots

The evaluated score of spots highlighted the effectiveness of the treatment in terms
of alleviating their appearance based on the age group and the scanned side of the face
(Figure 2). Consequently, the differences between the age groups proved to be significant,
mainly regarding AG1 and the others (p < 0.01). Regarding the front side of the face, the
score of spots presented a slight reduction before (26.963 £ 4.014) and after (26.026 £ 2.385)
the treatment in AG1 (Table 2).

The most notable change has been recorded in RCO01, with a spots score of 32.234
before and a score of 23.681 after 5 weeks. Nonetheless, a higher effectiveness of the
treatment has been observed in the following group, in which the VISIA system recorded a
substantial decrease in their score as evidenced before (32.209 + 5.427) and after 5 weeks
(33.871 £ 6.264). In the following age group, the spots score presented similar values before
(32.303 £ 2.361) and after the treatment (33.792 £ 3.843), which might be due to the skin type
(i.e., oily due to lack of moisture). Lastly, in AG4 a considerable diminished score has been
visualized with the VISIA system, as seen with the values before (36.915 £ 5.799) and after
the end of the treatment period (33.403 £ 5.389). Overall, significant differences between the
age groups have been observed mainly after the topical oil application (p < 0.01); however,
there was a small effect size (95% conf. interval = —2.8396, 3.4191; Cohen’s d = 0.05057).
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Figure 2. Assessment of spots evaluated with VISIA analysis system before (left chart) and after
(right chart) 5 weeks of rosehip oil treatment. Significant differences are represented by asterisks and
p values, where * represents a significance level less than 0.05, ** represents a significance level less
than 0.01.

An improvement in the spots” appearance and visibility has been regarded on the
right side of the face, with significant differences in all age groups (Table 3) but an overall
small effect size (95% conf. interval = —3.0946, 5.0082; Cohen’s d = 0.129). The score in
spots recorded a slight decrease in AG1 after 5 weeks (21.388 & 7.173), with similarities
also observed in the front side of the face. Positive alterations in the spot appearance
have been recorded in RC16, with a reduction from 20.354 to 18.39, followed by RC21
with comparable outcomes from 23.086 to 20.393 at the end of the treatment. Although
insignificant, equivalent positive responses have been attained in both AG2 and AGS3.
Interestingly, in AG4 the spots score presented a moderate improvement using the rosehip
oil, with a starting score of 33.129 4 6.313 and a final score of 28.823 & 6.777. Relatively
dissimilar changes occurred on the left side of the face compared to the right side (Table 4).
The most notable changes in terms of spots occurred in AG1, which recorded a score
of 22.388 + 5.378 compared with the final score of 19.685 £ 5.725, suggesting patients’
tendency of sleeping on the right side of the face. Similar outcomes have been observed in
AG2 and AG3 at the end of the treatment with a score beginning from 28.67 £ 7.36 and
32.76 £ 5.653 to a slightly lower score of 27.912 + 5.844 and 30.498 + 1.64. The final age
group presented insignificant changes. In general, significant differences in the right and
left sides of the face have been recorded between AG1 and AG2 (p < 0.05) and between
AG1 and both AG3 and AG4 (p < 0.01). The results suggest that topical oil applications
may have a more pronounced effect on the spot appearance and visibility in younger age
groups, indicating that age may play a role in the efficacy of this treatment method for
improving skin spots.
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3.3.3. Assessment of Red Areas

A damaged skin barrier may augment the susceptibility to several external factors
which eventually intensify inflammatory reactions, including burning sensations, itchiness,
and a feeling of tightness. The topical treatment on the front side of the face revealed
insignificant differences between the age groups at the beginning of the treatment, except
AG1 and AG4 (p < 0.01) which is to be expected to be due to the age gap (Figure 3; Table 2),
with a small effect size (95% CI = —1.7885, 2.9576; Cohen’s d = 0.1345). Conversely, signifi-
cant differences between AG4 and the other assemblages (AG1-AG3) have been regarded
at the end of the treatment period. Thus, individuals in AG1 perceived discrepancies in
the treatment (from 10.401 £ 1.672 to 10.459 £ 1.332), with several cases of diminished
inflammatory sensations and redness visibility (e.g., RC02, and RC27); whereas others ex-
perienced a slight itchiness and an increased inflammatory response (e.g., RC01, RC 5, and
RC 11). Improved outcomes were perceived from the second group, particularly in RC04,
RCO08, RC13, and RC20, with lessened unpleasant experiences and a visible improvement
in red areas, as observed at the beginning (12.603 =+ 3.94) and at the end (12.264 + 2.291) of
the treatment. Interestingly, the score in red areas presented similar values after 5 weeks
in AG3, with no inflammatory responses reported by the individuals. Lastly, the majority
in AG4 experienced a slight inflammatory response to the treatment and an increased
visibility in redness with values from 16.568 + 2.895 to 19.582 + 7.308.
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Figure 3. The assessment of redness or inflammatory responses evaluated with the VISIA analysis
system before (left chart) and after (right chart) 5 weeks of the rosehip oil treatment. Significant
differences are represented by asterisks and p values, where * represents a significance level less than
0.05, ** represents a significance level less than 0.01.

The changes before and after the 5 weeks of treatment proved to have a more significant
effect on the right side of the face compared with the front (Table 3), although the effect
size proved to be relatively small (95% CI = —3.2462, 5.2802; Cohen’s d = 0.1303). Therefore,
in AG1, a slight reduction in the appearance of redness has been observed in several
individuals, including RC02 who experienced a positive outcome of the treatment with
scores from 12.952 to 9.306; an effect was also observed in RC16 with scores from 13.44 to
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12.672. Conversely, several individuals experienced a slight increase in the score of red
areas, which may be due to the skin’s inflammatory—sensitive type or a reaction to some
existing components of the rosehip oil. The effect is observed in the overall appearance
of redness in all evaluated patients, with a score of 10.648 £ 2.466 at the beginning of the
treatment and finalizing with a value of 10.957 £ 2.183 at the end of the session. Significant
differences in terms of red spots have been revealed between AG1 and AG4 (p < 0.01),
which is to be expected due to the differential age category and changes in skin conditions
and characteristics with aging (i.e., pronounced redness, inflammatory responses, and
sensitivity). In AG2, responses to the treatment differed between the evaluated individuals,
with an overall positive outcome with a decrease in the redness score from 14.975 £ 7.291 to
14.354 £ 5.305. The most notable change was shown in RC04 with a positive response and
a diminished score from 18.204 to 9.368, followed by RC13 with a reduction in redness from
30.278 to 25.974. This group’s results proved to have significant differences compared with
AG4 (p < 0.05). Subsequently, AG3 individuals experienced a slight inflammatory response
to the topical application, with an enhanced score from 13.353 £ 3.932 to 14.232 £ 4.319.
Lastly, the individuals in AG4 experienced a positive outcome; however, a single patient
(i.e., RC24) experienced a relatively high inflammatory response as evidenced from the
change in the redness area from 26.938 to 53.691 (Table 4). These results suggest that
AG3 and AG4 individuals had varying reactions to the topical application, with some
experiencing improvements and others showing increased inflammation.

3.3.4. Wrinkle Assessment

Wrinkles are lines and folds that form on the skin, often as a result of natural aging,
exposure to ultraviolet (UV) radiation, repetitive facial expressions, and the loss of skin
elasticity. They are most commonly seen in areas frequently exposed to the sun, such as the
face, neck, hands, and arms. A wrinkle assessment is essential in dermatologic and anti-
aging studies to determine the effectiveness of treatments. The system allowed an accurate
and objective analysis of the wrinkle depth and distribution, providing data for improving
anti-aging products and procedures, as shown in Figure 4. Detailed pre- and post-treatment
scans help monitor the progress and quantify the benefits of different therapies.

Figure 4 displays a comparison of facial scans performed with the VISIA® system,
before (14 October 2024) and after 5 weeks of treatment (23 November 2024). Overall, the
scans revealed a visible reduction in the number and depth of wrinkles, confirming the
effectiveness of the treatment applied.

The reduction or increase in wrinkles has been confirmed by the relative fluctuations
in their score based on the age group (AG), particularly between AG1 and AG4 (p < 0.01).
Regarding the front side of the face from the AG1 group (25-35 years old), discrepancies
in terms of wrinkle scores before (5.199 + 4.089) and after the treatment (5.634 + 5.781)
have been observed among individuals, although a small effect size has been recorded
(95% CI = —8.8424 11.742; Cohen’s d = 0.07692). Interestingly, RC05 presented an inten-
sification in the wrinkle score from 1.33 to 19.09. The same effect has been observed in
RC11, which recorded an intensification in the wrinkle score from 1.95 to 4.56. These
unpleasant outcomes may be due to some individuals’ skin type and sensitivity to vitamin
A and their living habits (i.e., environmental conditions, including region, temperature,
humidity, etc.). Nonetheless, a significant diminution in wrinkle scores has been regarded
in other individuals, such as in RC01, from 2.71 to 0.52, and in RC02, from 5.36 to 1.89.
Additionally, in AG2 (36—42 years old) a similar pattern as observed in AG1 has been
observed in the evaluated individuals, however, with significant results before (8.77 & 6.15)
and after treatment (11.69 = 11.456). The highest variation in the wrinkle score has been
recorded in RCO07, from 17.58 to 36.13, with comparable outcomes in RC04, from 6.24
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to 14.91. Conversely, a reduction in the wrinkle score has been regarded in RC10, from
10.80 to 4.82, and in RC20, from 8.56 to 5.51. Regarding AG3 (43-52 years old), in several
individuals the wrinkle score was significantly reduced, particularly in RC25 from 75.34
to 54.24 and in RC17 from 37.71 to 16.79, demonstrating a major improvement of the skin
in the periocular area. Overall, the wrinkle score recorded a considerable decrease from
26.102 £ 30.801 to 21.17 £ 18.811. Regarding the AG4 group (53-60 years old), discrepan-
cies and noteworthy alterations have been recorded, particularly in RC23 in whom the
wrinkle score decreased from 73.63 to 34.60, followed by RC24 with a gradual decrease in
wrinkles from 51.34 to 37.38. In general, the wrinkle score recorded a substantial decrease
from 37.059 =+ 28.041 to 30.176 £ 13.872, showing a noticeable overall improvement in the
skin condition. Therefore, the present results suggest the effectiveness of rosehip oil in
improving the signs of aging and increasing skin quality in participants across different age
groups. The specific improvements distinguished in specific sets of individuals indicate
targeted benefits of topical applications of rosehip oil. Differential characteristics of the
different sides of the face and the correlation between age groups and the evaluation with
the VISIA analysis can be visualized in Tables 1-4. Concerning the right and left sides of
the face, no significant variations in terms of wrinkle visibility have been recorded in each
individually evaluated age groups, as also observed by the low effect size recorded in both
the left (95% CI = —6.4869 8.1555; Cohen’s d = 0.06224) and right side (95% CI = —7.4878
8.4385; Cohen’s d = 0.0326).

WRINKLES_BEFORE

AGE GROUP 2 AGE GROUP 4

WRINKLES_AFTER

AGE GROUP 1 AGE GROUP 2 AGE GROUP 4

Figure 4. The assessment of wrinkles evaluated with the VISIA analysis system before and after
5 weeks of the rosehip oil treatment. The highlighted areas on the face represent the depth of
the wrinkles.

3.3.5. Assessment of Spots Caused by UV Radiation

UV spots are skin manifestations resulting from the excessive exposure to the sun’s
ultraviolet (UV) radiation. These spots are often invisible to the naked eye and may appear
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on the face, hands, or other exposed parts of the body. They indicate cell damage caused by
UV radiation, which can accelerate skin aging and contribute to dermatological conditions,
including skin cancer. In Figure 5 a detailed assessment of skin health and the effectiveness
of rosehip oil and anti-aging treatments can be visualized.

UV SPOTS BEFORE

AGE GROUP 1 AGE GROUP 2 AGE GROUP 4

UV SPOTS AFTER

AGE GROUP 1 AGE GROUP 2 AGE GROUP 4

Figure 5. The assessment of wrinkles evaluated with the VISIA analysis system before and after
5 weeks of the rosehip oil treatment.

The VISIA system also identified and quantified UV spots, which indicate damage
caused by ultraviolet (UV) radiation. The score of UV spots on the front side of the face
recorded a slight increase in AG1 from 11.735 4 7.664 to 15.56 + 6.575 after 5 weeks of
treatment, which may denote the skin’s sensitivity to rosehip (Table 2). Furthermore, the
AG2 group presented little to no modification in the UV spot visibility from 20.749 + 5.165
to 20.277 £ 5.795. Nonetheless, although insignificant, a visible decrease in the UV spots
score has been confirmed in several patients of this group, namely RC18 (from 23.50 to
21.06), RC10 (from 22.22 to 21.95), and RC22 (from 21.76 to 19.14). A similar pattern
regarding the UV spots’ visibility has also been observed in AG3 before, with a score of
17.803 =+ 8.088, and after the end of the treatment, with a score of 22.728 £ 5.914. Lastly,
the AG4 group also presented a slightly higher rate of UV spots from 23.048 + 8.353 to
24.419 + 6.843. Overall, while there were individual variations in UV spot scores among
patients, the general trend showed a slight increase in the UV spot visibility post-treatment
(Tables 3 and 4), as also denoted by the small effect size in the front (95% CI = —1.6947,
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6.3331; Cohen’s d = 0.3156), right (95% CI = —2.8422, 4.6293; Cohen’s d = 0.1306), and left
sides (95% CI = —6.4869, 8.1555; Cohen’s d = 0.06224) of the face. This suggests that rosehip
oil may not have been as effective in reducing UV spots for all participants, due to factors
including skin types and the sensitivity to the oil components (i.e., vitamin A content).

3.3.6. Assessment of Brown Spots

Risk indicators for oily or sensitive skin types relate to elevated melanin contents and a
high proportion of perioral lines. These features may indicate that the skin is inadequately
shielded from UV rays, which can result in more noticeable pigmentation and aging
symptoms. Since augmented melanocyte activity may affect the skin’s defense towards
external stimuli, these implications are linked to a degradation of the skin barrier’s normal
functioning. According to scientific investigations, UV rays can impair the function of the
skin’s barrier, cause inflammatory reactions in the skin, and trigger photoaging symptomes.
Insignificant differences in terms of hyperpigmentation have been recorded in the front
part of the face at the beginning and at the end of the treatment period, with a small
effect size before and after the treatment (95% CI = —2.2581 3.7515; Cohen’s d = 0.1357)
(Figure 6; Table 2). Conversely, improved skin complexion has been observed on the
right side of the face with significant differences between close-related age groups 1 and 2
(Table 3), although a small effect size has been recorded (95% CI = —2.8422 4.6293; Cohen’s

d = 0.1306).
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Figure 6. The assessment of brown spots evaluated with the VISIA analysis system before (left chart)
and after (right chart) 5 weeks of the rosehip oil treatment. Significant differences are represented by
asterisks and p values, where * represents a significance level less than 0.05.

With age, individuals with fair complexions are prone to freckle formation, particularly
after a prolonged sun exposure. As highlighted in the previous sub-section, the use of
rosehip oil may produce an inflammatory response or sensitivity due to several factors,
including age and melanogenesis initiated by UV radiation exposure. Elevated scores in
brown spots have been observed on the right side of the face irrespective of age groups.
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In AGI, the score started from a value of 14.14 + 8.28 to a final value of 17.105 + 6.413.
Although insignificant, a similar tendency has been recorded in AG2, with a score of
24.996 £ 6.696 to a final score of 25.344 £ 6.111. A higher inflammatory response has been
recorded in AGS3 after the topical treatment, with a relatively lower score of 17.803 =+ 8.088
which gradually increased to 22.728 &+ 5.914 3 after 5 weeks. In the last group, the rosehip
did not have a detrimental effect, the score having a minimum change from 23.048 + 8.353 to
24.419 + 6.843. Relating to the left side, a similar tendency for elevated pigmentation scores
on the right side has been recorded (Table 4), with a very small effect size (95% CI = —3.0548,
4.1229; Cohen’s d = 0.08127). It is important to note that individuals with fair complexions
should take extra precautions when exposed to the sun to prevent freckle formation.
Additionally, proper skin care routines and the regular use of sunscreen can help minimize
the effects of UV radiation on melanogenesis, which is not the case taking into account the
implementation period of the present study (i.e., late fall).

3.3.7. Texture Level Assessment

Dermatologists demonstrate a particular emphasis for evaluating the surface skin
texture, as these measurements are intended for skin diagnostics and evaluating cosmetic
efficiency or therapeutic treatments, as shown in Figure 7. The front facial side presents
a general improvement in skin texture, which has been positively perceived by most of
the volunteers, particularly females who stated that the rosehip oil gave a similar “glass
skin” effect as other cosmeceutical products (Table 1). Thus, AG1 recorded a decreased
score in texture from 4.542 £ 3.062 to 2.906 &+ 3.031. An equivalent achievement has been
detected in the following AG2 group, with a starting value of 5.138 &+ 3.325 and a final
value of 4.758 &+ 2.92. In AG3, the skin complexion improved as observed by the decrease
in scores from 8.008 =+ 6.149 to 6.496 & 3.797. Lastly, a visible and considerable effect has
been attained in AG4 with a score from 11.492 + 9.038 to 7.029 & 3.764. Regarding the right
side of the face, a similar positive tendency for texture enhancements has been regarded
particularly in AG1 and AG4 (p < 0.05), with a small effect size (95% CI = —2.3804, 6.9803;
Cohen’s d = 0.2684) (Table 2).

Individuals in AG1 recorded a development from 5.455 + 3.304 to 3.657 + 3.383,
whereas volunteers in AG4 presented a noteworthy improvement from 19.144 + 16.592 to
13.451 £ 9.32. Regarding the left side of the face, discrepancies with the right side have
occurred which may be due to patients’ sleeping habits, as observed by the very small
effect size (95% CI = —2.8772 5.5836; Cohen’s d = 0.1747) (Table 3). Thus, the texture score
in AG1 presented comparable results with the other facial side before (6.504 + 3.09) and
after (3.952 = 3.17) the treatment. Insignificant changes occurred in the following groups;
namely AG2 and AG3, which recorded a texture score of 8.917 & 4.324 and 15.341 =+ 8.585
at the beginning of the treatment with a final score of 7.325 & 4.168 and 12.698 =+ 8.816. The
last group recorded a general positive effect with a score of 15.341 = 8.585 before the topical
oil application and a final score of 12.698 + 8.816, emphasizing the optimistic use of rosehip
oil for complexion improvements based on both skin types (a younger and fair complexion
and/or mature skin). It is important to note that a further investigation may be needed to
determine the specific factors contributing to these differences in the texture enhancement
between the right and left sides of the face. Additionally, considering individual lifestyle
factors, such as sleep quality, could provide valuable insights into optimizing treatment
outcomes for patients in future studies.
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Figure 7. The assessment of texture evaluated with the VISIA analysis system before (left chart) and
after (right chart) 5 weeks of the rosehip oil treatment. Significant differences are represented by
asterisks and p values, where * represents a significance level less than 0.05.

3.3.8. Assessment of Pores and Porphyrins

Porphyrins are organic compounds that play an essential role in cell biology, being
structural components of vital molecules such as hemoglobin and chlorophyll. In the
context of dermatology and skin health, porphyrins are produced by bacteria living on
the surface of the skin, including Propionibacterium acnes, which contribute to acne forma-
tion. The analysis of porphyrins on the skin can provide valuable information about the
state of the skin microbiome and help identify problems such as acne and other bacterial
infections. Porphyrins provide a detailed assessment of skin health and the effectiveness of
dermatologic treatments, as can be seen in Figure 8.

The number of porphyrins on the front side of the face recorded a decrease from 1989
to 1894 after 5 weeks of treatment, demonstrating a reduction in bacterial activity and an
improvement in the overall skin condition (Table 2), even though a small effect size has been
observed (95% CI = —4.4836, 5.2776; Cohen’s d = 0.04442). Regarding AG1, the porphyrin
score decreased from 14.372 + 9.908 to 12.924 + 7.661, signifying a general enhancement in
skin health compared to the reference group. The following age groups recorded similar
outcomes after the topical treatment with rosehip oil: from 12.101 + 10.241 to 12.148 4 12.42
in AG2 and from 11.761 % 11.974 to 11.036 & 9.098 in AG3. Conversely, in AG4 a slight
increase in the porphyrin score has been observed (from 9.785 + 5.474 to 10.471 + 4.199).
Regarding the right side of the face, a positive outcome has been observed by the diminution
in the porphyrins score in most of the evaluated individuals, mostly in AG1 and AG2
(Table 3), although a very small effect size has been recorded (95% CI = —4.3131, 4.6733;
Cohen’s d = 0.02189). In AG2 the porphyrins score slightly decreased after 5 weeks of the
topical treatment from 12.903 £ 10.138 to 11.851 & 11.701. Overall, the results suggest that
rosehip oil may have a beneficial effect in reducing the porphyrins score in acne-affected
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or oily skin individuals. Regarding the score of pores, insignificant differences have been
recorded both between age groups and the evaluated period (Supplementary Figure S2),
which is supported by the very small effect sizes recorded on all sides of the face.

PORPHYRINS BEFORE

AGE GROUP 1 AGE GROUP 2 AGE GROUP 4

PORPHYRINS AFTER

AGE GROUP 1 AGE GROUP 2 AGE GROUP 4

Figure 8. The assessment of porphyrins evaluated with the VISIA analysis system before and after
5 weeks of the rosehip oil treatment.

4. Discussion

The present study demonstrated the significant potential of Rosa canina oil in improv-
ing facial skin characteristics, particularly in reducing wrinkles, UV-induced spots, and
porphyrin levels. These findings align with the previous research highlighting rosehip
oil’s antioxidant, anti-inflammatory, and skin-regenerative properties [2,3]. Several studies
support the therapeutic potential of R. canina oil, attributing its bioactivity to its rich antiox-
idant composition. For instance, a study conducted by Roman et al. (2013) highlighted the
variability of phenolic compounds and antioxidant activity in wild R. canina populations
from Transylvania, reporting similar values for the polyphenol content and antioxidant
potential [32]. Similarly, Koczka et al. (2018) confirmed the significant antioxidant activity
of rosehip oil, emphasizing its protective effects against oxidative skin damage [33]. More-
over, studies reported total carotenoid contents ranging between 8.00 and 49.00 mg/100 g,
which are consistent with the values obtained in the present study for cold-pressed oil [34].
In the study conducted by Szentmihalyi et al. (2002) [11], it was reported that R. canina
seed oil contains about 170 ug/g of total carotenoids, which is equivalent to 17 ug/mL.
This result, although lower, is comparable to the value recorded for the rosehip oil under
study [11]. Similarly, in the study conducted by Demir et al. (2014), carotenoid contents
in the range of 25-35 pug/mL were reported, which demonstrates the methodological
consistency and quality of the studied samples [35]. In comparison with other studies,
the total carotenoid content in R. canina seed oil ranges from 20 to 86 ug/g, depending
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on the extraction method used [10]. The results obtained for the rosehip originated from
Baisoara (32.687 pug/mL) fall within this range, being comparable with the values obtained
by cold-pressing in the mentioned study. Furthermore, Barros et al. (2011) indicated a total
carotenoid content of approximately 15-30 pg/mL in R. canina oil, values similar to those
obtained in the present study for the rosehip from Baisoara [36]. Interestingly, ascorbic acid
proves to be present in high amounts in seeds [36]; however, it proves to be absent in seed
oil. Similarly, Koczka et al. (2018) confirmed the significant antioxidant activity of rosehip
oil, emphasizing its protective effects against oxidative skin damage [33]. Recent studies
have elucidated a diverse profile of individual carotenoids in rosehip seed oil. An analy-
sis performed by Medveckiené et al. identified five carotenoids in the seed of Rosa spp.,
namely o-carotene, lutein, zeaxanthin, cis-lycopene, and trans-lycopene, underscoring the
distinct carotenoid pattern compared to the flesh of the fruit [34,37]. Complementarily,
rosehip seed oil also contains other major carotenoids, particularly lycopene, 3-carotene,
and rubixanthin, which substantially contribute to its bioactive potential [38]. In further
support of this diversified carotenoid profile, it has been observed that while lycopene and
[>-carotene are predominant, only traces of lutein, zeaxanthin, and rubixanthin are present,
emphasizing the complexity of the carotenoid distribution within different parts or extracts
of rosehips [39].

Moreover, a comprehensive review expanded the known carotenoid spectrum in rose-
hip seed oil by detecting additional minor carotenoids, such as violaxanthin, y-carotene,
and neochrome, alongside rubixanthin and lycopene [40]. These findings are in agreement
with reports that quantify the total carotenoid content in rosehip oil; for instance, the oil
may contain carotene pigments at concentrations up to 107.7 mg/kg, further highlight-
ing its richness in these bioactive compounds. The identification of both provitamin A
carotenoids (e.g., x-carotene and (3-carotene) and non-provitamin A carotenoids (such as
lutein and zeaxanthin) suggests significant therapeutic implications, including antioxidant
and photoprotective benefits [41]. Collectively, these studies provide robust evidence that
rosehip seed oil possesses a complex and varied carotenoid composition. The presence of
both major and minor carotenoids not only contributes to its color and potential health
benefits, but also positions rosehip seed oil as a valuable source of natural bioactive com-
pounds with applications in pharmaceutical and cosmetic fields. These findings, along
with the laboratory analyses performed on the R. canina oil used in this study, reinforce the
scientific foundation for its application in clinical research [22,42,43].

The application of topical rosehip oil has garnered interest in esthetic dermatology due
to its potential benefits for skin rejuvenation and improvement. The VISIA skin analysis has
been validated in several studies for its effectiveness in objectively quantifying changes in
skin conditions, including the pore size, skin texture, wrinkles, and pigment spots [44-47].
Specific features, like the TruSkin Age score, help clinicians and researchers understand a
patient’s skin health relative to their chronological age, underlining skin conditions such
as UV damage and discoloration [48]. This makes it an invaluable asset for both clinical
studies and cosmetic practices involving topical treatments like rosehip oil. The research
indicates that rosehip oil contains essential fatty acids and antioxidants, which may aid in
hydrating and rejuvenating the skin [49,50]. Studies suggested that rosehip oil can improve
the appearance of skin by reducing fine lines and enhancing overall texture [51,52]. Studies
that monitor skin improvements using VISIA after topical applications demonstrate that
it can measure enhancements in skin parameters, thus providing a quantitative basis for
evaluating the efficacy of rosehip oil in skincare. The insights from the VISIA analysis not
only quantify improvements but also assist practitioners in tailoring personalized skincare
regimens based on individual skin responses. Given the clinical evidence supporting
rosehip oil’s efficacy in skin rejuvenation, its combined assessment with the VISIA system
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could help solidify its place in therapeutic and cosmetic dermatology. Thus the integration
of topical treatments and this system is critical in advancing the field of esthetic medicine,
where objective measurements can help inform strategies and evaluate outcomes more
effectively [53,54]. Nonetheless, the VISIA system has several limitations, including a
limited depth penetration, primarily assessing the skin surface and superficial features. Its
accuracy may be affected by diverse skin types and tones, potentially leading to inconsistent
results. Its operator-dependent variability and limited dynamic range may also impact
results. Furthermore, the system primarily evaluates visual skin features, not functional
aspects like the skin barrier function or hydration, highlighting the need for the careful
interpretation of results and the consideration of potential biases.

The VISIA system may support the broader adoption of treatments that promote skin
rejuvenation through naturally derived products like rosehip oil. These findings, along
with the laboratory analyses performed on the R. canina oil used in this study, reinforce the
scientific foundation for its application in clinical research [22,42,43]. This section discusses
the results in the context of similar studies, emphasizing the consistency and discrepancies
observed across different investigations.

4.1. Skin Improvements Evaluated with the VISIA System on the Front Side of the Face

The distinct positions made it possible to study the influence on the various skin
parameters, including texture, wrinkles, blemishes, and pores, imposed by the topical
treatment with rosehip oil (Figure 9A). According to the PCA, the first two components
accounted for 55.4% of the total variation. The grouping pattern proved to be age-related,
specifically in the case of AG1 and AG2. Conversely, individuals who were part of AG3
presented discrepancies in terms of evaluated skin parameters but also regarding the mature
skin type, which influenced specific outcomes. Lastly, individuals in AG4 had specific
outcomes according to their skin type, but also due to their sensitivity to the treatment
(Figure 9B). Regarding the HCA, the primary cluster positioned the spots score appearance
with slight changes after 5 weeks, as evidenced by the fluctuations in the importance
score intensity (Figure 9C). Furthermore, changes in the overall score of wrinkles have
been regarded, particularly in age groups 3 (43-52 years old) and 4 (53-60 years old)
with a significant drop as evidenced by the changes in color intensity after the end of the
treatment period. Regarding UV and brown spots, a slight improvement and reduction
in their score has been observed, particularly in several individuals from AG2 and AGS3.
Concerning porphyrins, an overall improvement in their score has been noticed after topical
applications of rosehip oil, as demonstrated by the fluctuations in the color intensity from
light red to darker blue, which implies a potential antibacterial and anti-inflammatory
effect and a lower risk of bacterial growth (i.e., Propionibacterium acnes) that may lead to the
formation of acne and other skin conditions [55,56]. The slight increase in the porphyrins
score, particularly in AG4, may indicate a natural variation in bacterial activity and diversity
with age (i.e., hormonal imbalance in females) [57] or a temporary inflammatory skin
response [58]. The statistical power of this pilot study has been evaluated as well as an
appropriate sample size for the UV spots (power = 0.808) and porphyrins (power = 0.890),
suggesting that for these skin characteristics, the number of allocated individuals proved to
be sufficient to assess the outcome of the rosehip oil treatment (Supplementary Table S5).
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Figure 9. (A) A comparison of different skin parameters for the front side of the face, before and after
topical applications with rosehip oil at the beginning and after 5 weeks of treatment. (B) The principal
component analysis of the skin characteristics from the front side of the face and their respective
cluster position divided by age groups. (C) The hierarchical clustering and heatmap visualization of
the improved or detrimental outcomes following rosehip oil as a topical face treatment; the figure
presents the skin parameters obtained from the front side of the face. (D) The Pearson correlation
before and after 5 weeks for the front side evaluated skin parameters. Correlation coefficients between
the evaluated characteristics are displayed in red and green.

The application of rosehip oil also has a positive effect on skin texture, which is among
the most popular skin concerns as it increases the appearance and depth of pores [59].
Following the treatment, a reduction in the score of texture has been observed in all
age groups, particularly in AG1 (23-35 years old). Regarding the red areas, a slight
increase in their score has been observed in several individuals, which might be explained
by the skin’s sensitivity to higher concentrations of vitamin A. While the majority of
participants experienced improvements, some individuals exhibited an increase in wrinkle
scores and redness. These outcomes may be attributed to individual differences in skin
sensitivity, environmental factors, or an inconsistent use of sun protection. Similar studies
have noted that high concentrations of vitamin A, while beneficial [6], can sometimes
lead to transient skin irritation (e.g., a burning sensation, dry skin, and exfoliation) in
sensitive individuals [60]. Moreover, lifestyle factors such as UV exposure and sleep
habits (i.e., sleeping on one side of the face) may have influenced the observed variations
in skin improvements, as noted in previous dermatological studies [61,62]. According
to the correlation plot, the spots showed a moderate and negative association with the
porphyrins and a positive association with redness, both at the beginning and after 5
weeks of treatment. Following the texture and pores, they presented a significant and
negative association with porphyrins and brown and UV spots before and after the topical
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treatment. Subsequently, UV spots showed a negative association with redness (Figure 9D;
Supplementary Table S3).

The application of rosehip oil did not have a noteworthy effect on the appearance
of pores in all the evaluated age group individuals. Overall, it can be discerned that
rosehip oil can effectively improve the skin texture (i.e., pores, wrinkles, and porphyrins);
however, it may show discrepancies in terms of redness, which is strongly influenced by
each individual’s skin type.

4.2. Skin Improvements Evaluated with the VISIA System on the Left Side of the Face

Regarding the left side of the face (Figure 10A), significant differences have been
observed as compared with the front side. According to the PCA, the first two components
accounted for 58% of the total variation (Figure 10B). The grouping pattern proved to
highlight AG1, which presented relatively different outcomes compared with the other age
groups. Conversely, individuals who were part of AG2 presented insignificant changes in
terms of evaluated skin parameters, as seen by the grouping outline in the center of the
plot. Lastly, individuals in AG3 and AG4 had specific and similar outcomes, mostly due to
their skin type and age.
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Figure 10. (A) A comparison of different skin parameters for the left side of the face, before and after
topical applications with rosehip oil at the beginning and after 5 weeks of treatment. (B) The principal
component analysis of the skin characteristics and their respective cluster position divided by age
groups. (C) The hierarchical clustering and heatmap visualization of the improved or detrimental
outcomes following rosehip oil as a topical face treatment; the figure presents the skin parameters ob-
tained from the left side of the face. (D) The Pearson correlation before and after 5 weeks of treatment
for the evaluated skin parameters. Correlation coefficients between the evaluated characteristics are
displayed in red and green.

In the HCA, it can be seen that a considerable alteration in the wrinkles score has
been regarded in all the evaluated individuals irrespective of their gender and age group
(Figure 10C). Thus, although in several individuals the wrinkle score has been diminished,

53



Cosmetics 2025, 12, 125

compared with others the score presented a significant upsurge. These fluctuations and
discrepancies might be explained by the individual’s skin type and their sleeping habits
(i.e., the side of the face they usually sleep on).

The following skin characteristic (i.e., true skin age) underlines the positive outcome
of the application of rosehip oil on the authentic appearance of the skin. Several individuals
have noticed an improvement in their skin complexion and appearance after the conclusion
of the treatment period. Regarding brown and UV spots, a general improvement of the
skin and a reduction in pigmentation areas have been observed in most of the treatment
groups, particularly in AG2 and AG3. The reduction in UV spots observed in this study
corresponds with previous research indicating the photoprotective properties of rosehip oil.
The present study observed a reduction in UV spots across all age groups, which further
corroborates these findings.

The spots presented relatively trivial modifications in terms of the size reduction and
appearance. Furthermore, the appearance of pores has been significantly diminished after
the treatment period in all evaluated age groups. A similar pattern has been observed in
the case of texture, with noteworthy outcomes similar to the popular skincare result of the
“glass skin effect” in AG1 and AG2. Although rosehip oil has facilitated the reduction in
red areas, a number of individuals experienced a slight increase in their score, which can
be explained by the skin’s sensitivity to vitamin C. Lastly, the score of porphyrins has been
drastically reduced predominantly in AG2 and AG4, which demonstrates its effectiveness
on mature skin. The correlation plot presented dissimilar outcomes in terms of the skin
assessment (Figure 10D; Supplementary Table S4). Thus, the true skin age and the score of
spots presented a negative association with pores and porphyrins and a significant positive
association with texture, spots, and redness. UV spots presented a negative association
with most of the evaluated parameters, including texture, pores, and redness. A similar
negative correlation with the skin characteristics has also been observed in brown spots
and wrinkles. Conversely, a positive association between redness and texture has been
obtained. The statistical power for the left side of the face generated an appropriate sample
size for porphyrins (power = 0.890) and red areas (power = 0.99), suggesting that for these
skin characteristics, the number of allocated individuals proved to be sufficient to assess
the outcome of the rosehip oil treatment (Supplementary Table S6).

The topical application of rosehip oil not only improves the overall skin quality but
also targets specific concerns related to aging. This effect has also been observed in other
studies [63,64]. However, it is important to note that individual skin reactions may vary,
and it is important to comprehend the full impact and outcome of the rosehip oil treatment
on different skin types and conditions.

4.3. Skin Improvements Evaluated with the VISIA System on the Right Side of the Face

Regarding the right side of the face (Figure 11A), a significant reduction in wrinkles
has been regarded after the treatment with rosehip oil. In several individuals, a slight
increase in their score has been regarded, which may be due to the individuals sleeping on
one side of the face. The PCA scores presented a total variance of 56.1%. As observed in
the other evaluated facial parameters, individuals in AG1 tend to have a similar grouping
pattern. The subsequent group presents similar outcomes, as also noticed in the previous
section and the left side of the face. The following age groups tend to be closely grouped
mainly due to the appropriate age and comparable results. Regarding the HCA, the true
skin age score has significantly decreased, particularly in the case of age groups 1 and
2. UV and brown spots presented a slightly reduced area in all age groups (Figure 11C).
Additionally, the score of spots has also presented a reduced area in all age groups. Texture
is among the most debated and popular skin characteristic particularly, among young
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individuals due to existing skincare trends. Interestingly, a positive influence of the rosehip
oil topical application has been regarded as observed by the significant reduction in texture
scores. Additionally, Koczka et al. (2018) confirmed the role of Rosa canina oil in enhancing
skin elasticity and reducing signs of aging through its rich antioxidant profile [33]. The
present study supports these findings by demonstrating significant improvements in skin
texture and a decrease in the appearance of fine lines, particularly in AG1 (25-35 years old)
and AG2 (3642 years old) [33].
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Figure 11. (A) A comparison of different skin parameters for the right side of the face, before and after
topical applications with rosehip oil at the beginning and after 5 weeks of treatment. (B) The principal
component analysis of the skin characteristics and their respective cluster position divided by age
groups. (C) The hierarchical clustering and heatmap visualization of the improved or detrimental
outcomes following rosehip oil as a topical face treatment; the figure presents the skin parameters
obtained from the right side of the face. (D) The Pearson correlation before and after 5 weeks
of treatment for the evaluated skin parameters. Correlation coefficients between the evaluated
characteristics are displayed in red and green.

Regarding the appearance of pores, the significant reduction in their score is evident, as
also observed in the case of texture, particularly in the case of AG2 and AG3. Furthermore,
the score of red areas presented several discrepancies among the individuals; an effect was
also observed in the other evaluated face positions and may be influenced by the skin type
and sensitivity to several compounds present in rosehip oil (i.e., vitamin C). Overall, the
results suggest that individuals in AG3 experienced a milder reaction compared to AG4,
with only a slight inflammation observed in the former group. Additionally, it is important
to note that individual variations in responses were observed within AG4, as seen in the case
of patient RC24. Lastly, regarding the score of porphyrins, it can be observed that the right
side has comparable results with the left side, which may be due to each individual’s skin
type (i.e., oily and mixed). The decline in porphyrin levels, often linked to bacterial activity,
suggests that Rosa canina oil may possess antimicrobial properties. Previous research by
Deliorman Orhan et al. (2007) demonstrated the anti-inflammatory effects of Rosa canina
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extracts, which contribute to the maintenance of a healthy skin microbiome [7]. The results
of this study indicate a notable decrease in porphyrins, particularly in AG2 (3642 years
old) and AG4 (53-60 years old), suggesting that the oil may help regulate the bacterial
activity on the skin. This aligns with the findings by Oarga et al. (2024), who emphasized
the potential of rosehip-based dermatological products in addressing inflammatory skin
conditions [4]. Topical treatments using rosehip oil are particularly beneficial for improving
the skin tone and texture, especially in older age groups. The reduction in red areas and
porphyrins indicate a positive impact on skin health and appearances across all age groups.

The correlation plot presents different outcomes as compared to the front side of the
face (Figure 11D; Supplementary Table S5). Thus, the true skin age presented a negative
association with pores and porphyrins, whereas the spots presented a positive association
with texture and a negative association with wrinkles. UV spots presented a negative
association with most of the evaluated parameters, including texture, pores, redness, and
wrinkles. A similar negative correlation with the skin characteristics has also been observed
in brown spots and wrinkles. Conversely, a positive association with texture has been
obtained. The statistical power for the right side of the face generated an appropriate sample
size for the porphyrins (power = 0.940) and texture (power = 0.79), which is sufficient to
assess the outcome of the rosehip oil treatment, which, among others, might be due to each
individual’s skin type (Supplementary Table S6).

Overall, the variability in scores across different face positions suggests that individual
differences in skin type and sensitivity play a significant role in the effects of rosehip oil.
Further research might explore whether this factor impacts the efficacy of rosehip oil in
reducing porphyrins and improving skin texture, but also its use as a replacement for
vitamin A (natural retinol source). Recent research indicates that rosehip seed oil contains
significant levels of compounds that can serve as precursors to vitamin A, commonly
referred to as provitamin A. Notably, it was demonstrated that rosehip oil, along with
chokeberry oil, shows high concentrations of provitamin A, which includes compounds
such as 3-carotene that are conventionally converted to active vitamin A in the body [65].
This provitamin A content is associated with skin benefits, as vitamin A derivatives are
recognized for their role in promoting skin regeneration, improving cellular turnover, and
mitigating signs of aging [66]. Furthermore, as exemplified in Section 3.2, the research on
the chemical composition of rosehips confirms the presence of carotenoids in the seeds,
which are key precursors for vitamin A activity [34]. Identified compounds like x-carotene
and B-carotene in seeds support the notion that these oils provide a natural source of
vitamin A precursors. The conversion of these carotenoids into retinol contributes to the
oil’s antioxidant activity, aiding in reducing oxidative stress in skin cells, a mechanism
critical in decreasing fine lines and promoting collagen synthesis, which is essential for
skin health [41,66].

Pogostemon cablin Benth. (patchouli) and Moringa oleifera (drumstick) oils, both natural
antioxidants, prove to be ideal for cosmetic products like body creams due to their capacity
to fight free radicals and maintain an optimum skin hydration. The research conducted by
Isnaini et al. (2023) evaluated the effectiveness of a body cream formulation using an accel-
erated stability test technique [67]. The formulation remained stable for at least six months
at room temperature, indicating it can be used for a year. After two weeks of applications
on dry skin, the formulation increased the moisture content by 30% to 60%. This suggests
that the formulation could be used as a commercial cosmetic product in the future and
that these natural compounds prove to be valuable for future cosmetic applications [67]. A
different study focused on the design and characterization of nanostructured lipid carriers
(NLCs) and NLC-based hydrogels using Passiflora edulis seed oil. The developed NLC
presented a spherical shape, narrow particle sizes, and a high encapsulation efficiency. The
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nanoparticles showed a superior tyrosinase inhibitory activity and skin retention compared
to non-encapsulated oil. Furthermore, the formulations proved to have a non-cytotoxic
effect towards HaCat cells and showed suitable viscosity and texture properties for skin
applications [68]. The study conducted by Hugo Infante et al. (2023) aimed to assess the
permeation depth, antioxidant capacity, and clinical efficacy of Melaleuca alternifolia pure
essential oil and a nanoemulsion to prevent skin photoaging [69]. Results showed that
the nanoemulsion had a lower antioxidant capacity and a higher penetration through the
stratum corneum, improving the stratum granulosum morphology. The nanoemulsion
also increased the papillary depth, dermis echogenicity, and collagen fibers. Melaleuca
alternifolia essential oil has the potential to improve photoaged skin, as it can reach deeper
skin layers [69].

In a different study, the Visia® Camera System was validated by establishing corre-
lations among measurements, such as the percentile, feature count, and absolute score.
The results showed a high level of correlation among the evaluated measurements, with
88.9% of the correlations being statistically significant. The majority of cases showed clear
correlations between the variables, with 50% of the absolute values above 0.945; however,
UV spots and wrinkles were insignificant as also observed in the present study. The Visia®
Camera System has been used to investigate whether skin aspects can be improved by a
certain cosmetic product line [70]. In the following year, Henseler continued their research
and evaluated the reproducibility and accuracy of facial wrinkles using this system. The
standard deviation from frontal captures was about 3%, with an average deviation of 3.36%
during the first capture session and 3.4% during the second. The standard deviation of
measurements was about 9% when comparing percentiles. The accuracy of the measure-
ments was high, with a correlation coefficient of >0.8 and a statistically significant p-value
of <0.001. The TruSkin Age® was slightly higher than the calendrical age by 1.37 years
for both facial sides. The study found a satisfactory precision in repeated captures, with
absolute scores being preferred over percentiles due to their better precision [1].

These results highlight the potential of the studied Rosa canina oil to improve the
appearance and health of the skin, supporting its use in skin care products and anti-aging
treatments. A detailed investigation of the molecular mechanisms by which Rosa canina
oil improves skin health could also provide valuable information for the development of
more effective and innovative treatments. Future studies should include participants with
different skin types to assess the universality and applicability of the observed benefits,
thus ensuring that all categories of users can benefit from these effects. In addition, research
into the synergistic effects of R. canina oil in combination with other bioactive compounds
could lead to the development of products with increased efficacy, thus enhancing the
therapeutic and cosmetic potential of this valuable natural ingredient. Rosehip oil from
Baisoara has considerable therapeutic potential in improving the health and appearance of
the skin, supporting its use in anti-aging treatments and high-quality cosmetic products.

In summary, the findings of this study align with the existing literature supporting
the dermatological benefits of Rosa canina oil. The observed improvements in wrinkle
reduction, UV spot mitigation, and bacterial activity regulation reinforce its potential as a
valuable ingredient in anti-aging and skincare formulations. Future studies should aim
to refine application protocols and explore synergistic formulations to maximize their
efficacy across different skin types. Consequently, oxidative stability is another critical
consideration regarding the skin sensitivity related to rosehip oil. The oil is susceptible to
oxidation when exposed to light and air, which can not only decrease its efficacy but also
potentially lead to the formation of irritative byproducts [38]. This degradation can cause a
heightened irritation and sensitization upon prolonged exposure, particularly in those not
accustomed to using oils topically, which may be further evaluated [71].
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5. Limitations of the Pilot Study and Future Perspectives

This pilot study investigating the topical application of rosehip oil presents several
limitations that must be acknowledged in the interpretation of its findings. First and
foremost, the small sample size compromises the statistical power of this study, making it
difficult to generalize the results to a larger population. A limited number of participants
may not adequately represent the variability found in a broader demographic, which
could affect the overall efficacy and safety conclusions drawn from this study [72]. Future
studies should aim to include a larger and more diverse population to strengthen the
findings. Additionally, the lack of a control group poses a considerable drawback. Without
a placebo or control comparison, it is challenging to determine whether the observed
effects on skin conditions can be directly attributed to rosehip oil or if they could result
from spontaneous changes over time, a regression to the mean, or participant expectations.
Studies have shown that control groups are essential for validating the effectiveness of
treatment interventions, as they provide a critical benchmark [73]. Alternative study
designs and analytical approaches should be considered to address these issues. For
instance, a within-subject or split-face design could be employed, where one side of the
face is treated with rosehip oil while the other side serves as a comparator receiving either a
placebo or the standard daily skincare routine. This design would mitigate inter-individual
variability and allow for a more reliable attribution of treatment effects. Additionally,
methods such as historical control analyses or the implementation of a delayed treatment
group could provide additional context and serve as pseudo-controls when a randomized
control group is not feasible. Such methodological refinements are essential to isolate the
treatment effect reliably and enhance the validity of the findings, thus also reinforcing the
continued recommendation for appropriate skincare practices, including sun protection,
irrespective of the season. Furthermore, variability in participant compliance can introduce
additional complexity in the data interpretation. In studies examining subjective outcomes,
such as the skin appearance or discomfort, differing levels of adherence to the treatment
regimen can lead to inconsistencies in results. Participants may not apply the treatment
as instructed, leading to variable exposure levels that could affect their outcomes and
the overall efficacy of the rosehip oil. This potential gap in compliance monitoring has
been noted in various studies [74]. To mitigate this issue, future studies should monitor
adherence closely through methods such as usage diaries or technology-assisted tracking,
ensuring participants apply the treatment as directed.

This pilot study’s short duration of five weeks limits its ability to capture long-term
effects and potential late-onset responses to the treatment; however, it facilitates significant
knowledge regarding its use in future studies with longer treatment periods, focused on
the oil’s stability during storage at higher temperatures that may significantly reduce the
polyphenol content and, most importantly, the fatty acids content [75]. Thus, dermatolog-
ical therapies may require longer periods to demonstrate sustained benefits. The short
follow-up may result in an incomplete understanding of the full therapeutic effects and any
potential adverse reactions that could manifest over time [76]. Future studies should aim to
address these limitations by ensuring longer study durations (i.e., particularly during sum-
mer periods), which would help in better understanding the sustained effects of rosehip oil
over time and capture any delayed responses. Compliance monitoring could be enhanced
by using digital reminders or adherence tracking mechanisms to improve the participant
engagement and data integrity. Finally, a double-blind design should be considered to
minimize bias and further substantiate the findings regarding the effectiveness of rosehip
oil in dermatological applications. By addressing these limitations, subsequent research
can better elucidate the therapeutic potential of rosehip oil and provide stronger evidence
for its use in topical dermatological applications.
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The phenomenon of increased brown spots following the application of rosehip
oil—especially during late fall when the UV exposure is minimal—can be attributed to
several interrelated factors, including the oil’s biological action on the skin, the potential
for inflammatory responses, and the physiological tendency of melanocytes (pigment-
producing cells in the skin) to react to topical applications. Additionally, while rosehip oil
is widely regarded as beneficial for various dermatological conditions, including scarring
and inflammatory conditions, individuals may still experience variability in reactions
based on their unique skin microbiome and existing skin conditions [77]. Furthermore,
individuals with pre-existing pigmentation should exercise caution, as their skin may be
more responsive to such stimuli, especially during seasonal transitions when humidity and
temperature can fluctuate dramatically. A compromised barrier can also lead to increased
transepidermal water loss. If the skin is responding to hydration or repair agents like
rosehip oil, this can cause localized sensitivity, resulting in an inflammatory cascade that
ultimately leads to pigmentation irregularities. This study’s design should account for
potential seasonal UV fluctuations by incorporating controls or standardized measures of
UV exposure throughout the study period. This is essential to ensure that the observed
skin changes are truly due to the topical treatment rather than external UV factors. In
doing so, this study avoids the misconception that sun protection might be omitted during
the fall; on the contrary, it reinforces that even at periods of lower ambient UV radiation,
individuals remain susceptible to photo-induced skin changes [4].

Other investigations should explore the molecular mechanisms underlying the ob-
served effects, particularly regarding collagen synthesis and microbial modulation. For
example, the potential of an aerogel-based formula has been investigated in order to nat-
urally conceal shiny facial skin. The aerogel ingredient showed positive in vitro results
in measuring the shine induced by a mixture of oleic acid and mineral water. In vivo,
two different aerogel formulas (1% and 2% concentrations, in an O/W cosmetic emulsion)
were tested on Chinese women under hot and humid conditions known to enhance facial
shine. Interestingly, an immediate light scattering effect, masking shine, and a noticeable
anti-shine effect in extreme conditions have been observed [78]. As previously highlighted,
combining rosehip oil with other bioactive compounds could also be examined to en-
hance its therapeutic potential. The observed improvements in wrinkle reduction, UV
spot mitigation, and bacterial regulation reinforce its potential as a valuable ingredient in
anti-aging and skincare formulations [79]. Future-oriented studies should aim to refine
application protocols and explore synergistic formulations to maximize their efficacy across
different skin types. In this regard, the delivery of hydrophilic tripeptide-3 to the skin
using micro-emulsions or nanoemulsions for facial oil reduction has been evaluated. The
optimized combination yielded translucent oil-in-water tripeptide-3 nanoemulsions with
a high skin penetration and retention. The nanoemulsions not only decreased the sebum
production but also enhanced skin moisture levels [80]. Overall, the results suggest that
rosehip oil may have a positive impact on skin texture and appearance and further studies
could explore the long-term effects of the continued use of this treatment on various kin
types (i.e., normal, dry, sensitive, oily, and/or combination).

Rosehip oil is known for its vitamin content, particularly A derivatives (such as trans
retinoic acid) and essential fatty acids, which can influence skin pigmentation [20]. Retinoic
acid, a well-known active compound in many anti-aging and skin-rejuvenating products,
can induce increased cell turnover and desquamation. While this often results in the
improvement of skin texture and may clear older pigmented cells, it can also paradoxically
stimulate the formation of new pigmentation if not managed properly. In cases where
the skin is reacting to a new products or there is excessive exfoliation, transient post-
inflammatory hyperpigmentation can occur, where new spots may appear due to the
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irritation of existing melanocytes [4,81]. To mitigate these outcomes, sunscreen formulations
with rosehip oil may be integrated in skincare routines [41].

As highlighted in the present study, rosehip oil contains elevated levels of carotenoids
(up to 28.4 pg/mL), which when combined with sunscreen might mitigate photoaging and
sunburn [82], but also encourages skin cell renewal and hydration [9].

Lastly, the open-label design of this study introduces a bias that can affect the validity
of the findings. Participants knowing they are receiving an active treatment may have
heightened expectations, leading to biased self-reports regarding efficacy and satisfaction.
Open-label designs can be associated with inflated response rates, which complicate the
interpretation of the study and reduce its internal validity. While the study findings con-
tribute to understanding rosehip o0il’s topical applications, the identified limitations—the
small sample size, lack of a control group, compliance variability, short duration, and open-
label nature—highlight the need for further research employing rigorous methodologies to
validate these results and better define the therapeutic role of rosehip oil in dermatological
treatments [83].

6. Conclusions

This pilot study evaluated the therapeutic effects of rosehip oil, mainly R. canina from
the Baisoara provenance, which presented potential therapeutic purposes. The results
showed improvements in skin health, evidenced by a reduction in wrinkles, UV spots,
and porphyrins. The analysis with the VISIA system showed a reduction in the depth
of wrinkles in several volunteers, confirming the efficacy of rosehip oil in improving
the signs of aging. In addition, results demonstrated a slight decrease in UV-induced
spots, suggesting that the oil provides effective protection against damage caused by UV
exposure.

Evaluations of the rosehip oil treatment showed a noticeable improvement in skin
texture and a reduction in redness and spots, suggesting anti-inflammatory and regener-
ative effects, which may be due to their carotenoids content, including lutein, lycopene,
(-carotene, and zeaxanthin, but also their phenolic content and antioxidant activity. Fur-
thermore, a decrease in porphyrins has also been observed, reflecting a decrease in bacterial
activity and an overall improvement in skin health. The promising results of this pilot
study highlight the need for further research to optimize the application and formulation
of rosehip oil-based treatments. These results are the foundation for future and long-term
studies with larger sample sizes, which will provide more comprehensive insights into
its sustained efficacy. Additional studies should aim to refine application protocols and
explore synergistic formulations to maximize their efficacy across different skin types.

Given the positive effects observed on wrinkles and skin texture, it is recommended
that R. canina oil may be included in cosmetic formulations to reduce the signs of aging.
This extended use could capitalize on its antioxidant and regenerative benefits. Collec-
tively, these findings underscore the dual functionality of rosehip seed oil; its richness in
carotenoids, particularly provitamin A, aligns with its documented benefits of enhancing
skin texture, reducing wrinkles, and improving the overall skin condition. Such evidence
supports the continued utilization of rosehip seed oil in dermatological applications and
cosmetic formulations targeting anti-aging and skin renewal processes.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/cosmetics12030125/s1: Figure S1: HPLC chromatogram of carotenoids
identified from rosehip seed oil. Each peak denotes an identified compound; Figure S2: Assessment
of pores evaluated with the VISIA analysis system before (left chart) and after (right chart) 5 weeks
of rosehip oil treatment; Table S1: Personal data regarding the volunteers and their assignment
group based on age; Table S2: Identification of carotenoids content in R. canina oil from the Baisoara
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area; Table S3: Correlation data showing relationships among the evaluated skin characteristics for
the front side of the face; Table S4: Correlation data showing relationships among the evaluated
skin characteristics for the right side of the face; Table S5. Correlation data showing relationships
among the evaluated skin characteristics for the left side of the face; Table S6: Statistical power and
sample size of the pilot study using goal seek. The normality test using the Shapiro-Wilk test and
the Mann-Whitney pairwise comparison with Bonferroni corrected p values can be found in the
Supplementary Files S1-S3.
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Abstract: This study explores the potential of ginseng-derived peptides (GPs) as multifunc-
tional bioactive agents for skincare. Unlike previous research into ginseng saponins and
polysaccharides, we identified that ginseng extracts containing water-soluble small molecules
and polypeptides exhibit potent antioxidant, anti-inflammatory, and anti-aging properties.
In vitro assays revealed that ginseng peptide extract (GPE) reduced reactive oxygen species
(ROS) and inflammatory cytokines (IL-6, TNF-«, IL-13) in RAW264.7 macrophages while
enhancing collagen synthesis in human skin fibroblasts (HSFs). Validation using 3D epider-
mal and dermal models further confirmed GPE’s ability to mitigate UV-induced damage,
restore skin barrier proteins (filaggrin, loricrin), and increase collagen content. In addition,
we screened 19 candidate peptides from ginseng extract using machine learning and pri-
oritized their interaction with skin aging and inflammation-related targets. Three peptides
(QEGIYPNNDLYRPK, VDCPTDDATDDYRLK, and ADEVVHHPLDKSSEVE) demonstrated
significant collagen-promoting, antioxidant, and anti-inflammatory effects in cellular models.
These findings highlight the efficacy of computational approaches in identifying natural
bioactive ingredients, positioning ginseng peptides as promising candidates for innovative
cosmeceutical formulations targeting inflammaging and skin rejuvenation.

Keywords: ginseng peptide; inflammaging; network pharmacology; machine learning;
dermatology

1. Introduction

In inflammatory aging in various pathological conditions, senescent cells and
macrophages release cytokines such as IL-13, IL-6, and TNF-« [1-6], which are integral
to the senescence-associated secretory phenotype (SASP) and the regulation of inflamma-
tory responses [7-10]. In skin-related diseases, SASPs not only promote the occurrence of
chronic inflammation but also induce normal cells to enter the aging process, forming a
vicious cycle of inflammation and aging [11,12]. For example, the SASP secreted by senes-
cent skin cells can disrupt the skin microenvironment, exacerbate inflammation, impair
epidermal barrier function, and accelerate the aging of fibroblasts [13,14].
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65



Cosmetics 2025, 12, 85

Ginseng (Panax ginseng C.A. Meyer) has attracted significant attention for its poten-
tial anti-inflammatory and anti-aging effects [15-17]. It contains a variety of chemical
constituents, including polysaccharides, saponins, sterols, and organic acids, which
have been shown to combat fatigue [18], exert anti-inflammatory and anti-aging effects,
regulate blood glucose levels [19], enhance cardiac function [20], and possess anti-tumor
activities [21,22]. In recent years, with the advancement of biotechnology, there has
been a growing interest in exploring the applications of ginseng beyond its traditional
medicinal and culinary uses. For instance, based on its role in hair regrowth following
chemotherapy, ginseng-derived products have been incorporated into shampoos, which
are designed to nourish the hair and mitigate hair loss [23]. Additionally, the antioxidant
and anti-aging effects of ginsenosides, along with the moisturizing properties of ginseng
polysaccharides and their melanin inhibition, support their use in skincare products
targeting aging, hydration, and whitening. However, current research and development
efforts have primarily focused on saponins and polysaccharides, with relatively limited
and less in-depth studies on ginseng peptides (GPs).

To address the underexplored bioactive components of ginseng, this study system-
atically investigated the molecular mechanisms underlying the anti-inflammatory and
anti-aging effects of ginseng peptide extract (GPE) with in vitro 3D skin models. Addition-
ally, computational biology approaches were employed to identify and predict bioactive
peptides within the GPE, with a focus on their potential therapeutic and cosmetic applica-
tions in skin anti-aging and anti-inflammatory interventions. This integrated experimental
and computational strategy aims to elucidate the functional mechanisms of GPE and
expand its utility in biomedical and skincare contexts.

2. Materials and Methods

2.1. Network Pharmacology
2.1.1. Screening Targets of Ginseng Compounds

Using Traditional Chinese Medicine Systems Pharmacology (TCMSP) databases (https:
/ /tcmsp-e.com/tcmsp.php, accessed on 13 October 2024) [24] to search for the main
components of ginseng, the screening conditions were selected as oral bioavailability OB
> 30% and DL resistance > 0.18, and the main compound components in ginseng were
identified and their targets were obtained.

2.1.2. Screening of GPs

The GP database is sourced from the literature on pan ginseng and de novo sequencing.
First, we selected peptides with a length < 16. Next, relevant target proteins with keywords
such as antioxidant, collagen promoting, proliferation promoting, aging, inflammation, and
inflammaging in the HSM model were used to predict the interaction probability between
GPs and target proteins in this model. The top 50 peptides with the highest probability
were selected based on their scores, and each peptide retained the results of three optimal
peptide target protein interactions. We used the CAMP model to predict the 150 results
obtained below again and selected the results with a score of >50 based on the results
given by the CAMP model (Figure 1).
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Figure 1. Flowchart of Al prediction to screen for peptides with anti-aging activity. Using HSM and
CAMP models to predict protein-peptide interaction.

2.1.3. Disease Targets Screened and Targeted with Network Pharmacological Analysis

We screened inflammaging targets using the GeneCards database (https://www.
genecards.org, accessed on 14 October 2024) [25] and the online Mendelian inheritance
in man (OMIM) database (https://www.omim.org/, accessed on 14 October 2024) [26],
intersecting with targets of ginseng compounds and peptides, and inputting these potential
targets into the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)
database (https:/ /cn.string-db.org/, accessed on 20 October 2024) [27] to obtain protein—
protein interaction (PPI) network information. The network was visualized using Cytoscape
3.7.2 software. Finally, we analyzed the Kyoto Encyclopedia of Genes and Genomes (KEGG)
and gene ontology (GO) functions using the Metascape database (https://metascape.org/
gp/index.html, accessed on 21 October 2024) [28,29].

