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Abstract

Skin aging is a multifactorial process that is regulated and preceded by changes at the cellular
and molecular level, including chronic low-grade inflammation, senescence and altered
intercellular communication. Several therapeutic approaches, including mesotherapy and
dermal fillers, have been developed to ameliorate the visible signs of skin aging; however,
their effects are primarily focused on improving tissue structure and appearance rather than
directly targeting the molecular mechanisms underlying the aging process. Here, we used
an in vitro model of UVB-induced dermal fibroblast senescence to evaluate the effect of a
polycomponent formula based on amino acids and vitamins on key hallmarks of skin aging.
Our results showed the formula modulated senescence, epigenetic and repair genes in
senescent dermal fibroblasts (senomorphic effect), while exerting a reduction in senescent
cell number (senolytic effect). Conditioned medium from senescent fibroblasts treated
with the formula stimulated extracellular matrix production and cell activation in healthy
fibroblasts. Moreover, the formula upregulated growth factor gene expression in adipose-
derived stem cells. Thus, our research shows a potent biostimulatory and regenerative
response of the proposed formula in aged skin and adipose stem cells, indicating the
potential use of these compounds in dermal fillers and other injectable products aimed at
regenerating and rejuvenating skin and deep adipose tissue.

Keywords: biostimulation; aging; senescence; senolytic; dermal fillers; injectables; extracellular
matrix (ECM) remodeling; regenerative medicine; fibroblasts; epigenetics

1. Introduction

Skin aging is a complex biological phenomenon characterized by the interplay between
intrinsic and extrinsic environmental factors. At the molecular level, cells undergo a pro-
gressive decline in their functions and accumulation of damage that results in epigenetic
alterations, genomic damage, mitochondrial dysfunction and cellular senescence, among
other hallmarks [1]. These changes favor a disrupted tissue microenvironment through
chronic, low-grade inflammatory state known as “Inflammaging”. At the tissue level, this
translates into extracellular matrix alterations, based on decreased collagen and elastin
production, impaired TGF-p signaling and increased matrix metalloproteinase activity [2,3].
Consequently, these molecular, cellular and tissue changes are responsible for the visual
changes observed in aged skin, including loss of firmness and elasticity and increased
sagging, dryness, wrinkles and laxity. Interestingly, these changes are not only dependent
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on dermal extracellular matrix alterations, but also influenced by deeper tissue compart-
ments, such as adipose tissue. Aged adipose tissue is characterized by loss of fat deposits in
differentiated adipocytes and decreased adipose-derived stem cell activity, this last cell type
being a key source of growth factors and cytokines that stimulate neighboring cells both
in adipose and near tissues, such as tendons, bones and other connective tissues [4]. In
fact, these fat compartments are usually another target of injectable biomaterials to induce
physical restoration of volume and redensification to correct visual skin-aging signs.

As current available treatments for skin aging, mesotherapy and dermal filler injections
are widely used by physicians to correct wrinkles and loss of firmness. The biomaterials
included in these injectables work either by physically filling the skin compartments that
cause skin aging signs (such as hyaluronic acid) or act through a controlled inflammatory
reaction that frequently derives in undesired adverse effects caused by foreign body re-
actions to the biomaterial (such as calcium hydroxyapatite) [5,6]. Thus, it is essential to
develop new treatments that include biostimulatory molecules that target the root cause of
skin aging signs, which are the aforementioned molecular hallmarks of aging. Previous
research has indicated the use of different compounds inside mesotherapy products to
improve skin brightness or hydration [7,8], but whether these compounds regulate key
pathways such as senescence or epigenetic modifications remains unknown. Interestingly,
compounds regulating senescence proinflammatory phenotype (called senomorphics) or
that specifically cause apoptosis in senescent cells (called senolytics) have shown promise
in other in vitro and animal studies regarding tissue rejuvenation and aged cellular function
restoration [9-12].

