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Abstract: Aging, marked by a decline in cellular function and increased risk of diseases,
involves the accumulation of senescent cells. This study aims to develop and characterize
3D senescent skin models to understand cellular senescence mechanisms’ implications in
cutaneous aging. Normal human epidermal keratinocytes (NHEKSs) were cultured from
early to late passages (p2 to p7) to induce replicative senescence or sourced from both
young and aged donors to reconstruct 3D models. Histological analyses assessed tissue
morphology and integrity, while permeability assays evaluated epidermal barrier function.
Analyses using immunostaining, RT-PCR, Affymetrix™ GeneChip™ Microarrays identified
key markers of cellular senescence, epidermal homeostasis, and other related processes.
Results showed that NHEKSs at p5 and beyond, and those from aged donors, exhibited
significant morphological disruptions, decreased expression of differentiation-associated
genes, and impaired barrier function. Increased pl6ink4a-positive cells indicated enhanced
senescence. Transcriptome analysis revealed significant changes in keratinocyte differen-
tiation, cell—cell interaction, cell cycle regulation, extracellular matrix homeostasis, and
inflammation. These findings underscore the relevance of addressing cellular senescence
for enhancing skin health and promoting skin longevity. These 3D senescent skin models,
validated by consistent results from both passage-induced senescence and aged donor ker-
atinocytes, are valuable for understanding skin aging and developing anti-aging treatments,
positioning them as essential tools in the pursuit of skin longevity-focused innovations.

Keywords: skin aging; skin longevity; cellular senescence; replicative senescence; tissue
engineering; 3D skin models; epidermal differentiation

1. Introduction

Aging, traditionally defined as a ‘Time-related dysfunction’, is a complex process
characterized by a gradual decline in cellular biological functions and an increased risk of
age-related diseases [1]. As the global population ages, an increasing number of people
are affected by this process. According to the World Health Organization (WHO) 2022, by
2030, one in six people worldwide will be 60 or older. By 2050, this percentage will rise
to 22%, or 2.1 billion people. This demographic shift underscores the need for a deeper
understanding of the biological mechanisms driving aging. Biologically, aging results from
the cumulative impact of molecular and cellular damage over time.

Among these aging mechanisms, the accumulation of senescent cells stands out as
particularly significant. Cellular senescence, often referred to as a state of ‘irreversible
growth arrest’, occurs when cells lose their ability to divide but remain metabolically
active. This process, while initially protective, contributes to tissue dysfunction over time.
Originally described by Hayflick and Moorhead, replicative senescence is an irreversible
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cell cycle arrest that typically occurs in cells after multiple culture passages, reflecting their
limited proliferative capacity [2]. This state can be induced in response to various stimuli
and plays roles in physiological processes such as development, cancer prevention, and
cutaneous wound healing [3].

However, senescence also has a darker side, particularly in the context of aging,
where the accumulation of these cells has been recognized as one of the 12 hallmarks of
aging [4]. In addition to replicative senescence, primarily due to telomere shortening,
cellular senescence can also be initiated by stress signals. These encompass oncogene-
induced senescence (OIS), oxidative stress, mitochondrial dysfunction, or exposure to
chemical compounds and ionizing radiations, as seen in therapy-induced senescence
(TIS) [5,6].

Skin, as an interface between our environment and organism, is continually exposed
to both internal and external stressors. Among these factors, chronic exposure to solar
radiation, pollutants, and tobacco, collectively referred to as the skin aging exposome,
are recognized as accelerators of extrinsic aging that potentiate intrinsic or chronological
aging [7]. Senescent cell accumulation is observed in all compartments of the skin during
aging, identified by increased senescence-associated 3-galactosidase (SA-[3-gal) activity or
by other markers such as p16INK4a, p21CIP, and p53 [8-12]. At the level of the epidermis,
Riibe et al. suggest the histone variant H2A.] as a new biomarker to detect senescent
cells during human skin aging and show that in the epidermis, the proportions of H2A J-
expressing keratinocytes increased from ~20% in young to ~60% in aged skin [13]. Addi-
tionally, in the basal layer, an inverse correlation between Ki67+ and H2A.J+ keratinocytes
was observed, which may be responsible for the decline in regenerative capacities of the
epidermis and the slowing down of the skin healing process. Moreover, in addition to
their accumulation, senescent cells secrete cytokines (IL-1, IL-6, IL-8), chemokines (GRO-«),
growth factors (HGF, IGFBPs), and matrix metalloproteinases (MMP-3, MMP-1, MMP-9),
collectively termed as senescence-associated secretory phenotype (SASP). SASP is thought
to contribute to the functional decline of the skin as a consequence of aging, through
the establishment of a chronic inflammatory state and induction of senescence in normal
cells [14,15]. Interestingly, senescent fibroblasts in aged skin behave differently in vivo
compared to in vitro. Waldera et al. demonstrated that intrinsically aged dermal fibroblasts
develop a unique Skin Aging-Associated Secretory Proteome (SAASP), which is distinct
from the classical SASP typically observed in vitro [16]. Keratinocytes play a critical role in
maintaining epidermal integrity and regeneration. Their senescence not only disrupts the
epidermal renewal process but also exacerbates inflammatory and degenerative processes
associated with aging, making their unique behavior particularly relevant to skin aging
studies. This highlights the limitations of traditional 2D models in fully replicating the
complexity of the in vivo environment, reinforcing the need for 3D models that better
mimic the cellular and extracellular context of aged skin, including the unique behaviors of
senescent keratinocytes.