2.2. Preparation of the Ginseng Peptide Extract

Ginseng peptide extract was provided by Harvest Biotech, Zhejiang, Co., Ltd. Black
ginseng was ground into a fine powder using a mill. The powder was then dissolved in
water at a solid-to-liquid ratio of 1:20. The mixture was soaked overnight at 50 °C with
a stirring rate of 120 rpm. After soaking, samples were taken from the solution. Next,
sodium hydroxide was added to adjust the pH to 8.2. Subsequently, 2% (w/v) of alkaline
protease (1 kg per 50 L of solution) was added in small portions to the black ginseng
solution, which was then transferred to a reactor. The mixture was subjected to enzymatic
hydrolysis at 50 °C with a stirring rate of 130 rpm for 2.5 h. Post hydrolysis, samples
were again taken. Then, 0.4% (w/v) of flocculant (200 g per 50 L of solution) was added
to the hydrolyzed solution, followed by static settling overnight at 4 °C. The mixture was
then filtered using a plate and frame filter press. After filtration, 2% (w/v) of preservative
(a mixture of phenoxyethanol, 1,2-hexanediol, and 1,2-pentanediol) was incorporated into
the solution. Finally, the solution was sterilized by filtering it through a 0.22 ym PVDF
filter cartridge. The resulting solution was stored at 4 °C away from light until further use.

2.3. Free Radical Scavenging Assessment
2.3.1. DPPH Assay

The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay is the most commonly used antioxi-
dant assay for plant extract that measures the ability to act as free radical scavengers or
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hydrogen donors. Glutathione was used as a standard in the DPPH assay, concentrations
were 0, 0.125,0.25, 0.5, 1, 2, and 4 mg/mL, dissolved and diluted with ddH,O. The DPPH
solution (50 ng/mL) was dissolved with 95% ethanol. For the sample group (As), 150 uL
of DPPH solution and 50 pL of glutathione solution were added. For the control group
(Ac), 50 puL of glutathione solution and 150 pL of 95% ethanol solution were added. For
the blank group (Ab), 150 uL of DPPH solution and 50 puL of ddH,O were added. When
testing the sample, GPE was used instead of the standard, with all other procedures re-
maining unchanged. After thorough mixing, the samples were reacted in the dark at room
temperature for 30 min. The absorbance values were measured at 517 nm with a microplate
reader. Finally, the calculation was performed using the following formula (Theorem 1).

Free radical scavenging rate (%) for DPPH = [1 — (As — Ac)/Ab] x 100% @)

Theorem 1. Calculation formula of DPPH free radical scavenging rate. In this formula, As, Ac,
and Ab represent the absorbance values of the sample group, the control group, and the blank group,
respectively.

2.3.2. ABTS Assay

The 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS) radi-
cal scavenging assay is also a widely used antioxidant assay for plant extracts or peptides,
evaluating the ability to neutralize free radicals via electron donation or radical cation
decolorization. Glutathione was used as a standard in the ABTS assay, and concentrations
were 0, 0.125, 0.25, 0.5, 1, 2, and 4 mg/mL, dissolved and diluted with ddH,O. For ABTS
working solution preparation, we mixed ABTS solution (7 mM) and potassium persulfate
solution (2.45 mM) in equal amounts and allowed the mixture to react in the dark for 12 h.
After, we diluted it with PBS (10 mM, pH 7.4) to an absorbance value of 0.7 (734 nm). Next,
we mixed 150 pL of ABTS working solution with 10 pL of glutathione. When testing the
sample, GPE (different concentrations of GPE were diluted by PBS) was used instead of the
standard for the sample group (As), and the PBS group was used as a blank group (Ab). All
other procedures remained unchanged. After reacting in the dark at room temperature for
6 min, the absorbance values were measured at 734 nm with a microplate reader. Finally,
the calculation was performed using the following formula (Theorem 2).

Free radical scavenging rate (%) for ABTS = (Ab — As)/Ab x 100% 2)

Theorem 2. Calculation formula of ABTS free radical scavenging rate. In this formula, As and Ab
represent the absorbance values of the sample group and the blank group.

2.4. Cell Inflammation Model Based on RAW264.7
2.4.1. Cell Culture of RAW264.7

Normal RAW264.7 cells (Hunan Fenghui Biotechnology Co., Ltd., Changsha, China)
were cultured on high-glucose DMEM (Wisent Biotechnology Co., Ltd., Nanjing, China)
supplemented with 10% FBS (Gibco, Carlsbad, CA, USA) and 1% penicillin/streptomycin
(Shanghai BasalMedia Technologies Co., Ltd., Shanghai, China). The cell cultures were
maintained in a humidified incubator at 5% CO, and 37 °C. When RAW264.7 cells in T25
cell culture flasks grew to a density above 90%, 1:3 passages were performed.

When the cells reached confluency and were in good condition (with less than 5%
differentiated cells), we collected the cells and seeded them at varying cell densities into
corresponding culture plates for subsequent experiments.
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2.4.2. Cell Viability Assay

After overnight culturing in a 96-well plate (1 x 10* cells/well, 100 pL complete
medium/well), the cells were treated with GPE (0, 5, 10, 25, 50, 75, 100 and 150 pg/mL)
using a complete medium (containing 5% FBS) for 24 h. Thereafter, 10 puL of cck-8 (Biosharp,
Hefei, China) solution was added to each well and incubated at 37 °C for 1 h, and cell-free
wells were used as a blank group. Finally, the absorbance of each well was recorded at
450 nm using a multimode plate reader (PerkinElmer, Waltham, MA, USA). The OD values
of each group were subtracted from the average value of the blank group, which was the
cell viability of each group. The viability of 0 ug/mL GPE group was assessed as 1 (100%).

2.4.3. Nitric Oxide (NO) Production Assay

The RAW264.7 cells were cultured overnight in 24-well plates (5 x 10* cells/well,
500 pL medium/well), then co-stimulated with GPE (0, 50, 100 pg/mL) or GPs (0,
10, 25 pg/mL), and 200 ng/mL of LPS (Sigma-Aldrich, St. Louis, MO, USA) using a
complete medium (containing 5% FBS) for 24 h. Untreated cells were used as the blank
group, while cells treated with LPS but without GPE or GPs were used as the model
group, and cells treated with LPS and positive drug (50 pg/mL Dexamethasone) were
used as the positive group. The culture supernatant from each well was collected at
the end of the experiments and used to measure NO production. The NO production
was determined using a commercial NO assay kit (Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instructions. We mixed 50 pL of cell culture
medium and 50 pL of Griess reagents I and II and reacted them in a 96-well plate at
room temperature for 10 min. Finally, the absorbance of each well was recorded at 540
nm using a multimode plate reader.

2.4.4. Reactive Oxygen Species (ROS) Measurement

The RAW264.7 cells were cultured overnight in 24-well plates (5 x 10* cells/well,
500 pL medium/well), then co-stimulated with GPE (0, 50, 100 pg/mL) and 200 ng/mL
LPS using a complete medium (containing 5% FBS) for 24 h. Then, we removed the medium
and washed the cells with 500 pL of PBS at least two times. Next, we used an ROS assay
kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) to measure ROS levels.
The signal intensity of Ex488/Em525 was then detected using a multimode reader and was
observed and photographed under a fluorescence microscope.

2.4.5. RNA Extraction and RT-qPCR

The RAW264.7 cells were cultured overnight in 12-well plates (2 x 10° cells/well,
1 mL medium/well), then co-stimulated with GPE (0, 50, 100 ng/mL) and 200 ng/mL
of LPS using a complete medium (containing 5% FBS) for 24 h. After, we removed the
DMEM and washed the cells with 1 mL of PBS at least two times. Then, we extracted
RNA using a Quick-RNA Microprep Kit (Genstone biotech, Beijing, China) and stored it
at —80 °C. Subsequently, reverse transcription was performed using a cDNA first-strand
synthesis kit (Tiangen Biotech Co., Ltd., Beijing, China) and diluted with ddH,O to an
appropriate concentration. RI-qPCR was performed using diluted cDNA and qPCR SYBR
Green Master Mix (Cat No.11185ES08; YEASEN, Shanghai, China) on Applied Biosystems
3 Fast Real-Time PCR System (Thermo Fisher Scientific, Shanghai, China).

2.5. Histomorphology and Collagen Change Detection Based on In Vitro Skin Model

The in vitro skin model used (Guangdong BioCell Biotechnology Co., Ltd., Dongguan,
China) is a skin model which included epidermal and dermal cells. We placed the models
into a 6-well plate culture mold, added 3.7 mL of culture medium (#230607, Guangdong
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Biocell Biotechnology Co., Ltd.) to each well, incubated in a 37 °C 5% CO, incubator
(1501, Thermo) and changed the medium every day. After 2 days of cultivation, irradiation
and administration, we began according to the grouping and corresponding treatment
conditions. The skin models were exposed to a mixture of ultraviolet radiation A (UVA)
irradiation at 30 J/cm? (365 nm, 16.29 mW /cm? for 30 min and 42 s, PL-S9W /01/2P, Philips,
Shanghai, China) and ultraviolet radiation B (UVB) at 50 mJ/cm? (311 nm, 2.748 mW /cm?
for 18 s, PL-S 9W/10/2P, Philips) for 4 consecutive days, with fresh culture medium
replaced before each irradiation. The medium was removed after each irradiation, and
the skin models were cultured with medium (Guangdong Biocell Biotechnology Co., Ltd.)
containing 1% (v/v) GPE. The positive groups were cultured with 100 pg/mL vitamin C
(VC) and 7 ug/mL vitamin E (VE) instead of sample GPE. Control groups were cultured
with normal medium. After 4 days of irradiation, the samples were continuously cultured
with medium containing 1% (v/v) GPE or both VC and VE for another 3 days. The medium
was replaced with the same fresh medium every day. After the cultivation was completed,
we removed the medium in all groups, washed them with PBS solution, and wiped off the
residual liquid with a sterile swab. After, we fixed skin models with 4% paraformaldehyde
for 24 h.

2.5.1. H&E Staining

After 24 h of fixation, the skin models were washed with PBS and dehydrated
by stepwise immersion in solutions of increasing ethanol concentration, embedded in
paraffin overnight, then were sealed with dry gum and sliced into 8-um-thick sections.
Sections were stained with hematoxylin and eosin (H&E). Then, the images were taken
under the microscope.

2.5.2. Masson Staining

Paraffin sections obtained in Section 2.5.1 were dewaxed and stained using a Masson
staining kit (YK2223, Shaanxi Yike biotechnology Service Co., Ltd., Xi’an, China) according
to the manufacturer’s instructions. Then, the images were taken under a microscope to
observe and analyze.

2.5.3. Immunofluorescence

After fixation with 4% paraformaldehyde, tissue embedding and tissue sectioning
were performed. After deparaffinization and hydration of the baked slices, the paraffin
sections were placed in a 0.01 M sodium citrate antigen repair solution and subjected to
high-pressure repair. After cooling, the slices were removed and washed with PBS solution
(three times, 5 min each). One drop of 3% H,O, was added to each slice, and they were
incubated at room temperature for 30 min, then washed with PBS (three times, 5 min
each). We added serum homologous to the secondary antibody and sealed it at 37 °C for
60 min. We added primary antibody working solution dropwise, incubated overnight
at 4 °C, and washed with PBS (three times, 5 min each). Next, we added the secondary
antibody working solution dropwise and incubated at room temperature for 1 h, before
washing with PBS (three times, 5 min each). After the completion of the secondary antibody
incubation, we washed with PBS (three times, 5 min each). Then, we shook off the PBS
solution attached to the glass slide, added 100 L of Hoechst working solution dropwise
to each slice, and incubated at room temperature for 5 min. We then washed with PBS
(three times, 5 min each). We wiped off the PBS solution with absorbent and sealed it
with a drop of quenching inhibitor. Finally, we viewed it under a fluorescence microscope
(BX43, Olympus, Excitation wavelength: 488 nm, Emission wavelength: 520 nm) and
took photos within 24 h. The following primary antibodies were used: anti-collagen I
(#72026, Cell Signaling Technology, Danvers, MA, USA, dilution 1:200), anti-collagen 111
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(22734-1-AP, Proteintech, Wuhan, China, dilution 1:200), anti-collagen IV (ab6311, Abcam,
Cambridge, UK, dilution 1:200), anti-collagen XVII (ab186415, Abcam, dilution 1:200) and
goat anti-rabbit IgG (ab150077, Abcam, dilution 1:500).

2.6. Tissue Morphological Changes, Detection of Filaggrin (FLG), Loricrin (LOR) and
Transglutaminase-1 (TGM1) Content Based on 3D Epidermal Skin Model

The EpiKutis 3D skin model (Guangdong BioCell Biotechnology Co., Ltd.) is another
skin model. Unlike in vitro skin models used in Section 2.5, this model only included
epidermal cells. It was utilized to evaluate the effects of GPE on cellular barrier function in
epidermal layer. 3D skin models were transferred to a 6-well plate with 0.9 mL EpiGrowth
medium added in advance according to the grouping. WY14643 is a kind of PPAR«x agonist,
that has anti-inflammatory properties, promoting barrier function in skin cells. In the
positive group, 50 uM WY14643 were used instead of sample GPE. Control groups were
cultured with normal medium. The positive control group and experimental group were
irradiated with UVB (600 m]/cm?). After irradiation, the four groups of epidermal models
were cultured in a 37 °C 5% CO; incubator for 24 h, and then fixed with 4% paraformalde-
hyde for 24 h. We performed H&E staining and immunofluorescence detection (the same
as described in Sections 2.5.2 and 2.5.3), took photos under a microscope for observation,
collected images, and conducted analysis. The following primary antibodies were used:
anti-FLG (ab218397, Abcam, dilution 1:200), anti-LOR (ab198994, Abcam, dilution 1:500),
anti-TGM1 (12912-3-AP, Proteintech, China, dilution 1:200), goat anti-rabbit IgG (ab150077,
Abcam, dilution 1:500) and goat anti-mouse IgG (ab150117, Abcam, dilution 1:500).

2.7. Biological Assay and Method Based on HSF Cell Inflammaging Model and UV-Induced
Senescence Model

2.7.1. Cell Culture of THP-1 and HSF

Normal HSF cells (NewgainBio, Wuxi, China) were cultured on high-glucose DMEM
(Wisent Biotechnology Co., Ltd., Nanjing, China) supplemented with 10% FBS (Gibco,
Carlsbad, CA, USA) and 1% penicillin/streptomycin (Shanghai BasalMedia Technologies
Co., Ltd., Shanghai, China). When HSF cells in T25 cell culture flasks grew to a density
above 90%, 1:3 or 1:2 passages were performed. THP-1 cells (Baidi Biotech Ltd., Jiaxing,
China) were cultured on RPMI-1640 medium (Servicebio, Wuhan, China) supplemented
with 10% FBS (Gibco, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Shanghai
BasalMedia Technologies Co., Ltd.). The cell cultures were maintained in a humidified
incubator at 5% CO; and 37 °C. When THP-1 cells in T75 cell culture flasks grew to a
density above 90%, 1:2 passages were performed.

2.7.2. Induction of Aging to HSF

When THP-1 cells were cultured to at least two T75 cells, we then prepared the
RPMI1640 complete medium containing 100 nM PMA, which was used to inoculate the
cells into a 6-well plate (1 x 10° cells/well) and cultured them for 24 h. We prepared
the RPMI1640 complete culture medium containing 100 nM PMA, 100 ng/mL LPS, and
20 ng/mL IFN-y, removed the original medium, added the newly prepared complete
culture to each well, and continued processing for 24 h to obtain M1 type THP-1 cells.
Next, we removed the culture medium, washed it with PBS three times, added new 1640
complete culture medium, incubated it for 48 h, collected the cell culture supernatant, and
stored it at —80 °C or proceeded to the next experiment. It was later used to induce the
inflammaging model of HSF cells (Figure 2).
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Figure 2. Flowchart of induction of inflammaging model of HSF cells.

For this model, HSF cells were seeded onto a 12-well plate (5 x 10* cells/well), and
after 24 h, the original culture medium was removed. The THP-1 cell culture supernatant
was used to prepare the specified concentration of drug (0, 0.01%, 0.05% GPE, or 0, 10,
25 ug/mL ginseng peptide) or positive drug (50 pg/mL TGF-1) and stimulated for 72 h.
After, we collected the culture supernatant from each well and stored it at —80 °C or
performed the next experiment.

For the UV-induced aging model, HSF cells were seeded onto a 12-well plate
(4 x 10* cells/well). After 24 h, the original culture medium was removed and washed
twice with PBS. After 15 ] of UVA irradiation, PBS was discarded and replaced with medium
(containing 2% FBS) containing the specified concentration of drugs (0, 10, 25 ug/mL gin-
seng peptide) or positive drug (50 ng/mL TGF-p1) for further incubation for 24 h. After,
we collected the culture supernatant from each well and stored it at —80 °C or performed
the next experiment.

2.8. Determination of Inflammatory Cytokines (IL-6, TNF-«) and Collagen I by ELISA

The concentration of IL-6, TNF-« and collagen I were determined using IL-6 ELISA
kit (EK206, MultiSciences, Hangzhou, China), TNF-ox ELISA kit (EK282, MultiSciences,
Hangzhou, China) and collagen I ELISA kit (Cat No. 97044ES96, YEASEN, Shanghai,
China) according to the manufacturer’s instructions and measured the absorbance at
450 nm/630 nm using a microplate reader.

2.9. Statistical Analysis

GraphPad Prism 9.5 software (GraphPad Software, Inc., La Jolla, CA, USA) was
used for statistical analyses. Data were expressed as mean values & SD of almost three
independent experiments. A Student’s ¢-test was performed to compare the differences
between the two groups, and one-way analysis of variance (ANOVA) was performed to
compare the differences between multiple groups, followed by Dunnett’s test as the post
hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001). p < 0.05 was regarded as statistically significant,
while p < 0.01 was regarded as a highly significant difference.

3. Results
3.1. Network Pharmacology Predicts the Anti-Aging and Anti-Inflammatory Efficacy of Ginseng

We first conducted a preliminary network pharmacology analysis of reported ginseng-
soluble activities (including small molecules and peptides) and collected targets for various
skin diseases. Specifically, we used the TCMSP [24] database for screening the small
molecules and their regulatory targets in ginseng, while the identified GPs and their
potential corresponding targets were obtained using mass spectrum data for ginseng
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peptides [30] and regulatory target prediction through HSM and CAMP models. We
retrieved skin anti-aging and repair-related targets through the GeneCards [25] and OMIM
databases [26], removed duplicates, and intersected them with the potential targets of
ginseng, resulting in a total of 121 potential targets.

After integrating the potential targets of ginseng compounds and GPs, a network
relationship was constructed using Cytoscape 3.7.2, resulting in a network comprising
159 nodes and 256 interaction edges. Then, we used the STRING database [27] to construct
a key target network, which consisted of 134 nodes and 1895 interacting edges (Figure 3A).
Using Cytoscape 3.7.2 software to analyze the PPI network, the top five targets with the
highest degree values were obtained: TNF, AKT1, IL-6, INS, and IL-1f3. This suggests that
ginseng may alleviate inflammaging through these main targets (Figure 3B).
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Figure 3. Visualization of interacting targets in the active components of ginseng and senescence:
(A) complex target pathway network of ginseng components against senescence. The deep-red hexagonal
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nodes represent the small molecule components in ginseng, the pink square nodes represent the
calculated ginseng peptides, and the blue node is the potential target; (B) PPI network of the selected
core objectives; (C) KEGG pathway analysis of senescence targets. The horizontal axis represents fold
enrichment, the depth of the bubble color represents the enrichment degree of the pathway, and the
bubble size represents the number of genes enriched in this pathway. The red boxes represent the
main signaling pathways; (D) GO enrichment of ginseng against senescence. The ordinate indicates
the degree of enrichment of the pathway, expressed in the form of —Log1q (p Value).

We performed GO functional annotation and KEGG pathway analysis on 159 targets of
the PPI network using the Metascape database [28]. Then, the top 20 targets were visualized
as bubble plots (Figure 3C), and it was found that ginseng may alleviate inflammaging
through the TNF, IL-17, NF kappa B, MAPK, and PI3K-Akt signaling pathways. In the
biological processes (BPs), ginseng mainly has a great influence on MAPK cascade reaction,
response to lipopolysaccharide (LPS), and negative regulation of gene expression and
nitric oxide biosynthesis process. Regarding the molecular functions (MFs), the functions
of ginseng pharmaceutical components are mainly related to enzyme binding, protein
binding, and transcription coactivator binding. The targets in the cellular components
(CCs) are closely related to the plasma membrane and cytosol (Figure 3D).

Based on the analysis of the results from network pharmacology and computational
biology, we hypothesize that ginseng may exert anti-inflammatory and anti-aging effects
by down-regulating the expression of pro-inflammatory cytokines such as IL-6, IL-1f3,
and TNF-«.

3.2. In Vitro Evaluation of the Antioxidative and Anti-Inflammatory Effects of GPE

To verify the anti-inflammatory effects of GPE, we first assessed its antioxidant activity
and anti-inflammatory activities. We initially obtained GPE through enzymatic hydrolysis,
which mainly included water-soluble small molecules and water-soluble polypeptides. The
results showed that the half-maximal scavenging rates were 5.13% and 4.91%, respectively,
indicating that the GPE possesses good free radical scavenging ability (Figure 4A,B).
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Figure 4. In vitro evaluation of the antioxidative and anti-inflammatory effects of GPE in RAW264.7
cell model. (A) ABTS+ radical scavenging rate; (B) DPPH radical scavenging rate; ECsp: half-maximal
effective concentration; (C) cell viability calculated by the cck-8 assay after incubation of 24 h with
different concentrations of GPE. The viability of untreated group was assessed as 1 (100%); (D) ROS
levels after 24 h of treatment with different concentration of GPE; (E-G) changes in IL-1f, IL-6, and
TNF-« gene expression evaluated by RT-qPCR; (H) changes in NO content; (1)) release of IL-6 and
TNF-o obtained by ELISA. Values are expressed as mean £ SD (n = 3). ANOVA was used for all
statistical analyses and Dunnett’s test was used for the post hoc test. Untreated cells were used
as the blank group, while cells treated with LPS but without GPE were used as the model group.
### p < 0.001 vs. blank group; ** p < 0.01 vs. control group; *** p < 0.001 vs. control group; ns, not
significant between the indicated groups.

Next, we evaluated the effects of GPE on the viability of RAW264.7 cells. The results
showed that as the concentration of GPE increased (0-150 nug/mL), cell viability increased
in a dose-dependent manner. This indicates that GPE promotes the viability of RAW264.7
cells within a certain concentration range and may have a positive impact on cell growth
(Figure 4C). Subsequently, we further determined the antioxidative and anti-inflammatory
effects of GPE in the RAW264.7 model. The ROS experimental results indicated that GPE
could effectively reduce the intracellular ROS levels in RAW264.7 cells, which may also
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be one of the important mechanisms of its anti-inflammatory action (Figure 4D). Gene
expression analysis found that GPE significantly inhibited the gene expression levels of
IL-6, IL-1p3, and TNF-« (Figure 4E-G). Additionally, the cytokine analysis results showed
that the levels of IL-6 and TNF-« in cells treated with GPE were significantly reduced,
while the levels of NO were also significantly decreased (Figure 4H-J). The experimental
results indicated that GPE has significant antioxidative and anti-inflammatory effects.

3.3. Systematic Evaluation of the Anti-Inflammaging Effects of GPE

To verify whether GPE can alleviate skin cell senescence by reducing inflammatory
responses, we utilized the HSF inflammaging model to assess the anti-aging efficacy of
GPE. The HSF inflammaging model is an HSF cell senescence model induced by inflam-
matory cytokines produced by M1-type THP-1 cells. Compared with the use of a single
inflammatory cytokine to induce an aging model, it can simulate cellular aging caused
by changes in complex inflammatory environments in the skin more realistically [31,32].
In this inflammaging model, we found that the content of collagen I in the supernatant
of the model group (cells treated with M1 THP-1 supernatant without GPE) significantly
decreased, while the content of MMP-1 significantly increased. However, after the addition
of GPE, the levels of collagen I and MMP-1 in the supernatant tended to return to normal

(Figure 5A,B).
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Figure 5. Evaluation of the anti-aging effect of GPE on inflammaging HSF cells. (A,B) inflammaging
HSF cells were treated with different doses of GPE for 24 h and ELISA was used to detect collagen
I and MMP-1 content change. Untreated cells were used as the blank group, while cells treated
with THP-1 supernatant but without GPE were used as the model group. Values are expressed as
mean + SD (n = 3). ANOVA was used for all statistical analyses and Dunnett’s test was used for the
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post hoc test. ## p < 0.001 vs. Control group; * p < 0.05, *** p < 0.001 vs. Model group; ns, not
significant between the indicated groups (vs. Model group); (C) heat map of differentially expressed
genes in transcriptome sequencing. The red and blue blocks represent high and low expression
levels of genes, respectively; (D,E) KEGG pathway analysis and GO enrichment of activated genes;
(F,G) KEGG pathway analysis and GO enrichment of suppressed genes. In KEGG enrichment
analysis, the horizontal axis represents fold enrichment, the depth of bubble color represents the
enrichment degree of the pathway, and the bubble size represents the number of genes enriched in
this pathway. The red boxes represent the main signaling pathways. In GO enrichment analysis,
the ordinate indicates the degree of enrichment of the pathway, expressed in the form of —Logj
(p Value).

To comprehensively investigate the differential gene expression levels of GPE in
HSF cells, we conducted transcriptome sequencing. After filtering the results, a total of
203 activated genes and 132 inhibited genes were identified (Figure 5C). Using the Metas-
cape database for GO functional annotation and KEGG pathway analysis, it was found
that the activated genes were primarily enriched in protein digestion and absorption and
the TGF-f3 and PI3K-Akt signaling pathways (Figure 5D). In the GO enrichment analysis,
the enrichment items for GPE included cell population proliferation, muscle structure
development, response to TGF-3, growth factor binding, cytokine binding, collagen bind-
ing, and collagen-containing extracellular matrix (Figure 5E). The suppressed genes were
mainly enriched in the p53 and NF-kappa B signaling pathways (Figure 5F). In the GO
enrichment analysis, the enrichment items for GPE included a structural constituent of the
skin epidermis and collagen receptor activity (Figure 5G). Based on the comprehensive
analysis of the transcriptome sequencing results, we determined that the anti-aging effects
of GPE on HSF cells are primarily manifested in the increased synthesis of collagen. The
increase in collagen content further indicates that GPE has a protective effect against aging
in HSF cells induced by inflammatory factors.

3.4. Systematic Evaluation of Anti-Inflammatory Aging in Dermatological Application Using
Multi-Layer Skin Models

To confirm whether GPE can protect epidermal skin cells from UV damage, we first
used UV irradiation on a 3D epidermal skin model to induce damage and detected changes
in tissue morphology, filaggrin (FLG), loricrin (LOR), and transglutaminase 1 (TGM1)
content. H&E staining showed that the number of sunburn cells increased after UVB
irradiation but significantly decreased after GPE treatment (Figure 6A,B). Immunofluores-
cence was then used to detect the expression levels of FLG, LOR, and TGM1. The results
showed that the expression levels of FLG, LOR, and TGM1 were significantly lower in
cells after UVB irradiation compared to the control group. In contrast, the levels of these
proteins were significantly higher in the GPE-treated group, with enhancement rates of
95.56%, 146.15%, and 207.69%, respectively (Figure 6C-E). These data indicate that GPE
can upregulate the expression of FLG, LOR, and TGM1 proteins, protect epidermal skin
cells from UVB-induced damage, and possess reparative effects.

After confirming the efficacy of GPE in the epidermal cells, we further sought to verify
whether GPE also has anti-aging effects on dermal skin cells. Therefore, we utilized a
combination of UVA (30 J/cm?) and UVB (50 mJ/cm?) irradiation to induce an in vitro
skin model. H&E staining was used to observe histological changes, revealing that the
thickness of the viable skin cell layer significantly decreased after UV irradiation but
increased after GPE treatment. Masson staining also showed that GPE treatment could
improve the UV-induced decrease in collagen fiber content (Figure 7A-C). Subsequently,
we used immunofluorescence to detect changes in collagen content in the in vitro skin
model. After UV induction, the content of collagen I, collagen III, collagen IV, and collagen
XVII all significantly decreased, but GPE treatment significantly increased the collagen
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content, with enhancement rates of 77.36%, 213.33%, 176.92%, and 146.15%, respectively
(Figure 7A,D-G). This indicates that skin function improved after treatment with 1% (v/v)
GPE. Based on the above results, we determined that GPE applied to the in vitro skin

model significantly increases collagen content and improves skin senescence induced by
UV
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Figure 6. Effects of GPE treatment on UV-induced EpiKutis 3D epidermal skin model damage as
assessed via immunofluorescence and H&E staining. All groups (except the control group) were
treated with UVB. WY14643 (pirinixic acid) was used as the positive control drug in the experiment.
The results show that 1% (v/v) GPE could protect epidermal skin cells from UVB-induced damage
and possess reparative effects. (A) sunburn cells were calculated and expression of filaggrin (FLG),
loricrin (LOR), and transglutaminase-1 (TGM1) proteins were analyzed after treatment with 1% (v/v)
GPE in 3D human skin cells using a confocal microscope. Scale bar = 100 pm; (B—E) sunburn cells and
relative expression level of FLG, LOR, and TGM1 proteins were analyzed. Values are expressed as
mean + SD (n = 3). Comparisons between groups were performed using a Student’s t-test. ANOVA
was used for all statistical analyses and Dunnett’s test was used for the post hoc test. # p <0.01,
ittt p <0.001 vs. Control group; ** p < 0.01, *** p < 0.001 vs. Model group.
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Figure 7. Protective effect of GPE on the UV-induced in vitro skin model. All groups (except the
control group) were treated with UVA and UVB. VC (vitamin C) and VE (vitamin E) were used as
the positive control drug in the experiment. The results indicated that impaired skin function due to
UV exposure was markedly reversed after 1% (v/v) GPE treatment. (A) protective effect of GPE was
evaluated through H&E staining, Masson staining, and immunofluorescence on in vitro skin models.
Scale bar = 100 um; (B) cell layer thickness, i.e., the relative level of active cells; (C) relative content of
collagen fiber; (D-G) relative content of collagen I, collagen III, collagen IV, and collagen XVII was
analyzed. Values are expressed as mean + SD (n = 3). Comparisons between groups were performed
using a Student’s t-test. ANOVA was used for all statistical analyses and Dunnett’s test was used for
the post hoc test. ## p < 0.001 vs. Control group; ** p < 0.01, *** p < 0.001 vs. Model group.

80



Cosmetics 2025, 12, 85

3.5. Prediction of GPs Based on Protein Interaction Model

Next, we utilized the in-house customized machine learning model [33], which pre-
dicts the probability of protein—peptide interactions, to screen for bioactive peptides in GPE.
We first applied the modified HSM model to the GP database [30]. Based on the scores
output by the model, we selected the top 50 GPs with the highest interaction probabilities
with the targets related to inflammaging in the modified HSM model [33,34]. This step
provided us with a list of high-potential peptide candidates. Subsequently, we used the
modified CAMP model to further predict the results from the HSM model [33,35]. We
conducted an in-depth analysis of these 50 peptides using the CAMP model and, based on
the predicted scores, ultimately selected peptides with interaction scores greater than 0.5.
Through the predictions of these two models, we identified 19 peptides and 14 potential
target proteins, providing a list of GPs with potential anti-aging and anti-inflammatory
effects (Appendix A Table A1l). After summarizing and screening the results, we synthe-
sized the top five GPs with different sequences (QK-14, EG-15, VL-14, VK-15, AE-16) for
subsequent experimental validation (Figure 8).
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Figure 8. Structure of the obtained GPs screened. QK-14 (QEGIYPNNDLYRPK), VL-14 (VD-
CPTDDATDDYRL), EG-15 (EGLYPNKTAPYTPVG), VK-15 (VDCPTDDATDDYRLK), and AE-16
(ADEVVHHPLDKSSEVE).

3.6. Evaluation of Anti-Inflammatory and Anti-Aging Effects of GPs

To verify whether the peptides we screened have anti-inflammatory and anti-aging ef-
fects, we selected the top five GPs (QK-14, EG-15, VL-14, VK-15, and AE-16) and conducted
preliminary evaluation using a UVA-induced UV aging model. It was found that the three
peptides QK-14, VK-15, and AE-16 can increase the content of collagen I in senescent cells
(Figure 9A). After in-depth exploration, we found that it has anti-aging effects on cell
aging caused by UV and inflammatory factors and can enhance the expression of collagen
L'in cells (Figure 9B,C). Applied to the RAW264.7 cell inflammation model, it was found
through ELISA detection that three GPs can significantly reduce the levels of IL-6 and
TNEF-o produced by M1 type RAW264.7 cells, and NO detection also showed the same
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effect (Figure 9D-F). Based on the above results, we determined that the GPs we calculated
have excellent anti-inflammatory effects and can alleviate the decrease in collagen content
caused by UV or inflammatory factors in skin cells with anti-aging effects.
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Figure 9. Verification of the anti-inflammatory and anti-aging effects of GPs. (A) preliminary
evaluation of GPs using UVA-induced HSF senescence model; (B) changes in collagen I content in
the HSF cell inflammaging model after treatment with QK-14, VK-15, or AE-16 (10 or 25 ug/mL);
(C) changes in collagen I content in the HSF cell UVA-induced senescence model after treatment with
GPs, TGF-1 was used as the positive control drug; (D-F) changes in IL-6, TNF-«, and NO levels
in the RAW264.7 cell inflammation model treated with GPs, Dex (Dexamethasone) was used as the
positive control drug in the experiment. Values are expressed as mean + SD (n = 3). ANOVA was
used for all statistical analyses and Dunnett’s test was used for the post hoc test. ## p < 0.001 vs.
Control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Model group. ns, not significant between the
indicated groups (vs. Model group).

4. Discussion

This study explores the effects of GPE on anti-inflammatory aging activity and skin
protection, revealing potential mechanisms at the cellular and molecular levels. Cellular
assays demonstrated that GPE enhanced cell viability within a defined concentration range,
ameliorating inflammatory responses and supporting tissue repair. While in an inflam-
matory aging model, GPE significantly elevated collagen deposition and reduced MMP-1
expression. In vitro skin models exposed to UV irradiation showed that GPE attenuated
epidermal damage and enhanced collagen synthesis. Machine learning-driven screening
identified three bioactive peptides (QK-14, VK-15, AE-16) from GPE that demonstrated dual
anti-inflammatory and collagen-promoting activities in both cellular senescence and inflam-
mation models, collectively indicating GPE’s therapeutic potential in dermatoprotection
and anti-aging interventions.

Ginseng (Panax ginseng C.A. Meyer) has long been recognized for its medicinal prop-
erties, including anti-inflammatory, anti-aging, and immunomodulatory effects. These
properties are primarily attributed to its saponins and polysaccharides, which have been
extensively studied for their therapeutic potential in various health conditions [36-39].
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However, the role of ginseng peptides (GPs) in skincare has remained relatively under-
explored compared to saponins and polysaccharides [30]. Our study utilizes network
pharmacology and machine learning to identify and validate the bioactive peptides within
GPE, demonstrating their potential to reduce inflammation and promote collagen syn-
thesis in both in vitro and ex vivo models. This approach aligns with recent trends in
computational biology, which emphasize the use of predictive models to identify bioactive
compounds from natural sources [40-45].

Compared to previous studies, our work provides a more comprehensive evaluation
of GPE’s effects on skin health. For instance, while earlier research has focused on the an-
tioxidant properties of ginseng saponins [46—48], our study extends this by demonstrating
the anti-inflammatory and collagen-promoting effects of GPE. Additionally, our use of
multi-layer skin models to validate GPE'’s reparative effects on UV-induced damage offers
a more realistic assessment of its potential in skincare applications [49,50]. Our findings
on GPE’s bioactivity are consistent with studies on other herbal peptides. For example,
Ganoderma lucidum (G. lucidum, Lingzhi), commonly known as Reishi mushroom, is an-
other herbal source that has been extensively studied for its bioactive peptides. Reishi
peptides have been reported to exhibit significant anti-inflammatory, antioxidant, and im-
munomodulatory effects [51,52]. For example, a study identified several bioactive peptides
from Reishi mushroom that demonstrated potent anti-inflammatory effects by inhibiting
the production of pro-inflammatory cytokines such as IL-6 and TNF-« [51]. Another study
reported that ginseng peptides could promote collagen synthesis in human skin models,
thereby enhancing skin elasticity and reducing signs of aging [53]. Similarly, peptides
derived from soybeans have been shown to exhibit anti-inflammatory and anti-aging ef-
fects, particularly in reducing the expression of inflammatory cytokines such as IL-6 and
TNEF-o [54]. Likewise, peptides from green tea or other plants have demonstrated signifi-
cant antioxidant properties, which are crucial for mitigating oxidative stress-induced skin
aging [55,56]. These parallels suggest that herbal peptides may share common mechanisms
in promoting skin health through anti-inflammatory and antioxidative pathways.

Traditional methods of peptide discovery from natural sources often involve labor-
intensive and time-consuming processes, such as extraction, purification, and in vitro
and in vivo testing. These methods typically require extensive experimentation and can
be limited by the complexity of natural products and the variability in their biological
activities. In contrast, our study employs a combination of network pharmacology and
machine learning to predict and identify bioactive peptides from ginseng extract. This
computational approach offers an advantage over traditional methods: by using predictive
models, we can rapidly screen and prioritize potential bioactive peptides, significantly
reducing the time and resources required for experimental validation [57], and network
pharmacology allows us to integrate multiple data sources, providing a more holistic view
of their therapeutic potential [58].

Notably, compared with other computational screening methods, our computational
approach has several unique features and advantages: (1) We combined multiple algo-
rithms, including the HSM model [34] and the CAMP model [35], to enhance the accuracy
and reliability of peptide prediction. The HSM model provided a preliminary screening
of potential peptides, while the CAMP model further refined the selection by predicting
protein—peptide interactions [45]. (2) Our approach not only identified bioactive peptides
but also predicted their potential targets and pathways involved in anti-inflammatory and
anti-aging effects. This comprehensive analysis can identify potential targets and pathways
involved in the bioactivity of various peptides, facilitating a deeper understanding of
their mechanisms of action [59]. (3) Our computational framework can be easily adapted
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to screen peptides from other herbal sources, making it a versatile tool for identifying
bioactive compounds from natural products.

However, our study also has some limitations: (1) the bioactivity of the identified pep-
tides was only suggested in vitro, and our 3D experimental models do not fully replicate
the complexity of human skin [60]. Therefore, clinical trials are also needed to confirm
GPE’s efficacy and safety in human subjects, and more comprehensive models are needed
to validate the bioactivity of ginseng peptides; (2) the discovery of bioactive peptides in
GPE offers new possibilities for cosmeceuticals against inflammaging. Future research
should explore the specific molecular mechanisms of GPE's effects, such as related signaling
pathways; (3) additionally, studying the synergistic effects of GPE with other bioactive com-
pounds could enhance its therapeutic potential, which can determine optimal combination
and dosages for skincare formulations [61].

As computational biology evolves, the virtual screening methods used here can be
improved. Better machine learning algorithms and predictive models could increase
the accuracy and efficiency of identifying bioactive peptides from natural sources [62].
This would allow our research approach to be applied more broadly to the discovery of
bioactive compounds in various natural ingredients. Moreover, future research could focus
on the structural optimization and modification of the identified ginseng peptides using
various computational approaches to enhance their efficacy, stability, and bioavailability
for practical applications in skincare and therapeutic formulations [63-65].

5. Conclusions

In conclusion, our study provides a comprehensive evaluation of GPE’s potential as
an anti-inflammatory and anti-aging agent for skincare. By integrating network pharma-
cology, machine learning, and experimental validation, we have identified key ginseng
peptides that demonstrate significant bioactivity. These findings not only expand the
current understanding of ginseng’s therapeutic potential but also offer new directions
for the development of innovative skincare formulations. Future research should aim
to address the limitations identified here and further explore the clinical applications of
ginseng peptides in skin health.
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Abbreviations

The following abbreviations are used in this article:

ABTS+ 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonate) diammonium salt
BP biological processes

CcC cellular components

COL1A1  Collagen type I alpha 1

Dex Dexamethasone

DPPH 2,2-diphenyl-1-picrylhydrazyl

ELISA Enzyme-linked immunosorbent assay

FLG Filaggrin

GO Gene ontology

GP Ginseng peptides

GPE Ginseng peptide extract

HSM Hierarchical statistical mechanical modeling

KEGG Kyoto Encyclopedia of Genes and Genomes

LOR Loricrin

MF molecular functions

NO Nitric oxide

OMIM Online Mendelian inheritance in man

PPI Protein—protein interaction

ROS Reactive oxygen species

RT-gPCR  Quantitative real-time polymerase chain reaction

SASP senescence-associated secretory phenotype

STRING  Search Tool for the Retrieval of Interacting Genes/Proteins
TGM1 Transglutaminase-1

TCMSP  Traditional Chinese Medicine Systems Pharmacology
Appendix A

Table Al. Sequence of GPs, keywords of targets, and predicted scores of modified HSM and
CAMP models.

Peptide_Sequence Keywords Protein I—?sgllashcﬁa;e CAMP Score
LNQEGIYPNNDLYRP proliferation BIN1 0.000222856 0.99666637
LNQEGIYPNNDLYR Inflammation, FGR 0.000571771 0.9769991

proliferation
QEGIYPNNDLYRPK Proliferation, FGR 0.0013086 0.97212684
proliferation
LNQEGIYPNNDLYRP inflammation PSTPIP1 0.000271744 0.94917411
ANLLHKLEETLGMNDK inflammation, TP53BP2 0.0000043 0.908577681
proliferation, oxidat
LNQEGIYPNNDLYRP inflammation BTK 0.000251922 0.89676905
VDCPTDDATDDYR proliferation FYN 0.000111128 0.8797974
NQEGIYPNNDLYRPK Inflammation, FGR 0.00017643 0.86943609
proliferation
HLNAVPEIDFTKNEN inflammation PSTPIP1 0.000113509 0.86510551
LNQEGIYPNNDLYRP Inflammation, oxidat PIK3R1 0.000212876 0.84001458
VDCPTDDATDDYRL proliferation FYN 0.000110712 0.83449197
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Table A1. Cont.

. . HSM Score
Peptide_Sequence Keywords Protein (p_Value) CAMP Score
LNQEGIYPNNDLYR inflammation BTK 0.00057089 0.8144055
LNQEGIYPNNDLYR oxidat NCF4 0.000371933 0.79551464
SEYVLTDINVCVNQ inflammation BTK 0.000883059 0.79394358
VDCPTDDATDDYR Inflammation, FGR 0.00016603 0.7798081
proliferation
LNQEGIYPNNDLYR Inflammation, oxidat PIK3R1 0.000545315 0.77899241
QEGIYPNNDLYRP collagen WWC1 0.000382538 0.76215649
VDCPTDDATDDYRLK proliferation FYN 0.0000267 0.73349589
ADEVVHHPLDKSSEVE Inflammation, JIP1 0.0000021 0.730936706
proliferation, oxidat
PEIDFTKNEN inflammation BTK 0.000421379 0.72908759
VDCPTDDATDDYRL Inflammation, FGR 0.000133978 0.72363502
proliferation
NQEGIYPNNDLYRPK oxidat NCF4 0.000182778 0.71487856
GVQKTEVEATSTVPAQKL Inflammation, JIP1 0.0000027 0.708695173
proliferation, oxidat
EGLYPNKTAPYTPVG Inflammation, FGR 0.000300853 0.69255173
proliferation
DKSSEVETTDRGLFD proliferation VAV1 0.0000597 0.685672045
VQVLEGNGGVGTIKN proliferation ARHGAP26 0.0000169 0.6738382
LNQEGIYPNNDLYRP oxidat NCF4 0.000162998 0.64596671
QEGIYPNNDLYRPK Inflammation, ITK 0.001193209 0.62135625
proliferation
LTVTPEEPVVVEK Inflammation, FGR 0.000264268 0.59293336
proliferation
VQVLEGNGGVGTIKN Inflammation, FGR 0.0000117 0.5275951
proliferation
EGLYPNKTAPYTPVG oxidat SGR 0.000258785 0.52582133
EHTNTEDKQFWEHE inflammation BTK 0.0000917 0.50152653
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Abstract: Focusing on the anti-aging mechanism and efficient utilization of anti-aging ac-
tive ingredients in the skin is an excellent strategy to mitigate aging. In this study, ri-
bose/collagen/decarboxylated carnitine hydrochloride/palmitoyl tripeptide-1 composite
nanocarriers (RCDP NCs) were synthesized using transdermal drug delivery nanotechnology.
The drug delivery of composite nanocarriers and the anti-aging mechanism of RCDP NCs
were studied through transdermal behavior, cell uptake, cell proliferation, antioxidant enzyme
activity, lipid oxidation product expression, 3—galactosidase content, autophagy vesicle num-
ber, autophagy-related protein expression, and other indicators. The results showed that the
composite nanocarriers on the skin could reach a dermal depth of 460.0 um (4 h). The uptake
of RCDP NCs by keratinocytes and fibroblasts increased by 47.37% and 89.11% (4 h), respec-
tively. RCDP NCs promoted cell proliferation, enhanced the activities of the main antioxidant
enzymes, and reduced the production of the lipid oxidation product malondialdehyde (MDA).
Sequestosome-1 protein (p62) decreased, whereas both the ratio of microtubule-associated
protein light chain 3 II/microtubule-associated protein light chain 3 I (LC3II/LC3I) and the
number of autophagosomes increased, indicating that RCDP NCs promoted autophagy. The
drug delivery nanotechnology in this study achieved better transdermal application of active
ingredients, which could mitigate skin aging faster and more effectively.

Keywords: composite nanocarriers; percutaneous penetration; cell uptake; anti-aging; autophagy

1. Introduction

Skin aging is a physiological phenomenon characterized by degenerative alterations in
cutaneous morphology and functionality resulting from various factors. As human longevity
increases and an aging society emerges, public awareness regarding aesthetics has progres-
sively heightened. Consequently, the investigation of the fundamental mechanisms underly-
ing skin aging and methods to mitigate this process has become a prominent focus within
cosmetic research [1]. The complexity of skin aging involves multiple concurrent mecha-
nisms; therefore, a singular efficacy approach cannot adequately address all manifestations
of aging [2]. Thus, a comprehensive examination of the mechanisms involved in skin aging,
combined with the development of skincare materials that exhibit multiple efficacy pathways,
can facilitate the creation of more potent anti-aging cosmetic ingredients.

Free radical accumulation induces oxidative stress, which can potentially damage
lipids, proteins, nucleic acids, and cellular organelles. The intracellular buildup of non-
functional or deteriorated organelles and proteins adversely impacts cellular integrity,
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thereby promoting cellular senescence [3]. When the accumulation of damage from free
radicals exceeds the body’s reparative capacity, alterations in cellular differentiation occur
or may be completely abolished. This results in cellular rupture, apoptosis, and subsequent
skin aging [4]. Autophagy plays a crucial role in maintaining intracellular homeostasis
under various stress conditions; it functions as a survival mechanism against both endoge-
nous and exogenous stressors [5]. However, cellular senescence is associated with reduced
autophagic activity. This decline allows for the continuous accumulation of damaged
organelles and proteins, further accelerating the process of senescence. Therefore, moderate
activation and regulation of autophagy are beneficial for delaying senescence [6].

Ribose, a pentose sugar, plays a crucial role in stimulating the synthesis of adenosine
triphosphate, rejuvenating the cellular energy supply, enhancing cellular respiration, and im-
proving cutaneous elasticity as well as the appearance of wrinkles [7-9]. Recombinant human
collagen III (hereafter referred to as collagen, sequence: GERGAPGFRGPAGPNGIPGEKG-
PAGERGAP) represents a functional domain fragment derived from human collagen I1I. This
recombinant form exhibits high activity and affinity, with notable transdermal performance. The
curved triple helical structure of recombinant human collagen III facilitates superior adhesion to
melanocytes, fibroblasts, macrophages, and other cell types, resulting in enhanced cellular at-
tachment. Furthermore, this structural configuration promotes self-assembly into collagen fibers.
The abundant integrin binding sites within collagen interact with cellular surface receptors,
thereby augmenting integrin binding and subsequently regulating processes such as cellular
recognition, adhesion, and migration [10,11]. Decarboxy carnosine HCL demonstrates multiple
functionalities, including antioxidant effects, anti-glycation properties, pollution protection
capabilities, and anti-aging benefits. This compound protects cutaneous cells, diminishes wrin-
Kkles, and exerts protective effects on enzymatic activity and collagen integrity [12]. Palmitoyl
tripeptide-1 promotes extracellular matrix synthesis, including collagen and glycosaminoglycan
production, thereby reducing wrinkle depth, volume, and density [13].

Nanocarriers possess the capability to encapsulate both hydrophilic and lipophilic active
substances. Their nanoscale dimensions and favorable deformability confer an enhanced capacity
to penetrate physiological tissue barriers [14]. When incorporated into cosmetic or transdermal
drug delivery formulations, nanocarriers significantly improve the cutaneous penetration of ac-
tive ingredients. The simultaneous encapsulation of multiple mechanistically distinct active com-
ponents within a single nanocarrier achieves sustained release, prolonged efficacy, and synergistic
effects through multi-target mechanisms, substantially enhancing overall effectiveness [15,16].
Consequently, this research focused on the development of ribose/collagen/decarboxy carno-
sine HCL/palmitoyl tripeptide-1 composite nanocarriers (RCDP NCs), which simultaneously
incorporate ribose, collagen, decarboxy carnosine, and palmitoyl tripeptide-1. Free RCDP was
employed as a control to evaluate the transdermal penetration, cellular uptake, anti-oxidative
capacity, anti-aging effects, and autophagic regulation of RCDP NCs.

The present investigation is predicated on the efficient utilization of established active
ingredients that demonstrate proven anti-aging efficacy. A comprehensive examination
of the anti-aging mechanisms associated with these ingredient combinations has been
conducted. The selection criteria for active ingredient combinations encompassed: small
molecular collagen active fragments capable of effective cellular recognition, adhesion
promotion, and migration enhancement; ribose for cellular autophagy stimulation; de-
carboxy carnosine HCL, which exhibits potent antioxidant and anti-glycation properties;
and palmitoyl tripeptide-1, which enhances extracellular matrix component synthesis,
including collagen and glycosaminoglycan. These bioactive constituents are encapsulated
within nanocarriers that possess a bilayer vesicular structure for optimized delivery.

The efficiency optimization approach incorporates bioavailability enhancement
through penetration-promoting technology, achieves multi-mechanism coordination and
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synergistic anti-aging effects via a scientific combination of ingredients, augments the
stability of anti-aging active ingredients through nanocarrier encapsulation, prevents ef-
ficacy reduction through multidimensional optimization, and ultimately maximizes the
cutaneous anti-aging effects of these active ingredients.

2. Materials and Methods
2.1. Main Materials, Reagents, and Instruments

Bama pig skin was procured from the Zhifu District Yourong Biological Studio, Yantai,
Shandong province, China. Human immortalized keratinocytes (HaCaT) and human skin
fibroblasts (HSF) were obtained from the Kunming Cell Bank at the Chinese Academy of
Sciences, Kunming, Yunnan province, China.

Ribose was acquired from Shanghai Zhirou Chemical Co., Ltd., Shanghai, China. De-
carboxy carnosine HCL and palmitoyl tripeptide-1 were purchased from Nanjing Leon
Biotechnology Co., Ltd., Nanjing, Jiangsu province, China. Recombinant human collagen
III (trade name: micoreCol.III) was sourced from Shanxi Jinbo Bio-Pharmaceutical Co., Ltd.,
Taiyuan, Shanxi province, China. Dulbecco’s modified eagle medium (DMEM), trypsin,
double antibody, fetal bovine serum, and phosphate-buffered saline (PBS) solution were
purchased from Thermo Fisher Scientific, Waltham, MA, USA. Cell Counting Kit-8 (CCK-8),
reactive oxygen species detection kit, 3-galactosidase staining kit, CAT, GSH-Px, SOD, and
MDA detection kits were acquired from Beyotime Biotechnology Co., Ltd., Shanghai, China.
The bicinchoninic acid protein concentration assay kit, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) primary antibody (rabbit source), microtubule-associated protein 1 light
chain 3 (LC3) primary antibody (rabbit source), Sequestosome-1 (also known as P62) primary
antibody (rabbit source), and horseradish peroxidase-conjugated affinipure goat anti-rabbit
IgG (H&L) were purchased from Servicebio Biotechnology Co., Ltd., Wuhan, Hubei province,
China. All other reagents were supplied by Sinopharm Group, Shanghai, China.

The SHJ-6A digital magnetic stirring water bath was acquired from Changzhou Yineng
Experimental Instrument Factory, Changzhou, China. The BB150 carbon dioxide cell
incubator was purchased from Thermo Fisher Scientific, Waltham, MA, USA. The SW-C]J-
2FD ultra-clean worktable was obtained from Suzhou Purification Equipment Co., Ltd.,
Suzhou, Jiangsu province, China. The Zetasizer /Nano-ZS90 Particle Size Analyzer was
procured from Malvern Panalytical, Marvin, UK. The multi-label microplate reader was
supplied by Perkin Elmer, Waltham, MA, USA. The FV3000 laser confocal microscope
and flow cytometer were purchased from Olympus, Tokyo, Japan, and Beckman, Brea,
CA, USA, respectively. The MF52-N inverted microscope was obtained from Guangzhou
Mingmei Optoelectronic Technology Co., Ltd., Guangzhou, Guangdong province, China.
The CT15RE desktop high-speed refrigerated centrifuge and HT7700 transmission electron
microscope were supplied by Hitachi, Tokyo, Japan. The WB electrophoresis apparatus
and chemiluminescence imaging system were acquired from Servicebio Biotechnology Co.,
Ltd., Wuhan, Hubei province, China.

2.2. Experimental Methods
2.2.1. Preparation Method of RCDP NCs

For the preparation of 1000.00 g of RCDP NCs, 20.00 g of ribose, 0.30 g of palmitoyl
tripeptide-1, 100.00 g of glycerol, 150.00 g of pentylene glycol, 100.00 g of ethoxydiglycol,
100.00 g of polysorbate 80, 100.00 g of PEG-40 hydrogenated castor oil, and 30.00 g of
lecithin were accurately weighed. These components were subsequently stirred at 55
°C until a homogeneous mixed solution A was formed. In a separate container, 10.00 g
of decarboxy carnosine HCI, 1.00 g of collagen, 5.00 g of sodium bisulfite, and 383.70 g
of water were accurately weighed and stirred at 55 °C to create a homogeneous mixed

92



Cosmetics 2025, 12, 83

solution B. Mixed solution A was then gradually incorporated into mixed solution B
and thoroughly stirred at 55 °C until a uniform mixed solution C was achieved. This
final mixture was subjected to homogenization twice in a high-pressure homogenizer
at 850 bar, resulting in the formation of RCDP NCs containing numerous vesicles with
bilayer structures. The resultant RCDP NCs were diluted to 0.1 g/mL with pure water
without filtration. The particle size, polydispersity index (PDI), and Zeta potential of
these nanocarriers were subsequently measured using a Malvern particle size analyzer.
Measurements were conducted at a test temperature of 25 °C with an equilibration time of
120 s.

2.2.2. Percutaneous Penetration

Rhodamine B (RhoB) was utilized as a fluorescent marker in place of the functional
component to prepare rhodamine B composite nanocarriers (RhoB NCs), while an equiva-
lent concentration (0.20 g/L) of rhodamine B solution (Free RhoB) was formulated. For the
preparation of 1000.00 g of RhoB NCs, 100.00 g of glycerol, 150.00 g of pentylene glycol,
100.00 g of ethoxydiglycol, 100.00 g of polysorbate 80, 100.00 g of PEG-40 hydrogenated
castor oil, and 30.00 g of lecithin were accurately weighed. These components were subse-
quently stirred at 55 °C until a homogeneous mixed solution A was formed. In a separate
container, 0.20 g of rhodamine B, 5.00 g of sodium bisulfite, and 414.80 g of water were
accurately weighed and stirred at 55 °C to create a homogeneous mixed solution B. Mixed
solution A was then gradually incorporated into mixed solution B and thoroughly stirred at
55 °C until a uniform mixed solution C was achieved. The final mixture was homogenized
twice in an 850-bar high-pressure homogenizer to obtain RhoB NCs.

Panama pig-isolated skin was secured between the receiving and supply chambers of
the diffusion cell. Subsequently, 0.5 g of RhoB NCs essence (5% RhoB NCs) and Free RhoB
essence (containing an equivalent RhoB concentration as in RhoB NCs) were separately
applied to the supply chamber, with PBS serving as the receiving solution. After 2 and 4 h
of penetration and diffusion, residual samples were gently removed from the skin surface,
and the target area of the skin was excised and thoroughly rinsed, and excess moisture was
eliminated. The specimens were cryosectioned, and the resultant slices were examined via
laser confocal microscopy, with representative areas selected for imaging. Fluorescence
signals were quantitatively analyzed using Image] software (Version 1.54) to determine
penetration depth and fluorescence intensity.

2.2.3. Quantification of Cellular Uptake

Cellular uptake behavior was evaluated using laser confocal microscopy. HaCaT cells
were cultured in 35 mm confocal dishes at a density of 2.0 x 10° cells per dish, while HSF
cells were seeded at 1.6 x 10° cells per dish. After 24 h of cultivation, DMEM medium
containing Free RhoB or RhoB NCs was introduced for subsequent 2 h and 4 h incubation
periods. Following incubation, the medium was aspirated, and cells were washed three
times with PBS solution, fixed with paraformaldehyde, and stained with 4’,6-diamidino-2-
phenylindole solution for 15 min. Observations were conducted under a 60-fold objective
using laser confocal microscopy. Flow cytometry was employed for the quantitative
assessment of cellular uptake. HaCaT cells were seeded in 6-well plates at 2.0 x 10° cells
per well, whereas HSF cells were plated at 1.6 x 10° cells per well. The treatment protocol
remained consistent with previous methods. After 2 h and 4 h cultivation periods, cell
pellets were harvested, resuspended in 0.5 mL of cold PBS solution, and mean fluorescence
intensity within cells was determined via flow cytometry.
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2.2.4. Cell Proliferation Activity

HaCaT and HSF cells were seeded in 96-well plates at densities of 8 x 10% and
4 x 103 cells per well, respectively, followed by 24 h of cultivation. Each well received
100 uL of DMEM complete medium containing either RCDP NCs (at concentrations of 200,
400, and 800 mg/L) or Free RCDP (with functional component concentrations equivalent
to those in RCDP NCs). Control wells were supplemented with 100 pL. of DMEM complete
medium only. Three replicates were maintained for each experimental group. After 48 h of
cultivation, cell proliferation rates were assessed using the CCK-8 method.

2.2.5. p-Galactosidase Staining Observation

HSF cells at passage 15 were seeded in 6-well plates at 1.6 x 10° cells per well.
Following 24 h of cultivation, the control group received only DMEM complete medium.
Treatment groups were administered DMEM complete medium containing either RCDP
NCs (400 mg/L) or Free RCDP (with functional component concentrations equivalent to
those in RCDP NCs). After 48 h of cultivation, cells from each group were washed three
times with PBS according to kit instructions. Subsequently, 1.0 mL of 3-galactosidase
staining fixative was added to each well, followed by room temperature fixation for 15 min
and three PBS washes. Thereafter, 1.0 mL of 3-galactosidase staining working solution
was applied, and samples were incubated overnight at 37 °C. Staining outcomes were
visualized microscopically.

2.2.6. Inhibition of Oxidative Stress

HSF cells were seeded in 24-well plates at 8 x 10* cells per well in 500 pL of medium.
After 24 h of cultivation, the supernatant was removed. The model group received DMEM
medium containing 0.6 mmol/L HyO,. Treatment groups were administered DMEM
complete medium containing both 0.6 mmol/L H,O, and RCDP NCs (at concentrations
of 200, 400, and 800 mg/L) or various concentrations of Free RCDP (with functional
component concentrations equivalent to those in RCDP NCs). The control group received
H,0O,-free DMEM medium. Each experimental group comprised three replicate wells and
was maintained for 24 h. Cellular CAT activity, SOD activity, GSH-Px activity, and MDA
content were determined according to the respective kit protocols.