Hence, our aim was to elucidate the effect of a combination of amino acids and vi-
tamins on key hallmarks of aging in aged dermal fibroblasts and adipose-derived stem
cells (ADSCs). Our findings indicated that the proposed formula exerted beneficial effects
on epigenetic, repair and senescence biomarkers in senescent fibroblasts, while restoring
altered intercellular communication by boosting healthy fibroblasts activation and extra-
cellular matrix synthesis following treatment with conditioned medium from senescent
fibroblasts. Moreover, the tested formula upregulated growth factor, adipogenic and epige-
netic repair gene expression in ADSCs, further indicating a potential benefit in the paracrine
regenerative potential of stem cells located in deep fat tissues.

2. Materials and Methods
2.1. Cell Culture and Treatment

Human dermal fibroblasts (HDFs) (Promocell, Heidelberg, Germany) were cultured
in DMEM (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) supplemented with
10% fetal bovine serum (Fisher Scientific, Hampton, NH, USA) and Zellshield (Minerva
Biolabs GmbH, Berlin, Germany). ADSCs (Promocell, Heidelberg, Germany) were cultured
in Mesenchymal Stem Cell Growth Medium 2 (Promocell, Heidelberg, Germany). Cells
were incubated at 37 °C in 5% CO, and 90% humidity.

A formula containing ascorbic acid, cyanocobalamin, thiamine, retinol, pyridoxine,
niacinamide, tocopherol, biotin, glycine, arginine, glutathione, lysine and proline was
kindly provided by mesoestetic Pharma Group S.L, containing 1 mM, 2 uM, 100 uM, 1 uM,
200 yM, 5 mM, 50 uM, 100 uM, 5 mM, 5 mM, 5 mM, 500 uM and 500 yM as final concen-
tration, respectively. The concentrations were selected based on viable doses according to
previous studies [13-25]. The compounds were diluted in culture medium and used for
in vitro evaluation.

Cell viability was assessed using the sulforhodamine B (SRB) assay, as previously
described, to determine whether the selected combination of compounds exerted any
cytotoxic effects [26]. Briefly, cells were treated with the combination of compounds for
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24 h and consequently incubated with 10% trichloroacetic acid at 4 °C for 1 h. The SRB
solution was then added and cells were incubated for 30 min at RT. The SRB solution was
removed, cells were washed 4 times with 1% acetic acid, and they were allowed to dry at
RT. The dye was dissolved with 10 mM Tris base solution (pH 10) and the absorbance was
measured at 540 nm using a microplate reader (multiskan FC, Thermo Fisher Scientific,
Waltham, MA, USA).

2.2. UVB-Induced Senescence in Human Dermal Fibroblasts

HDFs were plated at a density of 6 x 10* cells/plate in 6-well plates. After 24 h, cell
culture medium was removed, and cells were irradiated at 25 mJ/cm? of UVB light (312 nm)
in a Bio LINK Crosslinker BLX-312/365 (Witec ag) in 1 mL of PBS. PBS was then removed
and fresh cell culture medium was added to each well. After 3 days, cells were irradiated
again under the same conditions. After 2 days, cells were processed according to the gene
expression (qPCR) or p-Gal staining protocols described in the next subsections. For non-
irradiated control conditions, HDF were plated at a density of 6 x 10 cells/plate in 6-well
plates. After 2 days, cells were trypsinized and reseeded at 6 x 10* cells/plate in fresh cell
culture medium in 6-well plates. After 3 days, cells were trypsinized again and reseeded at
8 x 10* cells/plate in fresh cell culture medium containing the compound in 6-well plates.
After 2 days, cells were processed as irradiated cells conditions. These trypsinization and
cell passaging steps are performed to avoid excessive cell confluence for non-irradiated cells
at the end of the experiment, considering that non-irradiated cells keep on proliferating,
but UVB-irradiated cells show significantly reduced proliferation during the culture and
irradiation protocol.