At the histological level, aged skin is characterized by a thinning epidermis, a flattened
dermo-epidermal junction (DEJ), and dermal alterations, all attributable to senescent cell
activity. These changes have motivated the development of innovative anti-aging therapies
targeting senescent cells. Such therapies, including senomorphic agents, senolytics, and
senostatics, aim to counteract SASP effects or selectively eliminate senescent cells. Emerging
strategies also leverage the immune system to clear these cells [17].

To support the development of these innovative therapies and further our understand-
ing of senescence mechanisms in a more physiologically representative context, we have
developed and characterized 3D models of aged skin. These models, which mimic the
cellular and microenvironmental complexity of aged skin more accurately than traditional
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2D cultures or biochemical assays [18], offer invaluable tools for testing senotherapies and
studying cellular senescence. They provide a critical understanding of the challenges and
future directions of managing skin aging at the clinical level. This work opens the door to a
deeper understanding of skin longevity and the development of more effective treatments
for promoting long-term skin health and addressing age-related skin conditions.

2. Materials and Methods
2.1. Cell Cultures

Normal human epidermal keratinocytes (NHEKSs) were derived from three donors
aged 7 (isolated from foreskin), 27, and 50 years (isolated from abdominal plasty). The
NHEK cells were cultured in keratinocyte serum-free medium (KSFM) supplemented
with bovine pituitary extract (50 ng/mL) and epidermal growth factor (EGF) (5 ug/mL).
To model differential aging processes, NHEK cells underwent multiple passages using
trypsinization, followed by a 1:3 split, based on the methodology outlined by Hayflick [19].
The cells from passages 2 (p2) through 7 (p7) were used for epidermal reconstruction.

Normal human dermal fibroblasts (NHDF) were established from mammary plasty of
healthy donors. These cells were obtained from a pool of five donors aged 21 to 51 years.
The NHDF were cultured and amplified in calcium-free DMEM, which was then incorpo-
rated into a three-dimensional collagen lattice. This enriched matrix provided a scaffold for
keratinocyte seeding, enabling the 3D reconstruction of human skin.

All procedures involving human cells were conducted in accordance with the ethical
standards of the institutional and national research committees and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.

2.2. Reconstructed Human Epidermis (RHE)

Reconstructed human epidermis (RHE) samples were prepared as previously de-
scribed [20]. Briefly, suspensions of NHEKSs from the 7-year-old donor at p2 to p7 were
cultured on 0.5 cm? polycarbonate culture inserts (Millipore, Molsheim, France) in Epilife®
medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with Epilife®
supplements and then transferred to the air-medium interface for 5 or 12 days and grown
in Epilife® medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with
1.5 mmol calcium chloride and 50 pg/mL ascorbic acid.

In parallel, RHEs were also prepared with NHEK from young and aged donors used
at low passages. Specifically, NHEKs from the 7-year-old donor (p3) and the 27-year-old
donor (p3) were utilized for these reconstructions. Depending on the model, RHEs were
matured and cultured for 5 to 17 days, as indicated in the results section. After this period,
RHESs were collected for histological, permeability, immunostaining, or gene expression
analysis. All experimental conditions were performed in triplicate.

2.3. Reconstructed Human Skin (RHS)

Reconstructed human skin (RHS) samples were cultured using a well-established
protocol for 3D skin models. Normal human epidermal keratinocytes (NHEKSs), derived
from a 7-year-old donor and ranging from passages 2 to 7, along with cells from both
younger and older donors, specifically the 7-year-old and 50-year-old donors, were seeded
on a three-dimensional collagen lattice. The lattice, containing fibroblasts and made from
type I collagen (Advanced BioMatrix, Carlsbad, CA, USA), was castin a 0.5 cm? culture
insert (Millipore). The lattice was prepared using a medium consisting of MEM and
complete Epilife® medium, supplemented with type I collagen, L-glutamine, and NaHCOs.