2.2.7. Autophagy-Related Protein Expression in Cells

HSF cells were seeded into 10 mm cell culture dishes at a density of 8 x 10° cells per
dish, with 10 mL of medium in each dish. Following 24 h of incubation, the supernatant
was aspirated. Subsequently, DMEM complete medium containing either 400 mg/L or
800 mg/L of RCDP NCs or Free RCDP (at concentrations equivalent to the functional
components in RCDP NCs) was introduced, and the cells were cultured for an additional
48 h. Cellular protein was extracted from each experimental group using protein lysate,
and protein concentration was quantified using a protein determination kit. For elec-
trophoretic analysis, 60 pg of protein per lane was loaded. Following sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, proteins were transferred to polyvinylidene flu-
oride membranes using a semi-dry transfer methodology. The membranes were incubated
with primary antibodies against P62, LC3I, LC3II, and GAPDH at appropriate dilutions
overnight at 4 °C. After three 10 min washes with tris-buffered saline containing tween 20,
horseradish peroxidase-conjugated goat anti-rabbit secondary antibody was applied. A 1:1
chemiluminescence solution was prepared and applied to the membrane positioned on the
exposure plate. Images were captured and analyzed using an automated fluorescence and
visible light gel imaging analysis system.
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2.2.8. Autophagosomes

HSF cells were seeded into 10 mm cell culture dishes at a density of 8 x 10° cells per
dish, with 10.0 mL of medium per dish. After 24 h of cultivation, the supernatant was
removed. DMEM complete medium containing 400 mg/L of either RCDP NCs or Free
RCDP was then introduced, and the cells were maintained in culture for 48 h. The cells
were subsequently harvested using trypsin digestion and centrifuged until aggregation
occurred. The cellular pellet obtained through centrifugation was dissociated and fixed with
2.5% glutaraldehyde in phosphoric acid buffer, then stored at 4 °C overnight. Following
multiple rinses with PBS, the specimens were post-fixed with 1% osmic acid for 1-2 h. The
cellular samples underwent gradient dehydration through a series of increasing ethanol
and acetone concentrations. The samples were then embedded, sectioned, and examined
for autophagic structures via transmission electron microscopy.

2.2.9. Data Processing

Statistical analysis was performed using the Statistical Package for the Social Sciences
version 20.0 software. All quantitative data were presented as mean =+ standard deviation
(SD). Comparisons between experimental groups were conducted using one-way analysis
of variance. Statistical significance was established at p < 0.05.

3. Results
3.1. Particle Size, PDI, and Zeta Potential

The RCDP NCs synthesized in this study were observed as a light yellow transparent
liquid, characterized by an average particle size of 33.1 nm, a PDI of 0.292, and a Zeta
potential of (—34.2 £ 0.7) mV. As illustrated in Figure 1, the size distribution by number
displays a narrow range, indicating uniform vesicle dimensions, with nearly all particles
measuring below 50 nm in diameter. Figure 2 demonstrates a similarly narrow range
for Zeta potential distribution, with vesicle surfaces predominantly exhibiting negative
charges, thereby confirming the stability of the RCDP NCs.
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Figure 1. Size distribution by number of RCDP NCs.
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Figure 2. Zeta potential distribution of RCDP NCs.

3.2. In Vitro Skin Penetration

The stratum corneum constitutes a formidable epidermal barrier against environ-
mental elements, resulting in limited transdermal penetration of therapeutic agents and
impeding their delivery to the primary anti-aging target site—the dermis. To assess the
dermal penetration capability of RCDP NCs, RhoB was encapsulated within the nanocarri-
ers, and both penetration depth and fluorescence intensity were assessed at various time
intervals utilizing the vertical Franz diffusion cell methodology. The experimental results
are presented in Figure 3.
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Figure 3. Percutaneous penetration of Free RhoB and RhoB NCs, (A). Free RhoB infiltration for 2 h
(10x); (B). Free RhoB permeates for 4 h (10x); (C). RhoB NCs permeate for 2 h (10x); (D). RhoB
NCs permeate for 4 h (10x); (E). Penetration depth of Free RhoB and RhoB NCs at 2 h and 4 h of
penetration; (F). Fluorescence intensity of Free RhoB and RhoB NCs at 2 h and 4 h of penetration.
(Note: compared with Free RhoB at the same time, ** p < 0.01).

As observed in Figure 3, Free RhoB within 2 h was predominantly localized in the
stratum corneum and was unable to penetrate this barrier. In contrast, RhoB NCs success-
fully penetrated the stratum corneum barrier within the same timeframe. With extended
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temporal exposure, the fluorescence penetration depth of RhoB NCs in the skin signifi-
cantly increased within 4 h, ultimately reaching a depth of 460.0 um. The fluorescence
intensity and penetration depth of RhoB NCs in the skin were significantly greater than
those observed for Free RhoB. These findings illustrate that nanocarriers can facilitate the
rapid and efficient delivery of encapsulated components to deep dermal tissues.

3.3. Cell Proliferation

The rapid remodeling of the skin epidermis and dermis significantly impacts the
metabolic state of skin renewal. Consequently, we systematically investigated the prolifera-
tive effects of Free RCDP and RCDP NCs on HaCaT and HSF cells. The resulting data are
presented in Figure 4.
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Figure 4. Effects of Free RCDP and RCDP NCs on the proliferation of HaCaT (A); Effects of Free
RCDP and RCDP NCs on HSF proliferation (B). (Note: compared with the control, ** p < 0.01,
* p < 0.05; compared with the same concentration of Free RCDP, # p < 0.05.).

As illustrated in Figure 4A, RCDP NCs at a concentration of 400 mg/L significantly en-
hanced the proliferation of HaCaT cells compared to the control group (p < 0.05). Figure 4B
indicates that RCDP NCs at concentrations of both 400 mg/L and 800 mg/L markedly
stimulated HSF cell proliferation relative to the control group (p < 0.01 or p < 0.05). Further-
more, when compared with Free RCDP, HSF cell proliferation was significantly increased
at RCDP NC concentrations of 400 mg/L and 800 mg/L (p < 0.05).

3.4. The Uptake of RCDP NCs by Cells

To assess the efficacy of RCDP NCs in delivering functional components into HaCaT
and HSF cells, it was deemed essential to investigate the cellular entry behavior of these
nanocarrier-encapsulated components [17]. The cellular uptake patterns of Free RhoB and
RhoB NCs by HaCaT and HSF cells were analyzed using laser confocal microscopy and
flow cytometry. RhoB NCs were utilized for both qualitative and quantitative assessments.
The experimental results are presented in Figure 5.

With extended incubation periods, the fluorescence intensity within both HaCaT and
HSF cells was significantly enhanced. As illustrated in Figure 5A,B, minimal fluorescence
intensity was observed in the Free RhoB solution group after 2 h of incubation. In contrast,
the RhoB NCs group exhibited significantly stronger fluorescence intensity compared to the
Free RhoB group at the same time point. After 4 h of incubation, the fluorescence intensity
in the RhoB NCs group was further increased. According to Figure 5C, following incubation
periods of 2 h and 4 h, the mean fluorescence intensity of HaCaT cells treated with RhoB
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NCs measured 4213 and 6894, respectively. These values represented increases of 53.73%
and 47.37%, respectively, compared with the Free RhoB group. Figure 5D demonstrates
that after incubation periods of 2 h and 4 h, the mean fluorescence intensity of HSF cells
treated with RhoB NCs was quantified at 2451 and 4635, respectively. These measurements
indicated increases of 27.60% and 89.11%, respectively, compared with the Free RhoB
group. These data confirm that RCDP NCs can effectively deliver encapsulated bioactive
substances into targeted skin cells.
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Figure 5. Cell uptake of Free RhoB and RhoB NCs. (A) The uptake of Free RhoB and RhoB NCs
by HaCaT was observed using laser confocal microscopy (60x). (B) The uptake of Free RhoB and
RhoB NCs by HSF was observed using laser confocal microscopy (60x). (C) Quantitative analysis of
HaCaT cell uptake using flow cytometry; (D) Quantitative analysis of HSF cell uptake using flow
cytometry. (Note: compared with Free RhoB at the same time, ** p < 0.01).
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3.5. Effect of RCDP NCs on Cellular Oxidative Stress

Oxidative stress is widely recognized as a significant contributor to skin aging. This
phenomenon can lead to the degradation and alteration of various intracellular molecules,
including lipids, nucleic acids, and proteins, ultimately resulting in apoptosis and the
progression of skin aging [18]. The effects of Free RCDP and RCDP NCs on oxidative
parameters within the oxidized cell model are illustrated in Figure 6.
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Figure 6. Effects of Free RCDP and RCDP NCs on oxidation indices of HSF cells, (A) CAT activity;
(B) SOD activity; (C) GSH-Px activity; (D) MDA content. (Note: compared with the control, ** p < 0.01,
* p < 0.05; compared with the same concentration of Free RCDP, ## p < 0.01, # p < 0.05).

As illustrated in Figure 6, HSF cells in the model group exhibited a significant increase
in the activities of CAT, SOD, and GSH-Px, accompanied by a decrease in MDA content
following exposure to 0.6 mmol/L H,O,. The CAT activity analysis revealed that 800 mg/L
Free RCDP and all three concentrations of RCDP NCs (200 mg/L, 400 mg/L, 800 mg/L)
significantly enhanced CAT activity compared to the model group (p < 0.05 or p < 0.01).
Furthermore, at a concentration of 400 mg/L, RCDP NCs demonstrated significantly higher
CAT activity in oxidatively damaged cells compared to Free RCDP (p < 0.01). In terms
of SOD activity, RCDP NCs at 800 mg/L significantly increased SOD activity relative
to the model group (p < 0.01). The assessment of GSH-Px activity demonstrated that
Free RCDP at 800 mg/L and RCDP NCs at concentrations of 400 mg/L and 800 mg/L
significantly increased GSH-Px activity compared to the model group (p < 0.01). The
measurement of MDA content indicated that Free RCDP at 800 mg/L and RCDP NCs at
concentrations of 400 mg/L and 800 mg/L significantly reduced MDA levels compared to
the model group (p < 0.05 or p < 0.01). Additionally, RCDP NCs at 400 mg/L and 800 mg/L
demonstrated significantly lower MDA content compared to Free RCDP (p < 0.05). These
findings suggest that RCDP NCs possess superior antioxidant properties compared to Free
RCDP at equivalent concentrations.
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3.6. B-Galactosidase

[-galactosidase serves as a classical biomarker for cellular senescence. This enzyme
interacts with the 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside substrate, generating
dark blue products that are commonly utilized to identify senescent cells [19]. The results of
3-galactosidase staining in HSF cells treated with Free RCDP and RCDP NCs are presented

in Figure 7.
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Figure 7. 3-galactosidase staining of HSF cells, (A) The 15th generation HSF cells in the control group
(10x); (B) Free RCDP group of the 15th generation HSF cells (10x); (C) RCDP NC group of the 15th
generation HSF cells (10x).

As illustrated in Figure 7, the cells of the 15th generation displayed positive
-galactosidase staining with a prominent dark blue coloration, indicating substantial cellu-
lar senescence. Following treatment with Free RCDP and RCDP NCs, the blue coloration of
the cells was noticeably attenuated. The RCDP NC treatment resulted in markedly lighter
coloration compared to Free RCDP treatment, suggesting a more pronounced reduction in
the senescent state of HSF cells after RCDP NCs administration.

3.7. Expression of Autophagy-Related Proteins in Cells

LC3, a homologous protein associated with autophagy-related genes, typically ex-
ists in two forms: LC3I and LC3IIL. During autophagy activation, LC3I is converted into
LC3II [20]. P62 serves as a specific substrate that can be degraded through its binding
to ubiquitinated proteins, subsequently forming a complex with the LC3II protein and
undergoing degradation via the autophagic lysosomal pathway. Elevated levels of P62 ex-
pression are correlated with reduced autophagy activity [21]. The expression profiles of the
autophagy-related proteins LC3I and LC3II, along with the autophagy degradation-related
protein P62, as determined by western blot analysis, are presented in Figure 8.
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Figure 8. Expression of autophagy-related proteins in HSF cells treated with Free RCDP and RCDP
NCs. (A) Expression of LC3I, LC3II, and P62 proteins; (B) P62/GAPDH protein expression ratio;
(C) LC3I1/LC3I protein expression ratio. (Note: compared with the control, ** p < 0.01; compared
with the same concentration of Free RCDP, ## p < 0.01.).

As illustrated in Figure 8, the autophagy-related protein P62 content was significantly
reduced in both the Free RCDP and RCDP NC groups compared to the control group
(p < 0.01). Concurrently, there was a substantial increase in the ratio of autophagy-related
proteins LC3I1/LC3I (p < 0.01). When compared with equivalent concentrations of Free
RCDP, the RCDP NCs group exhibited a more pronounced decrease in P62 protein expres-
sion (p < 0.01) and a greater increase in the LC3II/LC3I ratio (p < 0.01). These findings
indicate that RCDP NCs effectively enhance the autophagic capacity of HSF cells with
superior efficacy relative to their free components.

3.8. Observation of Autophagosomes Using Transmission Electron Microscopy

Cellular autophagy involves the encapsulation of damaged or misfolded proteins
and organelles within membranous structures, forming double-membrane vesicles that
subsequently fuse with lysosomes for content degradation [22]. Autophagosomes within
cellular structures were visualized using transmission electron microscopy, and the results
are presented in Figure 9.

Figure 9. Cont.
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Figure 9. Autophagic lysosomes of HSF cells observed via transmission electron microscopy:

(A) represents the control group (2500 ), (B) represents the control group (7000x), (C) represents the
Free RCDP group (2500 ), (D) represents the Free RCDP group (7000 x ), (E) represents the RCDP
NCs group (2500 ), and (F) represents the RCDP NCs group (7000x). The black arrows indicate
autophagic lysosomes.

Transmission electron microscopy observations, as illustrated in Figure 9, revealed
a minimal presence of autophagosomes in the cytoplasm of cells from the control group
(A,B). In contrast, the cytoplasm of cells treated with Free RCDP exhibited an increased
number of autophagosomes compared to the control group (C,D). Notably, the highest
density of autophagosomes was observed in the cytoplasm of cells treated with RCDP
NCs (E,F). These microscopic findings further substantiate that RCDP NCs enhance the
autophagic capacity of HSF cells more effectively than their free components.

4. Discussion

Human aging is regulated by genetically predetermined programs and is simultane-
ously influenced by cumulative internal and external “wear and tear”. Both mechanisms
manifest distinctly at the cellular and molecular levels. The skin, which functions as the
outermost organ of the human body, undergoes aging processes that follow comparable
patterns. Moreover, skin aging characteristics—such as wrinkles, sagging, pigmentation,
and textural roughness—are more visible and measurable [23,24]. As quality of life stan-
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dards elevate and aesthetic consciousness intensifies, the societal desire to delay cutaneous
aging and preserve youthfulness has strengthened considerably. Through advanced research
methodologies and technological innovations, scientists have conducted comprehensive inves-
tigations into skin aging mechanisms and developed targeted anti-aging interventions [25-27].
Although numerous active ingredients with demonstrated anti-aging properties are incorpo-
rated into cosmetic formulations and exhibit efficacy through single or multiple pathways,
the outcomes frequently fail to meet consumer expectations. The fundamental challenge in
addressing skin aging resides in elucidating the anti-aging mechanisms and optimizing the
utilization efficiency of active ingredients [28-31]. In this research context, efficient utilization
encompasses maximizing the effectiveness of anti-aging compounds on the skin through
enhanced bioavailability via penetration technologies, achieving synergistic anti-aging effects
through scientifically validated ingredient combinations, and augmenting the stability of
active compounds to prevent efficacy degradation.

The present study was designed based on the optimization of the utilization efficiency
of established anti-aging active ingredients. The formulation incorporates small molecular
collagen active fragments selected for their superior cellular recognition and adhesion prop-
erties, promoting cellular migration [10,11]; ribose for enhancing cellular autophagy [7-9];
decarboxylcarnosine HCl for its exceptional antioxidant and anti-glycation capabilities [12];
and palmitoyl tripeptide-1 for facilitating the synthesis of extracellular matrix components,
including collagen and glycosaminoglycan [13]. These active compounds were encap-
sulated within nanocarriers possessing bilayer vesicular structures for targeted delivery.
Transdermal penetration assessments and cellular uptake investigations of RCDP NCs
demonstrated that these carriers significantly enhanced penetration efficiency, depth, and
cellular utilization of the anti-aging compounds.

The experimental results revealed that RCDP NCs increased the activities of SOD, CAT,
and GSH-Px enzymes, thereby reducing free radical production in cells under oxidative
stress. The observed decrease in MDA levels indicated that RCDP NCs inhibited oxidative
stress reactions and minimized cellular damage. Furthermore, RCDP NCs decreased the
autophagy degradation-related protein p62 content, elevated the ratio of autophagy-related
protein LC3II/LC3I, and increased autophagosome formation. During autophagy, p62
serves as a key ligating protein. p62 is selectively wrapped into the autophagosome and
subsequently degraded by protein hydrolases in the autophagic lysosome, and its expres-
sion level negatively correlates with autophagic activity [32]. LC3I animalizes or binds
to autophagosome membranes and is converted into LC3II, so that an increase in the
LC3II/LC3I ratio indicates an increase in autophagy [33,34]. Through autophagy activa-
tion, RCDP NCs facilitated the clearance of damaged proteins and senescent organelles,
consequently delaying cellular aging processes. Additionally, RCDP NCs stimulated prolif-
eration in keratinocytes and fibroblasts, thereby enhancing metabolic functions in aging
skin. After treating 15 generations of HSF aging cells with RCDP NCs, a significant re-
duction in 3-galactosidase, a cell aging biomarker, was observed, indicating substantial
improvement in cellular senescence status.

In this study, RCDP NCs primarily delayed cellular senescence through potent antiox-
idant activity and autophagy promotion. The antioxidant properties enhanced inherent
cellular defense mechanisms, mitigating damage to proteins, lipids, and organelles caused
by reactive oxygen species and other free radicals. Autophagy functioned as a critical
survival mechanism for aging cells responding to internal and external stressors [35]. By
eliminating damaged proteins and organelles, reducing oxidative stress-induced damage
from various factors, and removing damaged proteins and senescent mitochondria among
other organelles, RCDP NCs comprehensively delayed cellular senescence, promoted cellu-
lar proliferation, and retarded skin aging progression. Compared with previous studies on
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anti-aging active ingredients [36,37], this research not only explored the anti-aging mecha-
nisms but also emphasized the efficient utilization of these compounds. This integrated
approach presents greater potential for achieving desired anti-aging effects in subsequent
skin aging treatments, thereby yielding enhanced economic benefits and market value.

5. Conclusions

In this study, RCDP NCs were successfully synthesized using transdermal drug
delivery nanotechnology. The evaluation of transdermal behavior revealed that RCDP
NCs exhibited superior penetration efficiency, reaching a dermal depth of 460.0 pm within
4 h, significantly outperforming free components. Enhanced cellular uptake was observed
in both HaCaT and HSF, with fluorescence intensity increasing by 47.37% and 89.11%,
respectively, after 4 h of incubation, confirming the nanocarriers” ability to effectively
deliver bioactive compounds into target skin cells.

RCDP NCs demonstrated potent anti-aging effects by promoting cell proliferation
in HaCaT and HSF cells, elevating antioxidant enzyme activities (CAT, SOD, GSH-Px),
and reducing lipid oxidation product (MDA) levels. Notably, 3-galactosidase staining
indicated a marked reduction in senescent HSF cells following RCDP NC treatment. Fur-
thermore, autophagy regulation studies revealed that RCDP NCs decreased the expression
of the autophagy degradation-related protein P62, increased the LC3II/LC3I ratio, and
enhanced autophagosome formation, indicating robust activation of autophagy pathways.
These mechanisms collectively contributed to delaying cellular senescence and mitigating
oxidative stress-induced damage.

Compared to Free RCDP, RCDP NCs exhibited enhanced stability, bioavailability,
and synergistic anti-aging efficacy through multi-target mechanisms. The integration of
nanotechnology with scientifically formulated active ingredients optimized transdermal
delivery, cellular uptake, and functional performance. These findings underscore the
potential of RCDP NCs as promising candidates for anti-aging cosmetic formulations,
offering significant advancements in addressing skin aging through improved ingredient
utilization and mechanistic coordination. Further research and clinical validation are
warranted to translate these innovations into practical skincare applications.
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Abstract: Collagen products are widely marketed for skin improvement. This study
evaluated the efficacy of VERISOL B in relation to key skin aging parameters. In a double-
blind, placebo-controlled trial, 66 women (aged 35-55) were randomized to receive either
2.5 g of bovine-derived bioactive collagen peptides (SCPs) (n = 33) or a placebo (n = 33)
daily for 8 weeks. Their eye wrinkle volume, skin elasticity, and hydration were objectively
measured at baseline (Xy), 4 weeks (X4), and 8 weeks (Xg). Additionally, the SCPs” impact
on type I collagen, elastin, and proteoglycan biosynthesis was assessed in human dermal
fibroblasts. The SCP supplementation significantly (p < 0.05) reduced their eye wrinkle
volume and improved their skin elasticity and hydration within 4 weeks. After 8 weeks of
treatment, the positive effects were even more pronounced for all of the clinical parameters
measured (p < 0.05). The fibroblast experiments confirmed the SCPs’ stimulatory impact on
dermal metabolism (p < 0.05). In conclusion, oral SCP supplementation effectively reduced
wrinkles and enhanced skin elasticity and hydration, likely by promoting extracellular
matrix biosynthesis.

Keywords: bovine-derived collagen peptides; collagen peptides; anti-aging; wrinkles; skin
hydration; cutometry; corneometry

1. Introduction

The appearance and integrity of the skin deteriorate with age due to the synergistic
effects of chronological aging and photoaging, hormonal deficiency, and environmental
influences [1]. A decrease in various metabolic activities, such as quantitative and qualita-
tive changes in dermal collagen and elastin, leads to changes in skin texture and the typical
signs of aging. The loss of connective tissue during skin aging leads to reduced elasticity, a
loss of skin tone, and the progressive development and deepening of facial wrinkles and
folds [2].

Facial wrinkles, accompanied by an age-related decrease in the skin’s elasticity and
a leathery appearance of the affected skin areas, are the best-known signs of skin aging.
Certain facial areas, such as the corners of the eyes, commonly known as crow’s feet, are
particularly susceptible to wrinkling [3,4].

The function and healthy appearance of the skin depend on an adequate supply of
essential nutrients. The relationship between nutrition and skin has become an issue of
current interest worldwide. Intervention studies suggest dietary supplements can modulate
or delay skin aging and improve the skin’s integrity [5].

Cosmetics 2025, 12,79 https://doi.org/10.3390/ cosmetics12020079
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In addition to topical applications, a significant trend in skin care is the consumption of
various supplements, such as vitamins, antioxidants, fatty acids, and hydrolyzed proteins,
to enhance the appearance and texture of the skin [6-16]. As a result, there is increasing
focus on the efficacy of these products, and several clinical studies suggest that dietary
supplements can influence skin health [17-21].

Collagen peptides have been used for some time in dietary supplements to improve
the skin’s properties and appearance. Collagen peptides are partially absorbed intact
from the digestive tract [22,23] and accumulate in skin tissue [24]. In vitro studies have
shown that specific collagen peptides have a stimulatory effect on molecules of the dermal
extracellular matrix (ECM), such as collagen, elastin, and proteoglycans [25-28]. The ECM
is produced by dermal fibroblasts, cells responsible for synthesizing and maintaining the
matrix molecules, thus counteracting age-related degradation processes.

Collagen hydrolysates have antioxidant properties and promote cell regeneration
and synthesis of the extracellular matrix in the dermal connective tissue [6]. Additionally,
orally administered collagen peptides enhance the skin’s elasticity, hydration, and dermal
density [8,29] while also reducing wrinkles and improving the skin’s firmness [30], as
described in systematic reviews of the literature on the effects of collagen supplementation
on skin health [6,30,31]. The benefits of orally administered collagen peptides include
significant improvements in skin elasticity and hydration and wrinkle reduction, as well as
wound healing, ulcer treatment, and skin regeneration. The efficacy of collagen peptides
has been demonstrated in several clinical trials, with the daily dosages ranging from 2.5 g
to 10 g and the treatment periods ranging from 4 to 24 weeks.

Clinical trials on healthy women have shown that daily supplementation of 2.5 g
of specific bioactive collagen peptides (SCPs) over 8 weeks significantly improves skin
elasticity [32]. Another study [25] showed a positive impact on wrinkle reduction after
8 weeks of SCP treatment. In addition, a significant increase in type I collagen and elastin
contents was observed in the skin of the women who had consumed 2.5 g SCPs/day for
8 weeks.

Most of these clinical trials have been conducted using porcine- or fish-derived specific
bioactive collagen peptides [25,32,33], but there is also an increasing number of studies on
the effects of bovine-derived collagen products on various skin parameters [34,35]. Based
on the existing studies on specific products made from porcine-based collagen peptides
(VERISOL P) [25,32], the aim of the current study was to investigate the efficacy of a
specific bovine-derived bioactive collagen peptide product (VERISOL B) in relation to
various clinically relevant skin parameters. Moreover, to gain a better understanding of
the potential mechanisms of action, the biosynthesis of dermal matrix molecules in human
dermal fibroblast cultures was investigated following the supplementation of this specific
bovine-derived product.

2. Materials and Methods
2.1. The Test Product

The test product used in this study (SCPs) was a specific bioactive collagen peptide
composition derived from the special enzymatic hydrolysis of bovine type I collagen. The
peptide composition was produced and provided by GELITA AG (Eberbach, Germany)
and is commercially available under the brand name VERISOL® B. It has a mean molecular
weight of approximately 2.0 kDa. It is free of allergens. The recommended dosage ranges
from 2.5 g to 5 g per day, with no concerns of overdose. This product is classified as a nutri-
tional supplement and was classified by the United States Food and Drug Administration
(FDA) as generally recognized as safe (GRAS) [36].
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2.2. In Vitro Tests

We have used the fibroblast cells NHDF (PromoCell, Heidelberg, Germany). The
cells were cultured in an optimized medium (HAM'’s F12) supplemented with 10% FBS,
20 U/mL penicillin—streptomycin, 50 ug/mL partricin, 0.05 mg/mL ascorbic acid, and
1 mM glutamine. The primary dermal fibroblasts were then seeded into 12-well culture
plates following the proteolytic detachment of the adherent cells using Accutase solution
and incubated at 37 °C with 5% CO;. The culture medium was refreshed every 48 h,
and the cells were maintained until they reached 80% confluence. Subsequently, the
regular medium was replaced with medium containing the test product at a concentration
of 0.5 mg/mL. Control experiments were conducted by culturing the cells in the initial
medium without any additional treatment. To assess the mRNA expression profiles, the
fibroblasts were stimulated for 24 h. The biosynthesis of the extracellular matrix molecules
was evaluated after a 2-week treatment. The results are expressed relative to those for the
untreated control.

2.3. Gene Expression Studies

Gene expression studies were conducted by treating fibroblast monolayer cultures
with the test product for 24 h and comparing them to untreated controls. RNA was ex-
tracted using the phenol-chloroform method (PeqGoldTriFast, VWR, Erlangen, Germany).
The matrix molecule RNA expression was measured semi-quantitatively using RT-PCR
(DyNAmo Flash SYBR Green, Thermo Scientific, Waltham, MA, USA) after determining
the RNA concentration photometrically.

Each reaction used 10-40 ng of transcribed cDNA (optimized in preliminary exper-
iments), 12.5 uL of distilled water, 5.0 uL. of DyNAmo Flash Master Mix, and 1.25 puL of
the primers described in Table 1. The reaction profile included 7’ at 95 °C, followed by
3545 cycles of denaturation (10” at 95 °C), annealing (15" at temperatures in Table 1),
and elongation (20" at 72 °C), with a final step at 60 °C for 60”. The RNA expression was
determined relative to GAPDH.

Table 1. Primer sequences used for RT-PCR analysis.

Gene Forward Sequences (5'-3') Reverse Sequences (3'-5') Annealing (°C) Accession
GAPDH GCTCTCTGCTCCTCCTGTTC ACTCCGACCTTCACCTTCC 63.0 NG_007073.2
Collagen type I AATGGTGCTCCTGGTATTGC  ACCAGGTTCACCGCTGTTAC 59.0 NM_000088
Decorin TGATTTGGGTCTGGACAAAG  TGCCCAGTTCTATGACAATC 60.0 AF _491944.2
Biglycan CCTCCAGGTGGTCTATCTGC  CATCAGGATGTGTGGCTGTG 58.0 AH_002674.2

Elastin AAGGTGGCTGCCAAAGC ACTCCTCCAAGTGGGAACTG 60.0 NM_00501

The primer annealing temperatures were optimized between 50 and 70 °C using
gradient PCR. The products were separated on 2% agarose gel (3 g of agarose in 150 mL of
buffer of 0.05 M EDTA, 40 mM Tris, and 57.1 mL of acetic acid), stained with 10 uL of GelRed
(41003, BIOTREND Chemikalien GmbH, Cologne, Germany), and analyzed using an Alpha
Innotech Fluorchem Imager (Bio-Rad Laboratories GmbH, Munich, Germany). Products
were specified using a 50 bp DNA fluoro-ladder (8263.1, Carl Roth GmbH, Karlsruhe,
Germany).

2.4. Measurement of the ECM Macromolecules

Commercially available assay kits were used to quantitatively analyze the extracellular
matrix molecules investigated. These methods were used for all of the cell culture studies,
including the batch-to-batch analysis.

Newly formed collagen was determined after three weeks of stimulation. Synthesized
collagen was isolated using the Sircol assay (tebu-bio, Offenbach, Germany) according
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to the manufacturer’s instructions. For this purpose, the culture medium was discarded,
and the adherent cell layers were digested in 0.1 mg of pepsin solution in 0.5 M acetic
acid overnight at 4 °C. The cell suspensions were neutralized by adding 100 uL of acidic
neutral reagent, and the synthesized collagen was then separated by adding 200 uL of
the isolation and concentration kit solution and vigorously shaking it overnight at 4 °C.
After centrifugation (12,000 rpm, 10’) and disposal of the supernatant, the isolated collagen
was resuspended in 1 mL of Sircol dye reagent. Following 30 min of shaking and further
centrifugation, the collagen pellet was overlaid with 750 uL of cold acid wash reagent. After
centrifugation, the supernatant was discarded, and the enriched collagen was dissolved in
250 pL of alkaline solution. From these sample solutions, 200 uL was taken for photometric
quantification of the synthesized collagen. The absorbance was measured at 492 nm. The
amount was determined from the measured standard collagen solutions.

For the detection of proteoglycans, the Blyscan glycosaminoglycan assay (tebu-bio,
Offenbach, Germany) was used. The biosynthesis of the proteoglycans was determined
after two weeks of stimulation. Following the manufacturer’s instructions, the cell layers
were coated with 1 mL of papain extraction solution after discarding the cell culture
medium and incubated for 3 h at 65 °C, with vigorous shaking. The cell suspensions
were centrifuged (10,000% g, 10"), and the supernatants were collected. After adding 1 mL
of Blyscan dye solution and shaking it (30’), the supernatants were again centrifuged
(12,000 rpm, 10") and discarded. The isolated proteoglycan pellets were resuspended in
500 pL of dissociation solution. A total of 200 L per sample was subjected to photometric
determination at 656 nm and compared to the untreated control experiments.

Elastin synthesis was determined using the Fastin-Elastin assay kit (tebu-bio, Offen-
bach, Germany). The fibroblasts were stimulated with the test product for 2 weeks or
left untreated in the control experiment. After discarding the culture medium, the cell
monolayers were dissolved in 250 uL of trypsin. The trypsin solution was removed after
centrifugation (3000 rpm, 10’). The cell pellets were dissolved in 100 uL of oxalic acid
solution (1 M) and boiled for 1 h in a water bath. After cooling, 300 pL of the elastin
precipitation solution was added to precipitate the dissolved elastin within 15 min. After
centrifugation (10), the supernatant was discarded, and the elastin pellet was dissolved in
1 mL of dye solution through shaking for 90 min. Following centrifugation and disposal of
the supernatant, the elastin pellet was resuspended in 260 pL of dye dissociation solution.
A total of 200 uL of the resolvent was used for the photometric elastin measurements at a
wavelength of 492 nm.

2.5. The Study Design of the Clinical Trial

The trial was a monocentric, double-blind, randomized, placebo-controlled trial (RCT)
studying the effects of specific bioactive collagen peptides (SCPs) on various skin parame-
ters and was conducted in accordance with the guidelines for Good Clinical Practice (GCP)
and in accordance with the Declaration of Helsinki at the SGS SIT GmbH in Hamburg,
Germany. This study’s primary objective was defined as a change in eye wrinkle volume
after 8 weeks of treatment. In addition, the effects on the skin’s elasticity and hydration (as
secondary objectives) were examined after 4 and 8 weeks.

The examination was approved by the Institutional Review Board of the Ethics Com-
mittee of the Hamburg Medical Association (PV5894) and registered in the German Clinical
Trials Register (DRKS00036187). All subjects received detailed information listing all
relevant individual parameters of the study. After receiving written information, each
participant had the opportunity to ask further questions and subsequently signed a consent
form. Participants who met the eligibility criteria were randomized (at a 1:1 ratio) into the
SCP or placebo group using a web-based random number generator [37].
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2.6. The Inclusion and Exclusion Criteria

The inclusion criteria were (1) healthy women aged 35 to 55 (2) of phototypes I to
IV (on the Fitzpatrick scale) (3) in a state of good physical and mental health and social
well-being (4) who provided personal informed consent to participate in the study, (5) were
personally present at the institute on the specified days, and (6) were willing and able to
comply with the study rules and the fixed schedule.

The exclusion criteria were any deviation from the above inclusion criteria; acute
skin diseases (e.g., atopic eczema, atopic dermatitis, psoriasis); food allergies related to
the supplemented products; gastrointestinal diseases or digestive disorders; the use of
topical medication on the test sites within 6 weeks prior to study entry, systemic medication
containing anti-inflammatory agents or antibiotics within 2 weeks prior to study entry,
systemic medication containing corticosteroids and/or antihistamines within 4 weeks prior
to study entry, or other systemic medication within 4 weeks prior to study entry; systemic
disease in the subject at study entry; pregnancy or lactation; immunological diseases; severe
disease or severe diabetes; alcohol and drug abuse within 6 months prior to study entry;
participation in other studies involving cosmetic products within 2 weeks before study
entry or during the study; participation in a study involving a pharmaceutical preparation
and/or the intake of dietary supplements within 4 weeks before study entry; changes in
lifestyle or dietary habits during this study besides the use of the test products; treatment
with leave-on products or oily or moisturizing skin-cleansing products on the test areas or
changes to the usual skin care routine; intense sun or artificial UV exposure (through the
use of a solarium) of the test areas within 1 week before study entry or during this study;
swimming, sauna use, or intense sports activity within 1 day before the measurements;
smoking; a lack of compliance; and an intellectual or mental inability to follow the study
instructions.

2.7. Subjects

A total of 66 healthy female subjects with an average age of 46.1 £ 5.6 years were
included in this study. All of the participants were randomly assigned into either the
treatment group with a daily dose of 2.5 g of the SCPs or the placebo group. In the
placebo group, a daily dose of 2.5 g of maltodextrin (Walter GmbH, Olpe, Germany) was
supplemented. The samples were packed in individual sachets. Each woman who met the
inclusion criteria and was recruited for the trial consumed 2.5 g of a sachet of either the
SCPs or the placebo daily over the study period of 8 weeks.

The preparations were taken orally by the subjects at home according to the investiga-
tor’s instructions. The powders were to be dissolved in water or another cold liquid, with
the exception of milk.

A conditioning period of at least 7 days preceded the start of the oral treatment and
data collection. During this time, the test subjects were instructed to refrain from using
leave-on products on the test areas and not to change their usual skin care routine. In
addition, treatment with dermatological therapeutics on the test areas was prohibited for 6
weeks prior to the start of the trial. During this study, changes in lifestyle or dietary habits,
the use of additional nutritional or vitamin supplements, treatment of the test areas with
cosmetic and dermatological skin care products, and intensive sun or UV light exposure
were also forbidden.

2.8. Product Safety

Collagen peptides are characterized by a very high safety profile. No clinical indi-
cations of allergies have been observed to date. No incompatibilities with other diets or
medications have ever been described in the medical literature. Collagen peptides were
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awarded a GRAS status by the American Food and Drug Administration. “GRAS” is an
official abbreviation for “Generally Recognized As Safe” [36]. In addition, experimental
studies have clearly shown that there is no systemic toxicity [38].

During this study, the tolerability of the SCP treatment was assessed through derma-
tological examinations and interviews with the participants before, during, and after the
study.

2.9. Measurements

The wrinkle area around the left eye (the lateral canthus) was defined as the test site
for the eye wrinkle measurements (with 1 test site per body region). Skin elasticity and
hydration were measured on the inside of the right forearm. The test areas on the forearms
were 5 cmXx 5 cm. On each measurement day, the subjects had to expose their uncovered
test sites to the climate of the room (21.5 °C; 50% relative humidity) for at least 30 min. Two
measurement times were set for the primary objective.

The wrinkle measurements were conducted immediately before the start of the product
treatment (Xp) and after 8 weeks (Xg) of daily product intake. In addition, an interim
analysis was performed after 4 weeks (X4). For the secondary objectives, skin elasticity and
hydration were examined at X, X4, and Xg.

The compliance of the study participants (dosage and type of intake) and tolerability
of the products were assessed after 1, 4, and, again, 6 weeks of administration.

The eye wrinkle volume was measured at the outer corner of the eye (lateral can-
thus) using the PRIMOS® Compact optical 3-dimensional in vivo measuring device (GF
Messtechnik GmbH, Teltow, Germany). Three measurements were performed per test
site. The size of the measurement area was 30 mm x 40 mm. Post-baseline measurements
were performed using the overlay function. The original images of the reference files at
baseline and the corresponding measurement files of the post-baseline measurements were
matched using the 3-dimensional matching function for each participant. The height of the
images was calculated using the standard procedure with mathematical filters. The eye
fold volume (in mm?) of a selected fold was calculated from these height images using the
PRIMOS® software. This was carried out for all three images taken per measurement site
and at each time. The mean value of the three individual measurements was subsequently
calculated for each test site and measurement time point.

Skin elasticity was measured using the Cutometer® MPA 580 (Courage & Khazaka,
Cologne, Germany), as described by Segger et al. [39,40]. In brief, the stretching of the skin
was recorded in response to negative pressure generated by using a vacuum (350 mbar)
over the skin test area. The exposure and non-exposure time was 5 s, with one cycle per
measurement. The R5 value (Ur/Ue, instantaneous recovery/elastic deformation) was
recorded to analyze the skin’s elasticity. This parameter has been shown to be particularly
useful in detecting age-related skin changes [41,42]. The measurements were repeated three
times at each test site.

The assessment of the skin’s surface hydration according to electrical capacitance was
performed using the Corneometer® CM 825 (Courage & Khazaka), which measures the
reactive capacitance of the skin by using the stratum corneum as a dielectric membrane.
The measurements are arbitrarily expressed as hydration indices that rise with increasing
skin hydration. A total of 15 individual measurements were taken for each application site
and the controls.

2.10. The Statistical Analysis

Statistical analyses were performed using SPSS Statistics (IBM SPSS Statistics for
Windows, Version 23.0, Armonk, NY, USA: IBM Corp.). Normality was assessed using
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the one-sample Kolmogorov-Smirnov (KS) test. The hypothesis of a normal distribution
was accepted if the KS test yielded p > 0.05. For the cell culture experiments and for the
batch-to-batch analysis, the descriptive results were expressed relative to those from the
untreated control experiment. For the cell culture experiments, statistical significance was
determined based on the KS test results: if normality was confirmed (p > 0.05), a parametric
one-sample t-test was applied; otherwise, the 1-sample Wilcoxon signed-rank test was used
to detect differences between the SCP treatment and the untreated control. For normally
distributed data (proofed using the KS test), a one-way ANOVA with Tukey’s HSD post
hoc test was used to compare batches; otherwise, the Kruskal-Wallis test was used with
Dunn-Bonferroni correction for pairwise comparisons. In the clinical trial, baseline and
intervention-related group differences were analyzed using either the independent t-test
(for normally distributed data) or the Mann-Whitney U test (for non-normally distributed
data). Differences between the treatment conditions were considered statistically significant
if p < 0.05. The data were presented as described in the legends in the figures and tables.
The effect size was calculated using Cohen’s d for inter-group differences after an 8-week
treatment.

3. Results
3.1. The In Vitro Test

The present in vitro study was designed to investigate the possible impact of bovine-
derived SCPs on the biosynthesis of ECM macromolecules for the first time. For these
cell culture experiments, primary human dermal fibroblasts were used. In a second ex-
perimental approach, different batches of the used product were tested regarding their
efficacy.

3.1.1. The Bioactivity of the SCPs

The biosynthesis of the most important molecules in the dermal extracellular matrix
was statistically significantly increased (p < 0.05) after the SCP treatment compared to that
with the untreated controls (Figure 1).
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Figure 1. The stimulation of collagen type I, elastin, and proteoglycan biosynthesis after the SCP
treatment compared to that in the untreated controls. The data represent the mean =+ SD for n = 12;
*

p <0.05.
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The amount of collagen type I, elastin, and proteoglycans was statistically significantly
increased (p < 0.05) after the SCP supplementation compared to that in the untreated
controls (Table 2). The stimulatory effect of SCP treatment on the biosynthesis of ECM
molecules was also confirmed at the gene expression level. The mRNA expression levels for
type I collagen, elastin, and the proteoglycans decorin and biglycan were also significantly
increased (p < 0.05) after the SCP supplementation.

Table 2. The stimulatory effect on the mRNA expression of different ECM macromolecules after a

24 h treatment with SCP.
mRNA Expression p-Value
Collagen type I 2.06 +£0.17 <0.05
Elastin 1.17 £0.12 <0.05
Decorin 1.15+0.21 <0.05
Biglycan 1.30 +0.13 <0.05

The data represent the mean =+ SD for n = 12 compared to the untreated controls.

3.1.2. The Batch-to-Batch Analysis of the Test Product

A batch-to-batch analysis of four different SCP batches produced between 2018 and
2024 showed no statistically significant differences between the tested products regarding
their efficacy in stimulating matrix biosynthesis. All of the tested batches had a similar
pronounced stimulatory effect on synthesizing type I collagen, proteoglycans, and elastin
(Table 3).

Table 3. The consistent stimulatory effect of the different bovine-derived SCP batches on the synthesis
of ECM molecules in the human dermal fibroblasts.

Batch No. 1 2 3 4 p-Value

Collagen typel 1.22+0.09 1.19£0.06 1204015 1.19=£0.09 n.s.
Proteoglycans  1.19£0.09 1174+0.09 1.18+£0.09 1.2240.06 n.s.
Elastin 126 +0.14 134+£0.14 134+030 1.31+0.37 n.s.

The different batches were produced between 2018 and 2024 by GELITA. The data represent the mean + SD for
n = 12; n.s. = not statistically significant.

3.2. The Clinical Trial

The CONSORT (Consolidated Standards of Reporting Trials) flow diagram for this
controlled trial showed that 66 Caucasian women between the ages of 35 and 55 were
included (Figure 2). The women, with an average age of 46.1 & 5.6 years (46.7 £ 6.0
for the SCP group; 44.9 & 5.6 for the placebo), had phototypes I-IV (on the Fitzpatrick
scale) and were in generally good condition in terms of their physical and mental health.
The participants were randomly assigned into the placebo or SCP group. All measured
parameters were compared between the groups to assess the homogeneity of the data at
baseline between the SCP and placebo groups. The data showed no statistically significant
differences between the two study groups for any of the primary and secondary outcomes
at baseline.

The data were evaluated based on the “Per-Protocol” (PP) population. All of the
study participants who fulfilled the inclusion criteria and had given informed consent were
included after randomization. As all of the recruited women had fulfilled the requirements
according to the study protocol and no drop-outs occurred, the PP population was identical
to the “intention-to-treat” (ITT) population. The assessment of the tolerability of the product
revealed no adverse effects during the evaluation after 1, 4, and 6 weeks. All of the study
participants were compliant with the study protocol. There were no discontinuations of
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the RCT related to product uptake or the study process in general. No inconveniences or
adverse reactions were reported.

Assessed for eligibility (n =75)

[ Enrollment ]

Excluded (n=9)

» Notmeeting inclusion criteria (n = 4)

h J

* Declined to participate (n = 5)

Randomized (n = 66)

l

¥ [ Allocation ] l
Allocated to intervention (VERISOL B) (n = 33) Allocated to intervention (Placebo) (1 = 33)
Received allocated intervention (n =33) Received allocated intervention (r = 33)
¥ ( Follow-Up 1 ¥
- J
Lost to follow-up (n = 0) ‘ ‘ Lost to follow-up (r=0)
hd [ Analysis ] . 3
¢ y
Analysed (n = 33) Analysed (n =33)
No further exclusion from analysis No further exclusion from analysis

Figure 2. Flow chart of subject recruitment, randomization, and follow-up. VERISOL B (SCPs).

3.2.1. Eye Wrinkle Volume

At baseline, the two treatment groups had no statistically significant difference in
their eye wrinkle volume (Table 3). After 4 weeks of the treatment with the SCPs, eye
wrinkle volume decreased by approximately 9% (p < 0.05; Cohen’s > 0.8) compared to
that in the placebo group (Figure 3, Table 4). At the end of this study, after 8 weeks, eye
wrinkle volume was statistically significantly reduced, by 25%, in the participants who had
received SCPs compared to that in the placebo group (p < 0.05; Table 4). The analysis of
the individual cases revealed a maximum reduction in the eye wrinkle volume of more
than 51%.

Table 4. Statistically significant improvement in various skin parameters in healthy women after SCP

supplementation for 8 weeks.

~ ~ p-Value * ~ p-Value *
Group n Xo + SD X4 £+ SD (After Xg + SD (After
4 Weeks) 8 Weeks)
Eye wrinkle SCPs 33 1.52+0.24 1414031 <0.05 1.26 £ 0.11 <0.05
volume (mm?) Placebo 33 1.49 + 0.35 1.55 +0.27 ’ 1.58 +£0.17 ’
Skin elasticity SCPs 33  053+£0.08 0.57+0.05 <0.05 0.61 +0.08 <0.05
(Ur/Ue) Placebo 33 054+£010 0.54+0.02 ’ 0.56 + 0.06 ’
Skin hydration SCPs 33 38+3.9 46 +£29 <0.05 49+ 42 <0.05
(AU) Placebo 33 37 +44 39 +47 ’ 39 +£53 )

The data represent the mean =+ SD for 33 study participants. * Statistical significance of group comparison.
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Figure 3. Statistically significant reductions in eye wrinkle volume after 4 and 8 weeks of treatment
with SCPs compared to that in untreated controls. Data represent mean + SD; * p < 0.05.

During the course of this study, there was also a statistically significant (p < 0.05)
decrease in the eye wrinkle volume in the SCP group after 4 and 8 weeks.

3.2.2. Skin Elasticity

At the beginning of this study, there was no statistically significant difference in skin
elasticity between the SCP and placebo groups (Table 3). Compared to that in the placebo,
a statistically significant (p < 0.05) improvement in skin elasticity of 6% was observed in the
SCP group after 4 weeks of treatment (Figure 4; Table 4). At the end of this study (Figure 4;
Table 4), their skin elasticity had increased by 9% compared to that in the placebo group
(p < 0.05; Cohen’s d > 0.8).

0.8
0.7 *
06 l

N 1
0.5
0.4

0.3

skin elasticity [Ur/Ue]

0.2

0.1

Baseline 4 weeks 8 weeks

W SCP OPlacebo

Figure 4. Statistically significant increase in skin elasticity after 4 and 8 weeks of treatment with SCPs
compared to that in untreated controls. Data represent mean + SD; * p < 0.05.
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A statistically significant (p < 0.05) improvement in skin elasticity was observed in the
treatment group after 4 and 8 weeks of SCP supplementation. In contrast, no changes in
elasticity over time were observed in the placebo group.

3.2.3. Skin Hydration

At the beginning of this study, no statistically significant differences were observed
in skin hydration between the SCP and placebo groups (Table 3). After 4 weeks, skin
hydration was statistically significantly (p < 0.05) increased in the SCP group compared
to that in the control group (Figure 5; Table 4). After 8 weeks, at the end of the study
period, skin hydration was significantly (p < 0.05) increased, by 29%, in the treatment
group. Compared to that in the control group, the skin hydration in the treatment group
was increased by 26% (p < 0.05; Cohen’s d > 0.8) at the end of the investigation (Figure 5;
Table 4).
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Figure 5. Statistically significant increase in skin hydration after 4 and 8 weeks of treatment with
SCPs compared to that in untreated controls. Data represent mean + SD; * p < 0.05.

In contrast to the treatment group, no significant changes in hydration were observed
in the placebo group during the study period.

4. Discussion

Human skin undergoes a continuous aging process. This chronological or intrinsic
aging is characterized by decreased thickness of the skin and a loss of skin elasticity and
hydration [9,43-49]. As the major physiological changes in the skin are known to be located
in the dermis, topical products such as creams and lotions may have a limited efficacy and
duration. Most of these products do not reach the deeper layer of the skin, explaining their
temporary effect on the skin’s appearance.

Over the last decade, orally administered supplements for improving skin health
have become increasingly popular. The consumption of products derived from collagen
in particular has risen significantly. The effects of such collagen hydrolysates or collagen
peptides on skin physiology have been studied by several groups worldwide. Experimental
studies have shown that supplementation with specific collagen peptides stimulates the
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synthesis of the dermal extracellular matrix and provides antioxidant protection [9,50-58].
These studies suggest that the intake of collagen peptides can improve the appearance and
function of the skin.

Numerous controlled clinical studies have now investigated the effects of orally ad-
ministered collagen products on various skin parameters [9,10,21,25,32,59-62]. Mainly,
collagen peptides derived from fish, pigs, or cattle are marketed. However, the mechanism
of action of collagen peptides is not fully understood to date. It is known that, in addition
to the molecular weight distribution of peptides, their specific production process plays
a crucial role. The special enzymatic degradation of collagen results in specific collagen
peptides that can bind to certain cell receptors, ensuring their high bioactivity. The impor-
tance of the production process could help to explain why collagen-derived products differ
significantly in their efficacy. A systematic review of orally supplied collagen showed a
stimulatory effect on the synthesis of matrix molecules [30]. The products studied differ in
the recommended daily dosages, the mean molecular weights of the collagen peptides, and
the source of collagen.

To ensure the efficacy of the bovine SCPs used in this clinical trial, the same peptides
were tested in in vitro studies on primary human dermal fibroblasts. A batch-to-batch
analysis was conducted to assess the reproducibility of the measured effects.

The current cell culture experiments clearly demonstrated a pronounced stimulatory
effect of the SCPs on the expression of dermal extracellular matrix macromolecules. After
supplementation with the SCPs, a significant increase in the biosynthesis of type I collagen,
elastin, and proteoglycans was observed.

The current results are consistent with those of several experimental studies in which
human fibroblasts demonstrated a stimulatory effect following collagen peptide supple-
mentation on the extracellular matrix molecules [27,28,54]. Although these studies utilized
different collagen peptides from various species, their results consistently showed an in-
crease, primarily in collagen production. In the present study, the stimulatory efficacy of
the SCPs was confirmed at both the mRNA and protein levels.

The small differences observed in the efficacy of the different batches confirm the
stable production process and constant quality of the SCP samples.

This study investigated the efficacy of 2.5 g/day of SCPs of bovine origin in terms of
their effect on skin physiology. The results confirmed a statistically significant decrease
in eye wrinkle volume and a significant increase in skin elasticity and hydration after
4 weeks of treatment compared to these values int he placebo. After 8 weeks of SCP
supplementation, the effects on the measured skin parameters were even more pronounced.

Skin elasticity is a crucial indicator of skin aging. In a clinical study on post-
menopausal women, the decrease in skin elasticity per year was compared with its devel-
opment in pre-menopausal women [47]. Based on the results, a decrease in skin elasticity
of 0.55% per year after the menopause was calculated. It is known that elasticity, along
with skin hydration [63-65], is mainly influenced by dermal collagen. Marini et al. (2012)
described a correlation between skin elasticity and hydration and type I collagen synthesis
after oral treatment [66].

In the current study, the skin elasticity was already statistically significantly increased
after 4 weeks of treatment compared to that in the placebo (p < 0.05). After 8 weeks of
treatment, the skin’s elasticity was increased by 9% compared to that in the placebo. In one
participant, a maximum increase in skin elasticity of 51% was observed after 8 weeks of
treatment. These results closely resemble the findings of a study that investigated porcine-
derived SCPs [32]. Here, an average increase in skin elasticity of 7% was observed. Another
clinical study [67] used a combination of collagen peptides with various vitamins. In this
study, skin elasticity was improved by 8% after 12 weeks of supplementation compared to
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that in the placebo. Additionally, the authors reported an increase in skin hydration of 28%
in the treatment group and 9% in the placebo group.

In the current clinical trial, a 26% improvement in skin hydration was observed
after 8 weeks of the SCP treatment compared to the controls. After a treatment time of
only 4 weeks, skin hydration was increased by 18%, indicating that SCP intake seems to
have a fast impact on water-binding structures in the dermal tissue. This observed effect
was confirmed in in vitro experiments, where a significant increase in proteoglycans was
determined. As proteoglycans have a very high water-binding capacity, this might explain
the clinically proven results.

Reducing wrinkles, especially in the face, is key to a healthier and younger appearance.
Topically applied creams and lotions are often ineffective, as they do not penetrate the
deeper layers of the skin [68,69]. Usually, such treatments have only a very short-term
effect, if any.

Collagen and elastin are known to be the main components of the dermis responsible
for maintaining the skin’s structure, firmness, and elasticity. All of these factors together
directly impact wrinkle formation. In particular, the conversion of elastic fibers and the
progressive degradation of collagen bundles promote wrinkles.

The current clinical data showed a pronounced reduction in wrinkles in the treatment
group within 4 weeks compared to those in the placebo. After 8 weeks, this effect was even
more pronounced: wrinkles decreased by an average of 25% after SCP intake compared to
those in the untreated controls.

The positive effects on skin moisture and elasticity and the reduction in eye wrinkle
volume observed in this study align with comparable clinical studies where similar skin
parameters were investigated, although not using bovine-derived collagen peptides. For
example, studies performed using a very similar porcine-derived collagen peptide prod-
uct [25,32] demonstrated comparable positive effects on skin health. In these studies, a
daily dose of 2.5 g was also administered. Additionally, a study using fish-derived collagen
peptides also showed positive effects [33]. In this study, the daily oral intake of 5 g of the
product led to a significant reduction in eye wrinkles, as well as improved skin moisture
and elasticity. These data seem to suggest that the clinical effectiveness does not primarily
depend on the animal species from which the collagen peptides are derived.

5. Conclusions

The results of the RCT involving healthy women aged 35 to 55 years indicated that a
4-week treatment with bovine-derived SCP led to a statistically significant reduction in eye
wrinkle volume, along with an increase in skin elasticity and hydration, compared to these
values in the untreated control subjects. After 8 weeks of supplementation, the positive
clinical effects were even more pronounced (Cohen’s d > 0.8). Cell culture experiments
with human dermal fibroblasts demonstrated that SCP supplementation resulted in a sta-
tistically significant increase in collagen, elastin, and proteoglycan biosynthesis compared
to that in the controls. Although further studies are needed, it can be speculated that the
positive clinical effects on wrinkle volume, skin elasticity, and skin hydration following
SCP supplementation observed are due to the stimulatory effect of these bioactive collagen
peptides on the synthesis of type I collagen, elastin, and proteoglycans. The analysis of
different SCP batches confirmed the product’s stimulatory efficacy and demonstrated its
consistent quality. No adverse events were reported in this clinical study, and no side effects
were observed. The product was found to be safe and well tolerated. Further studies should
continue to investigate its mechanism of action and effects on other ECM macromolecules.
Moreover, it would be interesting to investigate whether the sources of collagen peptides
derived from different species have an impact on the efficacy of the product further.
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In summary, orally administered SCP treatment has been shown to significantly
improve the health and appearance of the skin. However, the preclinical and clinical results
presented here are specific to the SCPs used in this study and may not necessarily apply to
other collagen products.
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Abstract: Gardeniae Fructus (GF), the desiccative mature fruitage of Gardenia jasminoides
J. Ellis (G. jasminoides), is a traditional herbal medicine in China with potential value
against skin photodamage. However, the phytochemical basis and mechanisms underlying
GF’s anti-photodamage effects remain unclear. In this study, the chemical components
in GF extract (GFE) were analyzed using ultra-high-performance liquid chromatography
coupled with tandem mass spectrometry (UPLC-MS/MS), and iridoids were identified
as the main components. The antioxidant, anti-inflammatory, and barrier-repair effects
of GFE in UVB-induced photodamage were assessed through in vitro experiments. Ad-
ditionally, the potential mechanisms of GFE against skin photodamage were predicted
using proteomics and network pharmacology. The results showed that GFE significantly
increased the levels of total superoxide dismutase (T-SOD), catalase (CAT), and glutathione
peroxidase (GSH-Px) induced by UVB, while decreasing reactive oxygen species (ROS)
and malondialdehyde (MDA) contents. GFE also inhibited the secretion of interleukin-6
(IL-6) and interleukin-1$ (IL-1(3). Additionally, GFE upregulated the expression of filag-
grin (FLG), loricrin (LOR), and involucrin (IVL) in 3D epidermal skin models. Proteomic
analysis and network pharmacology indicated that the iridoid components identified in
GFE ameliorated UVB-induced damage probably by regulating cell cycle-related proteins
and signaling pathways, though this requires further experimental confirmation. Overall,
the results provide essential evidence to support the development of GFE as a skincare
active ingredient.

Keywords: Gardeniae Fructus; plant extract; biological activity; UVB protection; antioxidant

1. Introduction

The skin is the body’s protective barrier against environmental hazards, one of which,
exposure to solar ultraviolet (UV) radiation, is unavoidable. UV can be categorized into
three types: UVA (320 to 400 nm), UVB (290 to 320 nm), and UVC (200 to 290 nm). Among
them, UVA and UVB account for 95% and 5%, respectively, of solar radiation at the Earth’s
surface, while most UVC is absorbed by the ozone layer [1,2]. UV exposure stimulates
the production of vitamin D, which is essential in preventing rickets and osteomalacia [3].
However, excessive UV irradiation can cause skin damage. Although UVB accounts for
a smaller proportion, it is the primary cause of acute damage to normal human skin [4].
Prolonged exposure to UVB radiation destructs the skin’s antioxidant system via the gener-
ation of excessive reactive oxygen species (ROS), which results in oxidative stress damage
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due to alterations in the activity of multiple antioxidant enzymes, including superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and glutathione reductase
(GR) [5-7]. Long-term overproduction of ROS can lead to cellular structural and functional
damage, triggering the activation of multiple pro-inflammatory cytokines and pathways,
which induces skin inflammation [8,9]. Meanwhile, UVB irradiation negatively impacts epi-
dermal morphology and barrier function, causing changes in stratum corneum lipids and
keratin structure [10-12]. Furthermore, although the epidermis of the skin absorbs almost
all UVB, about 5-10% can still reach and affect the upper layer of the dermis [13]. Repetitive
irradiation with UVB leads to significant changes in the three-dimensional structure of the
skin’s elastic fibers, resulting in decreased elasticity and the formation of wrinkles [14].

In recent years, there has been growing interest in developing functional foods and
medicinal products with photoprotective properties for skin applications [15,16]. Garde-
niae Fructus (GF), the dried mature fruit of Gardenia jasminoides J. Ellis (G. jasminoides),
which belongs to the family Rubiaceae, has been recognized by the Ministry of Health
of China as one of the first traditional Chinese medicinal herbs with dual purposes of
food and medicine. In China, G. jasminoides is widely distributed in the eastern, central,
south-western, and southern provinces. The primary bioactive ingredients in GF are iri-
doid glycosides, such as geniposide, genipin 1-gentiobioside, geniposidic acid, etc. [17].
Modern pharmacological studies have shown that GF exhibits various beneficial activities,
including anti-inflammatory, antioxidant, anti-aging, and neuroprotective effects [18-22].
Additionally, GF is commonly utilized as an active ingredient in cosmetic products with
soothing effects. Although GF has been reported to protect cells from UV irradiation, the
underlying mechanisms have not been investigated [23,24].

This study aimed to investigate the protective effect of GF extract (GFE) on UVB-damaged
HaCaT cells and explore the potential mechanisms of GFE'’s anti-photodamage properties. In
this study, UPLC-MS/MS was employed to analyze the iridoid compounds in GFE. Subse-
quently, we evaluated the antioxidant, anti-inflammatory, and skin-barrier-repair effects of
GFE on UV-irradiated HaCaT cells and 3D epidermal models. In addition, proteomics and
network pharmacology were employed to elucidate the potential targets and mechanisms
underlying the anti-photodamage effects of the iridoids identified in GFE.

2. Materials and Methods
2.1. Preparation and Analysis of GFE

GFE was provided by Shanghai Junyu Biotechnology Group Co., Ltd. (Shanghai, China)
and prepared by the following steps [25]. GF powder was extracted twice with a 20-times
volume of water at 80 °C for 2 h. Two filtrates were combined and decolorized via active
carbon. Then, the liquid was purified with macroporous adsorption resin and desorbed
by ethanol to enrich iridoids. The extract was filtered with a 0.45 um microporous filter
membrane and lyophilized to obtain GFE.

UPLC-MS/MS analyses were performed using a Vanquish UPLC system with an
ACQUITY UPLC BEH Amide (2.1 mm x 100 mm, 1.7 um; Waters, Milford, MA, USA)
coupled to an Orbitrap Exploris 120 mass spectrometer. The MS/MS spectra were ac-
quired by acquisition software (Xcalibur; Thermo Fisher Scientific, Waltham, MA, USA)
in the information-dependent acquisition (IDA) mode. Identification of peaks was per-
formed using the database provided by Shanghai BIOTREE biomedical technology Co., Ltd.
(Shanghai, China) and the corresponding cleavage law matching method.