2.3. Gene Expression Quantification by qPCR

RNA was extracted from cell pellets using the Total RNA Purification Kit (Norgen,
Thorold, ON, Canada) according to the manufacturer’s protocol. Extracted RNA was quan-
tified using a NanoDrop™ ND-1000 UV-Vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

For gene expression quantification, 300 ng of RNA was retrotranscribed to cDNA using
the PrimeScript™ RT reagent kit (Takara Bio Inc., Kusatsu City, Japan). cDNA was diluted
1/10 in ultrapure water, and the qPCR mix was prepared by adding cDNA (12 ng), SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA), and forward and reverse primers (0.2 pM).

The primers and their respective sequences are listed in Table 1. The qPCR protocol
included one step at 95 °C for 30 s, 40 cycles at 95 °C for 10 s, and 60 °C for 1 min. The
results were analyzed with Bio-Rad™ CFX Manager software (version 3.1). ACTB was
used as a housekeeping gene to normalize gene expression.

Table 1. List of primers used for qPCR assay.

Gene Forward Sequence Reverse Sequence

EGF 5-AATTGGTGGTGGATGCTGGT-3' 5-GCTGCTGCAGTTTCCTTTCC-3'
GDF11 5 - TGCGCCTAGAGAGCATCAAGT-3 5'-CCCAGTTAGGGGTTTCAGTCGT-3'
HBEGF 5-CACTGGCCACACCAAACAAG-3' 5-CAACTGGGGACGAAGGAGTC-3
Kuzo 5'-ATGGCAACTCCAGAGCAGGTG-3 5 -AGTGCTTGGTGAGGGCTTCCA-3’
SIRT1 5 TGGGTACCGAGATAACCTTCT-3' 5 - TGTTCGAGGATCTGTGCCAA-3'
SIRT3 5'-GCAGCTCCCAGTTTCTTCTTT-3' 5'-CACCATGACCACCACCCTCT-3'
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Table 1. Cont.

Gene Forward Sequence Reverse Sequence
SIRT6 5'-GCAGTCTTCCAGTGTGGTGT-3 5-AAGGTGGTGTCGAACTTGGG-3'
DNMT1 5 -CCATCAGGCATTCTACCA-3' 5'-CGTTCTCCTTGTCTTCTCT-3'
BMI1 5 - TGGATCGGAAAGTAAACAAAGAC-3 5 - TGCATCACAGTCATTGCTGCT-3'
EZH? 5 -ATGCGACTGAGACAGCTCAA-3’ 5 - TGGGATGACTTGTGTTGGAA-3'
LMNBI1 5'-AAGCAGCTGGAGTGGTTGTT-3 5 - TTGGATGCTCTTGGGGTTC-3'
NAMPT 5 -CGTTTTCCCCTTAGCTCAGC-3' 5-GCCATGTTCTTTCACCTGCA-3’
DCN 5'-CAGCTTTGAGGGCTCCTGTG-3 5'-GATGGCATTGACAGCGGAAG-3'
DPT 5 - TGTCGCTACAGCAAGAGGTG-3 5 - TGAACTTCCACTGGCGATCC-3’
ACTA2 5 -CTTTGGCTTGGCTTGTCAGG-3' 5 - TCCCAGTTGGTGATGATGCC-3'
CD44 5'-AGCAGCGGCTCCTCCAGTGA-3’ 5'-CCCACTGGGGTGGAATGTGTCT-3
ADIPOQ 5'-AGAGGCTGACCTTCACATCC-3 5'-GTGATGGCAGAGATGGCAC-3'
PPARG 5'-ATGACAGACCTCAGACAGATTG-3' 5'-AATGTTGGCAGTGGCTCAG-3'
FGFB 5 -CTGGCTATGAAGGAAGATGGA-3' 5 - TGCCCAGTTCGITTCAGTG-3’
HGF 5 - TCTAGTGTGGGATGCAAGCA-3' 5'-CTTCCCTTGCCCAGTTCCTA-3'
PDGF 5'-CCCCTGCCCATTCGGAGGAAGAG-3 5 - TTGGCCACCTTGACGCTGCGGTG-3'
VEGF 5'-CTACCTCCACCATGCCAAGT-3 5'-ATCTGCATGGTGATGTTGGA-3'
CDKN2A 5'-GGCATTGTGAGCAACCACTG-3' 5'-CCTGTAGGACCTTCGGTGAC-3'
CDKN1A 5'-CTGGAGACTCTCAGGGTCGAA-3’ 5'-CCAGGACTGCAGGCTTCCT-3'
BCL2 5 -ATGTGTGTGGAGAGCGTCAA-3 5'-GCCGTACAGTTCCACAAAGG-3
BAX 5'-ATGCCCGTTCATCTCAGTCC-3 5-GGCGTCCCAAAGTAGGAGAG-3’
ACTB 5'-ACTGGAACGGTGAAGGTGACA-3' 5'-ATGGCAAGGGACTTCCTGTAAC-3'