After polymerization, keratinocytes were seeded onto the lattice and then incubated at
37 °C in a 5% CO, environment for 48 h using a seeding medium of Epilife® without IGF-1,
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supplemented with insulin and CaCl,. After the initial incubation period, the medium
was removed, allowing the reconstructed skins to be maintained in air/liquid interface
conditions. The differentiation test medium used during the cultivation period of 5 to
17 days was Epilife® without IGF-1, supplemented with insulin, CaCl,, vitamin C, and
keratinocyte growth factor (KGF). The medium under the inserts was changed every 2
or 3 days. After the cultivation periods, RHS samples were harvested for histological
examination, immunostaining, and comprehensive genomic analysis using Affymetrix
platforms (Santa Clara, CA, USA).

2.4. Histological and Immunostaining Analysis

The RHE and RHS samples were collected, washed, and fixed with formaldehyde
solution. Fixed tissues were dehydrated with increasing ethanol concentrations and em-
bedded in paraffin, and sections were carried out using a microtome (5 pm thickness).
Next, the sections were deparaffinized, rehydrated, and stained with hematoxylin-eosin
saffron (HES). Image acquisition of stained tissue sections was performed on a microscope
at a Nikon ECLIPSE Ci-L microscope with a NIKON DS-Ri2 camera. Images were used
to determine the morphological aspect of the RHE and thickness of the epidermis using
NDP.view2 Viewing software V2.0.

Immunohistochemistry and immunofluorescence staining were performed for protein
quantification in RHE or RHS. Samples were cut into 5 um-thick sections, and stainings were
performed using monoclonal antibodies against human p16ink4a (clone E6H4, 1:50, Roche
Diagnostics, Meylan, France) or Ki67 (Rabbit monoclonal SP6, 1:200, Abcam, Cambridge,
UK). Sections were observed using a Nikon ECLIPSE Ci-L. The images were captured
using a NIKON DS-Ri2 and processed with Nikon NIS Elements software Ar V5.02.03.
For quantitative analyses, the intensity of pl6ink4a and Ki67 staining were measured in
five representative areas for each section using Image]2 release 2.16.0 software (National
Institute of Health, Bethesda, MA, USA) [21].

2.5. RHE Permeability Measurements

Skin barrier quality was assessed by measuring #C-caffeine penetration in the
RHE constructed with NHEKs derived from a 7-year-old donor ranging from p2 to p7.
4C-caffeine diluted in a water-alcohol-containing gel (80% water and 8% ethanol) was
deposited on the surface of the RHE. To prevent evaporation, the tops of the cells were
sealed with a cap. The receptor fluid, containing the absorbed radioactivity, was collected
in scintillation vials at 30 min intervals over a period of 8 h (30 min, 1, 2, 3,4, 5, 6,7, and
8 h). The radioactivity was measured using a Tricarb Packard Coulter. Caffeine diffusion
was inversely proportional to the barrier function, with higher permeability indicating a
weaker barrier.

2.6. Total RNA Extraction and Quantitative RT-gPCR

Total RNA from RHE and RHS samples were isolated using the RNeasy Plus Mini Kit
(Qiagen, Maryland, MD, USA). To evaluate the quantity and quality of the isolated total
RNA, capillary electrophoresis was performed using the Bioanalyzer 2100 (Agilent Tech-
nologies, Santaclara, CA, USA) equipped with RNA Nano Chips (Agilent Technologies).
The RNA samples were subsequently reverse transcribed using SuperScript II Reverse Tran-
scriptase (Invitrogen Life Technologies, Carlsbad, CA, USA) following the manufacturer’s
instructions. Then, samples were amplified by RT-qPCR using PowerUp™ SYBR™ Green
(Thermofisher, Waltham, MA, USA) and specific primer (CDKN2A forward and reverse
sequence respectively: 5'-3" ATATGCCTTCCCCCACTACC; 5'-3' GCCATTTGCTAGCAGT-
GTGA; MKI67 forward and reverse sequence, respectively: 5'-3' GACAGAGGTTCCTAA-
GAGAG; 5'-3' AACAATCAGATTTGCTTCCG).
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2.7. Differentially Expressed Genes