2.2. Cell Culture and UVB Irradiation

HaCaT cells were obtained from Zhejiang Meisen Cell Technology Co., Ltd. (Jinhua,
China) and cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
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fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL streptomycin in a 5% CO,
incubator at 37 °C.

UV crosslinker (Luyor, Shanghai, China) UVB lamps (302 nm) were applied for cell
modeling at 10 mJ/cm? [26]. The HaCaT cells had a thin film of phosphate-buffered saline
(PBS) on them and were irradiated by UVB. After irradiation, the medium was replaced
with fresh medium and incubated for 24 h.

2.3. Detection of Reactive Oxygen Species (ROS), SOD, CAT, GSH-Px, and MDA

The HaCaT cells were treated with different concentrations of GFE (12.5, 25, and
50 pg/mL) and UVB irradiation and then stained by DCFH-DA (Beyotime, Shanghai, China).
ROS contents were measured via a fluorescence microplate reader for the same number of
cells and observed by fluorescence microscopy.

The levels of SOD, CAT, GSH-Px, and MDA were measured using a commercially
available assay kit (Jiancheng Biological Engineering, Nanjing, China).

2.4. Enzyme-Linked Immunosorbent Assay

Contents of IL-6 and IL-13 were detected by enzyme-linked immunosorbent assay
kits (TransGen Biotech, Beijing, China). HaCaT cells were irradiated by UVB, treated with
GFE (12.5, 25, and 50 pg/mL), and analyzed for IL-6 and IL-1(3 at 24 h.

2.5. Immunofluorescence Staining

Epidermal skin models obtained from Regenovo were exposed to UVB (302 nm) at
400 mJ/cm? and treated with 50 pg/mL GFE for 24 h. Then, each skin model was frozen
and cut. The sections were blocked and incubated with primary antibodies, including filag-
grin (FLG), loricrin (LOR), and involucrin (IVL) (Abcam, Cambridge, UK), overnight. After
washing with PBS/T three times, the sections were incubated with Alexa: 488-conjugated
goat anti-rabbit IgG H&L (Abcam, Cambridge, UK) and DAPI (Beyotime Biotechnology,
Shanghai, China). The sections were observed under a fluorescent inverted microscope.

2.6. Proteomic Analysis

The HaCaT cells were treated with 50 ug/mL GFE and irradiated by UVB for
24 h. Then, the HaCaT cells were collected and stored at —80 °C. For each tube con-
taining cell precipitate, the contents were lysed, digested, and desalted. Then, liquid
chromatography—mass spectrometry (LC-MS) analysis was performed using a Vanquish
Neo UHPLC system coupled to an Orbitrap Astral mass spectrometer (Thermo Scientific,
Waltham, MA, USA) for data-independent acquisition (DIA) analysis. Differentially ex-
pressed proteins (DEPs) were identified with a p-value less than 0.05 and a fold change
greater than 1.5.

2.7. Network Pharmacology

UV photodamage targets were collected from the GeneCards, OMIM, and CTD
databases with the keyword “photodamage”. Meanwhile, the targets of the iridoids
identified in GFE were predicted via SwissTargetPrediction and the CTD database. The
intersected genes were then revealed by Venn diagrams.

The intersected targets were imported into STRING, the species was limited to “Homo
sapiens”, and confidence data > 0.7 were used to construct the PPI network. A visual
PPI network and an “ingredient-target” network were constructed using Cytoscape
3.9.0 software.

Protein structures were downloaded from the PDB database, and ingredient structures
were obtained from the Pubchem database. Then, molecular docking was plotted and
displayed with Auto Dock Vina 1.25 and PyMol 2.3.0 [27].
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2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 software. The stu-
dent’s t-test was performed for the differential analyses, and p < 0.05 was considered
statistically significant.

3. Results
3.1. Analysis of GFE by UPLC-MS/MS

The total positive and negative ion chromatograms of GFE are shown in Figure 1A B.
Ten iridoids were identified in GFE (Figure 1C and Table S1): (1) genipin 1-gentiobioside,
(2) geniposidic acid, (3) shanzhiside methyl ester, (4) deacetylasperulosidic acid, (5) genipin,
(6) geniposide, (7) feretoside, (8) gardenoside, (9) asperuloside, and (10) shanzhiside.
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Figure 1. UPLC-MS/MS total ion chromatograms in the positive (A) and negative (B) ion models of
GEFE. (C) Molecular structure of constituents.

3.2. Effects of GFE on Antioxidants in HaCaT Cells

UVB irradiation induces oxidative damage and promotes intracellular ROS production.
In this study, the intracellular ROS levels in HaCaT cells were stained via DCFH-DA.
Compared to the UVB exposure group, the production of ROS was significantly inhibited
in the GFE groups (Figure 2A,B). Additionally, the levels of T-SOD, CAT, and GSH-Px were
decreased under UVB irradiation, while GFE effectively increased the contents of T-SOD,
CAT, and GSH-Px (Figure 2C-E). Figure 2F demonstrates that the contents of MDA were
decreased in GFE-treated HaCaT cells.

3.3. Effects of GFE on Anti-Inflammation in HaCaT Cells

Skin oxidative stress can further amplify skin inflammation induced by UVB expo-
sure [28]. In the results, the levels of both IL-6 and IL-1{ in the supernatants were increased
under UVB irradiation, while treatment with GFE inhibited the secretion of IL-6 and IL-1f3
(Figure 3).
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Figure 2. The effects of GFE on the oxidative stress in HaCaT cells. (A,B) The levels of intercellular
ROS were stained with DCFH-DA, photographed by fluorescence microscopy, and measured under
a fluorescence microplate reader; scale bar = 50 pm. The levels of (C) T-SOD, (D) CAT, (E) GSH-Px,
and (F) MDA were determined by specialized test kits (mean &+ SD, n = 3). * p < 0.05, ** p < 0.01, and
***p < 0.001 vs. the control; # p < 0.05 and ## p < 0.01 vs. UVB.
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Figure 3. The effects of GFE on inflammation in HaCaT cells. The contents of (A) IL-6 and (B) IL-1
were quantified by ELISA (mean 4 SD, n = 3). ** p < 0.01 vs. the control; # p < 0.05, ## p < 0.01, and
### p < 0.001 vs. UVB.

3.4. Effects of GFE on Barrier Repair in Three-Dimensional Epidermal Models

Filaggrin (FLG), loricrin (LOR), and involucrin (IVL) are the important barrier proteins
that regulate skin permeability and prevent water evaporation [29]. Our research showed
that UVB exposure diminished barrier function by downgrading the expression of FLG,
IVL, and LOR in the three-dimensional epidermal models. After GFE treatment, the barrier
functions of the skin models were restored and the expression of barrier-related proteins
(FLG, IVL, and LOR) was increased (Figure 4).
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Figure 4. The effects of GFE on the barrier functions in three-dimensional epidermal models. (A) The
levels of FLG, LOR, and IVL were stained by immunofluorescence and (B) measured via Imagj J

1.53q. Bar = 50 um (mean + SD, n = 3). ** p < 0.01 and *** p < 0.001 vs. the control; ## p < 0.01 and
##H# p < 0.001 vs. UVB.

3.5. Proteomic Analysis

DEPs among the control, UV, and UV-GFE groups were analyzed by proteomics.
The results revealed that 234 and 186 DEPs increased and decreased between the control
group and UV group, respectively (Figure 5A). Subsequently, cluster analysis of these
DEPs was performed, and the results were visualized as a heatmap (Figure 5B). The
control group and UV group were separated distinctly, suggesting that the identified DEPs
were representative. Kyoto Encyclopedia of Genes and Genomes (KEGG) results revealed
that UVB irradiation induced cellular photodamage mainly by interfering with the cell
cycle (Figure 5C). Additionally, Gene Set Enrichment Analysis (GSEA) showed that UVB
treatment could damage epidermal cells by activating the G2/M checkpoint (Figure 5D).

Between the UV-GFE and UV groups, 38 DEPs were upregulated and 36 DEPs were
downregulated (Figure 6A). Gene Ontology (GO) analysis (Figure 6B) showed that GFE
treatment exerted a significant impact on meiotic nuclear division, meiotic spindle assembly,
and the meiotic cell cycle in the biological process (BP) category. Cell components (CCs)
that were influenced mostly included axon hillocks, mitotic spindle poles, and spindle
poles. In the molecular function (MF) category, the functions of retinal dehydrogenase ac-
tivity, oxidoreductase activity, and aldehyde dehydrogenase (NAD+) activity were mainly
altered. Next, reactome enrichment analysis revealed that the DEPs were enriched in the
cell cycle (Figure 6C). Interestingly, the GESA results indicated that GFE treatment signifi-
cantly downregulated the G2/M checkpoint, which was upregulated by UVB treatment
(Figure 6D).
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Figure 5. Proteomic analysis of the control and UV groups. (A) DEPs between the control group and

UV group shown in a volcano plot; (B) cluster analysis of DEPs between the control group and UV

group shown in a heatmap; (C) KEGG analysis between the control group and UV group; (D) GSEA
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Figure 6. Proteomic analysis of UV and UV-GFE groups. (A) DEPs between the UV-GFE group and
UV group shown in a volcano plot; (B) GO enrichment analysis of DEPs between the UV-GFE group
and UV group; (C) reactome analysis of DEPs between the UV-GFE group and UV group; (D) GSEA
between the UV-GFE group and UV group.
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3.6. Network Pharmacology

After removing duplicates, a total of 201 genes associated with photodamage were
collected from the GeneCards, OMIM, and CTD databases. Additionally, 203 genes related
to iridoids in GFE were predicted using SwissTargetPrediction and the CTD database. A
Venn diagram showed that 24 targets were intersected between GFE and photodamage
(Figure 7A).

A GF Photodamage B

=

177
(46. 6%)

MMP1 LGALS3

Figure 7. Network pharmacology of GF and photodamage. (A) Venn diagram; (B) “component—
target” network; (C) PPI network; (D) molecular docking of geniposide-p53.

Subsequently, a “component-target” network was constructed and visualized using
Cytoscape 3.9.0 (Figure 7B). The red polygon nodes represent the compounds, the green
ellipsis nodes represent the genes, and each edge indicates an interaction between them.
The network consisted of 31 nodes and 40 edges, with geniposide being associated with
the most targets.

In order to predict the potential targets of GFE anti-photodamage, PPI network anal-
ysis was performed. The Centiscape analysis of the key targets is shown in Table 1. PPI
network results revealed the genes with values above the average for degree centrality
(5.64), betweenness centrality (0.055), and closeness centrality (0.497) obtained from the
Centiscape analysis, including IL1B, MMP9, TP53, BCL2, and SIRT1.

Table 1. Centiscape analysis of the key targets in the PPI network.

No. Target Degree Centrality Betweenness Centrality = Closeness Centrality
1 IL1B 14 0.302057308 0.7
2 MMP9 11 0.124122346 0.6
3 TP53 10 0.138510101 0.636363636
4 BCL2 10 0.079234179 0.617647059
5 SIRT1 8 0.187934962 0.583333333

Based on network pharmacology and proteomics, geniposide and TP53 (p53) were
selected for molecular docking. Typically, a binding energy less than —5 kcal/mol signifies
an excellent binding affinity. The results indicated that geniposide-p53 had two hydrogen
bonds with Leu145 and Glu221 and exhibited a favorable binding activity, with a binding
energy of —6.0 kcal/mol.
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4. Discussion

Repeated or long-term exposure to UVB can induce skin photodamage due to its
penetration of the epidermis and upper dermis, manifesting as sunburn, tanning, immuno-
suppression, and the release of pro-inflammatory mediators [30]. Keratinocytes are the
most predominant cells in the epidermis of the skin. Researchers have revealed that UVB
radiation could lead to DNA damage and accumulation of ROS in keratinocytes, resulting
in cell death [31]. Additionally, apoptosis of keratinocytes is accompanied by inflammation
and disruption of the epidermal barrier [32]. Therefore, it is essential to find a safe and
effective treatment to prevent skin photodamage. In recent years, researchers have shown
an increasing interest in the application of natural products in the cosmetic industry [33].
For example, ferulic acid, caffeine, and rutin have shown excellent efficacy in skin pho-
toprotection and sunscreen cosmetic applications [34-37]. GF, with a positive effect on
anti-photoaging, has garnered our attention.

Iridoids are a special class of monoterpenoids found in GFE, serving as some of the
main chemical components with numerous pharmacological activities, such as antioxidant,
anti-inflammatory, and hypoglycemic properties [38—41]. In this study, ten iridoids in GFE
were identified via LC-MS/MS. Among them, geniposide is the main active ingredient
in GFE and has the largest content [25]. To further evaluate the effects of GFE against
UVB-induced skin damage, a UVB-irradiated HaCaT cell model was established. Oxidative
stress and inflammation are the main negative effects caused by UVB. UVB irradiation
induced oxidative stress damage in HaCaT cells, which presented as a decrease in an-
tioxidant enzyme (T-SOD, CAT, and GSH-Px) levels and an increase in ROS and lipid
peroxides (MDA). GFE treatment effectively combated UVB-induced cellular oxidative
damage. Meanwhile, GFE inhibited the IL-6 and IL-1§3 levels caused by UVB exposure.
UVB-induced skin photodamage is accompanied by impairment of the skin barrier, and
skin barrier function is closely associated with the terminal differentiation-associated pro-
teins, such as FLG, LOR, and IVL [42]. In this study, UVB-irradiated epidermal models
exhibited significant downregulation of FLG, LOR, and IVL expression, while GFE ef-
fectively ameliorated the UVB-induced epidermal barrier damage by upregulating the
expression of these barrier-related proteins.

Recently, proteomics has served as a crucial tool for uncovering the potential targets
in TCM. In our studies, proteomic analysis indicated that UVB radiation affected various
cell cycle-related proteins in HaCaT cells. Cell cycle checkpoints are typically regulated
by a variety of cell cycle regulatory proteins [43]. The activation of targets in the G2/M
checkpoint also confirmed the damage of keratinocyte DNA by UVB radiation, which
is one of the main factors affecting DNA synthesis in keratinocytes [44]. Between the
UV and UV-GFE groups, reactome enrichment analysis revealed that the UV-GFE group
mitigated UVB-induced skin photodamage mainly by affecting the cell cycle. In addition,
GFE treatment improved UVB-induced cell cycle arrest at the G2/M phase in HaCaT cells.
Combined with the results of pharmacological experiments, GFE might act on multiple
targets and cause complex pharmacological changes, resulting in a comprehensive effect
on UVB-induced skin damage.

The network pharmacology method is widely utilized to explore the complex rela-
tionship between TCM and targets. The results of topological analyses indicated that
geniposide was associated with more targets. Geniposide is the most abundant iridoid
in GFE, and it can exert anti-photoaging effects by inhibiting oxidative stress in human
skin cells [24]. Additionally, it can regulate the G2/M phase and inhibit inflammatory
responses to improve apoptosis, suggesting that it might be the main active component in
GFE against photodamage [45]. PPI network results revealed that apoptosis- and cell cycle-
related targets, such as TP53, CASP3, and BCL2, were essential targets in GFE-mediated
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anti-photodamage, which corresponded to the proteomic results. TP53 (p53), the key target
affecting the cell cycle and apoptosis, might play an essential role in regulating photo-
damage [46]. In order to demonstrate the binding modes between geniposide and p53,
molecular docking was performed. Our research found that the geniposide—p53 complex
showed stable binding, with a binding energy of -6.0 kcal/mol. The findings of this study
lay a foundation for the further development of GFE in cosmetic raw materials and prod-
ucts capable of repairing damage induced by UVB. The anti-photodamage components
and the mechanisms of GFE still need to be further verified.

5. Conclusions

Our study reveals the effects and potential mechanisms of GFE in ameliorating
UVB-induced photodamage in HaCaT cells based on pharmacological experiments, pro-
teomics, and network pharmacology. GFE treatment effectively ameliorates UVB-induced
skin photodamage by regulating the cell cycle, including the G2/M checkpoint and p53
pathways, indicating its potential as an active ingredient against skin photoaging.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/ cosmetics12020072 /s1: Table S1: Ten iridoids identified in GFE.
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Abstract: The skin is continuously exposed to environmental changes, rendering it vul-
nerable to damage from external stressors that contribute to premature skin aging. This
study aims to explore skin longevity pathways stimulated by a rose extract (RE) derived
from petals. Human keratinocytes treated with RE exhibited a significant increase in
NRF2 (NF-E2-related factor 2; ~2-4% of induction) and LAMP2A (Lysosome-Associated
Membrane Protein 2A; ~6-12% of induction) levels. The presence of RE significantly
mitigated the increase in carbonylation levels (=34-37% of protection) and the number of
labeled P16™NK4A cells (a260-72% of protection), associated with proliferation arrest, both
induced by exposure to BAP (Benzo[a]pyrene) coupled with UV-A (Ultraviolet A) irradi-
ation. The beneficial effects mediated by RE were inhibited by Compound C, a specific
AMPK inhibitor (AMP-activated protein kinase). The involvement of the AMPK pathway
in mediating the beneficial effects of RE has been confirmed by assessing its activation
through the evaluation of its phosphorylation state which was significantly elevated in
the presence of RE compared to the stress condition. In conclusion, the activation of the
AMPK pathway enhances antioxidant defenses and promotes autophagy. This dual action,
mediated by RE, helps protect skin cells from oxidative damage and senescence while
maintaining proteostasis, skin integrity, and cellular proliferation under pollution-induced
stress (BAP + UV-A). These findings highlight the potential in mitigating age-related skin
changes through the modulation of longevity pathways.

Keywords: rose extract; autophagy; senescence; AMPK; carbonylation; proteostasis;
skin; longevity

1. Introduction

The skin is not only a vital protective barrier but also functions as a dynamic sensory
organ, forming the primary line of defense against environmental aggressors. This complex
organ is perpetually exposed to a myriad of environmental changes, making it susceptible
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to frequent damage from various external stressors. As a responsive shield, the skin ac-
tively counters and safeguards the body from these continual challenges, playing a critical
role in maintaining overall health and well-being. To maintain its biological functions,
the skin possesses the remarkable ability to repair and regenerate its components when
damaged, involving mechanisms such as detoxification and the elimination of damaged
proteins. Skin aging is a complex biological process influenced by both intrinsic factors,
predominantly genetic, and extrinsic factors that affect an individual from conception to
death, contributing to the biological and clinical signs of skin aging [1]. Environmental
factors are key actors in premature aging, impairing skin homeostasis, which results in
the accumulation of damages and a reduced ability to repair them. This decline is further
contrasted by a cell’s internal energy sensor, the AMPK (AMP-activated protein kinase)
pathway, which can trigger cellular processes that promote longevity. However, with age,
AMPK function can become impaired, potentially contributing to the diminished ability of
skin cells to maintain themselves [2]. Among environmental factors, Ultraviolet Radiation
(UVR) is the main actor in skin dysfunction, inducing oxidative damage and harmful
genetic modifications. The urban environment, in which the skin is exposed to pollutants
(particulate matters, volatile organic compounds (VOCs), and polycyclic aromatic hydro-
carbons (PAHs)), contributes to premature skin aging and reduces the functionality of the
skin [3-5]. Other exogenous aggressors, such as dysbiosis (Cutibacterium acnes pathogenic
subtypes or Staphylococcus aureus) [6] and brutal changes in environmental temperature
are also known to be involved in oxidative stress induction within the skin. Oxidative
stress results from an imbalance between the production and accumulation of oxygen
reactive species (ROS) in cells and tissues and impaired ability of skin to detoxify these
reactive products due to the accumulation of oxidative modification of macromolecules [7].
An accumulation of damaged proteins (proteostasis collapse) is associated with several
age-related morbidities, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s disease,
Parkinson’s disease, and cataract [8].

Among these modifications, protein carbonylation is a harmful irreversible modi-
fication identified as a major hallmark of severe oxidative damage related to oxidative
disorders [9-12]. This modification is associated with protein dysfunction and misfolding
and must be cleared to maintain skin homeostasis. Carbonylation can negatively affect, or
totally abrogate, protein catalytic functions and may trigger the formation of potentially
cytotoxic protein aggregates.

Antioxidant defenses, including enzymes, such as superoxide dismutases (SODs),
glutathione peroxidases (GPXs), peroxiredoxins (PRDXs), and catalase (CAT), as well as
non-enzymatic molecules, such as glutathione (GSH), protect skin proteins from oxidative
stress. Among these antioxidant defenses, the NF-E2-related factor 2 (NRF2) is the master
cytoprotective and antioxidant regulating the expression of ~250 genes by the antioxidant
response element (ARE). Products of these genes are involved in antioxidant response,
redox homeostasis, the detoxification of toxic compounds, mitochondrial biogenesis, and
many other processes [9]. Once damaged by oxidative stress, the intracellular cellular
components” degradation can be mediated by autophagy.

Autophagy, essential for cell survival, is one of the clearance mechanisms involved in
the degradation of damaged cellular components. The NRF2 target LAMP2A (Lysosome-
Associated Membrane Protein 2A) [13] plays a significant role in chaperone-mediated
autophagy (CMA) by facilitating the recognition, binding, translocation, and degradation
of specific proteins targeted for lysosomal degradation. Its presence on the lysosomal
membrane is essential for the efficient functioning of CMA, ensuring the removal of
damaged proteins from the cell. The autophagy pathway is finely regulated and requires
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the activation of the AMP-activated protein kinase (AMPK) signaling pathway, which
coordinates cell growth, autophagy, and metabolism.

Furthermore, a functional association between the AMPK and NRF2 pathways has
been described to underlie the crosstalk between energy homeostasis and oxidative clear-
ance upon AMPK activation upstream of NRF2 [3,14]. NRF2 and LAMP2A also play
critical roles in mitochondrial function, ensuring both structural integrity and functional
effectiveness [15,16].

In addition, previous work has shown that rose petal extracts contain large quantities
of phenolic compounds, which have been described as stimulating antioxidant enzymes
such as CAT and GPXs [17], but research on the detailed compositions of these extracts is
lacking, and their characterization could lead us to obtain a better understanding of their
overall activity.

In this study, rose extract was subjected to a chromatographic analysis coupled with
mass spectrometry in order to annotate its major volatile and non-volatile compounds.
The main objective was to identify the presence of compounds previously reported in the
literature as being able to interfere with skin aging processes.

We evaluated the effects of a rose extract, obtained using a supercritical CO, extraction
process, on primary human keratinocytes, focusing on cellular resilience via antioxidant
defenses, autophagy stimulation, and the modulation of the AMPK pathway. We show the
effect of rose extract on the AMPK signaling pathway and that targeting this pathway may
be a crucial strategy for promoting lifelong healthy skin.

2. Materials and Methods
2.1. Extraction from Rosa hybrid Flowers

Rosa hybrid “DELFLOBLA” is a variety of floribunda garden rose with the selection
code number N° 09.8649.1 and is the result of breeding between the varieties “MEICHIBON”
and “DELGRAMAUE” performed in 2009, which was first observed in Delbard nurseries
in Malicorne, France, in 2010. The extraction of active compounds from rosa hybrid flowers
was performed using a supercritical fluid extraction (SFE) method. Supercritical carbon
dioxide (CO,) was used as the primary extraction fluid modified with an ethanol co-solvent.
This co-solvent/active compound mixture was then used for GC-MS analysis tests and on
cell cultures.

2.2. Volatile Molecules Analysis by GC-MS

Volatile chemical composition was determined by injecting 1 pL of the rose extract into
GC-MS equipment using an HP 6890 GC system connected to an HP 5973 Mass Selective
Detector equipped with a DB-5 MS capillary column (60 m x 0.25 mm i.d., 0.25 pm film
thickness; Agilent Technologies, Palo Alto, CA, USA). The column temperature was held
at 60 °C for 3 min, programmed to increase at 5 °C/min to 310 °C, and then held at this
temperature for 15 min. Helium was used as carrier gas with a flow rate of 2.3 mL/min and
a split ratio of 20:1. The temperature of the injector was maintained at 290 °C. The MS was
set to scan in the range of m/z 35-500 amu with an ionization energy of 70 eV. The chemical
components were identified by a comparison of their retention indices and MS spectra
with those reported in the literature and using Masshunter Qualitative Analysis software
(B07.00, Agilent Technologies, USA) matching with standard reference databases (NIST23,
Wiley275 and CNRS libraries). The retention index of each component was calculated
relative to a standard mix of n-alkanes (C7-C40, Sigma-Aldrich, St. Louis, MO, USA),
analyzed under identical experimental conditions. The concentration of the components
was computed based on the percentage of their relative peak area (%).
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2.3. Non-Volatile Molecules Analysis by UHPLC-MS

Non-volatile molecules were analyzed using Agilent Technologies Accurate-Mass
ESI-Q-TOF LCMS 6530 with an LC 1290 Infinity system equipped with a DAD detector.
Separation was carried out at 40 °C using a 120 EC-C18 column (3.0 x 100 mm, 2.7 pm;
Agilent Technologies, Palo Alto, CA, USA). The CO, extract was diluted in ethanol (1:10),
and 1.5 pL was injected at the head of the column. The column was eluted at 0.7 mL/min
with a solvent gradient using solvent A (water with formic acid 0.1% (v/v)) and solvent
B (methanol with formic acid 0.1% (v/v)). After 1 min at 2%, the proportion of solvent B
increased from 2% to 100% over 23 min, followed by a 3 min isocratic phase with 100%
solvent B; the proportion decreased from 100% back to 2% in 0.5 min, and equilibration
occurred with 2% of solvent B over 2.5 min until the end of the run at 30 min. Mass
analyses were conducted in positive and negative mode in the range of 100-1500 m/z,
with nebulization gas (nitrogen) at a flow of 10 L/min and 40 psg pressure. The capillary
tension and the fragmentor were 3500 V and 100 V, respectively. Complementary tandem
mass spectrometry analyses (MS/MS) were performed with a collision energy of 20 eV
to elucidate molecular structures. The chemical components were identified using their
structural data (UV and mass) and the SIRIUS software version 5.8.5 [18-20].

2.4. Primary Cultured Keratinocytes

Keratinocytes (Biopredic International, Saint-Grégoire, France) were cultured in
OxiProteomics® medium at 37 °C in 5% CO, humidified air. Cytotoxicity MTS assay
(G542, Promega; Charbonnieres-les-Bains, France) was carried out according to the manu-
facturer’s guidelines, and specific absorbance was recorded (Varioskan, Thermofisher™,
Asniéres-sur-Seine, France). The rose extract was diluted (w/v) in the medium at the
defined doses for 48 h. 5-Aminoimidazole-4-carboxamide riboside (AICAR) at an amount
of 0.5 mM was used as the positive inducer of the AMPK pathway. To confirm AMPK
pathway activation, Compound C, a specific inhibitor of the AMPK pathway, was used
at an amount of 10 uM. For “protective” property evaluation, cells were then exposed to
Benzo[a]pyrene (BAP; CRM40071; 20 uM; Sigma-Aldrich-Merck KGaA, Darmstadt, Ger-
many), diluted using Hank’s Balanced Salt Solution (HBSS), and irradiated with UV-A
(LED source, emission peak at A = 365 nm; 2,4 J/ cm?) using the OxiProteomics® irradiation
system after 48 h of contact with the rose extract. Just after the irradiation process, cells
were transferred into a fresh culturing medium and incubated in optimal condition of
culture for 2 h before sampling.

2.5. Protein Extraction and Western Blot

Keratinocytes were subjected to protein extraction in an aqueous buffer using the
optimized OxiProteomics® buffer for Western blotting. Accurate measurement of protein
concentration was carried out using the Bradford Protein Assay Dye Reagent (Bio-Rad™,
Marnes-la-Coquette, France) according to the manufacturer’s guidelines. Extracted proteins
were separated by high-resolution electrophoresis (SDS-PAGE—gradient 4-20%; Thermo
Scientific™). After migration, proteins were transferred from gel to a 0.2 um nitrocellulose
membrane (Bio-Rad™). The membrane was washed in a Tris-buffered saline (TBS) solution
at pH 7.6 with 0.1% of Tween (TBS-T) before being incubated for 30 min in TBS with 3%
of Bovine Serum Albumin (TBS-BSA) for saturation. Just after the saturation step, the
membrane was incubated at 4 °C overnight in a fresh TBS-BSA solution containing the
primary antibodies (Table 1). The day after, the excess primary antibody was eliminated
by washing with TBS-T solution, and then the membrane was incubated for 1 h with the
secondary antibody coupled to a fluorophore (Table 1). Three (3) additional washes with
TBS-T were performed to remove the excess secondary antibodies. The digital acquisition
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of images of P_AMPK, AMPK, P_ACC, and Actin was performed using the “iBright”

system (Thermofisher™).

Table 1. Antibodies used.

Host Target Provider/Ref. Application
Rabbit P_ACCS79 Abcam (Paris, France) ab222774 Western blot
Rabbit P_AMPKT183/T172 Abcam ab23875 Western blot
Mouse AMPK Abcam ab110036 Western blot
Rabbit Actin Abcam ab179467 Western blot
Rabbit P16 Invitrogen (Les Ulis, France) MA5-27905 In situ visualization
Rabbit LAMP2A Invitrogen 10332473 In situ visualization
Rabbit Ki67 Abcam ab92742 In situ visualization
Rabbit NREF2 Abcam ab137550 In situ visualization

Goat Anti-mouse Alexafluor 488 Invitrogen A11001 Secondary antibody

Goat Anti-Rabbit Alexafluor 467 Invitrogen A21244 Secondary antibody

2.6. Detection, Visualization, and Quantification of Biomarkers

Keratinocytes were fixed with a solution containing 95% ethanol and 5% acetic acid.
Oxidatively damaged (carbonylated) proteins were labeled using an OxiProteomics® fluo-
rescent probe (Ex = 647 nm/Em = 650 nm) functionalized to specifically bind to carbonyl
moieties and DAPI (4',6-diamidino-2-phenylindole) for nuclear labeling in Phosphate-
Buffered Saline, pH 7.4 (PBS). For immunodetection, a saturating step was carried out on
the non-specific sites with a solution of PBS containing 3% BSA (PBS-BSA). Keratinocytes
were incubated with diluted primary antibodies in a PBS-BSA solution (Table 1). The excess
primary antibodies were eliminated with washing using a solution of PBS with 0.1% Tween
(PBS-T), and then cells were then incubated for 1 h with the secondary antibody coupled to
a fluorophore (Table 1) in PBS-BSA. The cellular nuclei were labeled using DAPL. Finally,
the antibody and excess DAPI were removed with a sequence of washing steps with PBS-T.
Fluorescent images were collected with an epi-fluorescent microscope (Thermofisher™,
EVOS M5000 Imaging System) and analyzed with Image] software version 1.53 (U. S.
National Institutes of Health, Bethesda, MD, USA).

A % of induction (compared to the experimental group of reference, namely the control
or stress group) was obtained by using the following equation:

Induction (% group X vs. Reference group) = ((Biomarker_Levels_Group_X/
Biomarker_Levels_Ref Group) — 1) x 100

Also, a protective value (%) was obtained for the experimental groups using, as
references, the control group, considered at maximum efficiency (100%), and the stress
group, considered at minimum efficiency (0%).

Protection (% group X) = ((Biomarker_Levels_Group_Stress —
Biomarker_Levels_Group_X)/(Biomarker_Levels_Group_Stress —
Biomarker_Levels_Group_Control) x 100

2.7. Histogram Illustration and Statistical Analysis

The quantification of biomarkers was normalized in relation to the control (considered
at 100%), finally obtaining a mean value and a standard deviation. Statistical analyses were
carried out using the “GraphPad” software version 10.0.3 (La Jolla, CA, USA) by using
a one-way ANOVA and Dunnett’s post hoc test for multi-comparison analyses (vs. the
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respective stress group) as well as Student’s binary t-test or Mann-Whitney comparisons
between groups (confidence interval of 95%).

3. Results

3.1. Rose Extract Induces No Cytotoxic Effect on Primary Human Keratinocytes and Stimulates
Antioxidant Defense and Autophagy

Initially, the cytotoxic impact of rose extract was assessed across concentrations ranging
from 0.1% to 0.00005% (w/v) by exposing primary human keratinocytes for 48 h. Then,
the effects of rose extract on primary keratinocytes after 48 h of contact, at basal levels,
were explored by the evaluation of NRF2 (Figure 1B,C) and LAMP2A levels (Figure 1D,E),
detected in situ (on cells) via epifluorescence microscopy.
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Figure 1. Rose extract boosted antioxidative defense. (A) Cell viability upon rose extract contact
was carried out using MTS assay. Keratinocytes were exposed for 48 h to rose extract, ranging from
0.00005% to 0.1%. Data are shown as mean +/— S.D. from 6 replicates per condition. Representative
images of (B) NRF2 levels and (D) LAMP2A levels in keratinocytes upon UV-A irradiation and
Benzopyrene (BAP) at 20 uM. Nuclei were stained in cyan (DAPI coloration). Scale bar, 200 pm.
Quantification of (C) NRF2 levels and (E) LAMP2A levels of each experimental group is expressed
as relative values (% vs. control) and shown as mean +/— S.D. from 4 replicates per condition.

, p <0.001; **, p < 0.01; ns, not significant. One-way ANOVA and Dunnett’s post hoc test were used
for multi-comparisons vs. control (alpha = 0.05).

The presence of rose extract at concentrations of 0.01% (112.4 £ 1.8, 12% induction),
0.001% (105.7 +£ 2.5, 6% induction), and 0.0001% (108.1 £ 0.8, 8% induction) showed stimula-
tory effects on detoxification mechanisms through increased levels of LAMP2A under basal
conditions (100 £ 1.7). LAMP2A is a lysosomal protein involved in cell detoxification by
hydrolyzing damaged proteins playing a crucial role in the process of chaperone-mediated
autophagy (CMA), a selective form of autophagy that targets specific proteins for degrada-
tion within lysosomes. NRF2 is a transcriptional factor which is activated following cell
damage to produce downstream target genes involved in cell defense and detoxification.
Rose extract at concentrations of 0.01% (104.5 + 0.6, 4% induction) and 0.001% (102.3 £ 0.5,
2% induction) significantly increased NRF2 levels under basal conditions (100 & 0.5). Thus,
the antioxidant and detoxification effects of rose extract were confirmed by the significant
increase in NRF2 levels and the stimulation of detoxification mechanisms through elevated
LAMP2A levels under basal conditions.
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3.2. Treatment with Rose Extract Counteracts Pollution (BAP + UV-A)-Induced
Oxidative Damage

The effects of rose extract on human primary keratinocytes exposed to oxidative
damages such as those caused by pollution (BAP) and UV-A were assessed through in situ
(on cell) detection, visualization, and the quantification of carbonylation levels. A significant
increase in oxidative damage (185.9 % 9.7) (carbonylation levels) was observed upon
stress (BAP + UV-A) exposure when compared to the control group (100 & 5.1) (Figure 2).
Interestingly, rose extract at concentrations of 0.001% (154.2 4 14.8; 37% protection) and
0.0001% (156.9 + 16.7; 34% protection) counteracted stress-induced increases in the levels
of carbonylation. The maintenance of proteostasis and the regulation of carbonylation
levels in cells are pivotal for cellular health and functionality. Effective proteostasis ensures
the balance and integrity of the proteome, preventing the accumulation of misfolded or
damaged proteins. The beneficial effects of these processes also include enhanced cell
viability, improved cellular responses to stress, and the overall promotion of longevity and
skin health, spotlighting their vital role in cellular homeostasis.
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Figure 2. Induced oxidative protein damage caused by Benzopyrene (BAP) and UV-A was counter-
acted by rose extract. Representative images of (A) oxidative damage (carbonyl levels, visualized
in orange range) in keratinocytes upon BAP and UV-A irradiation at 20 uM. Scale bar, 200 pm.
Quantification of (B) carbonyl levels of each experimental group are expressed as relative values (%
vs. control) and shown as mean +/— S.D from at least 3 independent experiments. ***, p < 0.001; ns,
not significant. One-way ANOVA and Dunnett’s post hoc test were used for multi-comparisons vs.
stress group (alpha = 0.05).

3.3. Treatment with Rose Extract Counteracts Pollution (BAP + UV-A)-Mediated Cellular
Senescence and Cell Growth Arrest

P16M™NK4A 3 cell cycle regulator, is considered as a marker of cellular senescence as

its expression was found to be significantly increased in senescent cells during natural
aging or in age-related pathologies [21,22]. A significant increase in labeled P16 44 cells
(332.4 4 18.61) was observed in keratinocytes exposed to BAP and UV-A when compared
to the control (100 & 10.7) (non-stressed group). Interestingly, rose extract at concentrations
of 0.01% (186.0 = 31.9 63% protection), 0.001% (165.6 = 26.2; 72% protection), and 0.0001%
(193.3 & 25.7; 60% protection) significantly counteracted the increased number of labeled

P16™NK4A cells mediated by UV-A and pollution, suggesting a beneficial effect on stress-
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induced cellular senescence (Figure 3A,B). The effects of rose extract were also observed on
the proliferation marker K167 (Figure 3C,D). P16!NK4A s a nuclear protein that is present
during all active phases of the cell cycle (G1, S, G2, and mitosis) but absent in resting cells
(GO phase) [23]. Exposure to stress conditions (BAP + UV-A) significantly decreased the
levels of K167 (39.2 £ 13.1) in comparison to the control group (100 & 4.7). The rose extract at
concentrations of 0.01% (80.4 & 10.7; 68% protection), 0.001% (82.1 & 13.0; 70% protection),
and 0.0001% (97.1 = 15.1; 92% protection) preserved keratinocytes from undergoing cell
growth arrest and maintained the proliferative (KI67-positive) bulk of cells, confirming its
beneficial effects on cellular homeostasis under stress.
A i B

Stress (BAP + UV-A)
O 4 400+

3504 l

3004

250
whk
200+ l l

1504

100 ﬁ
50 ;
S

0.01% Rose Extract + Stress 0.001% Rose Extract + Stress

Labelled P16'NK4a positive cells
(N positive / N total, % of control)

0.000 1% Rose Extract + Stress & % &
¢ . & Q’A &S
S o3 A
@?g & &E
& F & A
[ DAPI & L L L
o1 P16INKea 2 Q~°% d Q_oe

Stress (BAP + UV-A)
. 1504

100 w ® T

0.01% Rose Extract + Stress

50

Labelled Ki67 positive cells
(N positive / N total, % of control)

5 & & & &
0.000. 1% Rose Extract + Stress 00(\ x\)A ‘e(‘ xe\& Y
5 g R o o S
@‘?' Q_‘gb %@ (d‘\@
o
[ DAPI \S‘Z'e oéb 060 06@
| =)
M Ki67 »{’\S Q\;& 's\&
o
Q* SIS
o $

Figure 3. Induced cellular senescence and cell growth arrest caused by Benzopyrene (BAP) and UV-A
were counteracted by rose extract. Representative images of (A) labeled P16'™NK4A cells (yellow),
and (C) labeled Ki67 cells (purple) in keratinocytes upon Benzopyrene (BAP) and UV-A irradiation
at 20 uM. Nuclei were stained in cyan (DAPI coloration). Scale bar, 200 pm. Quantification of
(B) labeled P16™NK4A cells, and (D) labeled Ki67 cells of each experimental group are expressed as
relative values (% vs. control) and shown as mean +/— S.D from at least 3 independent experiments.
##* p < 0.001. One-way ANOVA and Dunnett’s post hoc test for multi-comparisons vs. stress group

(alpha = 0.05).
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3.4. The Beneficial Antioxidant Effect of Rose Extract on Pollution (BAP + UV-A) Exposure Is
Mediated by an AMPK-Dependent Mechanism

The AMPK pathway’s roles extend to influencing proteostasis, which encompasses the
control of protein biogenesis, folding, trafficking, and degradation by maintaining cellular
homeostasis, promoting autophagy, and preventing senescence [24,25]. Increased levels of
carbonylated proteins (185.9 & 9.7) mediated by stress were counteracted by rose extract at a
concentration of 0.001% (154.2 + 14.8) (Figure 4). The presence of Compound C, the specific
inhibitor of AMPK, at 10 uM totally reversed the beneficial effects of 0.001% of rose extract
(178.2 £ 23.9), suggesting that its positive impact is mediated via the AMPK pathway. The
group treated with 0.5 mM of AICAR (an AMPK activator) displayed similar modulation
(148.2 £ 7.8; 44% of protection) as that treated with rose extract, confirming the beneficial
effects of AMPK pathway activation in preventing the oxidative stress-mediated increase
in carbonyl levels. The inhibition of the AMPK pathway using 10 uM of Compound C fully
blocked the beneficial effect mediated by AICAR (173.7 £ 19.3).
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Figure 4. Rose extract counteracted oxidative stress via AMPK-dependent mechanism: Representative
images of (A) oxidative damage (carbonyl levels, visualized in orange range) in keratinocytes upon
Benzopyrene (BAP) and UV-A irradiation at 20 uM. Scale bar, 200 um. Quantification of (B) carbonyl
levels of each experimental group are expressed as relative values (% vs. control) and shown
as mean +/— S.D from at least 3 independent experiments. ***, p < 0.001; ns, not significant.
One-way ANOVA and Dunnett’s post hoc test were used for multi-comparisons vs. stress group
(alpha = 0.05). ##,p <0.01; #, p < 0.05; ns, not significant. Student’s f-test was used for binary-
comparisons (alpha = 0.05).

3.5. The Anti-Cell Senescence and Cell Growth Arrest Effect of Rose Extract Are Mediated by the
AMPK Pathway

The involvement of the AMPK pathway in rose extract-mediated anti-senescence
and cell proliferation effects was investigated (Figure 5). Rose extract at a concentra-
tion of 0.001% significantly reduced (165.6 + 26.2) the number of labeled P16™NK4A cells
(332.4 £ 18.6), indicating its anti-senescent properties. This beneficial effect was blocked by
Compound C (267.0 £ 48.3), a specific AMPK inhibitor, suggesting that the anti-senescent
effects of rose extract are mediated through the AMPK pathway. Similarly, AICAR at
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0.5 mM also mitigated the stress-induced increase in labeled P16INK4A cells (113.9 + 36.6),
and this effect was reversed by Compound C (314.0 & 51.0), further confirming the involve-
ment of the AMPK pathway (Figure 5A,B).
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Figure 5. Rose extract counteracts UVA- and pollution-mediated senescence, and cell growth arrest

6INK4A cells (yellow)

is dependent on AMPK pathway. Representative images of (A) labeled P1
and (C) labeled Ki67 cells (purple) in keratinocytes upon Benzopyrene (BAP) and UV-A irradiation
at 20 uM. Nuclei were stained in cyan (DAPI coloration). Scale bar, 200 pm. Quantification of
(B) labeled P16"™NK4A cells and (D) labeled Ki67 cells of each experimental group is expressed as
relative values (% vs. control) and shown as mean +/— S.D from at least 3 independent experiments.
*** p <0.001; **, p < 0.01; ns, not significant. One-way ANOVA and Dunnett’s post hoc test were used
for multi-comparisons vs. stress group (alpha = 0.05). ###, p < 0.001; ##, p < 0.01; ns, not significant.

Student’s t-test was used for binary comparisons (alpha = 0.05).

In addition, rose extract at a concentration of 0.001% prevented the stress-induced
decrease in the number of KI67-positive cells (82.1 & 13.1), indicating its role in promoting
cell proliferation. This effect was also counteracted by Compound C (52.7 £ 3.4), reinforcing
the role of AMPK activation in this process. However, AICAR at 0.5 mM exhibited anti-
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proliferative properties (9.6 £ 4.1) that were not affected by Compound C (11.2 £ 5.2),
suggesting that AICAR’s anti-proliferative effects operate through an AMPK-independent
mechanism (Figure 5C,D). This aligns with previous findings that AICAR has AMPK-
independent anti-proliferative properties [26,27].

3.6. Rose Extract Stimulates the AMPK Pathway, Causing a Beneficial Effect

To confirm the activation of the AMPK pathway by rose extract, we assessed the ratio
of P-AMPK to total AMPK (P-AMPK/AMPK) and the levels of P-ACC (a downstream
target of AMPK) via a Western blot analysis (Figure 6). Quantification revealed a significant
increase in the P-AMPK/AMPK ratio in the stress group (13.4 + 0.5) compared to the
control (1 £ 0.5). Notably, treatment with 0.001% rose extract further elevated this ratio
(15.4 £ 0.4, 15% induction), indicating enhanced AMPK pathway activation. Similar results
were observed with AICAR at 0.5 mM (14.7 & 0.6, 10% induction), supporting the activation
of the AMPK pathway. The stimulatory effects on the AMPK pathway were fully negated
by Compound C, a specific AMPK inhibitor, confirming the specificity of rose extract
(10.6 = 0.5) and AICAR (6.1 +£ 1.1) in inducing AMPK activation. Additionally, both rose
extract (4.63 & 0.7) and AICAR (5.7 &+ 1.4) significantly increased the P-ACC levels, an effect
that was also totally counteracted by Compound C (2.2 £ 0.1 and 2.4 £ 0.4, respectively).
These findings provide strong evidence that rose extract activates the AMPK pathway and
influences downstream phosphorylation events, demonstrating its potential role in cellular
defense mechanisms.
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Figure 6. Rose extract mediates beneficial effect in AMPK-dependent manner. (A) Representative
images of Western blots of P-ACC, P-AMPK, AMPK, and Actin in keratinocytes upon Benzopyrene
(BAP) and UV-A irradiation at 20 uM. Semi quantification of (B) P-AMPK/AMPK ratio and (C) a
P_ACC/ Actin ratio of each experimental group is expressed as relative values and shown as mean
+/— S.D from at least 3 independent experiments. ***, p <0.001; ¥, p < 0.05 ns, not significant. One-way
ANOVA and Dunnett’s post hoc test were used for multi-comparisons vs. stress group (alpha = 0.05).
##H, p < 0.001; ##, p < 0.01; ns, not significant. Student’s t-test was used for binary comparisons
(alpha = 0.05).
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3.7. Volatile and Non-Volatile Compositions of Rose Extract

The characterization of rose extract using hyphenated techniques enabled us to detect
166 different compounds (22 in the LC/MS experiment and 144 in the GC/MS experiment).
Transforming GC/MS and LC-MS data into an annotated metabolite profile is a major
challenge. Despite the intricacy and complexity of the sample, several key metabolites were
successfully annotated with clarity: 16 non-volatile and 107 volatile compounds. These com-
pounds belong to different primary and secondary metabolites, such as tannins, flavonoids,
and organic acids for non-volatile compounds and monoterpenes, sesquiterpenes, and fatty
acid derivatives for volatile compounds (tables available in Supplementary Materials).

4. Discussion

Twelve hallmarks of aging have been characterized, including DNA instability, telom-
ere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing,
mitochondprial dysfunction, cellular senescence, stem cell exhaustion, altered intercellu-
lar communication, disabled macroautophagy, chronic inflammation, and dysbiosis [1,8].
Loss of proteostasis and proteome integrity is a key element of aging. Rosa species, in
addition to their global growth, contain elements such as phenolic acid, flavonols, and
anthocyanins that have been identified to exhibit beneficial effects on skin biofunction,
addressing inflammation and aging [28].

Despite there being limited knowledge about the effects of rose extracts on skin aging,
studies have shown that rose extract can stimulate the activity and levels of catalase (CAT)
and glutathione peroxidases (GPXs), thereby confirming its antioxidant properties [17].
However, further investigation is needed to clarify additional biological properties of rose
extract, particularly in relation to the key hallmarks of aging such as antioxidant defense
and autophagy. First, NRF2, a cytoprotective and antioxidant transcription factor regulat-
ing ~250 antioxidant downstream target genes, was investigated following 48 h of contact
with rose extract at concentrations of 0.01%, 0.001%, and 0.0001% in human keratinocytes.
The presence of rose extract significantly increased the levels of NRF2, suggesting its stimu-
latory effect on antioxidant defense. Premature aging and loss of longevity result from the
accumulation of misfolded, oxidized, glycated, or ubiquitinylated proteins upon exposure
to exogenous stressors [10,12,29]. To overcome these accumulations of damaged proteins,
the degradation of intracellular components by the lysosome can be achieved through
lysosome vesicles via chaperone-mediated autophagy and LAMP2A, which facilitates the
translocation of damaged proteins into the lysosome lumen [30,31]. The impact of rose
extract on autophagy has not been established and needs to be addressed. The presence of
rose extract at concentrations of 0.01%, 0.001%, and 0.0001% for 48 h significantly increased
the levels of LAMP2A in human keratinocytes, suggesting that rose extract could boost
autophagy pathways favoring detoxification. Interestingly, enhanced autophagic activity
is associated with improvement in the skin’s healthy lifespan (longevity) [32]. Thus, rose
extract was characterized for the first time as a key stimulatory factor of antioxidant de-
fense and the detoxification process (autophagy) associated with skin longevity. Taken
together, these cellular processes are part of the hallmarks of aging [8,29], and rose extract is
addressed as an antioxidant and detoxifying ingredient. To dive deeper into the biological
properties of rose extract, the effects on proteostasis were examined. Both UV-A irradi-
ation and BAP are stressors related as oxidative inducers [3,10,33] associated with skin
dysfunction, inducing oxidative damage and harmful genetic modification, contributing
to premature skin aging [3-5]. One early, direct, and irreversible modification induced by
ROS, RNS, RXS, and reactive aldehydes is the carbonylation of proteins that consists of
the formation of reactive aldehyde or ketone residues on proteins [10,34]. This harmful
irreversible modification process has been identified as a major hallmark of severe ox-
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idative damage associated with protein dysfunction and misfolding related to premature
skin aging [10,35]. To assess the antioxidant properties of rose extract, keratinocytes were
pre-exposed to the rose extract for 48 h before being subjected to stress induced by BAP and
UV-A irradiation. Rose extract at various concentrations significantly protected proteins
from oxidative damage (carbonyl levels) induced by BAP and UV-A irradiation, confirming
its antioxidant and proteostasis-restoring properties.

Senescence is the primary aging process at the cell level that is elicited by acute or
chronic damage [8]. Senescent cells are characterized by the loss of proliferative capacity,
mitochondrial dysfunction, significantly altered patterns of expression, and the secretion of
bioactive molecules [22,36]. P16'NK4A expression is strongly increased in aged tissues of
rodents and underscores the significance of senescence as a hallmark of aging and a driver

of age-related diseases. The removal of P16NK4A

-positive senescent cells has been shown
to delay the progression of age-related pathologies, extending both premature and natural
aging lifespans [21,37]. Rose extract has the ability to mitigate cellular senescence assessed
by quantifying labeled P16™NK4A cells in cultured human keratinocytes exposed to BAP and
UVA irradiation. As expected, stress UV-A and pollution significantly increased the number
of labeled P16"™K44 cells, which was contrasted by the rose extract at various concentrations.
In addition to being directly related to aging, P16™K44 is a tumor suppressor and cell cycle
regulator. P16™K4A inhibits the cyclin-dependent kinases CDK4/6 and CDK2 that directly
control the cell cycle, which implicate them in cellular proliferation-dependent mechanisms
such as tissue regeneration (renewal), aging, and cellular senescence. Therefore, the ability
of rose extract to counteract stress-induced reductions in cell proliferation was investigated.
Stress induced by BAP + UV-A significantly decreased the number of labeled KI67 cells
(proliferative cells), an effect mitigated by rose extract at different concentrations. This
study sheds light on the anti-senescent effects and tissue regeneration properties of rose
extract, expanding its potential beyond antioxidant effects and its beneficial effect on
on proteostasis.

The AMPK signaling pathway is crucial for maintaining proteome integrity (proteosta-
sis), enhancing protein stability, and removing damaged proteins through proteasomal
degradation or autophagy. Additionally, AMPK is involved in preventing cell senescence,
promoting cell growth, and regulating mitochondrial biogenesis to control mitochondrial
redox homeostasis [2,38]. In senescent cells, AMPK is typically inactivated. The activation
of AMPK, such as by metformin, significantly reduces the development of senescent cells,
while inhibition of AMPK by Compound C accelerates it [24]. This study aimed to eluci-
date the pathway through which rose extract exerts its beneficial effects, focusing on the
AMPK pathway.

To investigate this, Compound C, a selective AMPK inhibitor, was used to counteract
the effects of rose extract at a concentration of 0.001%. Additionally, AICAR, an AMPK
activator, was used alone or in combination with Compound C to confirm AMPK activation
in cultured human keratinocytes exposed to BAP and UV-A irradiation. The beneficial
effects of rose extract at a concentration of 0.001% on reducing carbonyls were counteracted
by Compound C, indicating that rose extract mediates its antioxidant effects via an AMPK-
dependent mechanism. AICAR exhibited similar effects to rose extract, and these effects
were also counteracted by Compound C, further confirming the involvement of the AMPK
pathway. Therefore, rose extract appears to act through an AMPK-dependent mechanism to
address early oxidative events and the loss of proteostasis associated with oxidative protein
modifications like carbonyls. Interestingly, while AMPK activation has been associated
with mitigating oxidative stress, these findings also reveal a direct link between AMPK
activation and the prevention of or reduction in protein carbonylation.
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To further explore the role of the AMPK pathway in the mechanism of action of rose
extract, its effects on the number of labeled P16"™NK4A cells and proliferative (Ki67) cells in-
duced by stress were assessed in the presence or absence of the AMPK inhibitor Compound
C. Interestingly, Compound C significantly blocked the rose extract-mediated reduction in
the number of labeled P16™K4A cells and the restoration of Ki67 cells. Additionally, AICAR
displayed a similar pattern of action to rose extract for the P16™NK4A biomarker, which was
also counteracted by Compound C. However, AICAR completely blocked the proliferation
of keratinocytes, and this antiproliferative effect was not reversed by Compound C, sug-
gesting an AMPK-independent mechanism [26,27]. This suggests that the anti-senescent
and tissue regeneration properties of rose extract are mediated by an AMPK-dependent
mechanism. To ultimately confirm the activation of the AMPK pathway by rose extract, the
phosphorylation of AMPK at T183/T172 (normalized by total AMPK) and a downstream
target of the AMPK pathway, phospho-ACC at S79 (normalized by Actin), were analyzed.
The presence of rose extract at a concentration of 0.001% and AICAR significantly increased
the P-AMPK/AMPK ratio and the P-ACC/ACC ratio compared to the stressed condition.
These elevations in P-AMPK and P-ACC, indicative of AMPK pathway activation, were
nullified in the presence of Compound C. In summary, these findings confirm that rose
extract mediates its antioxidant, anti-senescent, and tissue regeneration properties through
an AMPK-dependent mechanism.

The analysis of the rose extract using coupled methods revealed a wide range of phe-
nolic compounds and the presence of other fatty acid derivatives and terpene compounds,
which contribute to their characteristic aroma, flavor, and biological activity. Rose petal
extract, rich in phenolic compounds, has been previously described to boost antioxidant
enzymes like CAT and GPXs [14]; moreover, sesquiterpene compounds have not yet been
identified to interfere with the AMPK pathway [39]. Rose petal extract contains terpenes,
such as limonene, 3-myrcene, linalool, camphor, and y-terpineol, which are known to dis-
play potential biological effects, including anti-inflammatory, antioxidant, and antimicrobial
properties. These effects may be linked to the activation of AMP-activated protein kinase
(AMPK) [39,40]. Alcohols including 1-hexanol, 2-hexenol, 3-hexenol, 2-ethyl-1-hexanol,
benzyl alcohol, terpinen-4-ol, and linalool are well known for their therapeutic proper-
ties [17,41]. For instance, linalool, a monoterpene alcohol, has shown anti-inflammatory
effects, which could be linked to AMPK modulation to reduce inflammation [42]. Sesquiter-
penes such as ocimene and x-murolene have anti-inflammatory and antioxidant properties
and play a role in regulating energy metabolism and potentially influencing the AMPK
pathway. These compounds reduce markers of oxidative stress and modulate inflammatory
processes, which are linked to AMPK activation.

Fatty acids such as linoleic acid and oleic acid have well-established effects on lipid
metabolism regulation and inflammation. These polyunsaturated fatty acids can influence
the activation of the AMPK pathway, playing a role in managing energy metabolism and
inflammation. For example, linoleic acid has been shown to activate AMPK, thus modifying
cellular energy balance [43,44].

In addition, resveratrol, another plant compound, is known to activate the AMPK
pathway, counteracting stress-mediated increases in the number of senescent cells [45,46].

The effects of various plant extracts on the AMPK pathway in cosmetics have been well
characterized. The extract of Lycium barbarum (goji berries) is a potent modulator of lipid
synthesis in keratinocytes through AMPK activation and SIRT1 signaling. This leads to
an increase in the expression of key lipid synthesis genes, strengthening epidermal barrier
function [47]. Flavonoid-rich plant extracts have been shown to possess anti-aging effects
on the skin. These compounds exhibit antioxidant, anti-inflammatory, and antimicrobial
properties, helping to protect skin from the effects of aging [48]. Tea extract (Camellia
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sinensis), particularly the saponins derived from tea seeds, has been shown to suppress
sebum production by regulating the AMPK/mTOR pathway, favoring antiphotoaging,
stress resistance, neuroprotection, autophagy, and lipid production [49,50]. Like rose
extract, other plant extracts that activate the AMPK pathway hold significant potential in
the development of skincare products aiming to improve skin health. Their incorporation
into formulations can help reinforce the barrier function, reduce inflammation, and prevent
skin aging.

In terms of AMPK activation by rose petal extract, while many of these compounds
are known to exhibit biological activities, some may influence AMPK activation indirectly
through their effects on oxidative stress, inflammation, or metabolic processes. However,
further detailed studies are required to clarify the specific role of these compounds in
AMPK activation as their effects may vary depending on concentration, combinations, and
the biological systems involved.

5. Conclusions

This study provides new insights into the protective mechanisms mediated by AMPK
activation in the context of oxidative stress. Interestingly, these findings reveal a novel
link between AMPK activation and the preservation of protein carbonylation, particularly
under treatment with rose extract. This suggests that AMPK activation may play a critical
role in maintaining protein integrity by reducing oxidative protein modifications.

Moreover, this study highlights the beneficial effects of rose extract on antioxidant
defense and autophagy, which protect skin cells from oxidative damage, senescence, and
the loss of proliferation induced by pollution (BAP and UV-A). Notably, this is the first time
that the activation of the AMPK pathway by rose extract has been observed, underscoring
its crucial role in mediating these beneficial effects.

Overall, these results confirm that rose extract plays a significant role in maintaining
proteome integrity and stability (cellular proteostasis) and in promoting the removal of
damaged proteins through the stimulation of autophagy (Figure 7), suggesting its potential
to promote healthy skin aging by targeting longevity pathways.
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Figure 7. Rose extract, a stimulatory AMPK pathway ingredient, counteracts skin damage caused by
UVA irradiation and pollution-mediated oxidative damages, counteracts cellular senescence, and
maintains epidermal integrity.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cosmetics12020057 /s1, Table S1. Chromatographic and mass
spectral characteristics of compounds annotated by LC-ESI-MS in CO, extract; Table S2. Volatile
chemical composition of CO; extract (abundance: %area).
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Abstract: Most people want effective anti-aging and skin-brightening products. Although
red-to-near-infrared (R/NIR) spectroscopy has recently been used in cosmetology, its prac-
tical use with high efficacy for anti-aging and skin brightening remains challenging. Herein,
we aimed to determine the efficacy and improvement effects of a newly developed anti-
aging and skin-brightening facial mask. A face study was conducted to assess efficacy and
improvement effectiveness, with 21 female volunteers with oily, dry, and normal skin con-
ditions applying the product under study (CF Magic Mask) to their face for 4-week periods.
The dermatologist investigator evaluated the skin brightness, skin elasticity, eye wrinkles,
dead skin cells on the scalp, dermal density, face lifting, scalp sebum, and global appear-
ance. The mean skin-brightening and anti-aging parameters were improved (p < 0.05) after
the use of the newly developed CF Magic Masks for 4-week periods. Significantly, the scalp
sebum and dead skin cells on the scalp showed the greatest improvement, being reduced
by about 26.71% and 21.96%, respectively. The global assessment by the volunteers showed
moderate efficacy and preference, with no adverse effects or skin irritation indicated after
the use of the test product.

Keywords: facial mask; skin brightening; anti-aging properties; red-to-near-infrared
light; cosmetics

1. Introduction

In the dynamic realm of cosmetology, there is a growing recognition of the importance
of personalized skincare tailored to individual needs and preferences. In this context,
cosmetology is evolving, leveraging cutting-edge technologies to meet the growing demand
for facial skin treatments [1]. One observable trend accompanying this evolution is the
increasing adoption of non-invasive treatments for facial skin enhancement, aligning with
the pursuit of an ideal appearance. This trend is reflected in the utilization of cutting-edge
technologies such as rhodamine-intense pulsed light [2], black gold delicate pulsed light [3],
line-field confocal optical coherence tomography [4], near-infrared diffuse reflectance
spectroscopy [5], and nonsurgical modalities [6]. Among the innovative approaches being
explored, near-infrared (NIR) spectroscopy has been applied in the field of cosmetology as
a non-invasive method for analyzing human skin [7]. The cosmetic industry continues to
face a significant challenge in effectively addressing skin brightening and aging concerns.
Skin aging is characterized by several visible signs, including the appearance of wrinkles,
an uneven skin tone, and dryness [8]. These manifestations are the result of a combination
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of internal factors inherent in an individual’s biology and external factors, such as exposure
to oxidative radicals induced by ultraviolet light, which contribute to the overall aging
process [9]. Furthermore, hyperpigmentation can arise from prolonged exposure to UV
(ultraviolet) radiation, hormonal imbalances, and the natural aging of the skin, as well as
inflammation, injuries, and the accumulation of hemosiderin [10]. Brightening approaches
are considered an efficient alternative to commonly used brightening agents.