2.4. B-Galactosidase Staining

After UVB irradiation protocol, cells were washed in PBS and fixed with 1 mL of 10%
formalin (Sigma Aldrich, St Louis, MO, USA). Detection of senescence-associated beta-
galactosidase (SA-p-Gal) activity was performed as previously described [27]. Bright field
pictures were taken for every condition using a CKX41 phase contrast microscope (Olympus,
Tokyo, Japan) and the number of cells was manually counted using Image] (1.51k). Cells
stained in blue were counted as senescent while non-stained cells were counted as non-
senescent. The percentage of senescent cells was then calculated by dividing the number of
counted senescent cells by the total number of cells in each condition.

2.5. Characterization of Cell Communication Effect Through Conditioned Medium

After the treatment of senescent fibroblasts with the formula and before cell harvesting,
the media of senescent cells treated for 48 h with the formula (conditioned medium) was
harvested and transferred to another plate of non-senescent human dermal fibroblasts.
Cells were incubated for 24 h in conditioned medium and later harvested by trypsinization
and processed for qPCR assay as described in the previous section.

2.6. Statistical Analysis

The experiments were performed in triplicate. Statistical significance was determined
through Student’s f-test (* p < 0.05, ** p < 0.01, *** p < 0.001) using Microsoft Excel™ version
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2408 (Microsoft Corporation, Redmond, WA, USA). This parametric approach was selected
to compare the means of two groups based on independent biological replicates, with each
biological replicate considered as an individual experimental unit to avoid pseudo replica-
tion. The use of Student’s t-test was considered appropriate for the analysis of continuous
quantitative variables, including percentages derived from cell counts, provided that the
assumptions of approximate normality and homogeneity of variances were reasonably satis-
fied. Although the limited number of biological replicates (n = 3 per condition) restricts the
ability to reliably assess normality, the results were interpreted considering this limitation.

3. Results
3.1. Effect of Polycomponent Formula on Cell Viability

Cell viability using SRB assay was performed to confirm that the concentration of
compounds used in the subsequent assays was not inducing a cytotoxic effect. As shown
in Figure 1, the selected concentration of the combination of ingredients did not alter
cell viability in either dermal fibroblasts or ADSCs. Thus, the specified concentration of
compounds was used for the subsequent experiments in both cell types.
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Figure 1. Cell viability assay using SRB reagent in fibroblasts and ADSCs treated for 24 h with the
polycomponent formula. Bar graphs indicate mean + SD (n = 3). Statistical analysis was performed
using Student’s t-test. No significant changes between control and treated cells were observed
according to this statistical analysis method.