Comparative analysis of differentially expressed genes was performed on RHS sam-
ples, one reconstructed with NHEK cells from a 7-year-old donor at p2 and the other
with NHEKSs at p5, using the HG-U219 array (Affymetrix®). The Affymetrix platform
was specifically used to identify genes between these passages whose expression levels
changed by at least a two-fold (fold change). Total RNA was extracted from RHS samples
using TriPure Isolation Reagent (Thermo Fisher Scientific, Waltham, MA, USA). The quality
and concentration of the RNA were assessed with the Agilent 2100 Bioanalyzer system.
An equal amount of high-quality RNA was used across samples to ensure uniformity in
subsequent analyses. Biotinylated antisense RNA (aRNA) was synthesized from extracted
RNA using the GeneChip 3'IVT Express Kit (Affymetrix). The integrity and size distribu-
tion of the aRNA were verified both pre- and post-fragmentation using the Bioanalyzer
2100. Fragmented aRNA samples were hybridized to the Affymetrix HG-U219 array, which
assays over 36,000 transcripts. Hybridization occurred at 45 °C for 20 h using the GeneAtlas
Fluidics Station (Affymetrix). Post-hybridization, arrays were scanned at a resolution of
2 um by the GeneAtlas Imaging Station to acquire signal intensities. Acquired raw inten-
sity data were processed using the Affymetrix Expression Console software. Background
correction and normalization were performed using the Robust Multiarray Analysis (RMA)
method, which includes log2 transformation and quantile normalization. Differentially
expressed genes between samples from passage 2 (p2) and passage 5 (p5) NHEK cells were
identified based on a minimum two-fold change criterion. Significantly modulated genes
were uploaded to DAVID (Database for Annotation, Visualization, and Integrated Discov-
ery, http://david.abcc.ncifcrf.gov/, accessed on 20 March 2025) for functional annotation.
Pathway enrichment analysis, including access to Reactome pathways, was performed
using DAVID’s integrated tools [22].

2.8. Statistical Analysis

Data are presented as mean 4= SEM. Statistical significance was determined using un-
paired Student’s t-test or one-way ANOVA with Dunnett’s multiple comparisons. p < 0.05
was considered significant. * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

3.1. Morphological Analysis of RHEs Constructed from NHEKs Subjected to Early to
Late Passages

To appreciate the effects of varying passages of NHEKSs on in vitro epidermal recon-
struction, we cultivated these cells across a range of passages from 2 to 7 (p2 to p7). This
approach was designed to approximate the Hayflick limit, thus simulating cellular senes-
cence. As expected, histological analysis of the RHEs using NHEKSs from these different
passages revealed distinct morphological differences associated with the passage number.
Specifically, RHE samples from early passages (p2 to p4) exhibited a normal epidermal
morphology (Figure 1A—C). These models were distinguished by complete epidermal
stratification observed with the four expected cell layers, indicative of the effective estab-
lishment of the terminal differentiation program in keratinocytes. However, with increasing
passage numbers, significant morphological changes were observed (Figure 1D-F). RHEs
constructed with NHEKS at p5 and p6 displayed a thinner epidermal layer, along with a
disrupted differentiation program, evidenced by the presence of nuclei or parakeratosis in
the cornified layer. The most pronounced alterations were observed in RHEs derived from
NHEKSs at p7. These samples showed marked disorganization, complete lack of stratifica-
tion, and severe impairment in both the differentiation program and epidermal integrity.
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Figure 1. Histological analysis of reconstructed human epidermis (RHE) from normal human epi-
dermal keratinocytes (NHEKS) at various passages. Hematoxylin and eosin staining was performed
on RHE samples after 12 days of culture. (A-C) RHEs from early-passage NHEKs (RHE-p2 to
RHE-p4) show normal morphology and complete stratification. (D-F) RHEs from late-passage
NHEKs (RHE-p5 to RHE-p?) exhibit thinner layers and the presence of parakeratosis, demonstrating
a disrupted epidermal terminal differentiation process.

3.2. Assessment of the Epidermal Barrier Function of the RHE-p2 to RHE-p7

The measurement of caffeine permeability was used to assess the integrity of the

‘outside-in” epidermal barrier of RHEs constructed with NHEKS at p2 to p7 and cultured

for either 5 or 12 days. As expected, RHEs developed from NHEKSs at p2 to p4 exhibited
a significantly lower permeability, indicating a functional epidermal barrier, in contrast
to RHEs constructed using late-passage NHEKSs (Figure 2). Thirty minutes after caffeine
application, its permeability was about markedly lower in RHEs from NHEKSs at p2 to
p4 compared to RHEs from NHEKSs at p5 to p7. However, it is noteworthy that RHEs
cultured for 5 days displayed a similar caffeine penetration after 5 h, suggesting that the
barrier was not fully functional at this early time point (Figure 2A). In contrast, by the 12th
day of culture, RHEs generated from NHEKSs at p2 to p4 appeared to exhibit a completely
functional epidermal barrier demonstrated by a lower caffeine penetration, compared to
RHEs made from NHEKSs at p5 to p7 (Figure 2B).