Recent advancements in esthetic dermatology incorporate a growing comprehension
of skin physiology to stimulate response mechanisms at both the tissue and molecular
levels, aiming to achieve skin rejuvenation and brightening. Previous research provides
robust evidence for the superiority of delicate pulsed light therapy over intense pulsed light
treatment for the management of facial pigmented dermatoses [3]. Other technologies for
facial skin treatment with rhodamine-intense pulsed light are the result of improvements
in photodamaged facial skin, including reductions in vascular and pigment irregularities
and improvements in skin texture [2]. NIR spectroscopy has been widely embraced for
clinical purposes in several fields, due to its general effects on the body [11], especially the
skin [12,13]. These supplementary approaches provide insights into skin hydration [14],
an essential facet of cosmetology, thereby enriching our broad comprehension of skin
physiology. Furthermore, NIR spectroscopy, known for its swiftness and non-intrusiveness,
has been complemented by the development of advanced tools such as electrical conduc-
tance and capacitance analysis for assessing skin hydration [15,16]. By integrating NIR
spectroscopy into these advanced tools, researchers and practitioners are better equipped
to assess skin health, develop targeted interventions, and tailor personalized skincare
regimens to meet individual needs effectively.

This study investigated the development and composition of a novel non-invasive
facial mask integrated into R/NIR spectroscopy. The mask incorporates a set of R/NIR
LEDs emitting light at wavelengths of 630, 655, and 842 nm, strategically positioned to
ensure safety. These LEDs are utilized to stimulate cell renewal and boost collagen synthesis,
aiming to improve skin brightness and reduce signs of aging. Clinical trials involving
female participants were conducted to assess the efficacy of the product, with the findings
showcasing its positive effects on skin appearance.

2. Methods
2.1. Product

Figure 1a is a photograph of the CF Magic Mask test product that is equipped with
480 red-to-near-infrared (R/NIR) LEDs. To eliminate the risk of direct light radiation
through the eyes, a safety guard is implemented with a thick molding mask with a depth
of 15 mm and a distance to the nearest LEDs of 20 mm, which completely blocks the light
radiation to the eyes, as illustrated in Figure 1b. In detail, the LED groups consist of 144ea
655 nm LEDs, 112ea 630 nm LEDs, and 224ea 842 LEDs with a total rated output of 14.5 W,
and the optical spectrum is depicted in Figure 2 and was recorded using a UV-Vis—-NIR
fiber optic spectroradiometer (USB 4000, Ocean Optics, Orlando, FL, USA).

The mask is provided with a strap for securing it in a circular fashion around the
cranial region, coupled with a remote activation mechanism aimed at simplifying the
operational procedure. Moreover, a ventilation system incorporating eight linear slits and
a circular aperture is established at the oral region to enhance respiratory function for the
patients. It has dimensions of 215 x 309 x 161 mm, with a light weight of 670 g.
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Figure 1. (a) The photograph of the CF Magic Mask equipped with 480 red-to-near-infrared (R/NIR)
lights and (b) safety placement and eye-shield design to eliminate direct radiation from the lights to
the eyes, with the arrow showing the 3D-rendering image.
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Figure 2. The optical spectrum of the CF Magic Mask consists of three main peaks in the R/NIR region.

2.2. Subjects

Twenty-one female volunteers (aged 29~59) without chronic disease involving the
skin were enrolled after being screened and approved by the Review Board of P&K Skin
Research Center and Chung-Ang University Hospital Dermatology Department. Written
informed consent was obtained from all participants after the risks and benefits of the
procedure were explained in detail. Enrolled participants could freely terminate their
participation at any time. Participants were excluded if they reported a history of active
steroid treatment in the last month and/or had undergone immune-suppressive treatment
and scaling therapy in the last three months.

2.3. Treatment Protocol

Subjects were provided with the study product (CF Magic Mask) for 15 min of daily
use during the study period of 4 weeks. Before utilization, the participants were required
to cleanse their facial skin with water and subsequently pat it dry using a towel. Following
this preparatory step, the CF Magic Mask was affixed and securely fastened utilizing
the accompanying strap prior to the activation of the LED system. The LED system was
subsequently activated for a duration of 15 min for the treatment procedure. The test area
was assessed before, 2 weeks after, and 4 weeks after the test product was applied. After the
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test was completed, a global assessment of efficacy and product preference was conducted
through a survey among the subjects. A compliance diary was provided to record the use
of the study product. For the safety evaluation, on each visit, researchers comprehensively
took into consideration the results of the visual evaluation and safety questionnaire.

2.4. Assessments

For the evaluation, the test subjects were stabilized for 30 min in an atmosphere
room under constant temperature and humidity conditions, with an indoor temperature of
20-25 °C and a humidity of 40 to 60%, allowing the skin surface temperature and humidity
to adapt to the environment of the measurement space, and while resting, water intake was
restricted. For objective measurement, one researcher performed all the measurements, and
the same area was measured at each measurement. The investigator evaluated the quality of
skin hydration (Corneometer CM825, Courage-Khazaka GmbH, Cologne, Germany), skin
elasticity (Cutometer CM580, Courage-Khazaka GmbH, Cologne, Germany), eye wrinkles
(PRIMOS premium, GFMesstechnik GmbH, Berlin, Germany), and dermal density using
a skin scanner (TPM taberna pro medicum, Lueneburg, Germany). Face lifting and skin
brightness measurements were conducted using F-ray and Janus (Image pro plus v7.0),
respectively. Dead skin cell measurements on the scalp was recorded using Visioscan VC98.
The measurement was performed by extracting keratin using a special film (Coneofix,
Medelink, Brossard, QC, Canada), and the image was photographed and measured as the
D.I. (Desquamation Index) from Equation (1):

C2A4YS  Tnx(n—1)

D.I.
6

)

where D.I. is in %, A is the percentage of the area covered by corneocytes, Tn is the
percentage of corneocytes in relation to the thickness, and 7 is the thickness level (1-5).
Finally, the scalp sebum measurement was scanned using a Sebumeter SM815 (Courage-
Khazaka GmbH, Cologne, Germany). All criteria were evaluated at baseline, week 2, and
week 4. The global assessment of efficacy and product preference survey were evaluated
on a 5-point ordinal scale (0 = very bad, 1 = bad, 2 = moderate, 3 = good, 4 = very good).
Statistical significance was defined as a p-value less than or equal to 0.05. The ordinal
nonparametric data obtained were evaluated as a change from baseline using the paired
samples t-test and Wilcoxon signed-rank test.

3. Results

All 21 subjects successfully completed the 4-week assessment of the test product with
no adverse effects, no skin abnormalities, and no medical or drug history that affected
the study. The average age of the 21 participants was 46.67 years, with one in their 20s,
two in their 30s, ten in their 40s, and eight in their 50s. To evaluate the skin quality of
the test product, the skin parameters were measured before and after the use of the test
product. After two weeks of the use of the test product, the skin brightness (L*) had
changed from 68.23 & 3.16 to 69.25 + 2.96, the value for dead skin cells on the scalp (D.I.)
had improved from 12.69 + 5.89 to 7.74 + 3.24, and scalp sebum (ug/cm?) was reduced
from 59.95 £ 75.58 to 19.81 + 23.31. A significant improvement was seen in probability
at p =0.0005, p = 0.001, and p = 0.001 for skin brightness, dead skin cells on the scalp, and
scalp sebum, respectively, after the product was used. A population comparison can be seen
in the graph in Figure 3. Photographs of participants who applied for the test product after
two weeks are depicted in Figure 4. A noticeable increase in skin brightness is observed,
indicating the improvement after the use of the test product.
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Figure 3. Improvements in skin brightness (L*), dead skin cells on the scalp (D.I.), and skin sebum
(1g/cm?) after 2 weeks of the use of the test product.
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Figure 4. Clinical photographs comparing the skin brightness of the participants at baseline and after
2 weeks of treatment, black shape is used to protect patient privacy.

To evaluate the anti-aging parameters of the test product, skin hydration, elasticity,
eye wrinkles, dermal density, and face lifting were investigated by the dermatologist
investigator. After the use of the test product for 4 weeks, there was a statistically significant
improvement in subject-reported skin hydration of 6.36% (p = 0.003) and in skin elasticity
of 4.81% (p = 0.002), a decrease in eye wrinkles of 4.13% (p = 0.001), an improvement in
dermal density of 5.52% (p = 0.0001), and a decrease in face lifting of 6.37% (p = 0.0002).
The clinical photographs in Figure 5 show major improvements in the area with a red circle,
with fewer eye wrinkles observed.
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After 4 weeks

Figure 5. Photograph of the subject showing eye wrinkles at baseline and after 4 weeks of treatment,
the red circle highlighting the skin improvement.

The improvement in skin quality after the use of the product was evaluated with
global assessment surveys. The results are depicted in Table 1, with 100% of the volunteers
giving scores higher than “moderate” for the skin hydration, skin elasticity, face lifting, and
skin brightness aspects. Regarding the aspects of eye wrinkles, dermal density, dead skin
on the scalp, and scalp sebum, the volunteers were 95.2% in agreement with higher than
“moderate” satisfaction.
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Table 1. Global assessment of the CF Magic Mask according to 21 volunteers.

Number of Subjects (Percentage, %) Standard
Improvement Effect Average .
4% 3% 2% 1* 0* Deviation
Skin hydration 4 (19.0) 12 (57.2) 5(23.8) 0(0) 0(0) 2.95 0.67
Skin elasticity 3(14.3) 10 (47.6) 8(38.1) 0(0) 0(0) 2.76 0.70
Eye wrinkles 2(9.5) 10 (47.6) 8(38.1) 1(4.8) 0(0) 2.62 0.74
Dermal density 3 (14.3) 9 (42.8) 8 (38.1) 1(4.8) 0 (0) 2.67 0.80
Face lifting 3(14.3) 9 (42.8) 9 (42.8) 0(0) 0 (0) 2.71 0.72
Skin brightness 2(9.5) 13 (62.0) 6 (28.5) 0(0) 0(0) 2.81 0.60
Dead skin on the scalp 3 (14.3) 7 (33.3) 10 (47.6) 1(4.8) 0(0) 2.57 0.81
Scalp sebum 3(14.3) 10 (47.6) 7(33.3) 1(4.8) 0(0) 2.71 0.78

Key: 4%, very good; 3%, good; 2%, moderate; 1*, bad; 0%, very bad.

4. Discussion

We initiated the evaluation by addressing the safety aspect of the CF Magic Mask
product. Given that exposure to high doses of near-infrared (NIR) light spectroscopy
directly targeted at the eyes can cause injury [17,18], implementing a protective shield is
imperative in ensuring eye safety. As illustrated in Figure 1b, the CF Magic Mask design
features a safety guard crafted from molded silicone to shield against direct radiation from
red-to-near-infrared (R/NIR) LEDs. Additionally, there is a deliberate exclusion zone of
approximately 1.5 cm around the eyes that is not covered by the LEDs, contributing to
the smart and secure design of the device. Consequently, there were no adverse effects
observed among the subjects after undergoing four weeks of treatment with the product.

Cosmetology in facial skin treatment has been evolving over the last decade. The trend
in this technology is inclined toward non-invasive and reusable technology. Two of the hot
topics in cosmetology are skin brightening and anti-aging techniques. Since skin brighten-
ing is multifactorial and encompasses abundant light reflection from evenly pigmented
skin surfaces, the formulation was designed to brighten the skin tone with innovative
treatment. Meanwhile, anti-aging treatment relies on skin hydration to improve skin elas-
ticity. Previous works mentioned that exposure to 630 nm R/NIR LEDs in human skin
promotes acute and chronic dermal wound repair and generation [19,20]. The process
involves deeper penetration by R/NIR lights, which are absorbed by a set of cellular
chromophores to regenerate the cells in the dermal tissue. The 830 nm continuous R/NIR
has been successfully demonstrated to heal wounds in mice due to increased collagen
production [21]. Accordingly, we used this formulation to design a facial mask that was
covered with R/NIR LEDs to promote skin-brightening and anti-aging treatment.

Since collagen is fundamental in providing structure and skin strength and helping
new cells grow, i.e., supporting skin health, increasing collagen production is critical in
anti-aging treatment. The newly developed CF Magic Mask showed a major improvement
in anti-aging parameters by reducing eye wrinkles in the subjects who used the product
for four weeks, as illustrated in the clinical photograph in Figure 5. In detail, the average
roughness (R,) on the skin of the subjects near the eyes decreased by about 4.13%, from 23.74
to 22.68. The skin health of the subjects was also increased, indicated by the improvement
in dermal density from 17.17% to 18.62%. Furthermore, Figure 6 illustrates the decrease in
dead skin cells on the scalp of the volunteers after two weeks of CF Magic Mask treatment.
The measurement was performed by extracting the skin keratin using a special film. The
results indicate that exposure to R/NIR LEDs promoted skin regeneration by reducing
dead skin cells.
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Baseline After 2 weeks

Figure 6. Clinical photograph of the dead skin cells on the scalp at baseline and after 4 weeks of
treatment, obtained from Coneofixx.

Regarding the aspect of skin elasticity, after four weeks, R/NIR LED treatment suc-
cessfully enhanced it, increasing the R2 value by about 4.81%, from 0.70 to 0.74. This is
further confirmed for the face-lifting aspect, as shown in Figure 7. The lifting measurement
is expressed by the skin with contour lines. The contour was then evaluated by drawing
a straight line from the center of the circle near the cheekbones and measuring the angle
with the straight line spanning to the mouth. The angle of subject #12 was reduced from
31.34 degrees to 28.25 degrees, as illustrated in the clinical photograph in Figure 7. Overall,
the average angle among 21 volunteers decreased by 6.37% after four weeks of treatment
with the newly developed CF Magic Mask. Thus, 97.6% of volunteers were satisfied with
the product, regardless of the skin-brightening and anti-aging parameters, and the prod-
uct preference survey resulted in 98.8% of volunteers having “moderate” satisfaction, as
depicted in Tables 1 and 2, respectively.

Baseline After 4 weeks
r " —

"

Figure 7. The skin contour angle of subject #12 at baseline and after 4 weeks of the use of the CF
Magic Mask.
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Table 2. Product preference survey results.

Number of Subjects (Percentage, %) Standard
Average L.

4* 3* 2% 1* 0* Deviation
Hydration 5 (23.8) 14 (66.7) 2(9.5) 0 0 3.14 0.57
Smoothness 4 (19.0) 13 (61.9) 3(14.3) 1(4.8) 0 2.95 0.74
Applicability 4 (19.0) 12 (57.1) 5 (23.8) 0 0 2.95 0.67
Absorptiveness 3(14.3) 14 (66.7) 4 (19.0) 0 0 2.95 0.59
Fragrance 0 9 (42.9) 11 (52.4) 0 1(4.8) 2.33 0.73
Overall usability 6 (28.6) 11 (52.4) 4 (19.0) 0 0 3.10 0.70

Key: 4%, very good; 3%, good; 2*, moderate; 1*, bad; 0%, very bad.

The safety and efficacy of cosmetic products are essential because of their long-term
and continued use by consumers. Although the newly developed CF Magic Mask has
a shield that prevents direct R/NIR light reaching the eyes, proper use is essential, and
the instructions must be followed and understood prior to using it. A limitation of this
study is the assumption that all the volunteers followed the instruction to not take other
supplements for skin treatment during the study period; there are also external factors
like weather changes. However, with increasing usage, a significant change in skin tone
and health is expected. This study was performed in Seoul, Republic of Korea, during
the summer period from 1 August to 31 August 2016, when the UV index was at its
maximum level.

5. Conclusions

Facial skin conditions treated with the newly developed CF Magic Mask equipped with
red-to-near-infrared (R/NIR) LEDs for four weeks demonstrated improvements in skin-
brightening and anti-aging parameters. The use of red LEDs promotes skin regeneration,
while the utilization of NIR LEDs increases the production of collagen for healthy skin. In
total, 97.6% of the volunteers were 97.6% in agreement with “moderate” satisfaction, and
98.8% preferred the product. Finally, there were no adverse effects or skin irritation after
the use of the test product during the four weeks of the study period, indicating excellence
in safety aspects and continuity, which is important since cosmetic products are used over
a long time period.
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Abstract: Prolonged sun exposure disrupts the skin’s structural, mechanical, and functional proper-
ties, accelerating aging and contributing to skin disorders. To counteract these effects, we developed
a formulation containing potent antioxidant, anti-inflammatory, moisturizing, and reparative in-
gredients to protect and repair sun-damaged skin. The efficacy of the formulation was evaluated
through in vitro, ex vivo, and in vivo studies. Results demonstrated that the formulation reduced
oxidative stress and suppressed the production of pro-inflammatory cytokines interleukin-6 (IL-6)
and interleukin-8 (IL-8), as well as lactate dehydrogenase (LDH) secretion, in a photodamaged skin
model, nearly reaching levels observed in undamaged skin. It also restored collagen levels, improving
structural integrity. In vivo, no adverse reactions were observed when used for 28 or 56 days. The
formulation improved skin hydration by up to 46%, reduced transepidermal water loss by 20%,
increased luminosity by 70%, and reduced hyperpigmented spots by 14%. It also enhanced skin
firmness and elasticity by 30% and reduced wrinkle volume and density by up to 53% and 19%,
respectively. These findings demonstrate that the formulation’s active ingredients effectively target
the pathways altered by UV exposure, offering considerable potential for preventing and reversing
sun-induced skin damage while improving both the appearance and functionality of the skin.

Keywords: photodamage; UV radiation; sun damage; aging; skin; oxidative stress; inflammation;
collagen; pigmentation; hyaluronic acid

1. Introduction

The skin serves as a vital barrier that shields the body from external influences, includ-
ing physical, chemical, and microbiological challenges, while maintaining hydration by
preventing water loss. However, being the body’s outermost layer, it is constantly exposed
to environmental factors that accelerate its natural aging process. Among these, prolonged
exposure to ultraviolet (UV) radiation from sunlight is the most significant contributor to
extrinsic aging [1], a process referred to as photoaging [2—4]. Clinically, photoaged skin
manifests as dryness, roughness, deep wrinkles, sagging, loss of elasticity, and hyper-
pigmentation [5]. This appearance results from tissue-level structural changes involving
both cellular components and the extracellular matrix (ECM). Key alterations include
reduced collagen levels, driven by increased degradation and mediated by matrix metallo-
proteinases (MMPs), and decreased biosynthesis of new collagen fibers [6]. Additionally,
there is an accumulation of abnormal elastin fibers, known as elastosis, and a significant
reduction in glycosaminoglycans (GAGs) such as hyaluronic acid, which are critical for
maintaining skin hydration and elasticity. At the cellular level, UV radiation impairs the
function of keratinocytes, fibroblasts, and melanocytes, leading to compromised barrier
integrity, diminished regenerative capacity, hyperpigmentation, and an overall decline in
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skin resilience. These changes contribute to the structural and functional decline observed
in photoaged skin, increasing its susceptibility to skin disorders, including non-melanoma
and melanoma skin cancers [3,7,8].

The detrimental effects of photoaging result from complex biological mechanisms trig-
gered by UV radiation, visible light, and infrared radiation, all of which penetrate the skin
at varying depths. A primary mechanism is the generation of reactive oxygen species (ROS),
which directly damage cellular and extracellular biomolecules, including DNA, proteins,
lipids, and polysaccharides [9]. These oxidative events destabilize cellular components,
impair repair processes, and activate signaling pathways, including the mitogen-activated
protein kinase (MAPK) cascade [10]. This activation leads to the nuclear translocation of
transcription factors such as nuclear factor-kappa B (NF-kB) and activator protein-1 (AP-1),
which promote the expression of inflammatory mediators, such as interleukin-6 (IL-6) and
interleukin-8 (IL-8), and matrix metalloproteinases (MMPs). MMPs are responsible for
ECM degradation, particularly of collagen and elastin, which are vital for maintaining the
skin’s structural integrity and elasticity. In addition to ECM remodeling, UV radiation
induces premature cellular senescence, limiting the replicative capacity of fibroblasts, ker-
atinocytes, and melanocytes, and promoting a senescence-associated secretory phenotype
(SASP) characterized by the release of inflammatory cytokines and proteases. Furthermore,
chronic low-grade inflammation, termed “inflammaging,” perpetuates oxidative damage
and ECM degradation, creating a self-sustaining cycle of tissue damage [11]. Chronic
UV exposure also disrupts the skin microbiota [12]. The microbiota play a vital role in
maintaining skin health, including protection against harmful pathogens, modulation of
immune responses, and enhancement of skin’s barrier function. UV radiation alters this
microbial balance, reducing the skin’s natural defenses and exacerbating inflammation.

In response to this need, we have designed a reparative product that incorporates our
novel OxIR PhotoRescue Technology® to target and counteract the primary mechanisms
of photodamage. This advanced formulation combines antioxidants such as encapsulated
beta-carotene, a corticosteroid-like anti-inflammatory agent that mimics hydrocortisone’s
effects without associated adverse reactions, and a unique blend of plant-derived extracts
with potent regenerative effects. When synergized with specially selected hyaluronic
acid, an advanced combination of natural sugars comprising natural moisturizing factors
(NMF) and physiomoisturizers, and a product that enhances skin microbiota protection,
this formula is intended to improve signs of aging while providing robust protection
against sun exposure-associated skin disorders. In order to validate the combined effects of
the formulation in mitigating skin photodamage, a series of in vitro, ex vivo, and in vivo
studies have been conducted in which antioxidant and anti-inflammatory capacity, its
ability to counteract cellular damage and the effects of sun exposure on the extracellular
matrix, as well as its impact on visible signs of skin aging have been evaluated.

2. Materials and Methods
2.1. Investigational Product

The product to be evaluated is a multi-active formula with antioxidant, anti-inflammatory,
and regenerative ingredients combined in the novel technology OxIR PhotoRescue Technology®,
manufactured by Unikare Bioscience SL (Vitoria-Gasteiz, Spain), part of i+Med Cooperative
of Scientists group, for Sibari Republic® brand and commercialized under the trademark
name of Cellular Rescue.

The specific ingredients of the product, listed according to the INCI (International
Nomenclature of Cosmetic Ingredients), are as follows: AQUA, GLYCERIN, ISOTRIDE-
CYL ISONONANOATE, ETHYL OLEATE, BATYL ALCOHOL, STEARIC ACID, GOSSYPIUM
HERBACEUM SEED EXTRACT, PUNICA GRANATUM SEED EXTRACT, HYLOCEREUS UN-
DATUS FRUIT EXTRACT, KRAMERIA TRIANDRA ROOT EXTRACT, CAPRYLIC/CAPRIC
TRIGLYCERIDE, SODIUM ACRYLATES COPOLYMER, PENTYLENE GLYCOL, PHYSALIS
ANGULATA EXTRACT, HYDROXYACETOPHENONE, GLYCERYL BEHENATE, HY-
DROGENATED POLYDECENE, TREHALOSE, 1,2-HEXANEDIOL,CAPRYLYL GLYCOL,
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FRUCTOSE, UREA, CITRIC ACID, SODIUM HYDROXIDE, LECITHIN, PHOSPHOLIPIDS,

POLYGLYCERYL-10 STEARATE, HELIANTHUS ANNUUS SEED OIL, SODIUM

HYALURONATE, HYDROGENATED PHOSPHATIDYLCHOLINE, LYSOLECITHIN, MAL-
TOSE, SODIUM PCA, SODIUM CHLORIDE, SODIUM LACTATE, TREHALOSE, ALLAN-
TOIN, POTASSIUM SORBATE, FRUCTOOLIGOSACCHARIDES, TOCOPHEROL, PHYTIC

ACID, GLUCOSE, DAUCUS CAROTA SATIVA ROOT EXTRACT, BETA-CAROTENE.

2.2. Reagents

Ascorbic acid (A4544), hydrogen peroxide solution (H,O,, H1009), and Hank’s Bal-
anced Salts Solution (H-2387) were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
5 (and-6)-carboxy-2’,7’-difluorodihydrofluorescein diacetate (carboxy-H2DFFDA) (C-13293)
was sourced from Invitrogen (Waltham, MA, USA), while PBS (10 x) was obtained from
Roche (11 666 789001) (Basel, Switzerland). The IL-8 Human ELISA Kit (DY208) and IL-6
Human ELISA Kit (DY206) were provided by R&D Systems (Minneapolis, MN, USA). The
Collagen Assay Kit (51000) was acquired from Biocolor (Belfast, UK), and the CytoTox
96 kit (G1780) was supplied by Promega (Madison, WI, USA). Skin culture medium with-
out animal components with Pen/Strep was supplied by Biopredic International MIL215
(Saint-Grégoire, France).

2.3. Measurement of Antioxidant Capacity

The antioxidant activity of the testing product was determined by using the in-tube
DFFDA assay. This assay measures the capacity of the testing product to block the oxidation
of DFFDA by H,0,. Different concentrations of the product (10%, 1%, and 0.1% v/v, diluted
in assay buffer) were incubated in a solution with 5 uM DFFDA and 4 mM H,O,. After
1 h, fluorescence was measured at Ex/Em = 485/535 nm. Ascorbic acid (50 mM) was used
as reference material (positive control). The percentage of antioxidant activity (AA%) was
calculated by comparing the fluorescence values of the control (negative control) and test
samples by applying the following formula:

(F 485/535 Cx — F485/535 B _ CX) x 100

AA% = 100 —
F 485/535 Control

F 485/535 CX: fluorescence at Ex/Em = 485/535 nm of the product at a given concentra-
tion in DFFDA and H,O, presence.

F 485/535 B CX: fluorescence at Ex/Em = 485/535 nm of the product at a given
concentration (Blank).

F 485/535 Control: fluorescence Ex/Em = 485/535 nm of the assay buffer in DFFDA
and HyO, presence (C—).

2.4. Ex Vivo Model of Photoaging

Human organotypic skin explant cultures (hOSECs) were obtained from healthy
donors undergoing plastic surgery (authorization granted by the French government’s
ethical committee according to French law L.1245 CSP). Up to 2 h from the surgery, the
skin was cut into 0.8 cm? pieces and shipped in transport medium. Upon receipt, samples
were placed with dermis facing down and epidermis facing up in culture plates containing
skin culture medium without animal components supplemented with Pen/Strep (1%).
Tissue cultures were incubated for at least 48 h at 37 °C under 5% CO, for recovery prior to
study initiation.

In order to mimic skin photoaging, UV-Vis (ultraviolet-visible) light irradiation (5 J/cm?)
was applied daily to the hOSEC by using the SOL 500 Solar simulator (Dr. Honle, Gréfelf-
ing, Germany), based on previously published studies using similar doses and exposure
times [13,14]. At the same time, the product was administered topically at 2 mg/cm?.
The product was in contact with the hOSEC throughout this study, for a total of 9 days.
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Four replicates of each experimental group (control, photoaged skin, and photoaged
skin + product) were carried out.

2.5. Cytokine Quantification

The IL-6 and IL-8 cytokine quantification assays were performed in the supernatants of
the skin culture. Culture supernatants were collected, clarified by centrifugation, aliquoted,
and stored at —70 °C until analysis. Once thawed, cytokine levels were determined by
typical sandwich ELISA assay kits according to the manufacturer’s recommendations.

2.6. Lactate Dehydrogenase (LDH) Cytotoxicity Assay

The LDH Cytotoxicity test is a colorimetric assay that quantitatively measures lactate
dehydrogenase (LDH), a stable cytosolic enzyme that is released into the culture medium
supernatant upon damage to the cytoplasmic membrane. The released LDH in culture
medium supernatants can be measured by a 30 min coupled enzymatic reaction; LDH
oxidizes lactate to pyruvate, which then reacts with the tetrazolium salt WST-1 to form
formazan. The increase in the amount of formazan measured in the culture supernatant
directly correlates to the increase in the number of damage cells in the skin explant. 50 pL
of supernatant were removed from each sample and transferred into a 96-well microplate.
After that, 50 uL of formazan dye was added to each sample, and, following a 30-min
incubation period, absorbance was read using a standard ELISA plate reader at 490 nm.

2.7. Collagen Content Analysis

The soluble collagen content was determined using the collagen kit from Biocolor
Ltd. (Carrickfergus, UK). The collagen assay is a dye-binding method for the analysis
of acid and pepsin-soluble collagens. hOSECs were incubated with a solution of pepsin
concentration at 0.1 mg/mL and acetic acid at 0.5 mM at 4 °C overnight. Collagen Dye
Reagent (Sircol Dye Reagent) (1 mL) was added to each supernatant and shaken for 30 min.
Subsequently, 750 pL ice-cold Acid-Salt Wash Reagent was added to the collagen-dye
pellet to remove unbound dye from the surface of the pellet and centrifuged at 13,200x g
for 10 min. Finally, 250 uL of alkali reagent was added. The dissolved dye (200 uL of
each sample in 96 microwell plates) was measured using a standard ELISA plate reader
at 556 nm. The reading for the samples was compared against a standard curve to obtain
semi-quantitative information and made relative to mg of fresh dermal tissue.

2.8. Anti-Aging Efficacy Test Under Dermatological Control

The anti-aging efficacy of the product was evaluated in 20 volunteers with sensitive
and photoaged skin for 56 days. During the study days, facial photographs and biometrical
measurements were taken before the application of the product and after its continued
use (images were processed using Adobe Lightroom software version 8). In addition,
after 56 days of product use, the volunteers filled out the subjective evaluation question-
naire, with questions regarding the efficacy of the product. At the end of this study, the
dermatologist also evaluated the tolerance of the product.

2.9. Volunteer Recruitment

Each volunteer participating in this study was previously informed about the type
and procedures of the study, signing an informed consent before the start of the study.
The volunteers participating in this study met the inclusion and exclusion criteria, verified
through a recruitment questionnaire (Appendix A).

2.10. Product Application Criteria

The application area was the face, and the product was applied to clean, dry skin
morning and evening or after prolonged exposure to the sun by gently massaging until
complete absorption. Volunteers were instructed not to use any other cosmetic products of
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the same type in the experimental areas during this study and not to change their usual
hygiene habits.

One week before starting to use the product, the volunteers were instructed to carry
out a correct pre-wash phase. This phase was performed to standardize the skin conditions
of the volunteers. The conditions in the week before the examination were to avoid applying
any skin care products to the experimental areas and to avoid the application of topical
drugs in experimental areas.

2.11. Biometric Evaluation of Efficacy

On the measurement days, the volunteers participating in this study remained for
10 min in an acclimatized room at temperature 20 °C &+ 2 °C and a relative humidity of
40-60%. The experimental area needed to be clean, without any product applied.

Moisturizing efficacy was determined by measuring the distribution of near-surface
hydration and the microtopography of the skin with MoistureMap MM 100 (Courage &
Khazaka electronic, Kéln, Germany) the initial day (DO0) and after 30 min (T30MIN), 2 h
(T2H), 24 h (T24H), 28 days (T28D), and 56 days (T56D) of product use.

Efficacy in improving the barrier function was determined by measuring the water-
evaporation density gradient of the skin with the Tewameter® TM 300 probe (Courage &
Khazaka electronic, Kéln, Germany) on the initial day (D0) and after 2 h (T2H), 24 h (T24H),
28 days (T28D), and 56 days (T56D) of product use.

Luminosity was determined by colorimetric image analysis, measuring the difference
between lightness and darkness with the VisioFace® 1000D (Courage & Khazaka electronic,
Koln, Germany) on the initial day (DO0), at 28 days (T28D), and after 56 days (T56D) of
product use.

Depigmenting efficacy was evaluated by measuring the light reflected by the skin,
using the Mexameter® MX 18 probe (Courage & Khazaka electronic, Kéln, Germany) on
the initial day (DO0), at 28 days (T28D), and after 56 days (T56D) of product use.

Firming and elasticity efficacy were determined by measuring the mechanical de-
formation of the skin with the Cutometer® dual MPA 580 probe (Courage & Khazaka
electronic, Koln, Germany) on the initial day (D0) and at 30 min (T30MIN), 2 h (T2H), 24 h
(T24H), and 28 days (T28D) of product use.

Anti-wrinkle efficacy was determined by measuring volume and density of wrinkles
using AEVA3P-HE? VisioHop (Eotech, MI, USA) on the initial day (D0), at 28 days (T28D),
and after 56 days (T56D) of product use.

The time points selected were chosen based on their common use in evaluating the
parameters described in our study and are typically employed in efficacy studies of similar
products [13-15].

Extended information on biometric measurements can be found in Appendix B.

2.12. Dermatological Efficacy Evaluation

At the initial visit and after 28 days and 56 days of product application, the derma-
tologist evaluated the severity of volunteers” wrinkles from two facial regions: forehead
and frown lines. Wrinkles were classified using a scale from 0 to 5, being: 0 none, 1 no-
ticeable, 2 shallow, 3 moderately deep, 4 deep with well-defined borders, and 5 very deep,
redundant fold.

2.13. Subjective Evaluation

The volunteers, on their visit to the center at the end, filled out a questionnaire
answering questions related to the efficacy (Appendix C).

2.14. Tolerance Evaluation

At the end of this study, the dermatologist assessed the skin tolerance of the prod-
uct. The alterations to be evaluated were erythema, xerosis/desquamation, edema, ex-
udation, comedogenicity, and pigmentation alterations on a four-point scale (absence,
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slight/moderate/intense). It was also indicated whether the changes observed could be
related to the use of the product, according to the scale: not related, improbable, possible,
probable, certain, or not valuable.

2.15. Data Presentation

Data from in vivo experiments are presented in tables as the average percentage
of variation from initial day (T0) across all volunteers (% variation from T0) and the
percentage of volunteers showing improvement (% responders) at the indicated times:
30 min (T30MIN), 2 h (T2H), 24 h (T24H), 28 days (T28D), and/or 56 days (T56D) of
product use.

2.16. Statistical Analysis

In the in vitro and ex vivo assays, values are given as mean + SEM. The homogeneity
of variance was confirmed by the Bartlett’s test, and the normality was confirmed by the
Anderson-Darling test. One-factor analysis of variance (ANOVA) with Fisher’s LSD post-
hoc tests were performed to assess differences between groups’ means. When homogeneity
of variances could not be assumed, Welch’s correction was used, and when parametric
assumptions were not met, Kruskal-Wallis with Dunn’s post-hoc test was used.

For in vivo study, a normality analysis (Shapiro-Wilk) and equal variance test (Brown-
Forsythe) were conducted to determine the data distribution and choose the type of analysis:
non-parametric tests (Kruskal-Wallis) or parametric tests (one-way repeated measures
ANOVA + Holm-Sidak or Student-Newman—Keuls post hoc test). Asterisks indicate a
statistically significant difference (* p < 0.05; ** p < 0.01; *** p < 0.001) compared to TO.

3. Results

Firstly, given that oxidative stress is considered one of the central mechanisms of
photodamage due to its direct and indirect effects on cells and tissues, in vitro studies were
conducted to evaluate the antioxidant capacity of the formula. The DFFDA assay, which
measures the capacity of the product to block the oxidation of DFFDA by HyO,, revealed
that even at a 0.1% concentration, the product inhibited 60% of DFFDA oxidation (Figure 1).
This antioxidant capacity increased to over 90% at a 1% concentration, and a complete
inhibition (100%) was observed at a 10% concentration, comparable to the antioxidant
potential of the positive control. The results were statistically significant for all the analyzed
doses. These results confirm the strong antioxidant potential of the formula.

Antioxidant activity

DFFDA
g 100 il Fkk
iy
5 80 1
'.E K,k
< 60 -
5 40
st
g 20
2o

C- C+ 10% 1% 0.1%

Product

Figure 1. Antioxidant activity of the product measured by DFFDA assay. Negative control (C—)
represents a condition in which no product is added (0% antioxidant activity). Positive control (C+)
represents a condition in which ascorbic acid 50 mM is added. Concentration values are expressed as
% volume/volume. Asterisks (***) indicate a statistically significant difference (p < 0.001) compared
to the negative control (C—) group.
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In addition, solar radiation can both directly and through generating oxidative stress
create a pro-inflammatory environment that exacerbates tissue damage. Therefore, it is
crucial for a reparative product to effectively reduce the levels of inflammatory mediators.
For this reason, we evaluated the anti-inflammatory capacity of the product, using in this
case an ex vivo model of photodamage. In this model, human skin explants (hOSECs)
were exposed to UV-Vis (ultraviolet-visible) irradiation mimicking the harmful effects of
sun exposure, and levels of two key pro-inflammatory cytokines, IL-6 and IL-8, commonly
elevated in inflammatory conditions, were measured. As shown in Figure 2, UV-Vis
irradiation led to a statistically significant increase in the secretion of both IL-6 and IL-8
compared to the control, non-irradiated group. However, the topical application of the
product on hOSECs resulted in an also statistically significant reduction in the levels of
these cytokines compared to the photoaged group, reducing them to levels comparable to
those of non-irradiated tissue. This result demonstrates the potent anti-inflammatory effect
of the product, highlighting its potential to alleviate the inflammatory responses associated
with photodamage and aging.

Secretion of proinflammatory cytokines
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Figure 2. Inflammation in photoaged human skin explants. IL-6 (a) and IL-8 (b) secretion levels in
non-irradiated control human skin explants (Control), explants exposed to UV-Vis light (Photoaged),
or skin explants exposed to UV-Vis light and treated with the product (Photoaged + Product) after
9 days. Asterisks indicate a statistically significant difference (* p < 0.05; ** p < 0.01) compared to
the Control group. Pounds indicate a statistically significant difference (# p < 0.05) compared to the
Photoaged group.

Following the previous observation of the product’s anti-inflammatory effects, we
decided to study whether the product could also protect cells from damage caused by
sun irradiation. To achieve this, we analyzed lactate dehydrogenase (LDH) leakage in the
three experimental groups within the photoaged model. The LDH cytotoxicity test is a
colorimetric assay that quantitatively measures lactate dehydrogenase, a stable cytosolic
enzyme released into the culture medium upon cytoplasmic membrane damage. This assay
is widely used as an indicator of cell viability in cytotoxicity studies. As expected, UV-Vis
irradiation led to a 50% increase in LDH leakage compared to the non-irradiated group
(statistically significant), indicating higher plasma membrane damage (Figure 3). Remark-
ably, the topical application of the product reduced LDH leakage to levels comparable to
those of the non-irradiated group, demonstrating its protective effect against UV-induced
damage. This reduction was statistically significant compared to the photoaged condition.
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Figure 3. Tissue damage in photoaged human skin explants. Tissue damage, measured by LDH
leakage, of human skin explants (hOSECs) that were either non-irradiated (Control), exposed to UV-
Vis light (Photoaged), or exposed to UV-Vis light and treated with the product (Photoaged + Product)
after 9 days. Results were normalized to 100% LDH concentration based on non-irradiated control
skin explants. Asterisks indicate a statistically significant difference (** p < 0.01) compared to the
Control group. Pounds indicate a statistically significant difference (# p < 0.05) compared to the
Photoaged group.

To assess if the observed improvements in cellular damage and inflammation led
to better tissue function and extracellular matrix recovery, we measured tissue collagen
levels. Using a dye-binding method that analyzes acid and pepsin-soluble collagens, which
include the predominant types I and III that are crucial for maintaining dermal tissue
structure and integrity, we found that, as expected, UV-Vis irradiated (Photoaged) skin
explants exhibited a statistically significant reduction in soluble collagen content compared
to the non-irradiated controls (Figure 4). Remarkably, topical administration of the product
was able to restore collagen levels to 80% of the control, indicating a recovery of 50%
of the UV-induced loss. In fact, under the product treatment condition, collagen levels
were no longer significantly different from the control group, suggesting that the product
effectively restores the collagen loss observed in the absence of its application. These
results demonstrate the product’s effectiveness in promoting collagen preservation and
maintaining matrix integrity.
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Figure 4. Collagen content of photoaged human skin explants. Collagen levels in non-irradiated
control hOSECs (Control), hOSECs exposed to UV-Vis light (Photoaged), and hOSECs exposed to UV-
Vis light and treated with the product (Photoaged + Product) after 9 days. Results were normalized to

100% collagen content based on non-irradiated control skin explants. Asterisks indicate a statistically
significant difference (* p < 0.05) compared to the Control group.

The model was found to be valid, as it effectively reproduced UV-Vis radiation-induced
damage such as cellular damage, secretion of inflammatory molecules, and reduction in
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collagen levels. However, to further test the global anti-photoaging effect, we proceeded to
perform a clinical evaluation of the efficacy in a group of volunteers.

A total of 20 volunteers with sensitive and photoaged skin participated in this study,
and the product was used for 56 days. Anti-aging efficacy was assessed through biometric
evaluations conducted by a dermatology specialist. Parameters such as hydration, barrier
function, pigmentation, luminosity, firmness, elasticity, and wrinkles were measured at
baseline, after 28 days, and at the end of the 56-day treatment period. At the conclusion
of the trial, product tolerance and subjective efficacy through a participant questionnaire
were also evaluated.

Regarding the tolerance evaluation, a dermatologist examined the possible alterations
present in the volunteers in the experimental area: erythema, xerosis/desquamation,
exudation, edema, comedogenicity, pigmentary alterations, and others. No volunteers
presented adverse effects after continued use of the product.

The instrumental assessment of efficacy focused on several key parameters: moistur-
ization, barrier function, luminosity, pigmentation, firmness, elasticity, and wrinkle severity.

Moisturizing efficacy was assessed by measuring near-surface hydration distribution
and skin microtopography at 30 min, 2 h, and 24 h to evaluate immediate effects, as well as
at 28 and 56 days to determine long-term benefits. Results, shown in Table 1, indicated a
47% increase in hydration within the first 30 min, which remained high at 2 h (42%) and
decreased only slightly at 24 h (26%). Improvements were sustained over time, with a 20%
increase in hydration at 28 days, with 75% of volunteers showing improvement, and a
31% increase at 56 days, also with 75% of volunteers experiencing better hydration. The
differences were statistically significant in all cases. This demonstrates a strong short-term
and long-lasting moisturizing effect of the product. Barrier function was evaluated by
measuring the water-evaporation density gradient of the skin. At 2 h post-application, a
slight reduction (5%) in transepidermal water loss (TEWL) was observed, becoming more
pronounced at 24 h (9%). Long-term assessments showed an 11% reduction at 28 days and
a 20% reduction at 56 days, with 74% of volunteers demonstrating improvement at both
time points, indicating a notable enhancement of the epidermal barrier function, especially
after prolonged use (Table 1).

Table 1. Moisturizing and barrier function improvement efficacy results. Asterisks indicate a
statistically significant difference (* p < 0.05; ** p < 0.01; *** p < 0.001) compared to TO.

Moisturizing Efficacy
T30MIN T2H T24H T28D T56D
Z’O‘Q%ﬁm 46.62 4231 25.75 ** 19.81* 30.96 **
% responders 93.75 81.25 68.75 75.00 75.00
Barrier function improvement efficacy (TEWL)
T2H T24H T28D T56D
;/r"o‘;ir}%ﬁo“ —477 —9.27 ~11.24 ~19.56
% responders 63.16 63.16 73.68 73.68

Luminosity was measured using colorimetric image analysis, assessing the difference
between lightness and darkness. The results showed that the average improvement among
the volunteers that exhibited an enhanced luminosity was 59% and 69% for 28 and 56 days,
respectively (Table 2). On the other hand, the ability of the product to reduce existing
pigmentation was evaluated by measuring the light reflected by the skin both in spot and
control areas. At 28 and 56 days, 67% and 61% of volunteers showed a reduction in melanin
content in spot areas, with statistically significant average reductions of 9% and 14% (nega-
tive results in the table indicate a reduction in melanin content) and maximum reductions
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of up to 19% and 53%, respectively (Table 2). Figure 5 presents a representative image of
one of the volunteers, highlighting a visible reduction in pigmentation of the larger spots,
along with a diminished appearance of the smaller ones. Importantly, melanin content in
control areas was not decreased (Supplementary Information, Table S1), indicating that the
product does not reduce basal skin tone. Thus, these results evidence the product’s ability
to even out the skin tone, improving the uniformity and appearance of the skin.

Table 2. Luminosity and depigmenting efficacy results. Asterisks indicate a statistically significant
difference (** p < 0.01; *** p < 0.001) compared to TO.

Luminosity Efficacy Depigmenting Efficacy (Spot Areas)
T28D T56D T28D T56D
% responders 33.33 33.33 66.67 61.11
o variation 59.17 69.05 —9.03 ~14.08 **
from TO
Maximum - - ~18.95 ~52.72

improvement (%)

Figure 5. Representative image of depigmenting efficacy in a volunteer. The image depicts a
pigmented area at initial day (T0) on the left, and at final day (T56D) on the right.

Firming and elasticity efficacy were also analyzed, in this case by measuring the
mechanical deformation of the skin under suction. Skin firmness was evaluated based on
resistance to deformation, while elasticity was assessed by the skin’s ability to return to its
original position. Firmness improved significantly within 30 min of product application
(24%), with a further increase observed at 2 h (30%). Although there was a slight reduction at
24 h (14%), long-term treatment demonstrated renewed improvement, with a 21% increase
at 28 days (Table 3). Elasticity followed a similar pattern, showing a 24% improvement at
30 min, rising to 31% at 2 h, and slightly decreasing to 16% at 24 h before reaching 28% at
28 days. Notably, up to 88% of volunteers reported enhanced firmness and elasticity. All
time points assessed showed statistically significant differences in both parameters.

Wrinkle-improvement efficacy was assessed using both instrumental and dermato-
logical evaluations. The instrumental assessment was conducted by a three-dimensional
scanning sensor that measures skin topography based on fringe-projection technology
combined with active stereometry, and both wrinkle volume and density were evaluated
(Table 4). Wrinkle volume decreased in 44% of volunteers after 28 days, with an average
reduction of 27% among those showing improvement and maximum reductions reaching
40%. By day 56, 56% of volunteers exhibited positive changes, with an average reduction
in volume of 29% and maximum reductions of 53%. Regarding wrinkle density, 47% and
53% of volunteers showed improvements at 28 and 56 days, respectively, with an average
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reduction of 8% but reaching maximum reductions of up to 19% in both cases (Table 4).
Variation percentages were statistically significant for all cases. Representative images of
the three-dimensional scanning sensor AEVA-HE showing wrinkle density can be found in

Figure 6.

Table 3. Firming and elasticity efficacy results. Asterisks indicate a statistically significant difference
(*** p <0.001) compared to TO.

Firming Efficacy

T30MIN T2H T24H T28D
o o
/o variation —24.20 *** —30.50 *** —14.41 ** —20.63 ***
from TO
% responders 88.89 88.89 72.22 77.78
Elasticity efficacy
T30MIN T2H T24H T28D
/o variation 24,40 #* —31.31 ** —16.25 *** —27.66 ***
from TO
% responders 88.24 88.24 70.59 88.24

Table 4. Anti-wrinkle efficacy (Biometric evaluation). Asterisks indicate a statistically significant
difference (** p < 0.01; *** p < 0.001) compared to TO.

Wrinkle Volume Wrinkle Density
T28D T56D T28D T56D
% responders 44.44 55.56 47.06 52.94
% variation from TO —27.04 *** —29.72 *** —8.04 ** —7.61**
Maximum —39.55 —53.22 ~19.23 —18.64

improvement (%)

T0 [56D

Figure 6. Anti-wrinkle efficacy (AEVA-HE images). Three-dimensional scanning sensor images,
where wrinkles are shown in pink for three different volunteers before (T0) and after 56 days of

product application (T56D).

In parallel, a dermatological assessment was conducted by a dermatologist who
evaluated wrinkles on the forehead and frown lines, using a scoring scale from 0 (no
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wrinkles) to 5 (very deep, redundant folds). The evaluation revealed that wrinkles were
generally classified as less severe after product use (Figure 7). In particular, forehead
wrinkles rated at the highest levels showed a 10% reduction at both 28 and 56 days, and
frown lines exhibited a 10% reduction at 28 days and a 5% reduction at 56 days.

Anti-wrinkle efficacy
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Figure 7. Anti-wrinkle efficacy (Dermatological evaluation). Wrinkle severity was evaluated by a
dermatologist. Percentage of forehead wrinkles (a) and frown lines (b) rated at higher (dark orange)
and lower (light orange) severity levels are shown for initial day (T0), day 28 (T28D), and day
56 (T56D).

Lastly, the subjective evaluation revealed that at least 80% of the volunteers felt their
skin was significantly more hydrated, nourished, soft, flexible, refreshed, and comfortable
after using the product (Figure 8).

Subjective evaluation of efficacy
After using the product, I notice that my skin is more hydrated.
After using the product, I have a feeling of comfort on my skin.
After using the product, I notice a refreshing sensation on my skin. — Agree

[ Disagree
After using the product, my skin is more flexible.

Using the product leaves my skin soft.

After using the product, the area is more nourished.

0 20 40 60 80 100

Volunteer %

Figure 8. Subjective evaluation of efficacy. The percentage of volunteers who agree or disagree with

each statement is shown.

In conclusion, both instrumental indicators and volunteer perceptions confirm that
this product, due to its potent antioxidant, anti-inflammatory, protective, and moisturizing
properties, effectively repairs sun-damaged skin, improving its appearance and functionality.
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4. Discussion

The present work demonstrates, through a series of in vitro, ex vivo, and in vivo
studies, that we have achieved a groundbreaking advancement in skincare with the de-
velopment of a single formulation capable of addressing photodamage at multiple levels.
By effectively counteracting key mechanisms such as oxidative stress, inflammation, and
extracellular matrix degradation, our product provides a comprehensive solution to the
complex challenges of photoaging. This includes restoring collagen levels, improving
hydration, repairing the skin barrier, enhancing elasticity and firmness, reducing wrinkles,
and correcting uneven skin tone. The results highlight the formulation’s ability to not
only enhance the skin’s appearance but also restore its functionality, offering an advanced
approach to the repair of sun-induced damage.

This remarkable achievement is the result of our specific approach that combines a
deep understanding of the mechanisms underlying photodamage with the precise selection
of scientifically validated ingredients and their integration using our advanced OxIR
PhotoRescue Technology®.

Among these mechanisms, oxidative stress plays a critical role in photoaging. Since the
skin’s natural antioxidants are insufficient to fully counteract the effects of sun exposure [16],
the addition of antioxidants to skincare formulations has proven to be an effective strategy
in mitigating photoinduced damage [17]. However, the challenge with using antioxidants
in topical formulations lies in their low stability and the need for effective delivery into the
deeper skin layers to be beneficial. Our product addresses these challenges by incorporating
a delivery system that stabilizes and delivers beta-carotene into deep epidermal layers.
Beta-carotene is the most abundant and efficient precursor of Vitamin A, also called Pro-
Retinol, a natural sun protector and powerful antioxidant [18,19]. Experimental studies
have consistently demonstrated its protective effects against UV-induced photodamage [20],
with topical applications of beta-carotene providing protective against acute and chronic
manifestations of photodamage, including sunburn, premature aging, actinic keratosis,
and other skin conditions [21].

Another key active ingredient in our formulation is Hylocereus undatus fruit extract,
which offers not only hydrating, mineralizing, and vitaminizing properties but also has
potent antioxidant activity due to its polyphenolic compounds, pigments, flavonoids, and
vitamins B, C, and E [22,23]. These components have demonstrated strong free-radical
scavenging activity in various studies related to photoaging [24-26]. The inclusion of all
these ingredients has yielded a product with powerful antioxidant activity, as evidenced
by our data.

Our results also indicate that the product exerts a potent anti-inflammatory effect on
radiation-induced damage due to the inclusion of strong anti-inflammatory agents such as
Physalis angulata extract, which has demonstrated efficacy as a topical anti-inflammatory
and wound-healing agent [27,28]. Actually, Physalis angulata extract exhibited corticosteroid-
like effects comparable to hydrocortisone in a randomized double-blind placebo-controlled
clinical trial [29].

Additionally, our formulation includes a lipid complex composed primarily of batyl
alcohol and soy lecithin, which possess anti-inflammatory and moisturizing properties.
Batyl alcohol is known for its anti-inflammatory and DNA-protecting properties, while it
has also demonstrated significant reparative effects on the epidermal barrier [30,31]. Soy
lecithin, a phospholipid, is highly valued in cosmetic formulations due to its role as a
key component of cell membranes, which gives it a natural affinity with the skin. This
strong biocompatibility and biomimetic properties enhance the bioavailability of active
ingredients, leading to more effective results [32]. Additionally, soy lecithin has been found
to improve skin hydration, reduce irritation, and promote wound healing [33,34]. The
inclusion of Krameria triandra root extract, rich in catechin tannins and other components,
further contributes to the anti-inflammatory properties of the formulation [35].

As previously mentioned, sun radiation-induced oxidative stress and inflammation
lead to cellular damage, induction of senescence, and the degradation of the extracellular
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matrix. Given the potent ability of our product to mitigate these harmful processes, we
could expect a protective effect on cellular and tissue levels in a photodamage model.
Indeed, our studies demonstrate that the application of the product significantly reduced
cellular damage, while it preserved collagen levels within the tissue.

This protective effect was not only observed in ex vivo models but was also confirmed
through instrumental measurements in an in vivo study involving volunteers who applied
the product for 56 days. The results demonstrated significant improvements in skin firm-
ness as well as in elasticity, suggesting that the product also protects against degradation
and modification of other extracellular matrix components, such as elastin. This beneficial
impact on the extracellular matrix explains the reductions in wrinkle density and volume
observed in the volunteers. This reduction levels, although they may seem subtle in terms
of average numerical improvement, are of considerable significance, since the results are
comparable to those obtained with collagen-based products. However, while these prod-
ucts improve signs of aging by providing an external source of collagen, our product is able
to act on pre-existing wrinkles by stimulating endogenous extracellular matrix production,
thereby facilitating the recovery of collagen levels within the skin.

Another hallmark of photoaging is the loss of hydration due to impaired barrier
function and the degradation of natural moisturizing factors caused by sun damage. To
restore hydration and maintain the skin’s structural integrity and protective function,
potent hydrating and nourishing agents were included in our formulation.

Hyaluronic acid (HA), a naturally occurring polysaccharide in the skin, plays a crucial
role in maintaining dermal and epidermal hydration due to its hygroscopic nature. Beyond
providing hydration, HA is crucial for skin integrity as it influences cell-to-cell and cell-
to-matrix interactions [36] and regulates keratinocyte differentiation and the formation of
extracellular lipids in the stratum corneum, which are essential for the integrity and func-
tionality of the epidermal barrier [37], thereby contributing to skin resilience and promoting
regeneration [38]. Due to its unique viscoelasticity, biocompatibility, biodegradability, and
non-immunogenicity properties, HA has been extensively used in dermal applications
for skin rejuvenation [39], among multiple other applications [40]. To date, numerous
clinical studies have demonstrated the effectiveness and tolerability of HA [39,41]. In
cosmetics, the trend has increasingly favored the use of sodium hyaluronate, the salt form
of hyaluronic acid, due to its enhanced water solubility and stability, which allows for
deeper skin penetration. In addition, it is especially suitable for sensitive and, hence,
photodamaged skin.

Another potent hydrating component of the formulation is a complex blend of natural
sugars, natural moisturizing factors (NMFs), and physiomoisturizers. This mixture has
been specifically designed to deliver both immediate and long-lasting hydration to the skin,
acting through a dual mechanism; hygroscopic molecules restore moisture to the skin layers,
while filmogenic polymers form a protective barrier to prevent water evaporation [42].
These sugars have low molecular weights, allowing them to penetrate the skin effectively
and restore hydration. Together, these components help to maintain the skin’s moisture
balance, improving its overall resilience and comfort.

The formula also contains a component with phospholipids, which support the re-
generation of the skin barrier, thereby reducing transepidermal water loss. Additionally, it
enhances the anti-inflammatory and antioxidant effects of the formula due to its content
of Helianthus annuus (sunflower) seed oil, rich in vitamin E [43,44]. This combination of
agents is intended to reinforce skin’s protective barrier while improving hydration and
provide added protection against oxidative stress and inflammation. Indeed, our TEWL
evaluation results reveal that the product significantly repairs the skin’s barrier function,
restoring its ability to protect against external aggressors and maintaining adequate hydra-
tion levels. Coupled with the potent moisturizing agents included in the formulation, the
product demonstrates both immediate and long-lasting hydration benefits, which not only
improves the skin’s appearance but also facilitates better absorption of active ingredients,
thereby increasing the overall efficacy of the product.
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The product also enhanced facial luminosity and reduced dark spot pigmentation
without altering the natural skin tone, thereby promoting a more even skin appearance.
This effect can be attributed to an improved cellular function of melanocytes, as well as to
the properties of additional active ingredients in the formulation, which reduce excessive
melanogenesis and promote the production of protective molecules by the skin micro-
biota [45-49]. Due to recent evidence highlighting the importance of the sun—microbiota—
skin axis, incorporating a product that supports and enhances the skin microbiota is crucial
for enhancing the effectiveness of a reparative cream. The skin microbiota plays a key role
in protecting against solar radiation by producing beneficial compounds, named as solar
postbiotics, which contribute to UV defense, reduce inflammation, and help maintain over-
all skin homeostasis. However, prolonged sun exposure can disrupt this protective function,
leading to increased oxidative stress and inflammation, which accelerates photoaging. By
incorporating ingredients that protect and maintain healthy skin microbiota, the product
not only reinforces the skin’s natural defenses but also mitigates the harmful effects of
solar exposure, thus offering a complete protection and repair. In particular, this formula-
tion includes Gossypium herbaceum seed extract, a cellular lysate rich in protective factors
consisting on a mix of plant chromophores, polyphenolic antioxidants, anti-inflammatory
agents, photoprotective compounds [50], Punica granatum seed extract, rich in selective
membrane lipids and prebiotic polyphenols with anti-inflammatory and antioxidant prop-
erties [51-53], and other plant-derived components such as fructooligosaccharides and
trehalose. These ingredients enhance the resistance of microbial cell membranes to solar
radiation, thereby preventing the formation of harmful molecules produced by prolonged
sun exposure while they promote the secretion of postbiotic solar molecules, which act as
natural photoprotective agents. As a result, the product restores microbiota balance and,
consequently, supports overall skin homeostasis.

While studies on the individual active ingredients explain why the product is effective
in addressing multiple aspects of photoaging, it is also important to highlight that our
product has delivered better results than similar products. We have found several studies
assessing the efficacy of different products. However, these are often less comprehensive,
typically targeting specific aspects of photoaging separately. Furthermore, many of these
studies demonstrate effects using cellular systems, with far fewer utilizing tissue-based
explants, and even fewer conducting clinical trials. Among the studies we reviewed, one
investigating the effect of natural retinol analogs [13] reported a 5.6% increase in firmness,
a 14% improvement in elasticity, and a 3.8% reduction in wrinkle volume after 28 days,
results that fall significantly short of those achieved with our product. Another study
on a biorevitalizing facial serum [15] demonstrated improvements in elasticity (10%) and
hydration (13%) after 28 days, but, once again, these results are notably less substantial
compared to ours. Even a product claiming to repair sun damage [14] showed only a 14.1%
improvement in firmness, which is still much lower than the results achieved with our
product. Based on these findings, we can confidently assert that our carefully designed
strategy, involving the meticulous selection and combination of active ingredients, has
proven to be highly effective, resulting in a product that delivers remarkable improvements
across multiple parameters of photoaging.

We believe it is crucial to emphasize that, while this product also offers protective
benefits, its primary strength lies in its ability to repair the damage caused by cumulative
sun exposure. For many years, the focus on UV protection, while essential, has overlooked
the harm already caused on the skin, which retains a ‘memory’ of past exposure with
long-lasting effects on its structure and function. This damage is not merely an aesthetic
concern but also a matter of long-term skin health. As such, the development of products
capable of repairing existing damage is essential, and our product stands out for addressing
both the functional and aesthetic dimensions of photoaging, providing protection while
effectively restoring the skin’s integrity.

While our findings are robust, certain limitations should be considered. First, the
in vivo study included a limited number of volunteers, which may affect the statistical

179



Cosmetics 2024, 11, 224

robustness of the results. Expanding the sample size in future studies will improve the gen-
eralizability of these findings. Second, while significant improvements were observed after
56 days, long-term studies would provide additional insights into the product’s sustained
effects on deeper dermal remodeling and pigmentation normalization. Furthermore, while
our studies focused on key processes relevant to photodamage, additional mechanisms
or alternative techniques could have been explored to provide a more comprehensive
understanding of the formulation’s effects.

5. Conclusions

In conclusion, this work demonstrates through a series of in vitro, ex vivo, and in vivo
studies that our product, by addressing multiple pathways involved in the pathogenesis of
photodamage, offers comprehensive protection against sun-induced damage. Thanks to
a sophisticated blend of potent antioxidant, anti-inflammatory, protective, and hydrating
compounds combined in our OxIR PhotoRescue Technology®, this formulation repairs
damaged skin, effectively mitigating signs of photoaging while significantly promoting
overall skin health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cosmetics11060224/s1, Table S1: Depigmenting efficacy results
in control areas.
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Appendix A
Appendix A.1. Volunteer Recruitment
The specific inclusion criteria, defined in the protocol, were the following;:

Sex: female.

Age: from 35 to 60 years.

Sensitive and photoaged skin.