3.2. Effect of Polycomponent Formula on Senescent Dermal Fibroblasts

Human dermal fibroblasts senescence was successfully induced using several UVB
irradiations. Typical senescent features that confirm senescent state include upregulation
of canonical senescence-associated cell cycle inhibitors p16™K4 and p21¢'*! (Figure 2),
decreased LMNBI expression (Table 2) and increased SA-B-Gal staining (Figure 3). To
evaluate the effect on senescent cell phenotype/activity (senomorphic effect), senescent
dermal fibroblasts were treated for 48 h with the polycomponent formula. After the treat-
ment, JPCR assay revealed that treated cells showed upregulation of genes involved in
senescence regulation (DNMT1, LMINB1I), epigenetic modulation (BMI1, EZH2, SIRT1,
SIRT3, SIRT6) and cell and tissue repair processes (EGF, GDF11, HBEGF, KU70, NAMPT)
(Table 2), suggesting a positive senomorphic effect on senescent fibroblasts.
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Figure 2. Gene expression levels of canonical regulators of senescence-associated cell cycle arrest
(CDKN2A /p16™¥4 and CDKN1A /p21¢"*1) in non-UVB irradiated fibroblasts and UVB-irradiated
fibroblasts. Bar graphs indicate mean & SD (n = 3). Statistical analysis was performed using Student’s
t-test, where *** indicates p < 0.001.
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Figure 3. Senescence-associated beta-galactosidase (SA-B-Gal) staining (40x magnification) of non-
UVB control fibroblasts (a,b), UVB-induced senescent control fibroblasts (¢,d) and UVB-induced
senescent fibroblasts treated with the formula (e,f). Representative pictures of triplicates are shown,
where (a,c,e) correspond to bright field and (b,d,f) correspond to phase-contrast. (g) Percentage of
senescent cells was calculated by counting the number of stained cells in blue (senescent) and the
total number of cells in each condition. Bar graphs indicate mean + SD (n = 3). Statistical analysis
was performed using Student’s f-test, where * indicates p < 0.05 and ** indicates p < 0.01.

Table 2. Gene expression levels of senescence, epigenetic and repair markers in control fibroblasts,
UVB-induced senescent fibroblasts and UVB-induced senescent fibroblasts treated with the poly-
component formula for 48 h. Standard deviation (SD, n = 3) for each quantification is provided
in brackets. Statistical analysis was performed using Student’s t-test, where “a” indicates p < 0.05
comparing no UVB control vs. UVB-induced senescent control; “b” indicates p < 0.01 comparing no
UVB control vs. UVB-induced senescent control; “c” indicates p < 0.001 comparing no UVB control
vs. UVB-induced senescent control; “d” indicates p < 0.05 comparing UVB-induced senescent control
vs. UVB-induced senescent treated with the formula; “e” indicates p < 0.01 comparing UVB-induced
senescent control vs. UVB-induced senescent treated with the formula.

UVB
Biological Process Gene 120 UVB Control Polycomponent
ontrol
Formula
Senescence regulation DNMT1 1.00 0.87 (£0.07) 1.80 (£0.07) ©
LMNBI1 1.00 0.31 (£0.07) >  0.69 (£0.13) 4
BMI1 1.00 1.49 (+£0.07)®  1.79 (£0.05) 4
) ) EZH2 1.00 0.70 (£0.06) ®  1.07 (£0.12) ©
Epigenetic SIRT1 1.00 1.04 (£0.03)  1.36 (£0.06) ¢
modulation SIRT3 1.00 128 (+£0.09)°  1.78 (+0.06)
SIRT6 1.00 1.24 (£0.03)®  1.45 (£0.04) ¢
EGF 1.00 3.39 (£0.37) ¢ 643 (£0.18) ©
GDF11 1.00 1.60 (+£0.16) @ 2.39 (+0.28) ¢
Cell and tissue repair =~ HBEGF 1.00 1.54 (£0.10) @ 1.93 (+0.12) d
Kuzo 1.00 1.06 (+£0.02) @ 1.55 (+0.09) ¢
NAMPT 1.00 3.38 (£0.51) @  4.48 (+£0.24) 4
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Senescent cell death (senolytic effect) was evaluated by SA-B-Gal staining and
apoptosis-related gene expression by qPCR. As shown in Figures 3 and 4, treatment with the
formula for 48 h significantly reduced the percentage of SA-p-Gal-stained cells, upregulated
pro-apoptotic gene BAX and downregulated anti-apoptotic gene BCL2. Taken together,
the reduction in SA-p-gal-positive cells, the modulation of apoptosis-related markers, and
the absence of cytotoxicity in normal fibroblasts as demonstrated by the SRB viability as-
say (Figure 1) support a senolytic effect of the formula by promoting the elimination of
senescent fibroblasts while preserving the viability of non-senescent cells.
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Figure 4. Gene expression levels of apoptosis regulators (BAX, BCL2) in control fibroblasts, UVB-
induced senescent fibroblasts and UVB-induced senescent fibroblasts treated with the polycomponent
formula for 48 h. Bar graphs indicate mean + SD (n = 3). Statistical analysis was performed using
Student’s t-test, where “a” indicates p < 0.01 comparing no UVB control vs. UVB-induced senescent
control; “b” indicates p < 0.001 comparing no UVB control vs. UVB-induced senescent control; “c”
indicates p < 0.05 comparing UVB-induced senescent control vs. UVB-induced senescent cells treated

with formula.

3.3. Effect of Conditioned Medium from Senescent Fibroblasts on Healthy Fibroblasts

To evaluate the effect of the treatment on altered intercellular communication, condi-
tioned medium from senescent fibroblasts treated for 48 h with the formula was transferred
to healthy fibroblasts and gene expression was quantified by qPCR. As shown in Table 3,
two genes involved in fibroblast activity and extracellular matrix (DPT and ACTA2) were
downregulated by conditioned medium from non-treated cells, indicating that senescent
phenotype can alter cell function of neighboring cells. When senescent cells were treated
with the polycomponent formula, healthy fibroblasts incubated with conditioned medium
from senescent cells showed upregulated levels of fibroblast activity and extracellular matrix
production, suggesting that the treatment restores altered cell communication between
senescent and healthy fibroblasts.
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Table 3. Gene expression levels of fibroblasts activity and extracellular matrix in fibroblasts incubated
in conditioned medium (CM) from healthy cells, fibroblasts incubated in CM from senescent cells and
fibroblasts incubated in CM from senescent cells and treated with the polycomponent formula for 24 h.
Standard deviation (SD, n = 3) for each quantification is provided in brackets, and statistical analysis
was performed using Student’s t-test, where “a” indicates p < 0.01 comparing CM from healthy cells
and CM from senescent cells; “b” indicates p < 0.05 comparing CM from senescent cells and CM from
senescent cells treated with formula; “c” indicates p < 0.01 comparing CM from senescent cells and
CM from senescent cells treated with formula.

Gene CM from Healthy CM from Senescent Cells
Cells Control Polycomponent Formula
GDF11 1.00 1.09 (£0.15) 1.96 (+0.17) P
DCN 1.00 1.02 (£0.11) 1.92 (£0.17) P
DPT 1.00 0.63 (£0.03) * 1.06 (£0.10) ©
ACTA2 1.00 0.52 (£0.03) * 1.62 (+£0.07) ©

3.4. Effect of Polycomponent Formula on Adipose-Derived Stem Cells (ADSCs)

ADSCs were cultured for 24 h in the presence of the formula to assess the effect on
genes involved in tissue regeneration and repair of deep tissues. As shown in Table 4,
the formula upregulated adipogenic (ADIPOQ, PPARG), growth factors (FGFB, GDF11,
HGF, PDGF, VEGF), proliferation (CD44) and cellular function/resistance to stress (SIRT1,
SIRT3, SIRT6). Overall, these changes indicate an early transcriptional response of ADSCs
to the formula, characterized by the modulation of adipogenesis-related genes together
with increased expression of factors associated with tissue repair and cellular function.

Table 4. Gene expression levels of proliferation, adipogenic phenotype, growth factors, cell function
and resistance to stress in control ADSCs and ADSCs treated with the polycomponent formula for
24 h. Standard deviation (SD, n = 3) for each quantification is provided in brackets, and statistical
analysis was performed using Student’s f-test, where * indicates p < 0.05, ** indicates p < 0.01 and
*** indicates p < 0.001.