Agree to voluntarily participate in the study and give their written informed consent.
Adequate level of understanding of the clinical study.
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Good state of health (physical and mental).
Having stopped using anti-aging and anti-spots products 7 days before the study in
the experimental area.

e Not having applied any type of product in the experimental area on the first day of
the test.

e  Availability to guarantee visits to research centers.

The specific exclusion criteria, defined in the protocol, were the following:

Being pregnant or breastfeeding.

Injuries or infection in the test area.

Patients with the presence of relevant skin pathologies: eczema, psoriasis, dermati-
tis, etc.

History of allergies to cosmetic products.

Skin hyperreactivity.

Patients who have had recent surgery or treatments in the study area.

Patients who have had treatment with botulinum toxin or hyaluronic acid in less than
6 months from the start of the trial.

Oncology patients.

Volunteers who are undergoing treatment with antibiotics, antihistamines, corticos-
teroids, beta-blockers, retinoids, azelaic acid, anti-acne therapies, or whose treatment
has ended in the 15 days prior to the start of the study:.

Use a cosmetic product other than the one provided for the study.

Being a pacemaker holder.

Sunbathing /UVA rays during the study.

Be participating in another clinical study:.

Present health problems that may compromise adherence to the study protocol.
Refusal to sign the informed consent form.

Volunteers were warned of possible unwanted or unpleasant reactions to the prod-
uct and their reversibility. In case of any unwanted reaction or doubt, the volunteers
were advised to contact the center that would inform the specialist responsible for the
clinical evaluation.

Appendix A.2. Product Application Criteria

Application area: face.

Study duration: 56 days.

Mode of use: Apply to clean, dry skin morning and evening or after prolonged
exposure to the sun. Massage gently until completely absorbed. Volunteers were instructed
not to use any other cosmetic products of the same type in the experimental areas during
this study. They did not change their usual hygiene habits.

One week before starting to use the product, the volunteers were instructed to carry
out a correct pre-wash phase. This phase was necessary to standardize the skin conditions
of the volunteers. The conditions in the week before the examination were to avoid applying
any skin care products to the experimental areas and to avoid the application of topical
drugs in experimental areas.

Appendix B
Biometric Measurements (Effectiveness Evaluation)

Environmental conditions: On the measurement days, the volunteers participating in this
study remained for 10 min in an acclimatized room: temperature 20 °C & 2 °C and relative
humidity 40-60%. The experimental area had to be clean, without any product applied.

Moisturizing efficacy

Equipment: MoistureMap® MM 100. The measurement is based on capacitance
images. The sensor measures the penetration of the electromagnetic field. Conductive
material (water) reflects the signal, making the resulting pixel darker, while non-conductive
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material causes the signal to go further in, and the resulting pixel will be lighter on a
255-level grey scale.

The experimental times were the initial day (DO0), after 30 min (T30MIN), 2 h (T2H),
24 h (T24H), 28 days (T28D), and after 56 days (T56D).

The measurement area was the forehead. The parameter to be statistically ana-
lyzed was:

e  Grayldx: the higher the value, the more hydration.

Efficacy in barrier function

Equipment: Tewameter TM 300. The principle is the measurement of transepidermal
water loss (TEWL). The density gradient of water evaporation from the skin was measured
indirectly by the two pairs of sensors (temperature and relative humidity) located inside the
hollow cylinder. This is an “open chamber” measurement. The measured values express
the evaporation rate in g/h/m?.

The study area was the cheek.

The experimental times for the evaluation were the initial day (D0), after 2 h (T2H),
24 h (T24H), at 28 days (T28D), and the final day (T56D) of product use.

The parameter analyzed was:

e TEWL: The lower the value, the lower the water loss.

Luminosity efficacy by colorimetric image analysis

Equipment: VisioFace® 1000D. The principle for color measurement is the photo-
graphic analysis of the skin. The basis for the calculation is colorimetric analysis, which
measures the difference between lightness/darkness.

The experimental times for evaluation are the initial day (DO0), at 28 days (T28D), and
the final day (T56D) of product use.

The measurement area chosen was forehead.

To evaluate the effectiveness, the following parameters were evaluated:

- AL:indicates the increase in skin luminosity. The closer the value is to 0 (the more the
value increases), the closer it is to white, and the more luminous the skin is.
Depigmenting efficacy
Equipment: Mexameter® MX 18. The measurement is based on absorption/reflection.

The probe emits three specific wavelengths of light. Melanin is measured by specific

wavelengths chosen to correspond to different absorption rates of the pigments.

The experimental times for evaluation were the initial day (D0), at 28 days (T28D),
and the final day (T56D) of product use.

The measurement areas chosen were a spot area and a control area.

To evaluate the effectiveness, the following parameter was evaluated:

e  Mean melanin value. The lower it is, the less pigmented the skin is.

Anti-wrinkle efficacy

Equipment: AEVA3P -HE?. The AEVA- HE system is a three-dimensional scanning
sensor for evaluating skin topography. It is based on fringe-projection technology combined
with active stereometry. AEVA- HE is a very sensitive system due to its pixel resolution.

The experimental times for the evaluation were the initial day (D0), at 28 days (T28D),
and the final day (T56D) of product use.

The measurement area chosen was forehead for wrinkle volume and the entire face
for wrinkle density.

To evaluate the effectiveness, the following parameters were evaluated:

Wrinkle volume. The lower the value, the lower the wrinkle volume.

Wrinkle density (%). The lower the value, the lower the wrinkle density.

Firming/elasticity efficacy

Equipment: Cutometer® dual MPA 580. The elasticity of the skin surface was mea-
sured following suction of the study area (negative pressure 450 mbar), applying a pressure
in the plane perpendicular to the surface that produces a mechanical deformation. The
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resistance of the skin to suction is considered the firmness and its ability to return to the
original position the elasticity. These are represented as curves (mm depth of penetration
per unit of time). In each of the visits to the center, a measurement was made, which is
made up of 10 cycles, with two seconds of suction and two seconds of relaxation per cycle
to tire the skin.

The experimental times for the evaluation were the initial day (D0), after 30 min
(T30min), 2 h (T2H), 24 h (T24H), and after 28 days (T28D).

The study area was cheekbone.

The parameters analyzed were:

e RO: Firmness. When the value is lower, the firmness increases.
F1: Elasticity. When the value is lower, the elasticity increases.

Appendix C
Subjective Evaluation

The volunteers, on their visit to the center at the end, filled out a questionnaire
answering questions related to the efficacy of the product.

After using the product, I notice that my skin is more hydrated.
After using the product, the area is more nourished.

Using the product leaves my skin soft.

After using the product, my skin is more flexible.

After using the product, I notice a refreshing sensation on my skin.
After using the product, I have a feeling of comfort on my skin.

A five-point scale is used to rate efficacy:

5: Totally agree. 4: Agree. 3: Neither agrees nor disagrees. 2: Disagree. 1: Totally
disagree.

Volunteers with opinions between 5 and 4 are considered in agreement with the
aspects of subjective efficacy.
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Abstract: Skin protection against ultraviolet (UV) radiation has long been crucial due to its role in
photoaging, sunburn, and wrinkles. This study focuses on developing a bio-based sunscreen from
Calendula arvensis capitula extract. Various extraction methods (maceration, sonication, and infusion)
and solvents (EtOH, EtOH-H,0O, and H,O) were explored in order to identify the most effective
extract for use in a sunscreen formulation. Each extract was analyzed for its phenolic content, as
well as antioxidant activities (assessed through DPPH, CAT, and FRAP assays). Enzyme inhibition
assays for tyrosinase, elastase, and collagenase highlighted the low ICs, values of the hydroethanolic
extract. Furthermore, the in vitro sun protection factor (SPF) against UVB radiation was measured
using ultraviolet spectrophotometry. A phytochemical analysis showed phenolic levels between 8
and 27 mg GAE/g, flavonoid concentrations of 7-13 mg QE/g, and tannin levels of 1.15-1.68 mg/mL,
alongside moderate antioxidant activity. The ethanol maceration extract reduced the interfacial
tension to 2.15 mN/m in 600 s, outperforming the conventional emulsifier polysorbate 20. The
sonicated hydroethanolic extract demonstrated remarkable SPF efficacy (SPF = 193.65 + 0.02), far
exceeding that of the standard zinc oxide (SPF = 11.88 £ 0.03). The proposed formulations meet
the COSMOS standards, suggesting their potential for certification as biological products. Further
clinical and in vivo studies are necessary to confirm their safety and commercial viability.

Keywords: Calendula arvensis; phytochemical quantification; interfacial tension; UVB protection;
antioxidant; anti-aging; bioformulation; enzyme inhibition; COSMOS standard

1. Introduction

Skin disorders, as a major problem exacerbated by UV exposure, are a constant focus
of dermatological research [1]. UVB radiation is associated with adverse effects, such as
sunburn, skin cancer, and melanoma, while UVA radiation is primarily involved in inducing
skin tanning and wrinkles [2]. This radiation stimulates cell surface receptors for cytokines
and growth factors such as epidermal growth factor, tumor necrosis factor, interleukin-1,
and keratinocyte growth factor. However, biological responses to UV exposure can be
immediate and transient (e.g., inflammation, sunburn cell formation, and pruritus) or
delayed and chronic (e.g., photoaging, immunosuppression, and carcinogenesis) [3].

In the field of cosmetics, progress is being made to develop products that not only
improve appearance, but also protect against and mitigate the effects of aging, merging sci-
entific innovation with skincare solutions. Modern sunscreen products were first developed
in the 1930s and, since then, numerous UV filters with specific application characteristics
have been introduced. These filters are designed to protect against UV radiation from
sunlight, mainly at short UVB wavelengths (290-320 nm). Considerable effort has been
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made in recent years to develop UV filters that are effective at absorbing the longer wave-
lengths of UVB or UVA (320—-400 nm) [4]. In fact, the development of modern sunscreens
has greatly improved the degree of protection against sunlight-related radiation and its
associated damaging effects on the skin [5].

For organic and natural cosmetics, the ECOCERT certification standards require
formulations not only to provide effective protection but also to adhere to the principles of
sustainability and environmental responsibility in production, which can be achieved by
exploring and utilizing botanical sources [6]. Furthermore, growing public awareness has
led several cosmetic companies to start effectively promoting green marketing strategies [7].
In an effort to meet market demands for fully green-labeled products, there has recently
been growing interest in natural emulsifiers. Therefore, as surface-active agents, emulsifiers
play a central role in stabilizing emulsions by adsorbing to the interface between oil and
water. Emulsifiers reduce interfacial tension, facilitating the formation of fine, uniformly
dispersed droplets. Furthermore, the stability of emulsions is enhanced by steric and/or
electrostatic repulsion mechanisms between droplets, thus limiting their aggregation and
coalescence, which contributes to the persistence and efficacy of emulsified formulations [8].

Calendula arvensis (C. arvensis), also known as “field marigold” [9], can be observed in
various regions of Morocco, particularly in northern areas around Fes-Meknes, from early
March onwards. Previous research has indicated that only a limited number (1%) of herbal
cosmetics cooperatives in this region are engaged in the extraction and valorization of this
plant [10]. C. arvensis extracts have been reported to have antioxidant, antibacterial, enzyme-
inhibiting, and immunomodulating activities [11]. These pharmacological properties are
probably due to the high content of phenolic compounds and flavonoids in the plant.
Polyphenols, in particular, have great potential as photoprotective agents [12], being
capable of preventing or attenuating UV-induced photodamage [13]. However, to the
best of our knowledge, no research has yet explored the photoprotective activities of C.
arvensis capitula. Therefore, this study aims to investigate the biological and phytochemical
potential of C. arvensis capitula.

2. Materials and Methods
2.1. Plant Material

Capitula of the plant material were collected in Taounate, Morocco (N 34°29'54"
W 4°48'17"), in April 2023, during the flowering season. The identification of the species
was confirmed as Calendula arvensis L., cataloged under reference code RAB 114766.

2.2. Extractions

The dried capitula were ground to a particle size of 300 pm using a mechanical grinder
(Industriestrasse 855743 Idar-Oberstein, Germany). The resulting powder was subjected
to extraction through three distinct methods, utilizing solvents of varying polarities. Mac-
eration was performed over 24 h with a solid-to-solvent ratio of 1:10 (w/v). Sonication
was conducted for 45 min with the same ratio, using either absolute ethanol or a 70-30%
ethanol-water mixture. Additionally, an infusion method was applied, where 2.5 g of the
powder was infused in 75 mL of water for 1 h. The resulting organic entities were filtered
using Whatman No. 1 filter paper, then centrifuged at 3000 rpm over a 10 min period.
The crude extracts obtained were then stored in the refrigerator until further use. The
percentage extraction yield (w/w) is shown in Table 1 (n = 3).

Table 1. Yield percentage of extraction methods.

Extracts Yield %
S-EtOH-H,O 34.78 +2.01

S-EtOH 24.76 +2.23
M-EtOH-H,0 22.44 + 0.57
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Table 1. Cont.

Extracts Yield %
M-EtOH 21.36 - 1.34
IF-H,O 31.96 +1.74

S-EtOH-H,O: sonication ethanol 70%, S-EtOH: sonication ethanol 100%, M-EtOH-H,O: maceration ethanol 70%,
M-EtOH: maceration ethanol 100%, IF-H,O: infusion in water.

2.3. Phenolic Compounds Quantification
2.3.1. Total Phenolic Contents (TPCs)

The total polyphenol content (TPC) of all extracts was investigated as described by
Lister and Wilson [14]. Briefly, 450 uL of Folin—Ciocalteu reagent (10-fold diluted) and
450 pL of sodium carbonate (Na2CO3, 7.5%) were added to 50 pL of the studied extracts.
After 2 h of incubation in the dark, absorbance was measured at 765 nm using a UV-vis
spectrometer. The results are expressed in terms of gallic acid equivalents per gram of plant
material, and the test was performed in triplicate (n = 3).

2.3.2. Total Flavonoid Contents (TFCs)

The total flavonoid content (TFC) of crude extracts was assessed according to the
method described by Djeridane et al. [15], with some modifications. In brief, 500 pL of
aluminum chloride solution (Alcl3, 10%) was added to 500 puL of diluted extract. After
one hour of incubation in the dark, absorbances were measured at 420 nm using a UV-vis
spectrometer. A standard range based on quercetin was prepared according to the same
conditions, and the test was performed in triplicate.

2.3.3. Tannin Content (TC)

Condensed tannin was analyzed using the Bate-Smith reaction (Stonestreet, 1966) [16].
Technically, 1 mL of each extract (at a concentration of 1 mg/mL) was combined with
0.5 mL of distilled water and 1.5 mL of 37% hydrochloric acid. The mixture was then
heated for 30 min in a water bath at 100 °C. Absorbance was measured at 550 nm regarding
the control test at room temperature. Thus, the difference in the absorbance between the
hydrolyzed tube and the control is the content of tannins contained in the extract, obtained
using the following equation:

Tannins (mg / mL) = (AHydrolysed - AControl) % 19.33.

2.4. Antioxidant Capacity
2.4.1. Anti-Free Radical Activity by 1,1-Diphenyl-2-picrylhydrazil (DPPH)

The free radical scavenging effects of the different extracts towards the DPPH® radical
were assessed based on the method described by Topcu et al. [17]. Briefly, 50 pL of the
diluted extract was added to 1.95 mL of a freshly prepared methanolic solution of DPPH
(2.5 mg dissolved in 100 mL methanol under stirring for 3 h). Then, the mixtures were
incubated for 30 min in the dark. The absorbance was measured at 517 nm. Ascorbic acid
was used as the standard antioxidant and was subject to the same operating conditions.

2.4.2. Ferric Reducing Antioxidant Power (FRAP)

A FRAP test was performed according to the method described by Djeridane et al. [15].
In particular, 0.25 mL of each diluted extract (6 sets of dilutions) was added to 1.25 mL of
phosphate-buffer solution and 1.25 mL of an aqueous solution of potassium ferricyanide
(K8FeCNG®6, 1%). The solutions were then incubated for 20 min at 50 °C in a water bath.
After cooling to ambient temperature, 1.25 mL of 10% trichloroacetic acid was added to the
reaction mixture and centrifuged at 3000 rpm for 10 min. Then, 1.25 mL of supernatant was
added to 1.25 mL of distilled water and 0.25 mL of ferric chloride solution (FeCl3, 0.01%).
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After 10 min of incubation, absorbance was measured at a wavelength of 700 nm. The
results are expressed in terms of equivalents of ascorbic acid per gram of plant material.

2.4.3. Total Antioxidant Capacity (TAC)

The total antioxidant capacity was estimated according to the Prieto method [18], with
slight modifications. This method consists of adding 200 pL of each extract at different
concentrations combined with 3000 uL of a reagent composed of HySO4 (60 M), Napy POy
(280 mM), and ammonium molybdate (40 mM), then incubating at 95 °C for 90 min. The
mixture was then further incubated at room temperature for 20-30 min, and the absorbance
was measured at 695 nm. A control was made up using 200 uL of methanol and 3000 uL of
the above reagent. The results are expressed as mgGAE/g of dry extract.

2.5. Anti-Aging Effect

In vitro anti-aging assays were performed to assess anti-elastase, anti-tyrosinase, and
anti-collagenase activities, following published protocols [19,20]. Kojic acid and epigallo-
catechin gallate (EGCG) were used as reference standards, while controls without active
samples were included for baseline comparison. Each assay was repeated in triplicate and
enzyme inhibition percentages were calculated using the following formula:

Ac — As
C

I(%)= x 100
Ag: The measured absorbance of enzyme activity in the presence of samples;
Ac: The measured absorbance of enzyme activity in the absence of samples.

2.6. Surface and Interfacial Activities

Interfacial and surface tensions of C. arvensis extracts were assessed using the hanging
drop method with a fully automated tensiometer (DataPhysics Instruments GmbH, Filder-
stadt, Germany). Briefly, a 1% (w/w) extract solution was loaded into a glass syringe and
dispensed via a 22-gauge stainless steel needle. The drop was introduced either into air
to measure surface tension or into soybean oil inside a glass cell to determine interfacial
tension. The drop was allowed to equilibrate for approximately 10 min in the continuous
phase, and a high-resolution camera recorded its shape over this time. The interfacial or
surface tension was then calculated using the Young-Laplace equation, with automatic
processing via the dpiMAX software, version 20.05.2022.

2.7. Photoprotective Activity
2.7.1. Sun Protection Factor (SPF)

All extracts were investigated for their protective activity against UVB rays according
to the Mansur method [21]. In particular, the absorbance of the extracts at a concentration
of 2 mg/mL was measured at a range of wavelengths between 290 and 320 nm with 5 nm
intervals using a UV-vis spectrometer. Each measurement was performed in triplicate and
the SPF was calculated using the formula below (i.e., applying the mathematical equation

of Mansur):
320

SPF=CFxY o

EE(A) x (A) x Abs(A),

EE x I values are constants, which were set by Sayre et al. [22];
EE: erythemogenic effect;

I: the radiation intensity;

Abs: absorbance of extract;

CF: correction factor.
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2.7.2. Sunscreen O/W Emulsion Formulas Based on C. arvensis Capitula Extracts

O/W emulsions were developed to optimize the photoprotective activity of the C.
arvensis extracts. The IF-H,O, M-EtOH-H,O, S-EtOH, M-EtOH, and S-EtOH-H,O extracts
were used at SPF ratios of 1:200 (0.05% w/w), 1:100 (0.1% w/w), and 1:50 (0.2% w/w),
testing different concentrations to identify the concentration offering the best sun protection
(Table 2). A low ratio of the synthetic emulsifier to the lipid phase was chosen in order to
increase the biological percentage of the formulation and make the most of the potential
emulsifying activity of C. arvensis extracts. Therefore, a hydrolat (73.95% w/w, 73.9% w/w,
or 73.8% w/w) was used as the main aqueous phase to increase the biological percentage.

Table 2. Sunscreen O/W emulsion formula.

Phase INCI Function Weight (%, w/w)
GLYCERIN Humectant 3
Phase A C. arvensis FW * Dispersion agent Qsp 100

CETEARYL ALCOHOL Emulsifier, thickening agent, stabilizer 5

STEARIC ACID Emulsifier, thickener, consistency enhancer 2

Phase B CETEARETH-20 surfactant 5.5
C. arvensis OIL MACERATE Dispersed agent 10

C. arvensis ORGANIC EXTRACTS SPF, antioxidant, anti-aging, stabilizer 0.2,0.1,0.05
Phase C P. graveolens EO ** Antimicrobial, fragrance 0.5

Phase A: aqueous phase, Phase B: oil phase, Phase C: cooling phase, INCI: International Nomenclature Cosmetic
Ingredient, Qsp 100: quantum satis pro 100%. * C. arvensis floral water, ** Pelargonium graveolens essential oil.

The aqueous phase, in which glycerin (3% w/w) and C. arvensis floral water were
mixed, was placed in a pot and heated to a temperature of 75 °C, with continuous stirring
until completely homogenized. At the same time, the oil phase was prepared by combining
cetearyl alcohol, stearic acid, ceteareth-20, and C. arvensis oil macerate in another pot. This
mixture was also heated to 75 °C, allowing the components to melt and mix completely.
Emulsification was then carried out by gradually adding the oily phase to the aqueous
phase under intense agitation for 10 min at 12,000 rpm using a rotor-stator homogenizer
(T 25 digital ULTRA-TURRAX®, IKA, Staufen, Germany). This process continued until
a stable emulsion was obtained, characterized by a homogenous consistency. Once the
emulsion stabilized, the mixture was cooled to below 40 °C before the cooling phase (Phase
C) was incorporated. The organic extract of C. arvensis was added at concentrations of
0.2%, 0.1%, or 0.05%. P. graveolens essential oil (0.5% w/w) was then introduced due to
its antimicrobial and olfactory properties. As an alternative, 0.5% phenoxyethanol can be
used. The final formulations were subjected to efficacy tests in order to assess their sun
protection factor (SPF) using the Mansur method in a similar way to the crude extracts.
Triplicate measurements were carried out to ensure the reproducibility of the results.

The biological percentage of the sunscreen formulation was determined in accordance
with the COSMOS standards version 4.0 (1 January 2023) [23]. According to the principles
of natural and organic cosmetics certification, this method calculates the percentage of
organic ingredients in the final product. Each ingredient was examined to identify those
certified as organic, and their organic content percentages were obtained from supplier
certifications. Water and minerals were excluded when developing the formulas, as they
are not considered organic according to COSMOS standards. The organic content of the
dried extracts was calculated by measuring the quantity of each extract used, excluding the
weight of the solvent, and applying the COSMOS Equations (1) and (2). The final organic
percentage was then calculated using the COSMOS Equation (3), ensuring compliance with
COSMOS requirements; that is, at least 20% organic content for leave-on products.

Organic freach plant
final extract — solvents’

Ratio =

M
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Final extract — solvants =~ Organic solvants
Final extract Final extract

%Bio of extract = |Ratio x ( )| x 100, (2)

Y. % of Bio ngredients
Total ingredients

®)

Bio % of product =

2.8. Stability Tests and Characterization of the Formulas

Following the formulation of the sunscreens, their pH, conductivity, peroxide value,
and viscosity were assessed first at the production stage and then after 30, 60, and 90 days
of storage at room temperature, in order to confirm their stability over time. pH and
conductivity were measured and recorded directly from each sample using a BOECO
Bench-CT-676 pH meter and conductivity meter (BOECO, Germany). The peroxide value
was quantified using a CDR FoodLab® Junior (Perugia, Italy), and the results are expressed
in meqO2/kg.

The dynamic viscosity was measured using a Brookfield DV2T viscometer (Brookfield
Ametek, Middleboro, MA, USA). All samples (80 g) underwent equilibration at 25 °C prior
to testing. A Helipath T-Bar spindle was immersed in a glass vessel containing sunscreen
products at a speed of 20 rpm. The viscosity was recorded in centipoise (cP).

2.9. Statistical Analysis

Data were calculated using Microsoft Excel, and each experiment was performed in
triplicate. Data are presented as mean values with corresponding standard deviations
(SDs). Statistical analysis involved A2.4NOVA analysis using the Origin Pro 2024 software,
with significance determined at p < 0.05.

3. Results
3.1. Phenolic Compounds

Table 3 summarizes the contents of the C. arvensis extracts in terms of TPC, TFC,
and TC. Statistically, there was no significant difference in total phenolic content (TPC)
between the S-EtOH-H,O, S-EtOH, M-EtOH-H,O, and IF-H,O extracts (p > 0.05). Mean-
while, the M-EtOH extract showed the lowest TPC (8.24 £+ 1.17 mg GAE/g) and TFC
(6.47 + 0.49 mg QE/g), implying that maceration in ethanol alone is less efficient for the
extraction of these compounds. However, the results for the IF-H,O extract, with a TPC
of 16.91 £ 1.11 mg GAE/g and a TFC of 10.69 = 0.68 mg QE/g, suggest that water-based
infusion allows for the extraction of a substantial content of phenolic compounds, albeit
slightly less efficiently than mixed solvent systems. Regarding TC, there was no significant
difference between those extracts obtained by maceration with either 100% ethanol or
70% ethanol, yielding values of TC = 1.13 = 0.01 mg/mL and TC =1.10 £ 0.06 mg/mL,
respectively, for M-EtOH-H,O and M-EtOH. However, the highest concentration of tannins
was detected in the S-EtOH-H;O extract, with a TC of 1.66 £ 0.02 mg/mL.

Table 3. Contents of total phenolics, flavonoids, and condensed tannins.

Phenolic Compounds

Extracts
TPC (mgGAE/g) TFC (mgQE/g) TC (mg/mL)
S-EtOH-H,0 27.20 +2.76 2 13.37 £ 1.042 1.66 + 0.022
S-EtOH 14.96 + 1.65b 11.40 £+ 0.32 2P 1.32 + 0.04 b¢
M-EtOH-H,0O 1638 + 1.15b 7.72 £1.40°¢ 1.13 +0.01 <4
M-EtOH 824 +1.17°¢ 6.47 +0.49 € 1.10 + 0.06 4
IF-H,O 1691 +1.11° 10.69 + 0.68 P 1.46 +£0.12°

TPC—total polyphenol content; TFC—total flavonoids content; TC—tannin content; GAE—gallic acid equivalent;
QE—quercetin equivalent. The letters a-d are used to indicate a statistically significant difference (p < 0.05)
between the samples that were tested.
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3.2. Antioxidant Activity

The antioxidant activity of C. arvensis capitula extracts was assessed in vitro using
four methods: the DPPH, ABTS, FRAP, and TAC assays (Table 4). The findings revealed
that the antioxidant capacity varied significantly, depending on the extraction method and

solvent used.

Table 4. In vitro antioxidant activity of C. arvensis capitula extracts using DPPH, ABTS, TAC, and

FRAP methods.
Antioxidant Activity
Extracts DPPH ABTS FRAP TAC
IC50 mg/mL IC59 mg/mL mg AAE/g pm mg AAE/g pm
S-EtOH-H,0 3.77 + 0442 3.21 +0.082 18.69 =+ 0.46 ab 12.46 + 0.61 2
S-EtOH 13.57 £ 0.41°b 6.84 +£0.03P 14.67 £ 0.55b 12.34 4+ 0.822
M-EtOH-H,0O 7.33 +0.33¢ 271 +£0.05¢ 21.90 + 1.632 8.99 +0.85P
M-EtOH 15.27 +0.90 4 15.22 +0.01 16.95 + 0.84b 10.66 + 0.84 @b
IF-H,0O 26.98 + 0.93¢€ 8.55 + 0.02 ¢ 15.58 & 3.15 P 9.72 +045b
Vit-C 0.14 +£0.03f 0.004 + 0.001 f - -

pm: plant material; the letters a—f are used to indicate a statistically significant difference (p < 0.05) between the
samples that were tested. Values are presented as means =+ standard error (n = 3). Different letters in the same row
indicate statistical significance at p < 0.05. DPPH refers to DPPH free radical scavenging activity; FRAP denotes
the ferric reducing antioxidant power assay; ABTS stands for ABTS radical scavenging assay; TAC represents
total antioxidant capacity. mg GAE/g pm: mg gallic acid equivalent per gram of plant material. Vit-C: vitamin C.

The S-EtOH-H,O extract demonstrated the highest overall antioxidant potential. In
the DPPH assay, it exhibited a remarkably low ICsg value of 3.77 £ 0.44 mg/mL, indicating
strong free radical scavenging activity. Similarly, in the ABTS assay, it maintained its supe-
riority with an ICsj of 3.21 £ 0.08 mg/mL. These results suggest that the hydroethanolic
solvent combination is particularly effective at extracting bioactive compounds—Ilikely phe-
nolics and flavonoids—which are responsible for these activities. The M-EtOH-H,O extract
also showed promising antioxidant capacity, especially in the ABTS assay, where it recorded
an ICsp of 2.71 £ 0.05 mg/mL. Moreover, this extract achieved the highest reducing power,
as determined by the FRAP assay, with a value of 21.90 £ 1.63 mg AAE/g pm. These
observations highlight the beneficial role of water in the solvent mixture, which enhances
the extraction of polar compounds contributing to antioxidant activity. On the other hand,
the IF-H,O and M-EtOH extracts displayed relatively weaker antioxidant effects. The
IF-H, O extract had the poorest performance in both DPPH and ABTS assays (ICsq values of
26.98 + 0.93 mg/mL and 8.55 & 0.02 mg/mL, respectively), reflecting the limited efficacy of
aqueous infusion in extracting potent antioxidants. The M-EtOH extract also showed less
significant activity in the DPPH (15.27 + 0.09 mg/mL) and ABTS (15.22 + 0.01 mg/mL)
assays, indicating that pure ethanol might not be optimal for extracting the most effective
phenolic compounds from C. arvensis. Regarding total antioxidant capacity (TAC), both
the S-EtOH-H,0 (12.46 + 0.61 mg AAE/g pm) and S-EtOH (12.34 + 0.82 mg AAE/g pm)
extracts displayed high and comparable capacities.

3.3. Effect of C. arvensis on Cell Aging-Inducing Enzymes

The inhibitory effects of the C. arvensis extracts against enzymes involved in cell
aging—namely, elastase, tyrosinase, and collagenase—were evaluated in vitro at various
concentrations, with positive standards used as comparisons. The inhibition capacity was
observed to be dose-dependent (Table 5). The S-EtOH-H;O and M-EtOH-H,O extracts
exhibited maximum inhibition rates of 82.91% and 77.72%, respectively, with relatively
low ICsq values of 3.58 mg/mL and 3.89 mg/mL, indicating potent anti-tyrosinase activity.
These inhibition percentages were comparable to those achieved by the standard kojic
acid at a concentration of 1 mg/mL (p > 0.05), which outperformed all C. arvensis extracts
obtained through different extraction methods (Table 5).
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Table 5. Inhibitory activity of C. arvensis capitula against tyrosinase, elastase, and collagenase.

. Tyrosinase Elastase Collagenase
Extracts Concg/ntrftmn Clsy + SD Clso + SD Clso + SD
mg/m o 50 o, 50 o, 50
1% + SD mg/mL. 1% + SD mg/mL. 1% + SD mg/mL
10 68.04 + 3.09 be 57.95 + 1.75 <d 36.84 4 5.54 b¢
5 46.79 + 8.64 b¢ 4895+ 0.44P 30.00 4 2.78 be
M-EtOH 25 21.76 +1.88 ¢ 6.71 £0.06% 29.15 + 0.94 © 7.56 +0.19 ° 25.26 +2.41P -
1.25 937 +£2.06°¢ 14.97 + 0.69 4 -
0.625 - 3.02+0.64° -
10 77.72 + 0.65 2P 64.47 + 4.95 be 35.51 =+ 3.66 bc
5 58.12 +4.20b 43.94 + 0.97 <d 30.71 +£2.80b
M-EtOH-H,O 2.5 45.47 +2.88° 3.89 4+ (.76 b¢ 30.07 £ 1.16 ¢ 6.87 +0.38° 11.49 +2.48°¢ -
1.25 32.32 4+ 430" 21.37 +2.33¢ 8.00 +5.96"
0.625 20.75 + 4.96 2 820 +2.25¢ -
10 57.31 + 3.64 <¢ 57.54 +1.03 <¢ 36.90 + 1.57 be
5 40.63 4+ 3.28°¢ 42.84 4+ 1954 24.80 4+ 1.91°¢
S-EtOH 2.5 29.14 +2.16 ¢ 791+0.507 36.07 £ 1.67b 7.45 4+ 0.06 ° 14.68 +£3.27°¢ -
1.25 14.87 +1.82¢ 28.62 4 0.44 P -
0.625 - 12.15 4+ 1.22 b¢ -
10 8291 +4.742 7040 + 1.06 P 4113 +2.02°
5 59.12 £ 7.71b 47.63 £ 1.69 bc 28.08 £ 1.94 bc
S-EtOH-H,O 25 51.80 + 5.57P 3.58 £0.56 € 3828 +2.81°P 593 +0.13¢ 14.79 £2.59 ¢ -
1.25 38.42 4+ 256 21.78 £2.61° .
0.625 27.40 +1.182 12.87 £ 099 -
10 56.78 + 7.06 ¢ 55.90 + 3.49 ¢ 31.16 + 6.27
5 47.67 + 3.18 bc 36.19 4+ 2.56 ¢ 2513+ 1.11°¢
IF-H,O 2.5 43.60 + 3.88P 6.62 +2.24 3 28.38 & 0.68 8.30 +0.34° 14.76 £ 2.24¢ -
1.25 1224 +£795¢ 21.70 + 1.17 ¢ -
0.625 - 5.03 +1.91 de -
1 86.94 4+ 1.502 78.39 +1.392 81.82 +1.872
0.25 81.90 + 1.572 66.75 + 0.63 2 7522 +0.262
Standards * 0.125 64.00 +£3.142 d 5294 +1392 d 60.37 +0.88 2 0.08 + 0.00
andarcs 0.06 51.53 £ 3072 0071+001 1612 £ 0652 1 E000 51.86 + 1.022
0.03 25.05+1.912 32.82 +1.542 31.47 +0.832

Similar letters in the same column and row indicate that there is no significant difference, with a p < 0.05 threshold
(n = 3). * Kojic acid is used as a standard for the tyrosinase enzyme, while epigallocatechin gallate is used as a
standard for elastase and collagenase.

Conversely, the extracts demonstrated relatively low inhibition against both elastase
and collagenase. The S-EtOH-H, O extracts showed significant elastase inhibition at 70.40%
with an ICsj of 5.93 mg/mL, while the M-EtOH-H,O extracts achieved 64.47% inhibition
with an ICsg of 6.87 mg/mL. At a concentration of 10 mg/mL, the S-EtOH-H,O extract
exhibited the highest collagenase inhibition among the tested extracts (41.13 & 2.02%;
p < 0.05), followed by the S-EtOH (41.13 % 2.02%) and M-EtOH extracts (36.84 £ 5.54%).
However, collagenase inhibition by the extracts was generally moderate, with the S-EtOH-
H20 extract showing the highest activity at 41.13% inhibition.

The S-EtOH-H,O extract showed the most potent inhibition against elastase (70.40%
inhibition, ICsy: 5.93 mg/mL), followed by the M-EtOH-H,O extract (64.47% inhibition,
ICs0: 6.87 mg/mL; p < 0.05). Meanwhile, the extracts demonstrated promising inhibition
levels of the enzyme tyrosinase, which is crucial for regulating melanin synthesis and
treating hyperpigmentation.

3.4. Interfacial and Surface Tension Characteristics

C. arvensis capitula extracts (1% w/w) were evaluated for their ability to reduce surface
tension (ST) and interfacial tension (IT) over a time frame of 600 s (Figure 1). The results
demonstrate a varied activity when compared to that of Polysorbate 20—a commonly used
synthetic emulsifier. Initially (0 s), the surface tensions of the extracts varied considerably,
with values ranging from 38.63 mN/m for the methanol-water extract (M-EtOH-H,O) to
55.79 mN/m for the aqueous infusion (IF-H,O). These initial differences suggest that the
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methanol and ethanol extracts have a higher affinity for the air-water interface than the
aqueous infusion.

*® F——Polysorbate 20 | ' ' ] . . , .
AT . 8.91 | Polysorbate 20 ]

55

S-ETOH-HZ0 1 EYE—S5TFwontm0

ST (mN/m)
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Time (s) Time (s)

Figure 1. Surface tension (ST) and interfacial tension (IFT) profiles of C. arvensis extracts as a function
of time and solvent conditions.

Following 600 s, a significant decrease in TS was observed for all extracts. M-EtOH-
H,O showed a notable drop, from 38.63 mN/m to 31.14 mN/m, reflecting rapid and
efficient adsorption of active compounds to the interface. The S-EtOH-H,O extract fol-
lowed a similar trend, dropping from 52.38 mN/m to 41.08 mN/m. The pure methanolic
(M-EtOH) and pure ethanolic (S-EtOH) extracts also showed significant reductions in ST,
reaching 34.647 mN/m and 31.64 mN/m, respectively. Comparatively, Polysorbate 20, al-
though having an initial TS of 47.65 mN/m, showed only a slight reduction to 43.96 mN/m
after 600 s. This indicates that, although Polysorbate 20 is effective in reducing ST, the C.
arvensis extracts—particularly those containing ethanol or methanol—are more effective in
this regard.

Interfacial tension measurements also revealed the considerable activity of the extracts.
At 0s, M-EtOH (2.46 mN/m) already exhibited a remarkably low IFT, indicating a high
affinity of the compounds for the water—oil interface. After 600 s, the IFT for M-EtOH
decreased again slightly to 2.16 mN/m, confirming its exceptional efficiency. The other
extracts also showed a substantial reduction in IFT, notably M-EtOH-H,O (from 9.22
mN/m to 4.11 mN/m) and S-EtOH-H,O (from 8.99 mN/m to 3.82 mN/m), suggesting that
these extracts have a high capacity to interact with the water—oil interface. Polysorbate 20,
in contrast, showed an initial IFT of 8.93 mN/m, which decreased to 7.14 mN/m after 600
s. Although Polysorbate 20 is effective, the methanolic and ethanolic extracts of C. arvensis
outperformed this synthetic emulsifier in terms of IFT reduction. These results indicate
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that C. arvensis extracts, particularly those obtained with ethanol, have a superior ability to
reduce surface and interfacial tension, when compared with Polysorbate 20. These extracts
could, therefore, represent an interesting natural alternative to synthetic emulsifiers in
formulations where an effective reduction in surface tension is required.

3.5. Sun Protection Factor (SPF-UVB)

The C. arvensis extracts were then evaluated for their protective properties (Table 6).
The results suggest that, at a concentration of 2 mg/mL, all of the tested extracts displayed
extremely high SPF-UVB values, ranging from 193.67 = 0.04 to 192.19 =£ 0.08 for S-EtOH-
H,0 and IF-H,O extracts, respectively, as no significant difference was observed between
the different extraction methods (p > 0.05). Significantly, ZnO—a commonly used ingredient
in sunscreen formulations—has an SPF of 11.88 = 0.03 (p < 0.05) at the same concentration of
2 mg/mL. However, the UV-B absorbance measurements (290-320 nm; Figure 2b) revealed
distinct absorbance profiles for each extract. The aqueous infusion (IF-H,O) showed a
relatively stable absorbance across the UVB range, with values fluctuating around 20.09,
suggesting a low capacity for UVB absorption by the hydrophilic compounds present
in this extract. This trend is similar to that observed for the ethanol-water extract (M-
EtOH-H,0), although the latter showed a slight increase in absorbance around 300 nm,
reaching a maximum value of 20.22, which could indicate the presence of ethanol-soluble
compounds with a better interaction with UVB. The S-EtOH-H,O extract showed an overall
higher absorbance profile than the other water-soluble extracts, with values close to 20.20
at 320 nm, indicating greater UVB absorption efficiency. The M-EtOH and S-EtOH extracts
showed more complex absorbance profiles, with significant fluctuations in the UVB range
(Figure 2b). M-EtOH presented a peak absorbance at around 300 nm, reaching 20.15,
followed by a slight decrease, which could be attributed to a higher concentration.

Table 6. SPF values of C. arvensis extracts against UVB.

Extracts SPF-UVB
S-EtOH-H,O 193.67 +0.04 2
S-EtOH 193.46 £0.19°
M-EtOH-H,0 193.49 £0.24°
M-EtOH 193.60 +0.112
IF-H,O 192.19 £0.082
ZnO 11.88 +0.03°
Values are presented as means + standard error (n = 3). Different letters in the same row indicate statistical

significance at p < 0.05.

Figure 2a highlights the resulting SPF values for various cream formulation-based C.
arvensis extracts at different concentrations (0.05%, 0.10%, and 0.20%). The data suggest a
dose-dependent pattern for all the formulas, with the sunscreen-based S-EtOH-H,O extract
standing out as the most promising candidate for further development in photoprotective
skincare products. Notably, while no statistically significant difference was found between
the formulations at a concentration of 0.1%, at 0.2%, the formula based on the S-EtOH-H,O
extract had a significantly higher SPF value (SPF = 194.49 £ 0.18; p < 0.05). At a lower
concentration of 0.05%, there was no significant difference between those with IF-H,O
extract (SPF = 33.40 £ 4.25) and S-EtOH extract (SPF = 32.93 £ 2.65) (p > 0.05). Both of
these formulations achieved significantly higher SPF values than those based on M-EtOH
(SPF = 26.33 £ 5.35) and S-EtOH-H,0O (SPF = 20.38 + 0.66).
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Figure 2. Sun Protection Factor (SPF) screening of sunscreens based on C. arvensis extracts, with
similar letters in the same concentration (%) indicate that there is no significant difference, p < 0.05
(n =3) (a), and analysis of the UVB absorbance spectra of the various C. arvensis extracts (b).

COSMOS offers several important criteria for the certification of organic cosmetics;
for example, organic ingredients must be grown without the use of synthetic pesticides
or fertilizers. Additionally, the formulation must strictly exclude certain contentious
substances, such as parabens, silicones, GMOs, synthetic colorants, nanoparticles, and
other ingredients which are potentially harmful to both the environment and human
health. The production methods should prioritize ecological and sustainable practices,
in order to minimize the overall impact on the environment. Moreover, processes that
operate at lower temperatures and provide optimal yields to minimize waste and rejection
are recommended by COSMOS. Based on this, sonication was identified as a suitable
method, as it requires a minimal amount of time, no increase in temperature, and offers
the highest % yield of extraction. Additionally, the fact that the plant is wild and has not
been subjected to pesticides further supports the possibility of certifying this ingredient as
organic by COSMOS.

Following the method of calculation mentioned in point (6.2) “to calculate the percent-
age of organic ingredients” in Cosmos Standards Version 3.0 (1st September 2018), we were
able to determine the percentage of the organic ingredient (5) of the dried extract (without
solvent) used in the formulation. As the ratio (4) is greater than 1, it is considered equal to
1, according to the standards.

Ratio — .Orgamc freach plant 300 o1 @
final extract — solvents 2 —10

Final extract — solvants =~ Organic solvants
Final extract Final extract
2—-0 0

%Bio = [1 X (T + 5) x 100| = 100%.

%Bio = {Ratio X ( )| x 100, ()

The results indicate an organic percentage of 100% for the C. arvensis active ingredient.
The steps used to calculate the organic active ingredient percentage of the extract are
depicted in Figure 3.
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Solvents
(Organic + Non Organic)
(175 ml + 75 ml)
Initial Organic PROCESS 1
Fresh Capitula (Sonicatioh + filtration)
(1Kg) PROECESS 2
(Evaparation of
Solvents)
Final extract
(Zg)

Figure 3. A guideline illustration, inspired by the COSMOS technical reference, for calculating the
biological percentage of plant extracts through an extraction process.

In the present formulation, the ingredients were selected to conform the strict stan-
dards defined for COSMOS certification [24]. By applying Equation (2) defined in the COS-
MOS standard, we determined that the formula is based on 87.5% biological ingredients.
This percentage exceeds the minimum threshold of 20% required for organic certification.

Y% of Bio ngredients _ 87.5

Bio% = =
io% Total ingredients 100

x 100 = 87.5% > 20%.

3.6. Sunscreen Characteristics and Stability

Conductivity

Among the produced W/O emulsions, the 0.05% S-EtOH-H,O sunscreen recorded
an initial conductivity of 251.674 1.53 uS/cm, which decreased slightly to 235 4= 2 uS/cm
by day 90 (Figure 4c). Conversely, the 0.05% S-EtOH formulation showed a progressive
increase from 117 £ 3.60 puS/cm to 139.67 £ 2.08 uS/cm. This slight increase could be
attributed to an increase in free ions, possibly due to interactions between the components.
Furthermore, the ethanolic extract-based formulations (0.05% M-EtOH-H,O and 0.05% M-
EtOH) also showed slight fluctuations, suggesting reasonable stability over time. However,
at concentrations of 0.1% and 0.2%, formulations based on aqueous and ethanolic extracts
of C. arvensis showed good stability over the storage period. Among the microemulsion
types, W/O structures exhibit the lowest conductivity, which gradually increases with
increasing water content.

pH stability

All sunscreens based on C. arvensis extracts exhibited minimal pH changes over time
(Figure 4a). For instance, the pH of the 0.05% S-EtOH-H,O formula decreased slightly
between day 1 and day 90, from 5.15 & 0.03 to 5.03 & 0.01, respectively. In contrast, at a
concentration of 0.2%, the formulations were shown to be particularly stable, especially in
the ethanolic extract, which achieved pH values of 6.00 £ 0.13 on the first day of production,
6.53 £ 0.16 after 30 days, 6.24 & 0.01 after 60 days, and 6.24 + 0.03 after a total of 90 days.
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4. Characterization of sunscreen formulation parameters at different time intervals (day 1,

Figure

3): (a) pH values, (b) peroxide

day 60, and day 90) for assessment of stability over time (n

day 30,

and (d) viscosity analysis.

value, (c) conductivity,

Dynamic viscosity

formulations with 0.05% C. arvensis

recorded lower initial viscosities. For instance, the formula based on 0.05% S-EtOH recorded

a value of 11,254 £ 4.36 cP initially, with minimal variations over the 90 days. In contrast
formulations containing 0.2% C. arvensis extract exhibited higher initial viscosities,

Remarkably, as can be seen from Figure 4d,

7

mea-

7,183.67 =+ 2.08 cP for the 0.2% S-EtOH formulation, and outstanding stability

over 90 days. These findings confirm that C. arvensis is a highly effective stabilizer and
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Peroxide Value (PV)

The formulated sunscreen based on 0.05% M-EtOH exhibited a slight increase in PV
(Figure 4b), from 0.83 £ 0.02 meq O, /kg on day 1 to 0.85 £ 0.03 meq O, /kg on day 60,
followed by a slight increase to 0.68 £ 0.04 meq O,/kg on day 90. These fluctuations
suggest minor oxidation without major instability.

However, at the 0.1% and 0.2% concentrations, a stable range of values were found
among the formulations. For example, the S-EtOH-H,O formula at 0.1% showed consistent
values from day 1 (0.41 £ 0.01 meq O,/kg) to 0.65 £ 0.03 meq O,/kg on day 60 and
0.76 £ 1.33 meq O, /kg on day 90. The 0.2% formulations showed better PV stability,
particularly for the ethanolic extracts.

4. Discussion

To date, numerous cosmetic and pharmaceutical products based on Calendula species—
particularly C. officinalis—have been introduced to the market in a wide range of formula-
tions and applications. In this context, our study focuses on the development of an innova-
tive biological anti-aging sunscreen based on C. arvensis capitula extracts. This approach
targets the bioactive properties of C. arvensis in order to provide effective sun protection
while targeting skin aging concerns. Among all extracts, S-EtOH-H,O exhibited the highest
TC (1.66 £ 0.02 mg/mL), while M-EtOH displayed the lowest TPC (8.24 + 1.17 mg GAE/g)
and TFC (6.47 + 0.49 mg QE/g). Previous studies, such as that published by Abudunia
et al. [25], revealed significantly higher flavonoid contents in their methanolic and aque-
ous extracts (174.93 £ 5.21 mg RE/g dry extract and 74.93 & 1.50 mg RE/g dry extract,
respectively). The disparity between these values and our results could be attributed to
differences in extraction conditions; for instance, a plant material-solvent ratio of 0.4 g
dw/mL was used in their study, whereas a much lower ratio of 0.003 g dw/mL was used for
our infusion. Furthermore, Ercetin et al. [26] reported even higher phenolic (118.18 £ 10.29
mg/g extract) and flavonoid (74.14 £ 3.09 mg/g extract) concentrations in methanolic ex-
tracts of C. arvensis flowers. These variations highlight the significant impacts of extraction
methods, raw material sources, and other biotic and abiotic factors on the phytochemical
compositions observed in the various studies. In this study, S-EtOH-H,O provided the
highest antioxidant potential, as well as a low ICsy value in the DPPH (3.77 £ 0.44 mg/mL)
and ABTS (3.21 £ 0.08 mg/mL) assays, thus underscoring the suitability of hydroethanol
solvents for the extraction of phenolics and flavonoids. Conversely, extracts such as IF-H,O
and M-EtOH showed more limited antioxidant effects. These findings revealed consider-
ably higher values than those reported by Abudunia et al. [25], with ICsy values of 20.9
mg/mL and 33.2 mg/mL for the methanolic and aqueous extracts, respectively, demon-
strating a radical scavenging effect. The variations observed between the different extracts
can be attributed to the phenolic content, extraction efficiency, and the polarities of the used
solvents, which influence the bioavailability and stability of the antioxidant compounds.
The structural characteristics of phenolic compounds are characterized by the presence of
one or more hydroxyl groups (-OH) bonded directly to an aromatic benzene ring [27], and
the arrangement and number of these hydroxyl groups play an essential role in determining
the reactivity, stability, and overall biological activity of the compound. Hydroxyl groups
enable hydrogen bonding and electron donating interactions, which further enhance the
antioxidant capacity of the compound by enabling the scavenging of free radicals [27]. In
fact, -OH groups contribute to the ability of phenol compounds to chelate metal ions and
modulate enzymatic activities, which are crucial mechanisms affecting their antioxidant,
anti-aging, and photoprotective effects. The diversity of substitution patterns on the aro-
matic ring also characterizes various subclasses of phenolic compounds, influencing their
polarity, solubility, and interactions with biological targets.

Furthermore, the C. arvensis capitula extracts demonstrated notable inhibitory effects
against tyrosinase and elastase, with moderate activity against collagenase. Elastase is
a target for anti-aging formulations, a serine protease responsible for the breakdown of
elastin in skin and connective tissue [28]. The S-EtOH-H,O extract showed the most potent
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inhibition against elastase (70.40% inhibition, IC5¢: 5.93 mg/mL), followed by the M-EtOH-
H,O extract (64.47% inhibition, ICsg: 6.87 mg/mL; p < 0.05). Meanwhile, the extracts
demonstrated promising inhibition levels for the enzyme tyrosinase, which is crucial for
regulating melanin synthesis and treating hyperpigmentation. These findings highlight the
potential of C. arvensis extracts for cosmetics and pharmaceutical applications targeting skin
aging and pigmentation issues. Previous studies have reported that an C. arvensis aerial part
extract with 80% ethanol presented a 51.66 & 0.57% inhibition rate at 0.666 mg/mL, with
an ICsg of 0.621 £ 3.47 mg/mL [29]. The present research showed that the S-EtOH-H,O
capitula extract exhibited a lower inhibition rate of 27.40 4= 1.18% at a similar concentration
(0.625 mg/mL). This discrepancy may be linked to the synergistic effects of bioactive
compounds in the aerial parts, which may provide stronger tyrosinase inhibition than
those present in the capitula. However, the findings on collagenase inhibition are in line
with the previous work of Deniz et al. [29], who reported no inhibitory activity in the
hydroethanol extract of the aerial parts of C. arvensis at 0.666 mg/mL. Previous evidence
has demonstrated that phenolic compounds, such as flavonoids and tannins, are key factors
in modulating the enzymes responsible for the degradation of skin structures [30].

The interfacial tension of surfactants plays a crucial role in determining their effec-
tiveness in stabilizing emulsions. The surface and interfacial tension reduction abilities
of 1% (w/w) C. arvensis capitula extracts were evaluated over 600 s and their superior
performance was observed, when compared to Polysorbate 20. Generally, surfactants
exhibit stronger emulsifying properties when they achieve lower interfacial tension at the
boundary between two immiscible liquids, such as oil and water [31]. This reduction in
interfacial tension facilitates the formation and stabilization of smaller droplets, leading
to more stable and homogeneous emulsions [32]. Consequently, the ability of a surfactant
to lower interfacial tension directly influences its capacity to enhance emulsion stability.
Interestingly, M-EtOH (2.46 mN/m) already exhibited a remarkably low IFT, indicating a
high affinity of the compounds for the water—oil interface. After 600 s, the TI for M-EtOH
decreased again slightly to 2.16 mN/m, confirming its efficiency. This relatively high
interfacial tension increase could be assigned to their higher flavonoid content, which could
also increase the interfacial tension. Nonetheless, flavonoids could simultaneously improve
the physical stability of O/W emulsions. In fact, Jafari et al. [33] have reported that some
flavonoids could act as stabilizers of oil-in-water emulsions through their adsorption as
water-insoluble particles to the surface of oil droplets, thus forming Pickering emulsions.

Plant extracts rich in tannins have been demonstrated to provide UV protection by
scavenging free radicals and preventing oxidative damage [34]. UVB rays (320-290) activate
melanocytes and increase melanin production. Receptors on the surface of melanocytes are
activated by UVB rays. An increase in melanin in the skin is the body’s protective response
against the damaging effects of UVB, such as sunburn. However, excessive exposure to
UVB can also lead to damage such as accelerated photo-aging and skin cancer [35]. The
SPF ingredient may promote direct blocking of UV photons, or neutralization of the direct
or indirect effects of UV radiation through DNA repair systems and antioxidants [36].
The protective properties of C. arvensis extracts were evaluated (Table 6). At2 mg/mL,
all extracts exhibited high SPF-UVB values (193.67 &+ 0.04 to 192.19 £ 0.08), significantly
surpassing ZnO (SPF = 11.88 4 0.03, p < 0.05). Furthermore, the formulations demonstrated
dose-dependent SPF increases; in particular, S-EtOH-H,O at 0.2% achieving the highest
SPF (194.49 + 0.18, p < 0.05). Previously, Mishra et al. conducted an assessment of the sun
protection factor (SPF) value for a cream formulated with C. officinalis oil, resulting in a
value of 14.84 & 0.16 [37]. In contrast, Lohani et al. [38] reported a significantly lower SPF
value of 8.36 for C. officinalis essential oil.

In view of the growing consumer awareness of the risks associated with the synthetic
products [39-41], demand for biological sunscreens has increased [40], due to their ability
to offer effective UV protection while protecting the skin from potential damage [42].
Organic labels awarded by Ecocert and COSMOS ensure the natural originality of products
respecting their standards. Ecocert is widely recognized for its rigorous criteria and
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commitment to promoting ecologically sound and sustainable practices in the production
of cosmetics; however, even if natural ingredients are considered to be safe, they may
cause skin reactions. For example, skin toxicity tests of the product are essential. In the
present formulations, all ingredients were selected to conform the strict standards defined
for COSMOS certification [24]. Calculations based on COSMOS standards confirmed a
100% organic content for C. arvensis extracts and 87.5% biological ingredients in the final
formulation, exceeding the percentage threshold required for organic certification.

In order to assess the stability of the sunscreen formulations based on C. arvensis
extracts, the pH, conductivity, viscosity, and peroxide values were analyzed each month
over a period of 90 days.

Conductivity measurements allow for the characterization of microemulsion systems.
In systems containing ionic surfactants or salts, variations in conductivity serve as indicators
of structural differences [43]. The W /O emulsions demonstrated stability over 90 days.
The 0.05% S-EtOH-H,O sunscreen showed a slight conductivity decrease (251.67 to 235
uS/cm), while 0.05% S-EtOH increased slightly (117 to 139.67 uS/cm). As the water content
reaches a critical point, interactions between water droplets via charge hopping or transient
droplet aggregation can result in a continuous water network within the oil phase, forming
a bicontinuous phase that enhances conductivity [44]. However, it has been demonstrated
previously that higher pH promotes smaller droplet formation and enhances stability. The
studied sunscreens showed minimal pH changes. For instance, the pH value of S-EtOH-
H,O formula at 0.05% decreased slightly (from 5.15 to 5.03) over 90 days. At 0.2%, the
ethanolic extract remained stable, with pH values ranging from 6.00 to 6.24. This can be
attributed to increased surfactant aggregation at high pH. Carboxylic acids in crude oil,
which ionize at higher pH, contribute to the stability of emulsions by forming micelles that
reduce droplet size; however, effects vary with the system’s composition [45].

Variations in viscosity over time may indicate structural degradation or aggregation of
the ingredients. Formulations with 0.05% extract, such as 0.05% S-EtOH, had lower initial
viscosities (11,254 & 4.36 cP) with minimal changes over 90 days. Higher concentrations
(0.2% S-EtOH) showed higher viscosities (17,183.67 £ 2.08 cP) and stability. Nevertheless,
a low emulsifier content leads to larger droplets due to insufficient surface coverage, thus
promoting droplet coalescence. Increased surfactant concentration reduces droplet size
by enhancing interfacial coverage, thus improving stability. Non-ionic surfactants are
required at higher concentrations for stability when compared to anionic surfactants, which
can maintain stability even at lower concentrations [45]. In contrast, the sunscreen with
0.05% M-EtOH showed minor fluctuations in PV, while the 0.1% and 0.2% formulations—
particularly with ethanolic extracts—showed consistent PV stability over 90 days. The
peroxide value (PV) in an emulsion reflects the oxidation of lipids, where high levels
of PV indicate increased oxidative degradation, adversely affecting the stability of the
emulsion [27].

5. Limitations

The findings of this study are primarily based on in vitro analyses which, while infor-
mative, do not fully replicate the complex dynamics of skin interactions. In vivo studies
are necessary to validate the efficacy and long-term effects of the formulations, particularly
in diverse populations with varying skin types. Furthermore, the SPF results—although
highly promising—require further evaluation using standardized in vivo protocols in order
to confirm their reproducibility and reliability.

Addressing these limitations will be critical for the commercial translation and certifi-
cation of these formulations as effective and sustainable sunscreens.

6. Conclusions

Based on the results of the present study, C. arvensis flower extracts demonstrated
significant potential as biological sunscreen, targeting both UVB protection and skin ag-
ing. Furthermore, the M-EtOH extract showed significant surface and interfacial tension-
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lowering activities. This property improves the stability of oil-water emulsions, enhancing
their application in biological formulations. The combined effects of UV protection, enzyme
inhibition, and emulsion stability underline the multi-functional potential of C. arvensis ex-
tracts in the development of advanced, bio-based products that meet the growing consumer
demand for natural, eco-certified ingredients.

However, future research should focus on identifying and characterizing the specific
active compounds that are responsible for these activities.

Author Contributions: Conceptualization: N.E.-O. and A.Z.; Methodology: N.E.-O.; Software:
N.E.-O.; Validation: N.E.-O.; Formal Analysis: N.E.-O.; Investigation: N.E.-O.; Resources: N.E.-O.;
Data Curation: N.E.-O.; Writing—Original Draft Preparation: N.E.-O.; Writing—Review and Editing:
N.E.-O. and 1.Z; Visualization: N.E.-O.; Supervision: A.Z.; Project Administration: A.Z.; Fund-
ing Acquisition: A.Z and N.E.-O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The project provides the following underlying datasets: Raw_ Mate-
rial C_Arvensis.xlsx DOI: 1010.6084/m9.figshare.27643428 [46], and Sunscreen-characterisation.xlsx
DOI: 1010.6084/m9.figshare.27643425 [47]. Data are available under the terms of the Creative Com-
mons Zero “No rights reserved” data waiver (CC0 1.0 Public domain dedication).

Acknowledgments: The authors extend their heartfelt appreciation to Benkhnigue Ouafae at the
Botanics and Plant Ecology Departement of the Scientific Institute of Rabat, Morocco. and also,
Zineelabidine Triqui for their crucial support in identifying Calendula arvensis L.

Conflicts of Interest: The authors declare that there are no conflicts of interest.

References

1. Passeron, T.; Krutmann, J.; Andersen, M.; Katta, R.; Zouboulis, C. Clinical and biological impact of the exposome on the skin. J.
Eur. Acad. Dermatol. Venereol. 2020, 34, 4-25. [CrossRef] [PubMed]

2. Diffey, B. Solar ultraviolet radiation effects on biological systems. Phys. Med. Biol. 1991, 36, 299. [CrossRef] [PubMed]

3. Muthusamy, V.; Piva, T.]. The UV response of the skin: A review of the MAPK, NF«B and TNF« signal transduction pathways.
Arch. Dermatol. Res. 2010, 302, 5-17. [CrossRef] [PubMed]

4. Gasparro, EP; Mitchnick, M.; Nash, J.E. A review of sunscreen safety and efficacy. Photochem. Photobiol. 1998, 68, 243-256.
[CrossRef]

5. Nash, J. Human safety and efficacy of ultraviolet filters and sunscreen products. Dermatol. Clin. 2006, 24, 35-51. [CrossRef]

6. Bozza, A.; Campi, C.; Garelli, S.; Ugazio, E.; Battaglia, L. Current regulatory and market frameworks in green cosmetics: The role
of certification. Sustain. Chem. Pharm. 2022, 30, 100851. [CrossRef]

7. Ottman, J. The New Rules of Green Marketing: Strategies, Tools, and Inspiration for Sustainable Branding; Routledge: London, UK, 2017.

8.  Tran, E.; Richmond, G.L. Interfacial steric and molecular bonding effects contributing to the stability of neutrally charged
nanoemulsions. Langmuir 2021, 37, 12643-12653. [CrossRef]

9. Arora, D,; Rani, A.; Sharma, A. A review on phytochemistry and ethnopharmacological aspects of genus Calendula. Pharmacogn.
Rev. 2013, 7, 179. [CrossRef]

10.  El-Otmani, N.; Zeouk, I.; Hammani, O.; Zahidi, A. Analysis and Quality Control of Bio-actives and Herbal Cosmetics: The Case
of Traditional Cooperatives from Fes-Meknes Region. Trop. J. Nat. Prod. Res. (TINPR) 2024, 8, 7181-7195. [CrossRef]

11.  Khouchlaa, A.; El Baaboua, A.; El1 Moudden, H.; Lakhdar, F,; Bakrim, S.; El Menyiy, N.; Belmehdi, O.; Harhar, H.; El Omari, N.;
Balahbib, A. Traditional uses, bioactive compounds, and pharmacological investigations of Calendula arvensis L.: A Comprehensive
review. Adv. Pharmacol. Pharm. Sci. 2023, 2023, 2482544. [CrossRef]

12.  Nichols, J.A.; Katiyar, S.K. Skin photoprotection by natural polyphenols: Anti-inflammatory, antioxidant and DNA repair
mechanisms. Arch. Dermatol. Res. 2010, 302, 71-83. [CrossRef] [PubMed]

13. de Lima Cherubim, D.J.; Buzanello Martins, C.V.; Oliveira Farifia, L.; da Silva de Lucca, R.A. Polyphenols as natural antioxidants
in cosmetics applications. J. Cosmet. Dermatol. 2020, 19, 33-37. [CrossRef] [PubMed]

14. Lister, E.; Wilson, P. Measurement of total phenolics and ABTS assay for antioxidant activity (personal communication). Crop Res.
Inst. Linc. New Zealand 2001, 7, 235-239.

15. Djeridane, A.; Yousfi, M.; Nadjemi, B.; Boutassouna, D.; Stocker, P.; Vidal, N. Antioxidant activity of some Algerian medicinal

plants extracts containing phenolic compounds. Food Chem. 2006, 97, 654-660. [CrossRef]

202



Cosmetics 2024, 11, 216

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

RibéreauGayon, P,; Stonestreet, E. Dosage des tanins du vin rouge et détermination de leur structure. Chim. Anal. 1966, 48,
188-196.

Topcu, G.; Ay, M.; Bilici, A.; Sarikiirkcii, C.; Oztiirk, M.; Ulubelen, A. A new flavone from antioxidant extracts of Pistacia
terebinthus. Food Chem. 2007, 103, 816-822. [CrossRef]

Prieto, P; Pineda, M.; Aguilar, M. Spectrophotometric quantitation of antioxidant capacity through the formation of a phospho-
molybdenum complex: Specific application to the determination of vitamin E. Anal. Biochem. 1999, 269, 337-341. [CrossRef]
Kim, Y.-J.; Uyama, H.; Kobayashi, S. Inhibition effects of (+)-catechin-aldehyde polycondensates on proteinases causing proteolytic
degradation of extracellular matrix. Biochem. Biophys. Res. Commun. 2004, 320, 256-261. [CrossRef]

Khatib, S.; Mahdj, I.; Drissi, B.; Fahsi, N.; Bouissane, L.; Sobeh, M. Tetraclinis articulata (Vahl) Mast.: Volatile constituents,
antioxidant, antidiabetic and wound healing activities of its essential oil. Heliyon 2024, 10, €24563. [CrossRef]

Mansur, J.d.S.; Breder, M.N.R.; Mansur, M.C.d.A.; Azulay, R.D. Determinagédo do fator de protegdo solar por espectrofotometria.
An. Bras. Dermatol. 1986, 63, 121-124.

Sayre, RM.; Agin, P.P; LeVee, G.J.; Marlowe, E. A comparison of in vivo and in vitro testing of sunscreening formulas. Photochem.
Photobiol. 1979, 29, 559-566. [CrossRef]| [PubMed]

COSMOS. Standard 2024. Available online: https://www.cosmos-standard.org/en/documents/ (accessed on 5 February 2024).
AISBL C-s. COSMOS-Standard Technical Guide. Available online: https://media.cosmos-standard.org/filer_public/06/29 /0629
8b4e-83cb-4064-ae46-f4578f9fc9f5 /cosmos-standard_technical_guide_v40.pdf (accessed on 20 February 2024).

Abudunia, A.-M.; Marmouzi, I.; Faouzi, M.; Ramli, Y.; Taoufik, J.; El Madani, N.; Essassi, E.; Salama, A.; Khedid, K.; Ansar, M.
Anticandidal, antibacterial, cytotoxic and antioxidant activities of Calendula arvensis flowers. J. De Mycol. Medicale 2017, 27, 90-97.
[CrossRef] [PubMed]

Ercetin, T.; Senol, ES.; Orhan, LE.; Toker, G. Comparative assessment of antioxidant and cholinesterase inhibitory properties of
the marigold extracts from Calendula arvensis L. and Calendula officinalis L. Ind. Crops Prod. 2012, 36, 203—-208. [CrossRef]
Ghelichi, S.; Hajfathalian, M.; Yesiltas, B.; Serensen, A.D.M.; Garcia-Moreno, P].; Jacobsen, C. Oxidation and oxidative stability in
emulsions. Compr. Rev. Food Sci. Food Saf. 2023, 22, 1864-1901. [CrossRef] [PubMed]

Porwal, M.; Rastogi, V.; Chandra, P.; Shukla, S. An Updated Review on the Role of Phytoconstituents in Modulating Signalling
Pathways to Combat Skin Ageing: Nature’s Own Weapons and Approaches. Nat. Prod. ]. 2024, 14, 55-71. [CrossRef]

Deniz, ES.S.; Orhan, L.E.; Duman, H. Profiling cosmeceutical effects of various herbal extracts through elastase, collagenase,
tyrosinase inhibitory and antioxidant assays. Phytochem. Lett. 2021, 45, 171-183. [CrossRef]

Dziato, M.; Mierziak, J.; Korzun, U.; Preisner, M.; Szopa, ].; Kulma, A. The potential of plant phenolics in prevention and therapy
of skin disorders. Int. |. Mol. Sci. 2016, 17, 160. [CrossRef]

Ravera, F; Dziza, K.; Santini, E.; Cristofolini, L.; Liggieri, L. Emulsification and emulsion stability: The role of the interfacial
properties. Adv. Colloid Interface Sci. 2021, 288, 102344. [CrossRef]

Ho, T.M.; Razzaghi, A.; Ramachandran, A.; Mikkonen, K.S. Emulsion characterization via microfluidic devices: A review on
interfacial tension and stability to coalescence. Adv. Colloid Interface Sci. 2022, 299, 102541. [CrossRef]

Jafari, SM.; Doost, A.S.; Nasrabadi, M.N.; Boostani, S.; Van der Meeren, P. Phytoparticles for the stabilization of Pickering
emulsions in the formulation of novel food colloidal dispersions. Trends Food Sci. Technol. 2020, 98, 117-128. [CrossRef]
Fraga-Corral, M.; Otero, P; Echave, ].; Garcia-Oliveira, P.; Carpena, M.; Jarboui, A.; Nufez-Estevez, B.; Simal-Gandara, J.; Prieto,
M.A. By-products of agri-food industry as tannin-rich sources: A review of tannins’ biological activities and their potential for
valorization. Foods 2021, 10, 137. [CrossRef] [PubMed]

Rouzaud, F; Kadekaro, A.L.; Abdel-Malek, Z.A.; Hearing, V.J. MC1R and the response of melanocytes to ultraviolet radiation.
Mutat. Res. /Fundam. Mol. Mech. Mutagen. 2005, 571, 133-152. [CrossRef] [PubMed]

Wang, T.; Zhao, J.; Yang, Z.; Xiong, L.; Li, L.; Gu, Z.; Li, Y. Polyphenolic sunscreens for photoprotection. Green Chem. 2022, 24,
3605-3622. [CrossRef]

Mishra, A.; Mishra, A.; Chattopadhyay, P. Assessment of in vitro sun protection factor of Calendula officinalis L. (asteraceae)
essential oil formulation. J. Young Pharm. 2012, 4, 17-21. [CrossRef]

Lohani, A.; Mishra, A.K.; Verma, A. Cosmeceutical potential of geranium and calendula essential oil: Determination of antioxidant
activity and in vitro sun protection factor. J. Cosmet. Dermatol. 2019, 18, 550-557. [CrossRef]

Mitterer-Daltoé, M.; Bordim, J.; Lise, C.; Breda, L.; Casagrande, M.; Lima, V. Consumer awareness of food antioxidants. Synthetic
vs. Natural. Food Sci. Technol. 2020, 41, 208-212. [CrossRef]

Lignin-Based Sunscreens and Bio-Based Skincare Products. Cosmetics 2021, 8, 78. [CrossRef]

Reis-Mansur, M.C.P.P;; da Luz, B.G.; dos Santos, E.P. Consumer Behavior, Skin Phototype, Sunscreens, and Tools for Photoprotec-
tion: A Review. Cosmetics 2023, 10, 39. [CrossRef]

Fonseca-Santos, B.; Corréa, M.A.; Chorilli, M. Sustainability, natural and organic cosmetics: Consumer, products, efficacy,
toxicological and regulatory considerations. Braz. |. Pharm. Sci. 2015, 51, 17-26. [CrossRef]

JA, SM.; Khalid, R.M.; Othaman, R. Coconut oil based microemulsion formulations for hair care product application. Sains
Malays. 2019, 48, 599-605.

Li, L.; Qu,J.; Liu, W,; Peng, B.; Cong, S.; Yu, H.; Zhang, B.; Li, Y. Advancements in Characterization Techniques for Microemulsions:
From Molecular Insights to Macroscopic Phenomena. Molecules 2024, 29, 2901. [CrossRef]

203



Cosmetics 2024, 11, 216

45.  Al-Sakkaf, M.K.; Onaizi, S.A. Effects of emulsification factors on the characteristics of crude oil emulsions stabilized by chemical
and Biosurfactants: A review. Fuel 2024, 361, 130604. [CrossRef]

46. EL-OTMANI N. Raw_Material C_Arvensis.xIsx. Figshare. Dataset. 2024. Available online: https:/ /figshare.com/articles/
dataset/Raw_Material_C_Arvensis_xlsx /27643428 /1?file=50338740 (accessed on 26 November 2024).

47. EL-OTMANI N. Sunscreen- Characterisation.xlsx. Figshare. Dataset. 2024. Available online: https://figshare.com/articles/
dataset/Sunscreen-_characterisation_xlIsx /27643425 /1?file=50338743 (accessed on 26 November 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

204



cosmetics WVI\D\Py

Article

1,2-Dihydroxy-9H-Xanthen-9-One, a Multifunctional
Nature-Inspired Active Ingredient

Ana Jesus 12, Sara F. Vieira 3%, Gongalo Brites >°, Myléne Carrascal ®7, Helena Ferreira >4, Nuno M. Neves 34,

Honorina Cidade 8219, Madalena Pinto 82, Emilia Sousa 8% %, Isabel FE. Almeida 12* and Maria T. Cruz 5

1 UCIBIO—Applied Molecular Biosciences Unit, Faculty of Pharmacy, University of Porto, 4050-313 Porto,

Portugal; anaaimjesus@gmail.com

Associate Laboratory i4HB—Institute for Health and Bioeconomy, Faculty of Pharmacy, University of Porto,

4050-313 Porto, Portugal

3B’s Research Group, I3BS—Research Institute on Biomaterials, Biodegradables and Biomimetics, University

of Minho, Headquarters of the European Institute of Excellence on Tissue Engineering and Regenerative

Medicine, AvePark, Parque de Ciéncia e Tecnologia, Zona Industrial da Gandra, Barco, 4805-017 Guimaraes,

Portugal; saravieira2409@gmail.com (S.E.V.); helenaferreira@i3bs.uminho.pt (H.E);

nuno@i3bs.uminho.pt (N.M.N.)

4 ICVS/3B’s-PT Government Associate Laboratory, 4710-057 Braga, Portugal

Faculty of Pharmacy, University of Coimbra, 3004-531 Coimbra, Portugal; g.sousabrites3@gmail.com (G.B.);

trosete@ff.uc.pt (M.T.C.)

Center for Neuroscience and Cell Biology—CNC, 3004-504 Coimbra, Portugal; mylenecarrascal87@gmail.com

Labor Qualitas, Tecnimede Group, Rua da Tapada Grande, Abrunheira, 2710-089 Sintra, Portugal

CIIMAR—Interdisciplinary Centre of Marine and Environmental Research, Avenida General Norton de

Matos, S/N, 4450-208 Matosinhos, Portugal; hcidade@ff.up.pt (H.C.); madalena@ff.up.pt (M.P.)

Laboratory of Organic and Pharmaceutical Chemistry, Department of Chemical Sciences, Faculty of Pharmacy,

University of Porto, 4050-313 Porto, Portugal

10 UNIPRO—Oral Pathology and Rehabilitation Research Unit, University Institute of Health Sciences (CESPU),
4585-116 Gandra, Portugal

*  Correspondence: esousa@ff.up.pt (E.S.); ifalmeida@ff.up.pt (LEA.)

Abstract: Incorporating antioxidants into cosmetics is the mainstay for developing new products
to mitigate skin aging. However, identifying novel multifunctional antioxidant ingredients with
additional relevant properties that block the skin hallmarks of aging is a very striking strategy. Many
natural compounds, including xanthones, have demonstrated biologically notable properties. In
particular, 1,2-dihydroxy-9H-xanthen-9-one (1,2-DHX) has inhibitory activity against skin enzymes,
and metal-chelating and radical-scavenging activities. Therefore, 1,2-DHX is an attractive molecule
for cosmetic purposes. With this goal in mind, the anti-inflammatory, antioxidant, and anti-allergic
potentials of 1,2-DHX were investigated. 1,2-DHX demonstrated anti-inflammatory properties by
inhibiting the synthesis of specific pro-inflammatory mediators, including interleukin-6 (IL-6) and
prostaglandin E2 (PGE2), in human macrophages. This xanthone did not elicit sensitization reactions
and did inhibit allergic reactions triggered by a strong skin allergen, suggesting its potential as an
anti-allergic compound. 1,2-DHX also revealed mitochondrial antioxidant activity by mitigating
rotenone-induced oxidative stress in macrophages by up to 40%. Overall, 1,2-DHX displayed a
safety profile and noteworthy biological activities, highlighting its multifunctional profile as an active

cosmetic ingredient with anti-inflammatory, antioxidant, and anti-allergic properties.

Keywords: nature-inspired xanthone; anti-inflammatory; anti-allergic; antioxidant; multifunctional
ingredient

1. Introduction

The appearance of deep and coarse wrinkles, compromised skin integrity, and age
spots are clinical signs of skin aging [1]. These events mainly originate from external
factors, including solar radiation, contact with allergens, pollutants, and tobacco smoke [2].
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These elements collectively lead to an increase in reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) [3]. They are both involved in oxidative damage to skin cells
and in the pathophysiology of inflammation, resulting in the activation of the immune
system [4,5]. Among the events evoked by oxidative stress are the degradation of sev-
eral skin extracellular matrix proteins; the oxidation of lipids, carbohydrates, and nucleic
acids [6]; and the production of pro-inflammatory mediators, triggering inflammatory
cascade reactions [7]. Contact with allergens could also accelerate skin aging. The release
of danger signals evoked after contact with skin allergens drives intracellular signaling
pathways in antigen-presenting cells, enabling them to mature and prime naive T lym-
phocytes [4]. Upon activation, these T cells transform into allergen-specific effector T cells,
which circulate throughout the body, triggering a severe inflammatory response in follow-
ing exposure. Incorporating antioxidants into cosmetic formulations is a key strategy for
developing anti-aging products, since it helps to delay and prevent skin aging. This makes
the discovery of innovative multifunctional antioxidant compounds highly relevant for
enhancing skin protection. Natural products, especially xanthones, have been reported for
their numerous biological activities [8]. Only two xanthones (x-mangostin and mangiferin)
have been identified with potential to be used in cosmetic products, due to their antioxi-
dant, anti-inflammatory, and anti-aging properties (Figure 1). Both xanthones are the main
compounds identified in the respective natural extracts (a-mangostin: Garcinia mangostana
extract; mangiferin: Mangifera indica extract) present in cosmetic products [9-11]. The presence
of hydroxyl groups in this scaffold is responsible for their powerful antioxidant activity.
It has already been reported that 1,2-dihydroxy-9H-xanthen-9-one (1,2-DHX) presents in-
hibitory activity against enzymes involved in the degradation of collagen (collagenase) and
elastin (elastase) fibers and hyaluronic acid (hyaluronidase) [12]. Additionally, 1,2-DHX
demonstrates metal-chelating effects [Fe(Ill) and Cu(II)] and DPPH radical-scavenging
activity. Furthermore, the stability demonstrated at skin pH, together with the absence
of phototoxicity in irradiated keratinocyte cells [12], reinforces its potential as a cosmetic
active ingredient. Considering all the studies previously reported highlighting 1,2-DHX as
a hit compound for cosmetic applications, the anti-inflammatory, anti-allergic, and mito-
chondrial antioxidant activities and skin sensitization potential were investigated, aiming
to disclose the in vitro effectiveness and safety profile of 1,2-DHX (Figure 1).

o  OH
: O O g
HO (o OH

o-mangostin
(0} OH
O O :
(0}
1,2-DHX

Figure 1. Chemical structure of natural xanthones found in cosmetic products and 1,2-DHX.

2. Materials and Methods
2.1. Materials

The compound 1,2-dihydroxy-9H-xanthen-9-one (1,2-DHX) was synthetized accord-
ing to previously described procedures [13,14]. Briefly, the synthesis of 1,2-DHX started
with the reaction between the two starting materials, methyl 2-bromobenzoate and 3,4-
dimethoxyphenol, which gave methyl 2-(3,4-dimethoxyphenoxy)benzoate, which was
subsequently hydrolyzed to 2-(3,4-dimethoxyphenoxy)benzoic acid. Then, this intermedi-
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ate was cyclized into 1,2-dimethoxy-9H-xanthen-9-one. Finally, the methoxy groups were
deprotected, which gave 1,2-dihydroxy-9H-xanthen-9-one. Figure 2 illustrates the steps
followed to synthesize 1,2-DHX.

o ~o -~ o
- o Cu, K,COs, o
4>
Br HO o
methyl 2- 3 ,4-dimethoxyphenol methyl 2-(3,4-dimethoxyphenoxy)benzoate
bromobenzoate
CH;OH/THF
H,0, NaOH,
r.t. 96h
~
o Do HO o
LDA, THF, N,, o
O O °~ 0°C > £t 2h ~
% o
(o) O
1,2-dimethoxy-9H-xanthen-9-one 2-(3,4-dimethoxyphenoxy)benzoic acid

Tol, AICIs,
A, 8h

o] OH

OH
(0]

1,2-dihydroxy-9H-xanthen-9-one

Figure 2. Synthesis of 1,2-DHX. Py: pyridine; A: heating; r.t.: room temperature; LDA: lithium
diisopropylamide; THEF: tetrahydrofuran; Tol: toluene.

For the biological assays, the materials and reagents used were obtained from different
companies: RPMI-1640 media and Quant-iT PicoGreen dsDNA Kit from Thermo Fisher
Scientific (Waltham, MA, USA); fetal bovine serum (FBS) from Gibco (Waltham, MA,
USA); AlamarBlue from Bio-Rad (Hercules, CA, USA); human interleukin-6 (IL-6) DuoSet
Enzyme-linked immunosorbent assay (ELISA) from R&D Systems (Minneapolis, MN, USA);
prostaglandin E2 (PGE2) ELISA Kit from Abcam (Cambridge, UK); ascorbic acid (AA),
dexamethasone (DEX), lipopolysaccharide (LPS; Escherichia coli O26:B6), rotenone (Rot), and
1-fluoro-2,4-dinitrobenzene (DNFB) from Sigma-Aldrich (Darmstadt, Germany); celecoxib
(CEL) from GmbH (Darmstadt, Germany); anti-CD86 (clone IT2.2) and anti-CD54 (clone
HADS58) antibodies from Biolegend (San Diego, CA, USA); and MitoSOX™ Mitochondrial
Superoxide Indicators (MitoSOX Red Kit) from Invitrogen (Waltham, MA, USA).

2.2. Methods
2.2.1. Cell Culture

Healthy adult volunteers’ blood donation units were used to acquire human peripheral
blood mononuclear cells (PBMCs) through a collaborative agreement with the Portuguese
Institute of Blood and Transplantation (IPST; Instituto Portugués do Sangue e Transplan-
tagao, Portugal). The collection of peripheral blood from healthy volunteers at Hospital of
Braga, Portugal, was approved on 14 December 2018 by the Ethics Subcommittee for Life
and Health Sciences (SECVS) of University of Minho, Portugal (No. 014/015). The prin-
ciples expressed in the Declaration of Helsinki were followed, and participants provided
their signed informed consent. Monocytes were isolated from human PBMCs according
to the previous procedure [15]. Briefly, Histopaque-1077 solution and blood were mixed
in a ratio of 1:1 and centrifuged at 400x g, for 30 min. Then, the PBMC ring was carefully
harvested and washed with PBS. CD14 microbeads were used to isolate the monocytes
from PBMCs through positive magnetic separation, in accordance with the manufacturer’s
instructions. Isolated monocytes were resuspended in RPMI medium (cRPMI; RPMI-1640
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medium containing 2 mM glutamine, 10% human serum, 1% penicillin/streptomycin,
and 1% HEPES) and seeded (1 x 10° cells/mL) in a multi-well plate (MW-24) for 7 days,
exposed to 20 ng/mL of recombinant human GM-CSF at 37 °C in a 5% CO, saturated
atmosphere. The cell culture medium was substituted every 3 days. The morphology of
human primary monocyte-derived macrophages (hMDMs) was verified by visualization
with an inverted microscope (Axiovert 40; Zeiss, Oberkochen, Germany).

The human monocytic cell line THP-1 (ATCC® TIB-202™; American Type Culture
Collection, Manassas, VA, USA) was cultivated in RPMI medium containing 25 mM
(D)-glucose, 10% inactivated FBS, 10 mM HEPES, 100 U/mL penicillin, 100 ng/mL strep-
tomycin, and 1 mM sodium pyruvate and kept at a cell density of 0.4 x 10° cells/mL.
According to ATCC® instructions, THP-1 cells were sub-cultured every 2 or 3 days and
kept in culture for a maximum of three months.

The mouse macrophage cell line RAW 264.7 (ATCC TIB-71; Manassas, VA, USA) was
cultivated in DMEM containing 10% inactivated FBS, 1% antibiotic solution, 1 mM sodium
pyruvate, and 1.5 g/L sodium bicarbonate. The cell culture of macrophages was mechani-
cally separated with a cell scraper, sub-cultured in a 1:10 proportion (1 mL of cellular sus-
pension to 10 mL of final volume of DMEM), and used after reaching 80-90% confluence.

2.2.2. Anti-Inflammatory Activity

A 50 mM stock solution of 1,2-DHX was prepared in DMSO and filtered by using a
0.22 um sterile filter. Serial dilutions were made with cRPMI medium to obtain the final
concentrations of 5, 12.5, 25, 50, and 100 uM in the wells. The hMDMs were exposed
to 100 ng/mL of LPS in fresh cRPMI medium for 2 h. Afterwards, 1,2-DHX solutions
at different concentrations were added to the LPS-stimulated hMDMs and incubated for
24 h. After that, the culture medium was collected, homogenized, and stored at —80 °C
until analysis. Then, the metabolic activity of the cells and DNA content were determined.
Controls containing 0.2% DMSO were also tested. Non-stimulated and LPS-stimulated
hMDMs were used as negative and positive controls of the production of pro-inflammatory
mediators, respectively. Dexamethasone (10 pM) and celecoxib (10 M) were dissolved
in ethanol and used as positive controls of the inhibition of the production of the pro-
inflammatory mediators.

e  Metabolic activity

The metabolic activity of the non-stimulated or LPS-stimulated hMDMs was deter-
mined by using the alamarBlue assay, based on the manufacturer’s instructions. After
collecting the culture medium, the hMDM cells were gently washed with warm PBS. RPMI
medium containing 10% AlamarBlue was added to each well and left to incubate at 37 °C
for 3 h. At the end, the absorbance for each sample in triplicate was measured at 570 nm
and 600 nm with a microplate reader (Synergy HT; BioTek, Winooski, VT, USA). The results
were expressed in percentage in relation to the control.

e  DNA quantification

DNA quantification was assessed by using the Quant-iT PicoGreen assay, according to
the manufacturer’s instructions. After the determination of metabolic activity, the hMDM
cells were washed with DPBS. Then, 1 mL of ultrapure water was added to each condition,
and the samples were frozen at —80 °C. For the analysis, samples were defrosted, collected
into an eppendorf, and sonicated for 15 min. The samples or standards at concentrations
between 0 and 2 pug/mL, in triplicate, were added to a 96-well plate, followed by PicoGreen
solution and Tris-EDTA (TE) buffer. The plate was incubated for 10 min protected from
light. Fluorescence was read with a microplate reader (excitation wavelength (EX) of
485 nm and emission wavelength (EM) of 528 nm). The DNA concentration in pg/mL was
extrapolated by the standard curve plotted from the fluorescence intensity versus the DNA
concentration. The results were expressed in relative DNA concentration of the control.
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e  Pro-inflammatory mediator quantification

The amounts of PGE2 and IL-6 were determined through ELISA kits, following the
manufacturer’s instructions. The PGE2 and IL-6 concentrations in pg/mL were obtained
from a standard curve of the absorbance intensity versus the specific pro-inflammatory
mediator. The values obtained were normalized to the respective DNA concentration. The
results were presented in percentages relative to the positive control.

2.2.3. Sensitization Potential and Anti-Allergic Activity

The human monocyte THP-1 cell line was also employed as a dendritic cell (DC)
surrogate for the skin sensitizing hazard, following OECD guidelines. By adjusting OECD
test Guideline No. 442E [16], the THP-1 cell concentration was set to 0.5 x 10° cells/mL,
and they were incubated overnight at 37 °C in a 5% CO; saturated atmosphere. On
the following day, cells were plated in a 12-well plate (1.5 mL/well), and 1.2-DHX was
applied at the final concentration of 100 pM. After pre-incubation (1 h at 37 °C) with the
active compound, a solution of DNFB, prepared in DMSO, was added (final concentration
of 8 uM), and cells were additionally incubated for another 24 h under the previously
mentioned conditions. Afterwards, cells were transferred to eppendorfs and centrifuged
at 300x g for 5 min at 4 °C. The supernatant was rejected, and the cell pellet was washed
with PBS/1% FBS (2 x 1 mL) and centrifuged at 300x g for 5 min at 4 °C. Then, cells
were further resuspended in 1 mL of PBS/1% FBS, and 200 puL was collected for two
1.5 mL eppendorfs equally divided for unstained (UNST) and stained (CD5486) conditions.
Each stained condition contained 3 puL of each antibody, anti-CD86 and anti-CD54, and
was further incubated in the dark for 30 min at 4 °C. Afterward, cells were washed with
PBS/1% FBS and centrifuged at 300x g for 5 min at 4 °C. Then, the supernatant was
discarded, and 100 uL of PBS/1% FBS solution was added to the cell pellet and gently
homogenized for subsequent analysis through the flow cytometry technique (BD Accuri™
C6 cytometer (San Jose, CA, USA)). Flow cytometry was used to examine the levels of the
cellular membrane markers CD86 and CD54 by using acquisition channels FL1 and FL4,
respectively. For control cells and chemical-treated cells, the relative fluorescence intensity
(RFI) of the membrane markers CD86 and CD54 was calculated by utilizing the geometric
mean fluorescence intensity (MFI) and the following equation:

MFI of chemical treated stained cells — MFI of chemical treated unstained cells

RFI =
MFI of control stained cells — MFI of control unstained cells

x 100

The findings from a minimum of three independent experiments were presented as
percentages of the RFI values observed in relation to the control, which was set to 100%.
Samples were categorized as skin sensitizers if the RFI values for CD54 and CD86 exceeded
the thresholds outlined in the 442E OECD guideline, precisely 200% and 150%, respectively.

2.2.4. Mitochondrial Antioxidant Activity

Mitochondrial superoxide (O, ) generation was determined by using MitoSOX fluo-
rescent probe according to the manufacturer’s instructions. Briefly, 0.6 x 10° cells/mL were
plated in a 12-well plate (1.2 mL/well) and incubated overnight at 37 °C. The next day, cells
were exposed to 1,2-DHX (100 uM) and ascorbic acid (antioxidant control)) (500 uM) and
pre-incubated for 1 h, using the conditions previously mentioned. Then, rotenone (final
concentration of 20 uM) was added and incubated for 5 h at 37 °C. After the incubation
period, the cells were carefully detached with a scrapper from each well, transferred to
2 mL eppendorfs, and centrifuged at 500x g for 3 min at room temperature. The cell
supernatant was collected and rejected, and the cell pellet was washed with HBSS solution
(2 x 1mL) and centrifuged at 500 x g for 3 min. Afterwards, the cell pellet was resuspended
in 400 uL of PBS solution, and 300 uL was collected for two 1.5 mL eppendorfs: 150 uL for
unstained and 150 pL for stained conditions. Stained cells were incubated with 100 pL of
freshly prepared MitoSOX working solution (final concentration of 2.5 uM) at 37 °C for
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15 min protected from light. Then, 400 uL of HBSS solution was added to the dilute stained
condition and was further centrifuged. Then, the stained conditions were washed with
HBSS solution (2 x 1 mL). Finally, the cell pellet was resuspended in 100 uL of PBS solution
and analyzed by flow cytometry (BD Accuri™ C6 cytometer (San Jose, CA, USA)).

2.2.5. Statistical Analysis

GraphPad Prism8 for Windows (GraphPad Software, San Diego, CA, USA; www.
graphpad.com; accessed on 5 December 2024) was utilized to conduct the statistical analy-
sis. The results were presented as means =+ standard deviations (SDs) or means =+ standard
errors of the means (SEMs), based on a minimum of three independent experiments, in
triplicates. Statistical comparisons were carried out by using one-way ANOVA, followed
by Sidak’s multiple comparisons test (anti-inflammatory activity and levels of IL-6 and
PGE2) and Tukey’s multiple comparisons test (sensitization potential, anti-allergic activity,
and mitochondrial antioxidant activity). The value of p < 0.05 was considered signifi-
cant, and the statistical levels considered were * p < 0.05; ** p < 0.01, *** p < 0.005, and
**4* p < 0.001 relative to the respective control.

3. Results and Discussion
3.1. Anti-Inflammatory Activity

The metabolic activity and relative DNA content achieved for hMDMSs that were
stimulated by LPS in the absence or presence of 1,2-DHX are shown in Figure 3. 1,2-DHX
did not affect hMDM metabolic activity (Figure 3A) or DNA content (Figure 3B) at the
concentrations tested.
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Figure 3. The metabolic activity (A) and relative DNA concentration (B) of non-stimulated (W /o
LPS) and LPS-stimulated hMDMs cultured or not in the presence of different concentrations (5, 12.5,
25, 50, and 100 uM) of 1,2-DHX and clinically used anti-inflammatory compounds (dexamethasone
(DEX) and celecoxib (CEL) at 10 uM). The dotted line represents the metabolic activity and the DNA
concentration of the positive control (LPS-stimulated hMDMs without treatment (CTL LPS)). The
results of three independent assays (n = 3) are expressed as means + SDs (standard deviations).

The anti-inflammatory activity of 1,2-DHX was assessed by its ability to reduce
the pro-inflammatory PGE2 and IL-6 mediators, produced by LPS-stimulated hMDMs
(Figure 4). As expected, when the hMDMs were stimulated with LPS, we observed a signif-
icant increase in the levels of both PGE2 and IL-6 pro-inflammatory molecules. Celecoxib
significantly decreased (29.4 £ 9.1%) PGE2 production, and dexamethasone effectively
reduced IL-6 production (58.7 &£ 5.1%). When LPS-stimulated hMDMs were treated with
the 1,2-DHX, a decrease in the PGE2 level (34.2 + 9.5% at 100 uM) in the culture medium
was observed (Figure 4A). 1,2-DHX showed similar anti-inflammatory activity at all tested
concentrations, leading to similar or inferior levels of PGE2 if compared with celecoxib, a
clinically employed non-steroidal anti-inflammatory drug (NSAID). 1,2-DHX at 100 puM sig-
nificantly decreased IL-6 production (34.7 & 3.7%) by LPS-stimulated hMDMs (Figure 4B).
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Figure 4. The PGE2 (A) and IL-6 (B) percentages of non-stimulated (W /o LPS) and LPS-stimulated
hMDMs cultured in the presence or in the absence of different concentrations of 1,2-DHX and
clinically used anti-inflammatory drugs (dexamethasone (DEX) and celecoxib (CEL) at 10 uM). The
dashed line indicates the highest amount of generated pro-inflammatory mediators in the positive
control (LPS-stimulated hMDMs without treatment (CTL LPS)). The results of three independent
assays (n = 3) are expressed as means + SDs, and statistically significant differences are indicated by
*p <0.05,** p <0.01, and **** p < 0.0001 in comparison with the respective positive control.

Cytocompatible concentrations severely reduced the PGE2 and IL-6 levels in LPS-
stimulated hMDMs (Figure 4), being the highest concentration the most effective. This
capacity is of utmost relevance, since PGE2 increases vasodilation, vascular leakage, hy-
peralgesia, and fever [17], and IL-6 promotes T-cell growth and activation, increases B-cell
development, and modulates the chemokines that activate neutrophils [18]. Therefore,
reducing the synthesis of these pro-inflammatory mediators ameliorates inflammation,
specifically skin inflammation, avoiding skin premature aging. Moreover, 1,2-DHX demon-
strated anti-inflammatory activity similar to or better than clinically used anti-inflammatory
drugs. Considering the results obtained herein at the maximum concentration of 1,2-DHX
used, the following biological activities explored for the compound were performed at
100 puM.

3.2. Sensitization Potential and Anti-Allergic Activity

The necessity for non-animal alternative studies has been recognized for the evaluation
of the toxicity of chemicals to human health overall. It has become especially demanding
for cosmetic active ingredients as a result of the European Union Commission’s regulation
banning the testing and marketing of products in which animal experiments have been
used. Following an alternative validated test, OECD guideline 442E [16], the up-regulation
of the co-stimulatory molecules CD54 and CD86 in THP-1 cells was used to evaluate the
potential of the molecules to allay skin sensitization and xanthone’s ability to mitigate skin
allergy by using the strong allergen DNFB (Figure 5).

At the non-cytotoxic concentration of 100 uM, 1,2-DHX revealed a promising safety
profile with RFI (%) values of 179.05 £ 29.45% and 90.85 + 37.86%, with both values being
lower than the thresholds for CD54 of 200% and CD86 of 150%, respectively, already estab-
lished in the guidelines [16]; thus, a non-sensitizer label could be assigned to 1,2-DHX. As ex-
pected, the treatment with DNFB increased the levels of CD54 (RFI (%) = 621.34 & 31.81%)
and CD86 (RFI (%) = 367.00 & 35.92%). 1,2-DHX showed inhibitory activity towards
DNFB-induced cell maturation with RFI (%) values of 294.82 + 34.00% for CD54 and
238.08 + 35.92% for CD86. For the CD54 membrane cell marker, 1,2-DHX (294.82 + 34.00%)
demonstrated a stronger inhibitory effect (around 50%) towards the DNFB-induced cell
maturation (621.34 + 31.81%) than for the CD86 cell marker (238.08 4 35.92%). The anti-
allergic action of 1,2-DHX allows us to hypothesize that this compound could eliminate
and prevent the harmful effects of other allergens that come into contact with the skin.
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Figure 5. The non-sensitization potential (compared with control) and anti-allergic activity of 1,2-DHX
towards the maturation of THP-1 cells induced by the strong allergen DNFB (compared with DNFB).
The relative fluorescence intensity (RFI) of CD54 and CD86 expression was determined. The results of
seven independent assays (1 = 7) are expressed as means £ SEMs (standard errors of the means), and
statistically significant differences observed are indicated by ** p < 0.01 and **** p < 0.0001 compared
with the positive control (DNFB).

3.3. Mitochondrial Antioxidant Activity

Mitochondria are cellular organelles rich in oxidant species where the cellular oxidative
stress process can be initiated more easily, triggered by an external stimulus capable to
provoke an increase in oxidant species [19]. Oxidative stress activates other molecular
events, including inflammatory and allergic reactions. Considering that mitochondria
have been identified as a major source of ROS, mostly of superoxide anion (O,°* ), the
mitochondrial antioxidant activity of 1,2-DHX was assessed in macrophage cells stimulated
by rotenone (Figure 6).
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Figure 6. The pro-oxidant potential (compared with control; 100%) and mitochondrial antioxidant
activity of 1,2-DHX (100 uM) under rotenone-induced oxidative stress in RAW264.7 cells (compared
with rotenone). The antioxidant control ascorbic acid (AA) was also tested. The relative fluorescence
intensity (RFI) of the fluorescent probe was measured. The results of eight independent assays (n = 8)
are expressed as means + SEMs, and statistically significant differences observed are indicated by
*p <0.05and ** p < 0.01 compared with the positive control (Rot) at the tested concentrations.

Two control molecules, AA and rotenone, with antioxidant activity and potential
to induce oxidative stress, respectively, were used. 1,2-DHX (84.14 £ 5.07%) and AA
(83.97 £ 4.88%) did not demonstrate the ability to induce oxidative stress in macrophages,
with RFI (%) values inferior to the control (100%) (Figure 6). The antioxidant response of 1,2-

212



Cosmetics 2024, 11, 215

DHX was further investigated by using rotenone as a positive control. Rotenone triggered
mitochondrial oxidative stress, increasing mitochondrial O,°® ~ production [20], reflected
by an increase in fluorescence. 1,2-DHX showed inhibitory effect on rotenone-induced
mitochondrial O,°~ production with RFI (%) values of 167.59 &+ 5.41% and 134.57 & 4.92%
compared with rotenone at 40 uM (207.55 = 4.25%) and rotenone at 20 M (110.18 £ 7.05%),
respectively (Figure 6). Mitochondrial O?*~ is one of the most reactive species that con-
tribute to the oxidation of biomolecules, the acceleration of skin aging, the regulation of
apoptosis, and senescent events [21,22]. Thus, a reduction in o2 production can help
to avoid cellular oxidative processes, preventing the acceleration of the aging of the skin.
Other antioxidant molecules are being used in cosmetic products with the purpose of
neutralizing ROS [23]; however, there is not specific information about their antioxidant
activity directed to the mitochondria. Ascorbic acid is one of the antioxidants used in
cosmetic products that has been already reported for its antioxidant activity, including
as an untargeted and mitochondria-targeted antioxidant [24]. With our results, it is also
possible to observe the effective inhibitory response of AA towards rotenone-induced
mitochondrial O,°~ production at different concentrations of rotenone used as a stimulus
(40 uM: 135.42 =+ 3.08%; 20 uM: 110.18 £ 6.37%), corroborating the results already reported
in the literature [24]. The existence of a few mitochondria-targeted antioxidants in cosmetic
products, aligned with the results obtained for 1,2-DHX, highlights it as a potential active
cosmetic ingredient.

4. Conclusions

Skin is constantly exposed to external factors that contribute to the aging process, so
its protection and equilibrium maintenance are essential. Sources of new active ingredients
with multifunctional action are must-haves in the development of new cosmetic products,
specifically anti-aging formulations. Nature has been used as a valuable source in the
discovery of new active compounds with diverse daily cosmetic applications. 1,2-DHX
is a nature-inspired xanthone with promising anti-aging and antioxidant activities and a
physicochemical profile suitable for topical application. The evaluation of skin sensitization
potential and anti-inflammatory, anti-allergic, and mitochondrial antioxidant activities is
unveiled herein for the first time. Non-cytotoxic concentrations of 1,2-DHX demonstrated
the ability to reduce PGE2 and IL-6 pro-inflammatory mediator release. 1,2-DHX did
not elicit skin sensitization and inhibited DNFB-triggered allergic reactions, highlighting
its preventive potential for use after skin contact with allergens. Furthermore, 1,2-DHX
significantly reduced mitochondrial superoxide anion production. Based on these results,
the application of this ingredient could be diversified in cosmetic products that help to
fight skin inflammation, such as those activated by exposure to solar radiation and, in
this particular case, aftersun products. 1,2-DHX could also help to minimize the effects of
allergic contact dermatitis, due to its ability to mitigate allergen-induced skin sensitization.
By acting as an untargeted and mitochondria-targeted antioxidant ingredient, 1,2-DHX
could prevent premature skin aging by impeding the deregulation of the biological and
metabolic processes of the skin that depend on the equilibrium state of mitochondria.
Overall, 1,2-DHX can block relevant hallmarks of skin aging, namely, inflammaging and
oxidative stress, and is thus a promising anti-aging ingredient.
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Abstract: Aging is synonymous with the skin becoming increasingly thin and fragile, which is
associated with a decrease in epidermal cell layers. Beyond this intrinsic aging process, the skin
is continually exposed to environmental stressors such as UV radiation that accelerate aging. To
fight the signs of aging, a comprehensive program was implemented in this study to evaluate the
efficacy of an innovative ingredient, Willaertia lysate, through a multi-scale approach encompassing
cellular and advanced 3D skin models. The results show that Willaertia lysate, initially sourced from
French Alps thermal spring waters, is able to (i) promote cell migration; (ii) improve the quality and
abundance of the extracellular matrix in aged skins and in young skins exposed to UV radiation to a
similar level to that in unexposed young skins; (iii) decrease tyrosinase activity and melanin content;
and (iv) reduce oxidative stress after UV exposure by decreasing exposome markers such as protein
carbonylation and lipid peroxidation expression. This complete set of coherent results demonstrates
the global protective efficacy of Willaertia lysate against the effects of photoaging. This study is the
first to report the use of a protozoan lysate as a natural and biosourced postbiotic active ingredient in
the fields of cosmetics and dermocosmetics.

Keywords: cosmetics; antiaging; antioxidant; Willaertia magna C2c Maky; postbiotic; thermal
spring water

1. Introduction

With increasing life span, skincare has become an ever-growing sector. As we age, our
skin becomes increasingly thin and fragile. The number of epidermal cell layers decreases,
as do the size and quantity of dermal fibroblasts. Elastin and collagen fibers, which are
essential for maintaining skin structure, fail to assemble properly and become rigid, leading
to a loss of elasticity and firmness in the skin. Cells that once played a vital role in synthesis
and renewal are now transitioning toward senescence and degradation [1]. Beyond this
intrinsic aging process, the skin is continually exposed to environmental stressors that
accelerate aging. Among these extrinsic factors, UV radiation is the primary cause of
cutaneous aging, known as photoaging [2].

To help maintain youthful and healthy skin over time, the cosmetic industry offers a
broad spectrum of antiaging active ingredients with very different modes of action and
sourcing. Public demand for improved skin health and beauty products has led to the
emergence of a new type of products called cosmeceuticals, which lie at the interface of
cosmetics and pharmaceuticals [3]. Cosmeceuticals encompass, for example, vitamins
recommended for preventing photoaging, including retinol, which has been the gold
standard in antiaging treatments for many years. However, retinol is not always well
tolerated [4], despite formulations designed to reduce its toxicity [5]. Moreover, face creams
and serums containing more than 0.3% retinol, and body care products containing more
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than 0.05% retinol, will be banned from over-the-counter sale in Europe from 2026 onwards,
following widespread concern about the potentially dangerous side effects of high retinol
concentrations (EU Commission Regulation 2024 /996 of 3 April 2024).

More recently, bakuchiol, a meroterpene phenol abundant in the seeds and leaves of the
plant Psoralea corylifolia, has been used in place of retinol, showing similar effects but with
better tolerance even though there is no structural resemblance [4,6]. However, bakuchiol
was demonstrated to be allergenic in cosmetics [7]. There is a wide range of other molecules
with antiaging and/or antioxidant effects, such as hydroxy acids, growth factors, peptides,
microbial compounds, and botanical extracts [3,8-11]. In recent years, biotechnology
has emerged as a key driver of innovation, particularly through the development of
numerous functional compounds derived from microorganisms such as bacteria, fungi, and
algae. These advancements have played a significant role in promoting and facilitating the
sustainable growth of the cosmetic industry [12,13]. Microbial fermentation, thus, has great
potential in cosmetics, with prebiotics referring to fermentation metabolites, probiotics
containing living microorganisms, and postbiotics corresponding to cell lysates or non-
viable microorganisms. Pre/pro/postbiotics are usually used to maintain a healthy skin
microbiome [14]; however, postbiotics can have antiaging properties due to the selection of
skin microbiota linked with the aging phenotype of the skin [15]. Postbiotics are usually
members of the Lactobacillus genera and/or yeasts such as Saccharomyces cerevisiae [16], but
to the best of our knowledge, the domain of protozoa has never yet been exploited.

Exploration of the hydrobiome of the thermal waters of Aix-les-Bains (Pr Bodennec,
Université Lyon 1, personal communication) has led to the isolation of a microorganism
with highly interesting biological properties [17]. Several studies have characterized this
organism, deposited with the ATCC under the name Willaertia magna C2c Maky (PTA-
7824). In particular, this organism demonstrated an absence of pathogenicity in culture
experiments that were corroborated by omics analyses [18,19]. This strain is a unicellular
microorganism belonging to the Protista kingdom. It is characterized by a deformable cell
body emitting shape-changing extensions called pseudopodia, which enable it to capture
microscopic prey via phagocytosis. In its natural environment, it is a natural predator and
regulator of populations of environmental bacteria and waterborne microorganisms [19].
These kinds of microorganisms, such as W. magna C2c Maky, are ubiquitous protozoan that
inhabit common aquatic environments [19,20].

A novel natural and biosourced ingredient based on the patented use of a lysate of
W. magna C2c Maky was developed as a bioactive hydrobiome-derived postbiotic for use
in cosmetics and dermocosmetics. The aim of this study was to investigate the intrinsic
properties of this Willaertia lysate for use in the field of cosmetics, particularly to fight
the signs of aging. An initial study identified promising potential properties associated
with the stimulation of specific gene expression. These findings were further confirmed
through in vitro experiments, including wound healing, skin lightening, and assessments
using three-dimensional (3D) reconstructed skin models. These models were used to
study both intrinsic and extrinsic aging factors, enabling an evaluation of the effects of
this ingredient on a range of established markers within the epidermis, dermal-epidermal
junction, and dermis.

2. Materials and Methods
2.1. Expression of Genes of Interest

Target gene induction analysis was performed on human epithelial cells (ATCC CCL-
2, BioTK Consulting & Services, Marseille, France) cultured in DMEM (Thermo-Fisher
Scientific, Waltham, MA, USA) supplemented with fetal calf serum (10%), with penicillin
and streptomycin (5000 U/mL and 5000 ug/mL, respectively) at 37 °C and under 5% CO,
atmosphere in a 6-well plate with a flat bottom.

Cells at a concentration of 1 x 10° cells/well were either stimulated or not stimulated
with Willaertia lysate lot 22.LY.040 (Amoéba, Chassieu, France) containing 7.79% dry matter
(w/v) after its dilution at 0.2% and 0.1% for 8 h at 37 °C under 5% CO, atmosphere.
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Total RNA was isolated using Qiagen’s RNAeasy protocol, quantified via NanoDrop
(260 nm), and normalized to 100 ng/puL (stored at —20 °C). Only samples with a 260/280 ratio
above 2 were used for analysis.

The mRNA contained in the total RNA samples was transformed into cDNA via
reverse transcription using oligo-dt 18 and then stored at —20 °C. Quantitative PCR was
performed on a CFX96 Bio-Rad using the sybergreen method with primers specific to the
targeted genes of interest. The results were expressed as the fold change (FC) according to
Formula (1) (n = 3, mean + standard deviation):

FC =2~ AACt )

where AACt = (Ct target gene — Ct constitutive gene)iest — (Ct target gene — Ct constitutive
gene)control.

The constitutive gene was GAPDH and the target genes were TLR2 (immunity), TGF-
beta (cell multiplication, anti-inflammation), RunX1 (cell multiplication, tissue cohesion,
cell differentiation), PiwiL1 (cell renewal), SGK1 (UV protection, antioxidative stress,
photoaging), FOXO1 (UV protection, antioxidative stress, photoaging), BCL2 (anti-cell
death), HMMR (hyaluronic acid receptor, cell mobility), HAS (hyaluronic acid synthesis),
COL1A1 (collagen synthesis), and FBL5 (wound healing).

2.2. Antioxidant Activity

The antioxidant activity was measured using the 2,2-diphenyl-1-picrylhydrazil (DPPH)
method [21-23].

e  Amoeba Extracts

Willaertia lysate lot 22-LY-130 (Amoéba, Chassieu, France) containing 10.64% dry
weight of the active substance was mixed with methanol at 4 concentrations (1, 5, 10,
and 15 mg dry weight/mL). The mixtures were then shaken for 30 s and extracted with
ultrasound (45 kHz) for 30 min (Ultrasonic cleaner, USC600-TH—VWR). The mixtures
were centrifuged at 10,000 g for 15 min. The supernatants were stored at —20 °C until
use.

e DPPH Assay

The DPPH reagent (Sigma—Aldrich, Saint Quentin Fallavier, France) was dissolved in
methanol to a concentration of 0.1 mM. A volume of 50 pL of Willaertia lysate extracts was
placed in a microplate (with 96 flat-bottomed wells), and the procedure was performed in
triplicate. Then, 200 puL of DPPH at 0.1 mM was added to the wells. As a positive control,
50 uL of ascorbic acid solution mixed with methanol at 4 concentrations ranging from 10
to 25 ug/mL was placed in the microplate, and 200 uL of DPPH was added. As a blank
control, 50 pL of methanol was used, and 200 uL of DPPH was added. Finally, the plate was
incubated in a microplate reader (Victor® Nivo, PerkinElmer, Villebon-sur-Yvette, France),
and the absorbance was recorded every minute at 521 nm for 30 min at room temperature
in the dark.

The inhibition percentage (1%) corresponding to the quantity of DPPH radicals reduced
by the extract at a given concentration was calculated according to Formula (2):

AB — AS

1% = | — =2
/ [AB

] x 100 )
where AB is the absorbance of the blank, and AS is the absorbance of the sample.

The inhibitory concentration IC50, which is the concentration of the sample required
to eliminate 50% of DPPH free radicals, was also calculated graphically using a linear
regression analysis.

The results were expressed as the mean of three independent replicates.
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2.3. Dermal Fibroblast and Keratinocyte Cell Migration Measure
e  Cell culture

Normal human dermal fibroblasts (NHDFs, Laboratoires PKDERM, Grasse, France)
in primary culture were seeded with fibroblast basal medium (Innoprot, Derio, Spain), and
the human epidermal keratinocyte cell line HaCaT (Laboratoires PKDERM, Grasse, France)
was seeded with DMEM-F12 (VWR, Radnor, PA, USA), both supplemented with 2% fetal
bovine serum, 1% fibroblast growth supplement, and 1% penicillin/streptomycin. Cell
incubation was conducted in a humidified cell incubator set at 37 °C and 5% CO,.

e In vitro scratch test

NHDF or HaCaT cells were seeded in Ibidi® 2-well silicone culture inserts (ibidi
GmbH, Grifelfing, Germany) in a 24-well plate. The growth area of each well insert
was 0.22 cm?, the width of the cell-free gap was 500 um =+ 100 um, the cell density was
70,000 cells per well insert, and the volume of the culture medium was 70 pL per well
insert. The NHDF and HaCaT cells were allowed to proliferate until confluency for 24 h in
the humidified cell incubator set at 37 °C and 5% CO,.

The Ibidi culture inserts were then removed, and the cells were exposed to different
treatments (500 uL/well of 24-well plate) for 25 h or 50 h, with three replicates per treatment
condition (n = 3). The three treatments—the control (untreated group), and the Willaertia
lysate lot 22.LY.077 (Amoéba, Chassieu, France) containing 9.24% of dry matter (w/v)
diluted at 1 x 107°% and at 1 x 10~*%—were compared.

e Image acquisition

The culture plate was placed on a CytoSMART OMNI brightfield device (Axion
Biosystems, Atlanta, GA, USA) inside the culture incubator. Photographic images were
captured every hour over the culture period using the CytoSMART OMNI brightfield
live-cell imager equipped with a high-resolution digital camera

The results were expressed as the closure area and the area under the curve (AUC).

e  Statistical analysis

Statistical significance was determined through analysis of variance (ANOVA single
factor). Statistically significant differences were indicated by asterisks as follows: * p < 0.05,
**p <0.01, and *** p < 0.001).

2.4. Murine Melanoma Cell Pigmentation Assays

e Cell culture

Cells from the murine melanoma cell line B16-F10 (Laboratoires PKDERM, Grasse,
France) were cultured in DMEM supplemented with fetal calf serum (10%) and with
penicillin and streptomycin (5000 U/mL and 5000 ug/mL, respectively) at 37 °C and
under 5% CO, atmosphere. The cells were seeded in a 24-well plate at a cell density of
50,000 cells/well and a volume of culture medium of 500 uL per well. The cells were
allowed to proliferate until confluency in a humidified cell incubator set at 37 °C and
5% CO,.

e Tyrosinase enzyme activity and pigmentation assays

B16-F10 cells were exposed to different treatments (500 nL/well of 24-well plate) for
48 h. The different treatment conditions, with three replicates per treatment condition
(n = 3), were tested as follows:

- Control (untreated group);

- 3-isobutyl-1-methyl-xanthine (IBMX) at 100 uM (Sigma-Aldrich, Saint Quentin
Fallavier, France);

- IBMX + kojic acid at 200 uM (Sigma-Aldrich);

- IBMX + Willaertia lysate at 1 x 107°%;

- IBMX + Willaertia lysate at 1 x 10~4%;

- IBMX + Willaertia lysate at 1 x 10~3%.
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Melanin content was evaluated on BF16-F10 cells lysed in 1IN NaOH (200 uL/well of
24-well plate) and incubated at 80 °C for 1 h via optical density measurement at 405 nm.

Tyrosinase enzyme activity was determined on B16-F10 cells lysed in 1% Triton X-100
(100 uL/well of 24-well plate). The cell lysate (20 uL) was incubated with 2 mM of L-DOPA
(100 uL) at 37 °C for 1 h, and the kinetics of formation of dopachrome was monitored at
490 nm.

e  Statistical analysis

Statistical significance was determined through analysis of variance (ANOVA single
factor). Statistically significant differences were indicated by asterisks as follows: * p < 0.05,
**p <0.01, and *** p < 0.001).

2.5. Aging Studies on Reconstructed Skins

e  Ethical considerations and human cutaneous cell isolation

All cells used to build the reconstructed skins were provided by Labskin Creations,
Lyon, Rhone-Alpes, France. Human skin tissue was collected according to the principles
of the Declaration of Helsinki, and its use was declared to the French Research Ministry
(declaration no DC-2020-4346). Written informed consent was obtained from the donor ac-
cording to the French bioethical law of 2014 (loi 94-954 du 29 Juillet 1994). Primary cultures
of human fibroblasts, keratinocytes, and melanocytes were established from the healthy
skin biopsy obtained from an infant donor (<5 years old) or an adult donor (>40 years old).
Normal human epidermal keratinocytes (NHEKSs), melanocytes (NHEMs), and dermal
fibroblasts (NHDFs) were isolated from human skin, as previously described [24].

e  Three-dimensional reconstructed aged skin for intrinsic aging study

Three-dimensional (3D) full-thickness reconstructed skin models were obtained by
culturing NHDFs (>40 years old) in a scaffold made of collagen, glycosaminoglycans,
and chitosan (LabSkin matriX™, Lyon, France) for 21 days under optimized cell culture
conditions for ECM neo-synthesis, as previously described [25]. NHEKs were then seeded
on the top of the dermal equivalent constructs and raised at the air/liquid interface to allow
the formation of the epidermal compartment.

From day 10 until the end of the culture period, the 3D reconstructed skin models were
treated in a systemic way with Willaertia lysate lot 22-LY-040 containing 7.79% dry matter
(w/v) diluted at 0.1 x 1073%. The treatments were renewed at every medium renewal each
week. Skin equivalent samples harvested on day 42 of total cell culture were immediately
fixed in 4% neutral-buffered formalin (Diapath) for 24 h and then embedded in paraffin or
in an optimal cutting temperature (OCT) compound and frozen at —80 °C for histological
and immunohistological analysis, respectively. For each cell culture condition and analysis,
3D skin equivalents were produced in triplicate.

e  Three-dimensional reconstructed young skin for extrinsic aging study

Three-dimensional full-thickness reconstructed skin models were obtained by cul-
turing NHDFs (<5 years old) in a scaffold made of collagen, glycosaminoglycans, and
chitosan (LabSkin matriX™) for 21 days under optimized cell culture conditions for ECM
neo-synthesis as previously described [25]. NHEKs and NHEMs were then seeded on the
top of the dermal equivalent constructs and raised at the air/liquid interface to allow the
formation of the epidermal pigmented compartment. For each cell culture condition and
analysis, 3D skin equivalents were produced in triplicate.

From day 10 until the end of the culture period, the 3D reconstructed skin models
were treated in a systemic way with Willaertia lysate diluted at 0.2 x 10~3%. The treatments
were renewed at every medium renewal each week. On day 40, the tissue constructs were
exposed to 100 mJ/ c¢m? UVB with UV Stratalinker® 1800 (Stratagene, La Jolla, CA, USA).
Skin equivalent samples harvested on day 42 of total cell culture were immediately fixed in
4% neutral-buffered formalin (Diapath, Martinengo, Italy) for 24 h and then embedded in
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paraffin or in an optimal cutting temperature (OCT) compound and frozen at —80 °C for
histological and immunohistological analysis, respectively.

e Histological analysis

To evaluate the global cutaneous structure of the samples, hematoxylin phloxine
saffron (HPS) staining was performed. For each condition, paraffin sections of 5 um
were cut. After dewaxing and rehydration, the samples were stained with HPS. After
rinsing, the samples were dehydrated before being mounted on slides using a hydrophobic
mounting medium.

e Immuno-histological analysis

To detect immunofluorescence on the paraffin sections, after the heat-mediated antigen
retrieval treatment, non-specific binding was blocked in PBS containing 4% BSA. The sec-
tions were then incubated with the primary antibodies of interest diluted in PBS containing
4% BSA overnight at room temperature.

After incubation for 1 h with an AlexaFluor-568-conjugated anti-mouse/rabbit sec-
ondary antibody (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA), nuclear
counterstaining using DAPI was carried out routinely. As a negative control, the primary
antibody was replaced by the corresponding IgG class.

For immunohistochemistry on the paraffin sections, after the heat-mediated antigen
retrieval treatment, non-specific binding was blocked in PBS containing 4% BSA. The sec-
tions were then incubated with the primary antibodies of interest diluted in PBS containing
4% BSA overnight at room temperature. The studied markers were the following;:

Ki67, loricrin, and filaggrin for epidermis;

Collagen-7 for the dermal-epidermal junction (DEJ);

Hyaluronic acid for dermis.

Malonyl dialdehyde (MDA) and carbonylation for antioxidative stress

After incubation for 1 h with EnVision anti-mouse/rabbit-HRP secondary antibody
(Dako EnVision+, HRP) and applying DAB+ substrate solution to the sections, the color of
the antibody staining was revealed. The slides were counterstained by immersing them
in a 25% Harris hematoxylin counterstaining solution. As a negative control, the primary
antibody was replaced by the corresponding IgG class.

e Image acquisition and analysis

The specimens stained in HPS were observed using an Axio Observer A1/D1 optical
microscope, and images were captured using AxioCam HRc and ZEN 2 pro (Carl Zeiss
SAS, Marly-le-Roi, France). Sixteen-bit images were saved in an uncompressed tagged
image file format (tiff). Nine representative images were captured for each condition in the
same manner. The immunostained specimens were observed using a Zeiss Axio Observer
D1 microscope. Sixteen-bit images were saved. Three representative images were captured
for each condition in the same manner (n =9 in total).

For the markers of interest, positive red-stained tissue areas were automatically de-
tected. The surface area of interest was measured automatically. The data were normalized
based on the dermal-epidermal junction length for dermal-epidermal markers and based
on the dermal area for dermal markers (for example loricrin/DE]J length).

The data were expressed in percentage of density.

Statistical analysis was performed with R (R Foundation for Statistical Computing,
Vienna, Austria), and normality was checked using the Shapiro-Wilk normality test. The
normal distribution led to a parametric test. Analysis of variance was performed using an
ANOVA test, then the conditions were compared with each other using pairwise ¢-tests as
post-hoc tests. The absence of a normal distribution led to a non-parametric test. Analysis
of variance was therefore performed using a non-parametric Kruskal-Wallis test, and then
the conditions were compared with each other using a non-parametric Wilcoxon-Mann-—
Whitney test as post hoc tests.
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For all data, statistical significance was assessed via a one-way Student’s t-test, and sta-
tistically significant differences were indicated by asterisks as follows: * p < 0.05, ** p < 0.01,
and *** p < 0.001.