Biological Process Gene Control Polycomponent Formula
Proliferation CD44 1.00 1.75 (£0.14) **
. . ADIPOQ 1.00 1.40 (£0.20) *
Adipogenic phenotype PPARG 1.00 1.19 (+0.10) *
FGFB 1.00 3.52 (£0.07) ***
GDF11 1.00 2.17 (£0.30) *
Growth factors HGF 1.00 1.30 (£0.11) *
PDGF 1.00 2.05(£0.31) *
VEGF 1.00 2.75 (£0.52) *
) ) SIRT1 1.00 1.47 (£0.10) **
Cellular function/resistance SIRT3 1.00 1.46 (£0.20) *
to stress SIRT6 1.00 1.34 (+£0.09) *

4. Discussion

Cellular senescence is increasingly recognized as a central hallmark of aging and
a major driver of skin aging. Rather than acting independently, senescence is closely
interconnected with the other hallmarks of aging, amplifying tissue dysfunction through
reciprocal feedback mechanisms [28]. The accumulation of senescent cells promotes the
secretion of the senescence-associated secretory phenotype (SASP), which establishes
a chronic pro-inflammatory microenvironment and contributes to inflammaging. This
persistent low-grade inflammation disrupts tissue homeostasis, impairs extracellular matrix
integrity, and reduces the regenerative capacity of the skin [1,2]. Collectively, these processes
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underlie the progressive loss of firmness, elasticity, and volume that characterize aged skin.
Therefore, targeting senescence and its downstream effects has become a key objective
in the development of interventions aimed at preventing or reversing the visible signs of
skin aging.

Within this framework, regenerative medicine focuses on restoring cellular functions
that progressively decline with age by promoting endogenous repair mechanisms and
tissue regeneration [29,30]. Unlike approaches that rely primarily on inflammatory-driven
remodeling, an ideal regenerative strategy should provide controlled biostimulation while
minimizing excessive or prolonged inflammation, which may compromise tissue home-
ostasis and long-term outcomes. Consequently, biomaterials capable of promoting tissue
regeneration through physiological activation of resident cells, without eliciting an exacer-
bated inflammatory response, represent a promising strategy to achieve more effective and
durable skin rejuvenation.

In this context, our research highlights a combination of vitamins and amino acids
with biologically relevant effects on key aging pathways in both aged dermal fibroblasts and
ADSCs. Previous studies using similar compounds for mesotherapy purposes have shown
benefits on collagen synthesis or antioxidant effect [8,31-33], rather than evaluating the
effect on key hallmarks of aging such as senescence or altered intercellular communication.

First, we observed a combined senolytic and senomorphic effect of the tested formula
in a model of photoaging-induced senescence (Table 2, Figures 3 and 4), by reducing the
population of senescent cells while stimulating repair, epigenetic modulation and regenera-
tion markers in the surviving cells. This dual effect represents a distinctive approach in the
field of skin rejuvenation, as previous studies have largely focused on either promoting the
elimination of senescent cells or attenuating the senescent phenotype, whereas the present
findings suggest that both effects may be achieved through the same intervention [9,34]. Of
note, the tested formula upregulated GDF11 among other biologically relevant genes in the
skin. Previous research has proven the key role of this growth factor in preserving youthful
phenotypes in various types of skin cells [35]. However, to the best of our knowledge, this is
the first study to report the upregulation of this gene in response to an injectable treatment
or compound.