3. Results
3.1. Preliminary Test to Evaluate the Potential Activity of Willaertia Lysate

Willaertia lysate at two dilutions was tested to evaluate its potential activity on 11 genes
involved in the cellular repair process (Table 1).

Table 1. Targeted genes and their function.

Gene Name Function References
TLR2 Immunity [26-28]
TGF-beta Cellular multiplication, anti-inflammation [29,30]

RunX1 Cell regeneration rggulatlon, Fellular.mgltlphcatlon, cell [31-33]
cohesion, and differentiation

Piwil.1 Cell renewal [34,35]

Blood pressure regulation, UV protection, oxidative stress,

SGK1 . [36-38]
cell survival
FOXO1 Stress resistance, antioxidation [39-42]
BCL2 Regulation of apoptosis [43-45]
HMMR Hyaluronic acid receptor, neoplastic process [46]
COL1A1 Collagen synthesis [47]
HAS Hyaluronic acid synthesis [48-50]
FBL5 Wound healing [51-53]

A moderate stimulation (1.5- to 1.99-fold increase) was observed in genes related to
wound healing (FBL5) and hyaluronic acid synthesis (HAS) at a 0.2% dilution of Willaertia
lysate (1.6 x 1072% dry weight), and a strong stimulation (>2-fold increase) was noted
for genes associated with anti-apoptosis (BCL2), cellular renewal (PIWI1L), UV protection,
and antioxidative stress (FOXO1 and SGK1), with maximum expression observed at a
0.2% dilution, whereas the highest expression of the BCL2 gene was achieved with a
0.1% dilution of Willaertia lysate (Figure 1).
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Figure 1. Cont.
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Figure 1. Average fold change in the expression of overexpressed targeted genes.

Therefore, Willaertia lysate showed significant potential in enhancing cellular functions
linked to aging, including cell protection, cell renewal, UV protection, and antioxidative
stress. The findings support the potential efficacy of Willaertia lysate in promoting cellular
health and longevity.

3.2. Wound Healing Assay

Considering the overexpressed genes, the potential of Willaertia lysate in promoting
cell migration was evaluated via a scratch test on human dermal fibroblast cells and the
human keratinocyte cell line.

Regarding the control curve, the wound closure area increases gradually over time,
indicating the occurrence of basal cell migration and natural wound healing processes
(Figure 2). NHDF cells treated with 10~%% of Willaertia lysate (9.2 x 10~%% dry weight)
exhibit a higher wound closure area compared to the control and the 10~ treated cells
(Figure 2). This result demonstrates the dose-dependent efficacy of the lysate in promoting
cell migration, thereby improving the wound-healing process.
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Figure 2. Wound closure area of human dermal fibroblasts treated with two dilutions of Willaertia
lysate. Results are expressed as mean + SD (n = 3 biological replicates).
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The area under the curve (AUC) is a measure of the total extent of cell migration
over time. The treatment of NHDF cells with Willaertia lysate solution (10~4% dilution)
increased the AUC significantly by 20% (p < 0.05) compared to the control group under
normal culture conditions, suggesting that it promoted cell migration in a dose-dependent
manner (Figure 3).
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Control Lysate 10™% Lysate 10°%

Figure 3. The area under the curve of the closure area of human dermal fibroblasts was treated with
two dilutions of Willaertia lysate. Results are expressed as mean + SD (n = 3 biological replicates),
*

p <0.05.

On human keratinocytes (HaCat cells), the treatment with 10~4% Willaertia lysate
resulted in an increase in the AUC by +14% compared to the control group. This difference
was visualized through image acquisition (Figure 4).

Figure 4. Images of HaCat cell migration: (a) at TO without treatment; (b) at TO with Willaertia lysate
diluted at 107%%; (c) after 35 h of culturing without treatment; and (d) after 35 h of culturing with
Willaertia lysate diluted at 10~#%. The blue color indicates the cell-free scratch area.
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These results demonstrate that Willaertia lysate promotes cell migration in both ker-
atinocyte and fibroblast cell types.

3.3. Pigmentation Assay

The objective of this assay was to evaluate the potential effect of Willaertia lysate on
pigmentation using the B16-F10 murine melanoma cell line, both by measuring its capacity
to decrease tyrosinase enzyme activity and melanin content.

3.3.1. Tyrosinase Activity

Tyrosinase activity increased significantly by 49% in the presence of IBMX, known
to stimulate pigmentation mechanism, compared to the control group. This increase was
significantly reduced by 15% with the addition of kojic acid, known to inhibit tyrosinase
activity, and by 7%, 11%, and 9% with treatment with Willaertia lysate diluted at 1075%,
1074%, and 103%, respectively (Figure 5). These data suggest that Willaertia lysate inhib-
ited the tyrosinase activity in B16-F10 melanocytes when used between 107°% and 1073%.
It is worth noticing that, at 10~4% dilution, the decrease in tyrosinase activity was not
significantly different from that under the kojic acid condition (p = 0.1), meaning that the
efficacy of the Willaertia lysate at this concentration was as good as the effect of kojic acid.
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Figure 5. Area under the curve of tyrosinase activity of B16-F10 melanocytes treated with IBMX,
IBMX + kojic acid (KA), and three dilutions of Willaertia lysate (1072%, 10~%%, and 1073%). Results
are expressed as mean =+ SD (n = 3 biological replicates), * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3.2. Melanin Synthesis

In B16-F10 cells treated with IBMX and kojic acid, the melanin content decreased
significantly by 24% (Figure 6) compared to the IBMX group (p < 0.001). This confirmed
the effect of kojic acid on melanin synthesis, thereby validating the pigmentation assay as
kojic acid represented the positive control. These results clearly show that Willaertia lysate
induced a concentration-dependent decrease in melanin synthesis in B16-F10 melanocytes.
It significantly decreased the melanin content by 12% (p < 0.05) and 22% (p < 0.01) at 10~4%
and 10-3% dilutions, respectively.
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Figure 6. Concentration of melanin in B16-F10 melanocytes treated with IBMX, IBMX + kojic acid
(KA), and three dilutions of Willaertia lysate (10*5 %, 10~%%, and 10*3%). Results are expressed as
mean + SD (n = 3 biological replicates), * p < 0.05, ** p < 0.01, ** p < 0.001.

The treatment of murine melanoma B16-F10 cells with Willaertia lysate showed a
concentration-dependent decrease in both tyrosinase activity and melanin content. These
two combined effects indicated that Willaertia lysate was effective in reducing pigmentation.

3.4. Intrinsic Aging Study

The objective of this investigation was to evaluate the effects of Willaertia lysate on
the histological characteristics of 3D reconstructed aged skin models, more precisely on
different specific cutaneous markers using immunohistological techniques.

3.4.1. Histological Analysis of 3D Young vs. 3D Aged Untreated and Treated Skin Models

The global structure of the reconstructed aged skin model was consistent at both the
epidermal and dermal levels, showing a pluristratified epidermis that was well differenti-
ated from the basal layer to the stratum corneum, and well anchored on top of the dermal
equivalent filled with fibroblasts and a neosynthesized extracellular matrix (ECM). The
dermal-epidermal junction (DEJ) seemed cohesive and regular. However, compared with
the young condition (Figure 7a), aging had an impact on both dermal and epidermal com-
partments. The extracellular matrix was less dense and abundant, and it was disorganized,
impacting tissue elasticity and hydration. The epidermal thickness decreased with fewer
layers of living cells. Moreover, the terminal differentiation was disrupted, with thinner
stratum granulosum and stratum corneum, thereby impacting barrier function (Figure 7b).
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Figure 7. Histological analysis of 3D reconstructed skins: (a) untreated young skin; (b) untreated
aged skin; and (c) aged skin treated with Willaertia lysate diluted at 0.1 x 10~3%.

The histological observations showed some beneficial effects of Willaertia lysate on
the 3D reconstructed aged skin model. Compared with the untreated aged condition, the
treatment with Willaertia lysate diluted at 0.1 x 1073% (7.8 x 10~%% dry weight) increased
the epidermal thickness. Moreover, there was a recovery of terminal differentiation after the
treatment compared with the untreated condition. Concerning the dermal compartment,
the Willaertia lysate treatment improved the quality and abundance of the ECM (Figure 7c).

3.4.2. Immuno-Histological Analysis of Specific Markers in 3D Young Untreated vs. 3D
Aged Untreated and Treated Skin Models

To gain a deeper understanding of these effects, further investigations were carried
out to decipher more precisely the cellular mechanisms underlying the effects of Willaertia
lysate at both the epidermal and dermal levels. To conduct such investigations and confirm
the histological observations, different cutaneous markers were selected to be explored
by means of immuno-histological analysis. The selected markers were Ki67 (Figure 8a),
filaggrin (Figure 8b), and loricrin (Figure 8c) for the epidermis; collagen-7 (COL VII)
(Figure 8d) for the dermo-epidermal junction (DEJ); and hyaluronic acid (HA) for the
dermis (Figure 8e).
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Figure 8. Immuno-histological analysis of 3D reconstructed skins via image automated quantification
analysis of (a) Ki67, (b) filaggrin, (c) loricrin, (d) collagen-7 (COL VII), and (e) hyaluronic acid (HA).
*** p <0.001, * p < 0.01, * p < 0.05, NS: non-significant, UT: untreated. There were 3 experimental
replicates and 3 image acquisition replicates for each marker; thus, 9 images were quantified per
experimental condition.

228



Cosmetics 2024, 11, 200

Compared with the young untreated model, the expression levels of the three main
cutaneous markers of the skin barrier—Ki67, loricrin, and filaggrin—were significantly
decreased in the aged untreated model by —34%, —33%, and —81%, respectively. Compared
with the young untreated model, COL VII, and HA were also significantly decreased in the
aged untreated model by —96% and —27%, respectively. These results were expected and
validate the experiment (Figure 8).

Compared with the aged untreated control, the treatment with 0.1 x 10~3% of Willaer-
tia lysate resulted in a significant increase in Ki67, filaggrin, loricrin, COL VII, and HA by
+68%, +361%, +48%, +7170%, and +38%, respectively, in the 3D reconstructed aged skin
model. The expression level of these cutaneous markers returned to a similar level to that
of the untreated young skin model, except for COL VII, which increased significantly by
64% (Figure 8).

3.5. Extrinsic Aging Study

The objective of this investigation was to evaluate the effects of Willaertia lysate on
different specific cutaneous markers in 3D UV-irradiated reconstructed young skin using
immuno-histological techniques.

3.5.1. Histological Analysis of 3D Unirradiated Untreated Young Skin vs. 3D Irradiated
Untreated and Irradiated Treated Young Skins

The global structure of the UVB-exposed reconstructed skin was consistent at both the
epidermal and dermal levels, showing a pluristratified epidermis that was well differenti-
ated from the basal layer to the stratum corneum and well anchored on top of the dermal
equivalent filled with fibroblasts and a neosynthesized ECM. The DEJ seemed cohesive and
regular (Figure 9a). However, compared with the unexposed condition, UVB stress had an
impact on both the dermal and epidermal compartments. The extracellular matrix was less
dense and abundant and was disorganized, impacting tissue elasticity and hydration. The
extracellular matrix was also disorganized. The epidermal thickness decreased with fewer
layers of living cells, impacting barrier function (Figure 9b). Compared with the untreated
and UVB-exposed condition, the treatment with Willaertia lysate diluted at 0.2 x 1073%
(1.6 x 10~°% dry weight) improved ECM quality and abundance. Moreover, the treatment
induced an increase in epidermal thickness (Figure 9c¢).

Figure 9. Cont.
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Figure 9. Histological analysis of 3D reconstructed skins: (a) untreated unirradiated young skin,
(b) untreated irradiated young skin, and (c) irradiated young skin treated with Willaertia lysate
diluted at 0.2 x 10~3%.

3.5.2. Immuno-Histological Analysis of Specific Markers in 3D Unirradiated Untreated
Young Skin vs. 3D Irradiated Untreated and Irradiated Treated Young Skins

To gain a deeper understanding of these effects, further investigations were carried
out to decipher more precisely the cellular mechanisms underlying the effects of Willaertia
lysate on the epidermis with filaggrin (Figure 10a) and loricrin (Figure 10b) as the markers;
on the DE] with laminin-332 (Figure 10c) and COL VII (Figure 10d) as the markers; and on
the dermis with HA (Figure 10e), collagen-1 (COL 1) (Figure 10f), and elastin (Figure 10g)
as the markers.

Compared with the untreated and unirradiated control, significant decreases in fi-
laggrin, loricrin, laminin-332, COL VII, total HA, COLI, and elastin expression by —56%,
—19%, —12%, —30%, —17%, —14%, and —19%, respectively, were observed after UVB
irradiation. These results were expected. Compared with the untreated and UVB-irradiated
control, significant increases in filaggrin, loricrin, laminin-332, COL VII, HA, COLIL and
elastin expression by +57%, +27%, +28%, +32%, +31%, +28%, and +69%, respectively,
were observed with the addition of the Willaertia lysate treatment diluted at 0.2 x 1073%

(Figure 10).
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Figure 10. Immuno-histological analysis of 3D reconstructed young skins through image automated
quantification analysis of: (a) filaggrin, (b) loricrin, (c) laminin-332, (d) COL VII, (e) hyaluronic acid
(HA), (f) COL1, and (g) elastin. *** p < 0.001; ** p < 0.01; * p < 0.05; NS: non-significant; UT: untreated;
NI: unirradiated. There were 3 experimental replicates and 3 image acquisition replicates for each
marker; thus, 9 images were quantified per experimental condition.
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It is interesting to note that the expression level of loricrin, COL VII, HA, and
COL I returned to a similar level as that of the untreated and unirradiated control, and
that the expression level of laminin-332 and elastin increased significantly by +13% and
+36%, respectively.

Finally, considering UV exposure, the level of oxidative stress was also evaluated by de-
termining the level of lipid peroxidation via malondialdehyde (MDA) measure (Figure 11a)
and protein carbonylation (Figure 11b). Compared with the untreated and unirradiated
control, a significant increase of +682% and +26% in MDA and protein carbonylation
expression, respectively, was measured after UVB irradiation of the untreated young skin.
Compared with the untreated and UVB irradiated control, a significant decrease of —86%
and —25% in MDA and protein carbonylation expression, respectively, was observed with
the addition of the Willaertia lysate treatment diluted at 0.2 x 10~3%. The level of MDA
expression after treatment with Willaertia lysate was similar to that of the untreated and
unirradiated control, while protein carbonylation decreased significantly by 5%.
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Figure 11. Immuno-histological analysis of 3D reconstructed young skins through image automated
quantification analysis of (a) MDA and (b) carbonylation. *** p < 0.001; * p < 0.05; NS: non-significant;
UT: untreated; NI: unirradiated. There were 3 experimental replicates and 3 image acquisition
replicates for each marker; thus, 9 images were quantified per experimental condition.

An additional in vitro test was conducted to evaluate the antioxidative properties
of Willaertia lysate. Strong activity was observed at 15 mg/mL dry weight with 83%
inhibition, and the ICsy was determined to correspond to a concentration of 8.02 mg/mL.
In comparison, Moringa oleifera seed oil, known for its antioxidant properties [54] has an
ICs50 of 121.9 mg/mL, and thus fifteen less fold efficient than Willaertia lysate.

To conclude, we demonstrated that treatment of the 3D reconstructed skin model
exposed to UVB with Willaertia lysate improved the quality and abundance of the ECM
and increased the epidermal thickness. By stimulating epidermal markers such as loricrin
and filaggrin, the Willaertia lysate treatment demonstrated its protective effects on the skin
barrier; by stimulating DE] markers such as COL VII and laminin-332, and dermal markers
such as COL |, elastin, and hyaluronic acid, the Willaertia lysate treatment demonstrated its
efficacy in improving skin firmness, elasticity, architecture, and hydration.

Moreover, the antioxidant activity of the Willaertia lysate treatment was demonstrated
through an efficient reduction in the quantity of DPPH radicals and its efficacy in reducing
oxidative stress after UV exposure was shown by the decreases in exposome markers such
as protein carbonylation and lipid peroxidation expression. This complete set of coherent
results demonstrated the global protective efficacy of Willaertia lysate against the effects
of photoaging.
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4. Discussion

Thermal spring waters have long been revered for their medicinal and wellness
properties, showing benefits in treating a variety of conditions related to rheumatology,
gastroenterology, pulmonology, and dermatology. To date, twelve samples of thermal
spring water have been recognized to have potential as active ingredients in cosmetic
formulations [55,56]. To the best of our knowledge, this is the first study to investigate an
ingredient sourced from the thermal spring waters of Aix-les-Bains. These thermal spring
waters are unique because of their origin from two different boreholes: Chevalley and Reine
Hortense. The Chevalley borehole reaches a depth of 2200 m with a temperature of 71 °C,
while the Reine Hortense borehole extends to 1100 m with a temperature of 38 °C. Although
nearly identical in composition, the waters from these two boreholes were blended, with
36% sourced from Reine-Hortense and 34% from Chevalley. Since Roman times, the thermal
spring waters of Aix les Bains have been renowned for their richness in trace elements,
including calcium bicarbonate, sulfate, and sulfur. These mineral-rich waters are recognized
for their therapeutic virtues, particularly in alleviating and treating rheumatic, respiratory,
dermatological and circulatory conditions [57,58]. However, the mineral composition of
these waters alone does not fully explain their positive effects on atopic skin. Therefore, it
is worth exploring the interactions between the biological components of thermal waters
and the skin, an area that has been relatively under-researched.

The living microbiota present in thermal spring waters, referred to as “hydrobiome”, is
increasingly recognized for its therapeutic effects on skin health. The bioactive compounds
extracted from the hydrobiome help prevent skin aging by enhancing protection against
UV exposure, strengthening the skin barrier function, maintaining homeostasis of skin
defenses, repairing damaged skin, promoting wound healing, and reducing uneven skin
pigmentation [59]. Willaertia lysate demonstrates all of these properties. In this study;,
it was demonstrated to promote cell migration in primary cultures of human dermal
fibroblasts and keratinocytes, decrease the tyrosinase activity and melanin content of
murine melanoma cells, and improve the quality and abundance of the extracellular matrix
in aged skins to a similar level as that in young skins by stimulating epidermal markers
such as Ki67, loricrin, and filaggrin, dermo-epidermal junction markers such as COLVII,
and dermal markers such as hyaluronic acid. Hyaluronic acid (HA) is known to play a key
role during the aging process by maintaining skin moisture. Treatment of cultured cells
with Willaertia lysate induced a 1.8-fold increase in the expression of HAS gene responsible
for HA synthesis at a dilution of 0.2%, corresponding to 1.6 x 1072% dry weight of the
active substance. Comparatively, retinol at 0.1% can induce a six-fold increase in HAS
gene expression [60]. The expression stimulation with Willaertia lysate was confirmed
by a significant increase of 38% in HA content in the 3D aged skin model treated with
0.1 x 1073% of lysate, corresponding to the 9.2 x 10~5% dry weight of the active substance,
compared with the untreated aged skin. The HA content of the treated aged skin was not
significantly different from that of the young skin. Therefore, even if the gene stimulation
by Willaertia lysate is less efficient than retinol, it is sufficient to restore the skin’s properties,
and the Willaertia lysate concentration used is ten-fold lower than the retinol concentration
to obtain a similar result. Finally, based on the provided evidence, Willaertia lysate appears
to promote cell migration by creating a favorable environment for cell movement through
extracellular matrix (ECM) remodeling. The lysate’s ability to improve the quality and
abundance of the ECM in the 3D skin model suggests that it can create a more favorable
environment for cell migration.

In the case of the reconstructed young skin exposed to UVB, we demonstrated that
the Willaertia lysate treatment improved the quality and abundance of the extracellular
matrix, and increased the epidermal thickness. By stimulating epidermal markers such
as loricrin and filaggrin, the Willaertia lysate treatment demonstrated its protective effects
on the skin barrier; by stimulating dermo-epidermal junction markers, such as COLVII
and laminin-332, and dermal markers, such as COL |, elastin, and HA, the Willaertia lysate
treatment demonstrated its efficacy in improving skin firmness, elasticity, architecture, and
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hydration. Moreover, the efficacy of this treatment in reducing oxidative stress after UV
exposure was shown by the decreases in the levels of exposome markers such as protein
carbonylation and lipid peroxidation. The exposome is a concept encompassing the totality
of exposures to environmental factors, i.e., non-genetic factors, that a human organism
undergoes from conception to the end of its life. Thus, the reduction in DPPH radicals and
markers of oxidative damage (protein carbonylation and lipid peroxidation) indicates that
Willaertia lysate possesses direct antioxidant properties.

This complete set of coherent results demonstrated the global protective efficacy of
Willaertia lysate against the effects of (photo)aging and its potential for well-aging and
longevity. The next step will consist of conducting a clinical study to confirm the benefits
of Willaertia lysate for human skin care.

5. Conclusions

This is the first study to report the potential application of a non-viable form of
Willaertia magna C2c Maky (lysate) in the field of cosmetics as a natural and biosourced
postbiotic active ingredient. Significant statistical results may be partly due to natural
biological variations; however, the diverse models used and the various experiments
conducted all show the same trend toward efficiency. Our study’s findings on the anti-
aging effects of Willaertia lysate, a postbiotic isolated from French Alps thermal spring
waters, may offer a partial explanation for the broader skin benefits attributed to thermal
waters. The positive outcomes observed in our research suggest that the unique components
and properties of these natural waters, including potential microbial contributions, could
contribute to the therapeutic effects reported in historical and contemporary studies.
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Abstract: In recent decades, there has been a rising demand for anti-aging interventions aimed at
postponing or potentially reversing indicators of skin aging. The use of collagen-based nutraceutical
supplements has gained popularity as they have shown promise in enhancing skin health and
reducing signs of aging. The aim of this randomized, placebo-controlled, blinded study was to
investigate the effects of 2.5 g COLLinstant® LMW, a novel cosmeceutical containing low-molecular-
weight (<1000 Da) collagen peptides, on skin aging and health. The trial was conducted with
80 healthy women aged 30 years and older. They received a daily oral dose of either the food
supplement (n = 40) or placebo (1 = 40) for six weeks. Skin assessment was performed based
on validated objective methods, such as Visioface 1000D (skin wrinkling), cutometry (elasticity
and fatigue), and corneometry (skin hydration) at baseline (T0) and at week 6 (T6). After 6 weeks,
participants that received collagen had significant improvements in biometric skin wrinkle parameters
from baseline, with a reduction in volume by 46%, in area by 44%, and in depth by 9%, along with a
greater increase in skin moisturization (by 34%) than those in the placebo group (p < 0.001). The food
supplement did not significantly modify skin firmness or fatigue and had only slight beneficial effects
on skin elasticity. The investigational product was well tolerated. The observed effects aligned closely
with the subjective assessments reported by study participants. The study provides substantiated
evidence supporting the efficacy of low-molecular-weight collagen peptides in restoring altered skin
biometric parameters, as objectively assessed. Thus, regular supplementation with this nutraceutical
may contribute to achieving smoother and more radiant skin.

Keywords: low-molecular-weight collagen; anti-aging; skin health; facial wrinkles; moisturization;
nutraceutical; randomized controlled trial

1. Introduction

The skin, the body’s largest organ, plays a crucial role in numerous functions. Beyond
its sensory capacity, it acts as a dynamic interface between the internal and external
environments, enabling the continuous adaptation and acclimatization of an organism
throughout its lifespan [1,2].

Collagen, a protein primarily synthesized by fibroblasts in the connective tissues, con-
stitutes the most abundant component of the extracellular matrix of the skin, representing
over 75% of the dry weight of a young and healthy human dermis [3,4]. This protein is

Cosmetics 2024, 11, 137. https:/ /doi.org/10.3390/ cosmetics11040137 238

https://www.mdpi.com/journal /cosmetics



Cosmetics 2024, 11, 137

characterized by a triple-helix structure formed by the repetition of glycine every third
residue, with proline and hydroxyproline occupying the remaining positions [5,6]. These
amino acids are essential in the structure of collagen. Fibroblasts, as connective tissue cells
within the dermis, play a pivotal role in the synthesis and organization of the collagen
matrix. These cells exhibit sensitivity to both physical and chemical stimuli, which can
trigger fibroblast activation and proliferation. Chemical stimuli operate via a key—lock
mechanism, wherein small ligands bind to receptors located on the fibroblast extracellu-
lar membrane, leading to their activation. On the other hand, physical stimuli directly
influence the interactions between collagen and fibroblasts [3,4].

Thus, collagen is a cornerstone in the skin’s extracellular matrix, essential for main-
taining structural integrity and physiological functions. It retains water and plays a pivotal
role in maintaining the skin’s smoothness, firmness, and resilience [4]. This enables the
skin to effectively respond to the ever-changing onslaught of environmental stressors [7].

The aging process of the skin is an ongoing phenomenon, marked by a gradual decline
in structural and physiological functions, often exacerbated by environmental factors and
dermatological disorders [8,9].

Aging precipitates a decline in collagen synthesis within mature skin, attributed
to diminished activity of enzymes involved in collagen post-translational processing, a
reduction in the population of collagen-synthesizing fibroblasts, and a decrease in skin
vasculature [10-12]. Consequently, the skin’s biomatrix begins to deteriorate as the collagen
scaffold loses its strength and stability [4,13,14].

Extrinsic factors such as sunlight exposure, smoking, pollution, alcohol consumption,
an unbalanced diet, and stress-related micronutrient deficiencies expedite this process,
contributing to the process of collagen loss associated with aging skin [4,14-16]. The
consequences of aging on the skin are manifold. It undergoes regressive changes, losing its
integrity and becoming progressively thin and dry, leading to a compromised ability to
retain enough moisture. Additionally, the reduction in dermal thickness and elasticity over
time manifests as lines and wrinkles, further contributing to the visible signs of aging [17].

The psychosocial impact of skin aging has spurred the demand for effective interven-
tions, including topical creams, injectable fillers, and collagen supplements [2,18].

While topically applied collagen from skincare products such as creams, lotions, and
serums often fails to penetrate the deeper layers of the skin [2,19], injectable fillers, such as
hyaluronic-acid-based products, can be costly and may cause adverse effects, including
bruising, swelling, and infection, among others [20].

On the other hand, orally administered hydrolyzed collagen has gained significant
popularity in recent years as a safe and cost-effective option to enhance skin health and
maintain a youthful appearance [4,21-24]. It is available in various formulations, including
gels, liquids, capsules, and powder, making them easy to incorporate into daily routines.

The use of low-molecular-weight collagen hydrolysate has been shown to be a promis-
ing and effective strategy to improve skin hydration and elasticity, thereby counteracting
the changes associated with aging [2,4,25]. However, a comprehensive understanding and
further research are paramount to substantiate these claims and optimize collagen use in
dermatological applications.

Therefore, COLLinstant® LMW is a novel cosmeceutical that distinguishes itself by
containing a high proportion of low-molecular-weight (<1000 Da) glycine- and proline-rich
bioactive peptides.

This product is the result of a tailored enzymatic digestion of native bovine collagen
(type I and III) that preserves the collagen-specific sequence Gly-Pro-Hyp (GPH), yielding
a low-molecular-weight (LMW) hydrolysate enriched with this active tripeptide, which
appears to exert beneficial effects in various tissues, including skin, muscles, joints, and
bones [26-28].

Unlike standard-weight collagen, which is degraded in the gastrointestinal tract,
low-molecular-weight collagen (LMW) peptides, such as GPH and PH, easily cross the
intestinal barrier via the PEPT1 transporter and remain intact throughout the gastrointesti-

239



Cosmetics 2024, 11, 137

nal pathway [26,29,30]. These bioactive components are highly stable and facilitate rapid
and efficient uptake, enhancing bioavailability and overall efficacy by providing essential
building blocks and stimulating the synthesis of new collagen, elastin, and hyaluronic
acid [27,28].

The objective of the present study is to assess the effectiveness of daily supplementa-
tion with COLLinstant® LMW over a period of six weeks in ameliorating visible signs of
aging. This includes assessing its impact on skin wrinkle reduction, as well as its potential
to enhance skin elasticity and moisturization. COLLinstant® LMW was administered
orally in a single-center, randomized, double-blind, placebo-controlled clinical trial. A
secondary objective involves comparing skin improvement, assessing product satisfaction,
and monitoring adverse events among middle-aged female volunteers.

2. Materials and Methods
2.1. Study Design and Ethical Aspects

This was a 6-week, prospective, randomized, placebo-controlled, double-blind, mono-
centric study performed at GALA Laboratories in Don Benito—Villanueva (Badajoz, Spain).
This study is listed on the ClinicalTrials.gov registry (NCT06321770).

Participants were individually randomized (1:1 ratio) to a strategy of receiving either
COLLinstant® LMW (collagen group) or a placebo regimen and were followed up with for
6 weeks. Subjects were instructed to follow the administration guidelines provided in the
manufacturer’s package for both product regimens and, if necessary, investigator guidance.

The investigation was performed according to the ethical guidelines detailed in the
Declaration of Helsinki (amendment of the 64th General Assembly, Fortaleza, Brazil, Octo-
ber 2013) and the national regulations of Spain, and in full compliance with the applicable
principles of good clinical practice (GCP) and International Council for Harmonisation
(ICH) of Technical Requirements for Pharmaceuticals for Human Use [31]. The trial pro-
tocol was approved (code 075/2022) by the Clinical Research Ethics Committee at the
University Hospital of Caceres (Caceres, Spain) and written informed consent was obtained
from all subjects prior to any study procedures being initiated.

2.2. Investigational Product

The preparation under study was COLLinstant® LMW (Viscofan DE GmbH, Wein-
heim, Germany), an oral food supplement based on bovine bioactive hydrolyzed (type I
and III) collagen peptides.

Following ICH-GCP requirements and applicable local regulations [31], the inves-
tigational product and placebo were formulated as powder-containing sachets for oral
suspension that were identical in appearance and odor.

Each sachet of the investigational product (COLLinstant® LMW) contained 2.5 g low-
molecular-weight hydrolyzed collagen peptides. Detailed information of each ingredient is
shown in Table 1. The placebo did not contain any nutrients.

Table 1. Ingredient composition of the investigational product and the placebo.

Sachet Type
Supplement Facts I?géﬁ%ig&ﬁé?ﬁf&? Placebo
Amount %DV Amount %DV
Manufacturer 14 sachets per container 14 sachets per container
Serving size 1 sachet (3.13 g) 1 sachet (3.13 g)

Calories 11.30 0.6% 10.80 0.54%

Fat 0.004 g 0.005% 0 0%

Protein 27¢g 5.4% 0 0%
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Table 1. Cont.

Sachet Type
Supplement Facts Igg?ﬁ:jg;:é?;f&? Placebo
Amount %DV Amount %DV
Sodium 37.40 mg 1.62% 37.40 mg 1.62%
Total carbohydrate 0126 ¢ 0.046% 27¢g 0.98%
Low MW collagen peptides 25¢g +
Other ingredients
Lemon flavor 467 mg + 467 mg +
Anhydrous citric acid 150 mg + 150 mg +
Sucralose 8.5mg + 8.5mg +
Stevia (97%) 71mg + 7.1 mg +
Maltodextrin 25¢g +

% Daily values (DV) are based on a 2000 Calorie diet, * daily values (DV) not established for the ingredient.

2.3. Study Subjects

We recruited a total of 80 women (aged 30-65 years) with phototypes I-1V (Fitzpatrick
scale) [32] who were mentally and physically healthy, had a BMI 20.0-29.9 kg/m?, and
displayed visible signs of natural and photoaging on their face (crow’s feet) rated from
moderate to severe [33].

The Fitzpatrick scale is a numerical classification system for human skin color, ranging
from type I to type VI, based on the amount of melanin in the skin. This classification
informs the skin’s susceptibility to burns and its ability to tan [32,34].

During the screening phase, participants met all inclusion and exclusion criteria.
Subjects were excluded if they were pregnant or lactating, had acute or chronic skin diseases
or dermatological disorders, used natural health supplements for skin improvement within
one month prior to the study commencement, followed a low-protein diet, had planned
or unavoidable UV radiation exposure, had tattoos on or near the test area, used systemic
corticosteroids or applied topical alpha hydroxy acids near the test site within four weeks
of enrollment, used topical medications near the test area within six weeks of enrollment,
underwent Botulinum toxin A (Botox) treatment or filler injection (collagen, hyaluronic
acid, etc.) near the test sites within two years of enrolment, were cognitively impaired
and/or unable to provide informed consent, or had any other condition that, in the medical
investigator’s opinion, might adversely affect the individual’s ability to complete the study
or its measures or pose significant risk to the individual.

2.4. Study Schedule and Biometric Evaluation

All participants (test and placebo groups) were instructed to consume the content
of one sachet daily, in the morning, on an empty stomach for 6 weeks. The product was
required to be dissolved in at least 100 mL of water, juice or other liquid.

Participants agreed to refrain from prolonged exposure to ultraviolet (UV) radiation,
consuming any similar dietary supplements, and using any skincare treatments such as
face masks, packs, and massages. They were also not permitted to apply topical cosmetics
except those provided during the study. This restriction was enforced for a 2-week wash-
out period before the study began and continued throughout the 6-week study period to
maintain consistent skin conditions. Each participant visited the research center twice for
assessment: once prior to intake of the study formulation at baseline (T0), and again 6 weeks
after intake of the study formulation (T6), for efficacy measurements and safety evaluations.
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For all women participating in the study, skin parameters were assessed at baseline
(T0), and biometric changes were also evaluated after 6 weeks of treatment with the
products (T6).

Measurement of skin wrinkling parameters (volume, area, and depth) was evaluated
at the crow’s feet region and changes were analyzed and digitally photographed in all
patients by a VisioFace® 1000D (equipped with a high-resolution reflex camera) [35].

According to Modinger et al. [36], subjects underwent acclimatization for a minimum
of 30 min in the air-conditioned measurement room set at a temperature of 21 =1 °Cand a
relative humidity of 50 &= 5%.

Skin elasticity at the crow’s feet region was quantified using a Cutometer® dual MPA
580 (Courage + Khazaka), a non-invasive instrument designed to assess skin biomechanical
properties [37]. This device evaluates skin elasticity by applying negative force that me-
chanically deforms the skin. The operational principle involves using a probe with negative
pressure (450 mbar) to suction the skin, drawing the test area into the probe’s aperture. A
non-contact optical measurement system then determines the depth of skin penetration.
The evaluated parameters (R0, R2, R5, R7, and R9) are key indicators used to characterize
skin biomechanical properties following suction force application [38—44].

RO represents the final distension of the initial curve, reflecting the passive response
of the skin to suction force and correlating with skin firmness. It is calculated as the
difference between the highest point of amplitude at the end of the suction phase and the
baseline reading (RO = Uf). The R2 parameter is related to the gross elasticity /viscoelasticity,
representing the skin’s resistance to mechanical suction force relative to its ability to recover
(R2=Ua/Uf). R5, referred to as net elasticity, signifies the ratio of elastic deformation during
suction to rapid recovery during relaxation (R5 = Ur/Ue), indicating higher skin elasticity
with increasing values. R7 is related to biological elasticity, quantifying the immediate
elastic recovery within the first 0.1 s compared to the total deformation after suction
(R7 = Ur/Uf) and can be interpreted as another marker of elasticity, with aging causing its
reduction. Lastly, R9 denotes residual deformation at the conclusion of the measurement
cycle, reflecting skin fatigue following repeated suction (R9 = R3 — RO0) [37,42,43,45,46].
The measurements were carried out in triplicate.

Furthermore, stratum corneum hydration was assessed at each study visit using the
electrical capacitance method with a Corneometer® CM 825 (Courage + Khazaka, Cologne,
Germany). A minimum of five measurements were taken per measurement area at four
distinct locations (middle forehead, both cheekbones, and the chin area), and the average
value was used for subsequent analysis [36,44,46].

2.5. Safety and Self-Reported Measures

Safety was evaluated based on adverse reactions reported by the patients during the
treatment period. Adverse events were documented at the final visit following six weeks
of treatment.

At the end of the treatment, the volunteers filled out questionnaires to subjectively
assess their perception of different parameters such as efficacy, organoleptic properties,
tolerability, and satisfaction since the last time they took the product. The Spanish version
of the Treatment Satisfaction Questionnaire with Medication (TSQM) [47] and a 3-point
Likert scale with the items dissatisfied, slightly satisfied, and very satisfied were used.

2.6. Statistical Methods

Statistical analyses were performed according to the principles of ICH (International
Council for Harmonization) guideline E9(R1) on “Statistical Principles for Clinical Tri-
als” [48] using IBM® SPSS® Statistics for Windows (version 27.0) and Jeffreys’s Amazing
Statistics Program (JASP) (version 0.17.1) computer software. The analysis of the distribu-
tion and normality tests of the variables were carried out using the Shapiro-Wilk tests.

All measured data are presented as mean + SD (standard deviation). Categorical
variables were summarized using the number and percentages of patients in each category.
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Skin parameters (wrinkling, elasticity, and hydration) were evaluated descriptively at
baseline (T0) and after 6 weeks of collagen supplementation (T6). The efficacy was assessed
based on relative changes in these parameters, calculated as the differences between means
at TO and Té.

Graphical representations of the results were generated using box-and-whisker plots.
The box spans from the 25th to the 75th percentile of the data. Whiskers extend from the
edges of the box to the minimum and maximum values that are not considered outliers.
Outliers, defined as values more than 1.5 times the interquartile range from the box, are
depicted as symbols beyond the whiskers.

The between-group comparison (placebo group vs. verum group) was carried out to
determine population homogeneity at baseline (T0) and treatment-related differences after
6 weeks (at T6) were analyzed by means of the Mann—Whitney U test, a non-parametric
test applied to two independent samples. Comparisons between categorical variables were
performed using the Chi-square test.

The within-group mean changes of skin parameters between the initial (T0) and final
(To6) visits were evaluated by the non-parametric Wilcoxon signed-rank test for paired data.
The threshold of statistical significance was set, in all cases, at a value of p < 0.05.

3. Results
3.1. CONSORT (Consolidated Standards of Reporting Trials) Flowchart of the Controlled
Interventional Trial

Eighty women aged 30 to 60 years were included in the statistical analysis. No subjects
were excluded during screening or throughout the study, and no protocol violations
occurred. Compliance during the trial was excellent; therefore, all volunteers (n = 80) who
were screened for eligibility and requested to participate completed the study protocol, and
could therefore be analyzed. The flow of subjects through the controlled intervention trial
is depicted in a diagram according to CONSORT guidelines (Figure 1) [49].

[ Enroliment ]{ Assessed for eligibility (1=80) }

Excluded (n=0)

[ Randomized (n=80) ]

l

[ Allocation
y
Baseline Allocated to TEST intervention Allocated to PLACEBO intervention
(TO) (COLLinstant® LMW) (no active ingredients)
(n=40) (n=40)
{ Follow-Up ]
A A4
Week 6 Lost to follow-up (n=0) Lost to follow-up (n=0)
(Te) Discontinued intervention (n=0) Discontinued intervention (n=0)
Analysis
Analyzed (n=40) Analyzed (n=40)
Excluded from analysis (n=0) Excluded from analysis (n=0)

Figure 1. Flow chart of subjects’ recruitment, randomization, and follow-up.
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3.2. Characteristics of the Population

Participants (n = 80) were randomized at baseline (T0) and allocated to the verum
group (n = 40) or the placebo group (n = 40). Demographic and general features of the
volunteers did not show any significant difference between the test product and the placebo
group at baseline (Table 2).

Table 2. Demographics and general characteristics of women randomly allocated to the placebo and

the test group.
Placebo (n = 40) Collagen (n = 40) p Value
Age, years 47 £7.7 45+71 0.22
Height (m) 1.68 + 0.06 1.69 + 0.07 0.68
Weight (kg) 69.1 £9.13 68.5+9.27 0.59
BMI (kg/m?) 245427 241426 0.71
Normal 30 (75) 27 (67.5)

Skin type, n (%) Sensitive 8 (20) 12 (30)

Dry 0(0) 1(2.5) 0.27
Oiled 2(5) 0(0)

Skin phototype, I 0(0) 3(7.5)
(Fitzpatrick ?), n (%) I 36 (90) 34 (85) 0.20

v 4 (10) 3(7.5)

Data are presented as means & SD, except where otherwise indicated. # Fitzpatrick scale [32].

The investigational treatment group included 40 women who received the bioactive
collagen peptide-based food supplement orally.

The mean age in the placebo group (n = 40) was 47 £ 7.7 years (age range between
32 and 60 years) and in the experimental group (n = 40) 45 £ 7.1 years (age range between
30 and 58 years), with no significant differences between the two groups (p = 0.22).

The predominant skin type in both groups (placebo and experimental) was “normal
skin” (67.5% in the experimental group vs. 75% in the placebo group), followed by “sensi-
tive skin” (30% in the experimental group vs. 20% in the placebo group), with no significant
differences between the two groups (p = 0.27).

Among all participants, the most represented Fitzpatrick skin classification was photo-
type III (slightly brown skin and brown hair), which was predominant in both groups (90%
in the placebo group; 85% in the verum group). No significant differences were detected
between the two groups for this dermatological parameter (p = 0.20).

Homogeneity tests between groups revealed no significant differences for the mean
initial skin parameters at baseline (T0) between the placebo group and the collagen group
(Table 3).

Table 3. Skin biometric parameters at baseline (T0).

Placebo (n = 40) Collagen (n = 40)
Parameter Mean (SD) Mean (SD) p Value *
Skin wrinkling Volume (px3) 48.50 (35.2) 58.77 (47.7) 0.52
Area (px?) 4.13 (2.6) 4.53 (3.1) 0.72
Depth (px) 11.95 (2.7) 11.50 (2.4) 0.45
Elasticity RO (mm) 0.40 (0.09) 0.38 (0.10) 0.25
R2 (%) 53.28 (15.7) 53.14 (11.6) 0.89
R5 (%) 48.59 (17.4) 48.16 (13.9) 0.96
R7 (%) 34.03 (14.5) 32.1(10.2) 0.95
R9 (mm) 0.07 (0.03) 0.07 (0.02) 0.27
Hydration (AU) 54.77 (9.4) 55.5 (8.6) 0.52

* p values for intergroup comparison were determined by Mann—-Whitney U test.
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3.3. Skin Wrinkling

The descriptive analysis of skin wrinkling biometric parameters (volume, area, and
depth) of the facial crow’s feet region before intake of the product (at T0) and after 6 weeks
of intake (at T6) is summarized in Table 4. The mean value of three determinations was
used for analysis. At baseline, the mean skin wrinkling biometric parameters were similar
between both groups of treatment (Table 3). Regarding the intraindividual comparison
from baseline (T0-T6), all biometric parameters (volume, area, and depth) considerably
decreased at T6 after 6 weeks of treatment in the collagen group, whereas they remained
unchanged in the placebo group during the same period (Table 4).

Table 4. Skin crow’s feet parameters (volume, area, and depth) assessed by VisioFace® 1000D.

Placebo (1 = 40) Collagen (n = 40)

Parameter Time-Point Mean (SD) p Value * Mean (SD) p Value * Test/Place}) °
p Value
Volume (px?) Baseline 48.50 (35.2)) 58.77 (47.7)
Week 6 50.30 (40.4) 0.13 30.24 (24.4) 0.001 0.01
Area (px2) Baseline 4.13 (2.6) 453 (3.1)
Week 6 4.14 (2.5) 0.92 2.60 (2.1) 0.001 0.001
Depth (px) Baseline 11.95 (2.7) 11.50 (2.4)
Week 6 12.25 (2.6) 0.23 10.35 (2.1) 0.001 0.001

* p value for within-group comparison (pre-treatment vs. post-treatment; T0-T6) (Wilcoxon signed-rank test).
¥ p value for intergroup comparison (experimental vs. placebo group) at T6, after 6 weeks of treatment (Mann~
Whitney U test).

At baseline (T0), no significant differences were found for the mean skin wrinkle vol-
ume at the crow’s feet region between the placebo group (48.50 px®) and the collagen group
(58.77 px®) (Table 3). After 6 weeks of intake of the study products, at T6, the mean volume
of wrinkles significantly decreased from baseline (TO-T6) by —45.9% [—90.8%—(—2.9%)] in
the collagen group (58.77 vs. 30.24 px3; p < 0.001) but remained relatively unchanged by
0.32% (—90.4%-20.9%) in the placebo group (48.50 vs. 50.30 px?®) (Table 4 and Figure 2). The
difference between groups (placebo vs. collagen) at T6 proves to be significant (p < 0.01) in
favor of the test product (Table 4 and Figure 2).
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Figure 2. Box plot representing skin wrinkle volume at crow’s feet region before (T0) and after intake
of the product for 6 weeks (T6) in the group of women receiving a low-molecular-weight (LMW)
collagen preparation or placebo (n = 40/group). The mean value (x) is also represented. The asterisks
indicate statistically significant differences in the intergroup comparison (* p < 0.01; ** p < 0.001).

Starting at baseline from similar initial mean wrinkle areas of 4.13 px? (placebo group)
and 4.53 px? (collagen group) (Table 3), after an intake of 6 weeks of either placebo or
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collagen, the area of skin wrinkles at the crow’s feet region significantly decreased from
baseline (TO-T6) by —43.8% [—94.4%—(—2.6%)] (4.53 vs. 2.60 px2 ; p < 0.001) in the collagen
group, but the intraindividual difference was almost negligible at 1.66% (—24.6%—41.7%)
in the placebo group (4.13 vs. 4.14 px?) (Table 4 and Figure 3). At T6, the intergroup
comparison (placebo group vs. collagen group) of the mean wrinkle area proved to be
significant (p < 0.001) in favor of the test product (Table 4 and Figure 3).
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Figure 3. Box plot representing skin wrinkle area at crow’s feet region before (T0) and after intake
of the product for 6 weeks (T6) in the group of women receiving a low-molecular-weight (LMW)
collagen preparation or placebo (1 = 40/group). The mean value (x) is also represented. The asterisk
(*) indicates statistically significant differences in the intergroup comparison (* p < 0.001).

Table 3 shows that mean wrinkle depth values were similar at baseline of 11.95 px
(placebo) and 11.50 px (collagen group). However, in line with improvements in volume
and area, skin wrinkle depth decreased during intake of the investigational product. As
shown in Table 4 and Figure 4, at T6, the depth of wrinkles significantly decreased from
baseline (T0-T6) by —9.0% (—40.0%-0.0%) (11.50 vs. 10.35 px; p < 0.001) in the collagen
group. On the other hand, the intraindividual variation was non-significant and limited to
3.3% (—33.3%-40.0%) (11.95 vs. 12.25 px) in the placebo group. The differences between
the groups at T6 (placebo group vs. collagen group) of the mean wrinkle depth proved also
to be highly significant (p < 0.001) in favor of the test product (Table 4 and Figure 4).
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Figure 4. Box plot representing skin wrinkle depth at crow’s feet region before (T0) and after intake
of the product for a 6-week period (T6) in the group of women receiving a low-molecular-weight
(LMW) collagen preparation or placebo (n = 40/group). The mean value (x) is also represented.

The asterisk (*) indicates statistically significant differences in the intergroup comparison (p < 0.001).
° represent outliers.
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Figure 5 illustrates photographs of three volunteers showcasing the improvement in
the appearance of skin wrinkles in the crow’s feet areas from the initial visit at T0, following
the consumption of the investigational product COLLinstant® LMW for six weeks. The
skin assessment was conducted using objective and validated methods (Visioface 1000D).
In volunteer no. 13, there was a percentage change in volume, area, and depth of —59.18%,
—51.91%, and —15.4%, respectively. For volunteer no. 60, the corresponding changes were
—64.8%, —46.2%, and —40.0%, and for volunteer no. 70, the changes were —37.1%, —31.4%,

and —7.2%, respectively.
.
(b)
.
(d)
.
(®)

(¢)

(e)

Figure 5. Appearance of wrinkles at the crow’s feet region during the treatment period with the inves-

tigational product. Photographs of the frown lines in three volunteers, no. 13 (top), no. 60 (middle),
and no. 70 (bottom), at baseline (images (a,c,e) and at T6 after 6 weeks of oral supplementation with
the test product (images (b,d,f). The green lines provide a visual guide to researchers to precisely
observe and analyze skin features. Data obtained from Visioface® 1000D.
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3.4. Skin Elasticity

The descriptive analysis of skin elasticity obtained from the Cutometer® device before

intake of the product (at TO) and after 6 weeks of intake (at T6) is summarized in Table 5.

The mean value of three determinations at the crow’s feet region was used for analysis. At
baseline (T0), the skin elasticity parameters were similar between both groups of treatment
(Table 3).

Table 5. Mechanical characteristics of the skin through the analysis of elasticity parameters
(mean + SD) at the crow’s feet region, before intake of the study products at baseline (T0) and
after 6 weeks of treatment (T6) as assessed by Cutometer®.

Placebo (1 = 40) Test Group (n = 40)
Elasticity Time-Point Mean (SD) p Value * Mean (SD) p Value * Test/PlaceJlr) ©
Parameter p Value
RO (mm) Baseline 0.402 (0.09) 0.380 (0.09)
Week 6 0.362 (0.09) 0.001 0.329 (0.07) 0.001 0.07
R2 (%) Baseline 53.28 (15.7) 53.14 (11.66)
Week 6 51.31(18.1) 0.31 51.86 (13.7) 0.68 0.53
R5 (%) Baseline 48.59 (17.5) 48.16 (13.9)
Week 6 45.84 (17.6) 0.15 48.54 (15.5) 0.95 0.39
R7 (%) Baseline 34.03 (14.5) 32.09 (10.2)
Week 6 31.65(13.7) 0.09 3227 (13.2) 0.65 0.63
R9 (mm) Baseline 0.073 (0.03) 0.070 (0.02)
Week 6 0.066 (0.02) 0.14 0.065 (0.02) 0.13 0.41

* p value for within-group comparison (pre-treatment vs. post-treatment; T0O-T6). t p value for intergroup
comparison (experimental vs. placebo group) after 6 weeks of treatment at T6.

Results showed that skin firmness (R0) significantly increased in both groups of
treatment. Compared to baseline (T0), the assessment of total elongation and skin firmness
(RO) showed statistically significant lower values (p < 0.001) after 6 weeks in both the
treatment group receiving placebo and the collagen group (Table 5). At the end of the study,
at T6, we could not demonstrate significant differences in the RO parameter between both
group means (Table 5).

The percentage of variation in mean skin firmness (R0) from baseline was —8.6%
(—50.8-24.1%) in the placebo and —10.7% (—61.3-29.0%) in the group that received the
food supplement.

The assessment of the remaining skin elasticity parameters (R2, R5, R7, and R9)
showed a moderate improvement, but the differences were not statistically significant
(Table 5).

At T6, the assessment of the rest of skin elasticity parameters (R2, R5, R7, and R9)
obtained with the Cutometer® device did not show any statistical significance between
groups (Table 5), indicating that the food supplement did not show an improvement in
most skin elasticity parameters in our study.

3.5. Skin Hydration

The descriptive analysis of skin hydration before intake of the product (at T0) and after
6 weeks of intake (at T6) is summarized in Table 6. The mean value of five determinations
at four different locations (middle forehead, right and left cheek, and chin) was used for
analysis. At baseline (T0), the skin hydration values were similar between both groups of
treatment, 54.77 AU (placebo group) vs. 55.50 AU (collagen group) (Table 3).
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Table 6. Skin hydration values (mean =+ SD) before intake of the study products at baseline (T0) and
after 6 weeks of treatment (T6).

Placebo (1 = 40) Collagen (n = 40)
Time-Point Mean (SD) p Value * Mean (SD) p Value * Test/PlaceP ©
p Value
Skin hydration (AU) Baseline 54.77 (9.4) 55.50 (8.6)
Week 6 55.03 (9.5) 0.79 74.13 (11.9) 0.001 0.001

* p value for within-group comparison (pre-treatment vs. post-treatment; T0-T6). T p value for intergroup
comparisons (experimental vs. placebo group) at T6, after 6 weeks of treatment. AU indicates arbitrary units.

A corneometric methodology corroborated the improvement in skin hydration in
the volunteers who received the test product. Compared to baseline (T0), a statistically
significant increase in skin hydration by +34.4% (9.2-98.0%) (55.50 AU vs. 74.13 AU,
p < 0.001) was detected in the volunteers who received the investigational product for
6 weeks (T0-T6) (Table 6). On the other hand, the percentage change in skin hydration was
non-significant and limited to +1.0% (—30.3-17.6%) (54.77 vs. 55.03 AU) in the placebo
group (Table 6 and Figure 6). The differences between the groups at T6 (placebo group vs.
collagen group) of the mean hydration values proved to be highly significant (p < 0.001) in
favor of the test product (Table 6 and Figure 6).
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Figure 6. Boxplot representing skin hydration before (T0) and after intake of the product for a 6-week
period (T6) in the group of women receiving a low-molecular-weight (LMW) collagen preparation or
placebo (1 = 40/group). The mean value (x) is also represented. The asterisk (*) indicates statistically
significant differences in the intergroup comparison (p < 0.001).

3.6. Overall Assessment of the Efficacy

Compared with placebo, the efficacy of the test product is summarized in Figure 7.
The differences between the relative changes (T0-T6) in skin wrinkle parameters (volume,
area, and depth), skin elasticity, and skin hydration are illustrated. There was a statistically
significant improvement (p < 0.001) in the skin wrinkle parameters and skin hydration
in the verum group. Regarding skin elasticity, the food supplement had slight beneficial
effects on skin elasticity parameters but we could not demonstrate statistical significance.
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Figure 7. Percentage change in biometric skin parameters between the baseline visit and the end of
the 6 weeks of the interventional period (T0-T6) in the placebo group (red bars) and in the group
taking the investigational product (green bars). Error bars indicate the standard error of the mean.
The asterisk (*) indicates p < 0.001 for intergroup comparison (placebo group vs. collagen group).

3.7. Safety and Subjective Rating

During the study intervention, the collagen supplement did not cause any side effects
and proved to be safe and well tolerated during the entire period of application.

Over two thirds of the volunteers rated the overall effectiveness of COLLinstant®
LMW as good, a survey result that was matched by the ratings of the treating physicians.
Over 90% of the volunteers in the experimental group indicated a high degree of satisfaction
with the ability of the supplement to improve skin hydration or wrinkles, confirming the
robust effect of the treatment. In addition, 87.5% of the volunteers in this group were highly
satisfied with the brief time period it takes for the supplement to start showing its effects,
underlining the significance of obtaining quick results with a collagen food supplement
(Table 7).

Table 7. Results of the survey conducted by the principal investigators with the volunteers who
received the food supplement.

Very Satisfied Slightly Satisfied Dissatisfied
Effectiveness (%) 76.2 21.3 25
Tolerability (%) 88.8 10.0 1.25
Acceptability of the
product (%) 88.8 10.0 1.25

4. Discussion

The current body of evidence indicates that the administration of hydrolyzed collagen
can significantly improve skin conditions and mitigate signs of aging, thereby establishing
it as a popular and promising nutraceutical for skin rejuvenation and anti-aging interven-
tions [4,50,51].

Upon oral intake of collagen hydrolysates, small bioactive peptides, such as the tripep-
tide GPH, are readily absorbed intact across the intestinal barrier [3]. These peptides exhibit
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high bioavailability and are detectable in human blood shortly after consumption [52,53].
Subsequently, they are distributed to various tissues, with notable accumulation in the skin,
where they remain at elevated levels and persist longer (up to 14 days) compared to other
tissue [30]. Within the skin, GPH is further hydrolyzed into the bioactive dipeptide PH [27].

In light of these considerations, COLLinstant® LMW, a novel cosmeceutical containing
a unique composition of bioactive glycine- and proline-rich peptides, was selected for the
clinical trial due to its potential to enhance the product’s efficacy (Table 1). The study
specifically aimed to assess the efficacy, safety, and tolerability of 2.5 ¢ COLLinstant® LMW
over a 6-week period by evaluating various skin parameters.

Our observations suggest that the low-molecular-weight peptides in the investiga-
tional product are efficiently absorbed and biologically active, leading to a significant
reduction in several skin wrinkle biomarkers such as volume, area, and depth in the
crow’s feet region. Additionally, compared to the placebo, increased skin hydration and
a moderate improvement in skin elasticity were observed. However, we were unable to
demonstrate differences in skin elasticity parameters between the control group and the
investigational group. The effects were exclusively attributed to COLLinstant® LMW, as
the subjects did not receive any other form of cosmetic treatment.

The importance of dosage and duration of the treatment appear as crucial factors
to be considered. In contrast to the higher dosages and longer durations recommended
for standard-molecular-weight collagen hydrolysates to achieve clear beauty or health
benefits [25,54] notably, a daily intake of 2.5 g COLLinstant® LMW for 6 weeks was
sufficient to yield beneficial effects on some biometric parameters of skin health in this study.

Regarding skin elasticity, our findings indicated a positive trend (as measured by the
Cutometer) in the group treated with the investigational product. However, the observed
differences did not reach statistical significance when compared with the placebo group.

Kim et al. [55] reported significant improvement in skin hydration from baseline
as early as 6 weeks after intake of 1 g of low-molecular-weight collagen peptides in the
verum group. However, benefits in skin wrinkling and elasticity were observed later, after
12 weeks of treatment. Similarly, in another study, the intake of 1.65 g of low-molecular-
weight bioactive peptides led to a significant increase in skin hydration and a reduction
in skin desquamation after 4 weeks of administration, as well as reduced wrinkling after
12 weeks and increased elasticity after 8 weeks [56].

In light of previous studies on orally based collagen intake from various sources,
significant improvements in skin hydration, elasticity, and wrinkling were generally ob-
served following 12 weeks of collagen supplementation [2,57,58]. Thus, to achieve efficacy
in enhancing skin elasticity through hydrolyzed collagen supplementation, a treatment
duration exceeding 8 weeks appears to be necessary [51]. However, beneficial effects on
skin hydration might be obtained earlier.

COLLinstant® LMW is orally administered, making it easy to incorporate into daily
routines. Nevertheless, not all sources of hydrolyzed collagen are equally effective, and
further studies are needed to determine the optimal source and therapeutic duration for
combating skin aging. Different types of collagen used in these supplements, such as
fish, porcine, chicken, and bovine collagen, may exhibit varying effects based on their
source [2,4,51,59].

Within the scope of skincare and nutraceuticals, hydrolyzed bovine collagen has
become a popular ingredient. COLLinstant® LMW is the first bovine collagen hydrolysate
on the market, providing a beneficial amino acid profile that acts as both a building material
and a stimulator for the synthesis of new collagen, elastin, and hyaluronic acid in the skin
as corroborated by various studies [51]. The remarkable improvements in skin parameters
observed in this investigation may be attributed to the substantial similarity between the
collagen peptides derived from the bovine collagen complex and those naturally present
in human collagen. Specifically, the hydrolysis of bovine collagen produces bioactive
short-chain peptides that closely match the amino acid profile of human collagen type I,
as well as elastin and hyaluronic acid in the skin [4,50,60-63]. This chemical resemblance
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likely contributes to the efficacy of the supplementation in improving skin health and
appearance.

During the aging process, the dysregulation of extracellular matrix turnover, par-
ticularly the degradation of collagen fibers by matrix metalloproteinases (MMPs) and
other proteases, is often a pivotal molecular event [64]. Consequently, the skin undergoes
structural and degenerative changes such as dehydration and loss of elasticity, resulting in
dry, loose skin with the appearance of furrows or wrinkles [64—66]. According to Oesser
et al. [67], the skin health benefits observed in our study are likely attributable to changes
in protein turnover and the restoration of collagen synthesis within the dermal stratum of
the skin. This was notably evidenced by decreases in the volume, area, and depth of skin
wrinkles following oral supplementation with low-molecular-weight collagen peptides.

The efficacy of bioactive collagen di- and tripeptides in enhancing skin health appears
to be attributed to several key mechanisms. First, these compounds have the ability to
induce collagen expression through the mitogen-activated protein kinase 38 (p38 MAPK)
pathway [68]. Second, they increase the availability of essential free amino acids, which
promotes the synthesis of collagen and elastin fibers. Third, they have the potential to
stimulate fibroblasts to produce collagen and hyaluronic acid [3,4,69-72].

The beneficial effects of collagen supplementation were validated not only through
objective testing methods but also by the subjective assessments provided by the volunteers.
Additionally, consistent with findings from other studies [55,57], the tested product was
demonstrated to be safe, with no adverse reactions reported.

5. Conclusions

Exploring its potential as a natural intervention to uphold skin health and combat-
ing signs of aging, low-molecular-weight collagen peptides (COLLinstant® LMW) were
investigated in a randomized, placebo-controlled clinical trial, following a daily oral sup-
plementation of 2.5 g of these peptides.

LMW collagen hydrolysate, which contains a high concentration of these characteristic
peptides, offers several advantages over standard-molecular-weight products, including
quicker and more efficient peptide uptake, higher bioavailability, and enhanced stability
and efficacy, particularly in the skin.

The study confirmed the efficacy of these nutrients in restoring altered skin biometric
parameters, as objectively assessed. We observed a significant reduction in wrinkles, a
considerable increase in skin hydration, and a modest increase in skin elasticity. Regular
supplementation may contribute to achieving smoother and more radiant skin.

Ongoing supplementation has the potential to enhance skin texture by providing
essential building materials in this tissue, stimulating the synthesis of new collagen, elastin,
and hyaluronic acid. Importantly, the collagen supplementation regimen was found to be
devoid of any adverse effects, proving to be safe and well-tolerated throughout the entire
administration period.
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