Second, the beneficial effect of the formula on senescent fibroblasts was validated
by testing the effect of the SASP on neighboring cells, which accounts for another of the
key hallmarks of aging—altered intercellular communication [36]. For this, conditioned
medium from senescent fibroblasts was transferred to healthy fibroblasts and gene ex-
pression was evaluated by qPCR. The results showed that the conditioned medium from
senescent cells treated with the formula upregulated genes involved in extracellular matrix
(DPT, DCN) and fibroblasts activation (GDF11, ACTA2) in healthy fibroblasts. Thus, the
plausible explanation for this effect is the positive modulation of the secreted factors by
senescent cells with a consequent beneficial activation of healthy fibroblasts. Nevertheless,
these findings should be interpreted with caution. Since the conditioned medium obtained
from formula-treated senescent fibroblasts may contain residual amounts of the tested
compounds, a direct effect of these compounds on the healthy recipient fibroblasts cannot
be completely excluded. Therefore, although the observed modulation of DPT and ACTA2
expression is consistent with an alteration of the paracrine effects exerted by senescent
fibroblasts, the present experimental design does not allow this effect to be unequivocally
attributed to restored paracrine signaling. Future experiments including a control in which
healthy fibroblasts are exposed to fresh medium containing an equivalent residual con-
centration of the formula would be necessary to distinguish between direct effects of the
compounds and effects mediated by changes in the senescent cell secretome.
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Finally, the formula was also tested on ADSCs, as these cells are increasingly becoming
of interest in regenerative medicine. Particularly, these cells can differentiate to a wide
variety of cells including adipocytes, chondrocytes or osteoblasts among others, while also
producing growth factors and cytokines that boost regenerative and rejuvenating processes
in deep tissues such as fat compartments [4,37]. Based on these abilities, these cells are
being used in autologous fat grafting for regenerative purposes. Interestingly, previous
studies have focused on using injectable products to boost the activation of resident ADSCs
as an alternative to autologous procedures, which are more technically difficult and can
derive in risks and adverse effects in the patients [38]. Specifically, hyaluronic acid (HA)
complexes can induce adipogenic gene upregulation after 7 days. In our experiment, the
formula upregulated adipogenic genes, but to a lesser extent than HA. The difference might
be explained by our reduced time of treatment (24 h vs. 7 days). Interestingly, our research
shows that the formula can upregulate growth factors gene expression and CD44, the
receptor that mediates HA-induced cell proliferation. Thus, the combination of HA and this
polycomponent formula might have a synergistic effect on the early activation of ADSCs. The
increased expression of PPARG and ADIPOQ observed after 24 h of treatment indicates an
early modulation of genes associated with adipogenic regulation and adipose tissue function.
Given the short treatment period and the absence of a specific adipogenic induction protocol,
these transcriptional changes should not be interpreted as evidence of terminal adipogenic
differentiation. Rather, they suggest that the formula induces an early transcriptional
response in ADSCs involving pathways related to their adipogenic potential. Importantly,
the aim of this experiment was to assess the acute responsiveness of ADSCs to the formula in
the context of tissue biostimulation, rather than to promote their differentiation into mature
adipocytes. Further studies involving prolonged adipogenic induction and functional
endpoints, such as lipid accumulation, would be required to establish whether these early
molecular changes translate into enhanced adipogenic differentiation.

Despite these promising findings, several limitations of the present study should be
acknowledged. First, the cytokines and growth factors released by senescent cells, present
in the conditioned medium and responsible for the beneficial effects on healthy fibroblasts
remain unknown. Second, the experiment on ADSCs lacks a functional demonstration of
the positive effect of the formula, as the observed changes correspond to gene expression
changes, but not protein or pathway alterations. These mRNA changes may not necessarily
translate into corresponding changes at the protein level. Therefore, future studies assessing
protein abundance and/or secretion should validate these transcriptional responses and
confirm their functional relevance, particularly regarding fibroblast activation and the
production of growth factors by ADSCs. Finally, the presented results are observed in
in vitro models of skin aging, and thus these effects should be confirmed in ex vivo and
clinical studies to finally assure the observed regenerative and rejuvenating potential of the
formula. Therefore, future research could be oriented to solve these limitations.

5. Conclusions

Our findings demonstrate that the proposed combination of active ingredients posi-
tively modulates key pathways involved in regeneration, senescence, and tissue repair in
aged dermal fibroblasts and adipose-derived stem cells (ADSCs). These results highlight
its potential as a bioactive formulation for mesotherapy products and dermal fillers de-
signed to promote tissue biostimulation and rejuvenation. By targeting both superficial skin
layers and deeper anatomical structures relevant to regenerative and aesthetic medicine,
including the deep fat compartments, this approach represents a promising strategy for en-
hancing tissue regeneration and addressing age-related changes through a comprehensive
regenerative mechanism.
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