Barrier function at day 5 B Barrier function at day 12

200,000
o P2 * P2

¥ P3 * P3
o P4 180,000 o P4
PS5 PS5

- P6 & P6
160,000 — ]
T L

& P7

140,000
120,000+

g 100,000
80,000
60,000

40,000

20,000

Time (h) Time (h)

Figure 2. Assessment of the epidermal barrier function of reconstructed human epidermis (RHE)
from normal human epidermal keratinocytes (NHEKSs) at various passages. The permeability of
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caffeine was measured to evaluate barrier integrity in RHEs constructed with NHEKSs at passages 2 to
7, cultured for either 5 days (D5) (A) or 12 days (D12) (B). RHEs from early-passage NHEKSs (p2 to p4)
showed lower permeability, indicating a more functional barrier compared to those from late-passage
NHEKS (p5 to p7), which exhibited higher permeability and compromised barrier function.

3.3. Analysis of Gene Expression of Epidermal Markers in RHE-p2 to RHE-p7

Gene expression analysis was performed to assess the impact of keratinocyte passage
number on key markers of epidermal homeostasis. The results aligned with histological
observations and permeability assessments, revealing a clear trend of decreased expression
in markers related to keratinocyte differentiation, epidermal integrity, and barrier function
in RHEs derived from late-passage NHEKSs (p5 to p7). Specifically, genes encoding Keratin
1, filaggrin, caspase 14, calmodulin-like 5 (CALMLS5), corneodesmosin, and desmoglein
1—all essential for the maintenance of a functional epidermal barrie—showed a marked
reduction in expression in these later-passage models (Table 1). This reduction points to
a disruption in the epidermal differentiation program and weakened barrier function in
late-passage RHEs.

Table 1. Gene expression analysis of key epidermal markers in reconstructed human epidermis (RHE)
using normal human epidermal keratinocytes (NHEKS) at passages 2 to 7 (p2 to p7). Expression levels
are presented as fold change relative values compared to a control, which corresponds to the epidermis
constructed with keratinocytes at passage 1 (p1) and normalized by changes in glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) values, reflecting the changes associated with keratinocyte
differentiation, maintenance of epidermal integrity, barrier function, and inflammation. The table
highlights a decrease in the expression of differentiation markers and an increase in basal layer
markers and pro-inflammatory genes in RHEs from late-passage NHEKS, indicating disrupted
differentiation and barrier function.

P2 P3 P4 P5 P6 P7
Genes
Fold Change Versus p1
Calmodulin-like 5 CALML5 1.09 0.76
Caspase 14,
apoptosis-related CASP14 1.01 0.65
cysteine peptidase
Filaggrin FLG 1.01 0.93
Keratinocyte Keratin 1 KRT1 0.96 0.58
differentiation Keratin 19 KRT19 1.16 1.19
Sulfotransferase
family, cytosolic, SULT2B1 0.97 0.68
2B, member 1
Laminin, gamma 2 LAMC2 0.85 0.51
Glycerol/water Aquaporin 3 (Gill
transport blood group) AQP3 117 073
Cytokines/Chemokines Interleukin 1, alpha IL1IA 0.95 1.22
.. . Defensin, beta 4A DEFB4A 0.65 0.81
Anti-microbian 3100
pe’;ﬁ,‘fjﬁ;é%‘m calcium-binding S100A7 0.87 1.10
protein A7
Cell—cell Corneodesmosin CDSN 0.82 0.76
interactions Desmoglein 1 DSG1 1.16 0.88
fold change scale
N
o 5 R N T . ”
N Pax + + + + + + o
v Q QL QL ‘J’ QL L "L 2
$ o & N o o o

In contrast, markers associated with basal layer stemness or undifferentiated ker-
atinocytes, such as Keratin 19 and Laminin Gamma 2 (LAMC?2), were significantly upreg-
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ulated in RHEs developed from higher passages. This increase in basal markers further
suggests a disruption in the keratinocyte differentiation process, with late-passage ker-
atinocytes failing to complete the transition into mature, differentiated cells [23].

The analysis of antimicrobial peptide (AMP) gene expression also revealed differences
between early- and late-passage RHEs. Notably, SI00A7 (psoriasin), a gene linked to dis-
rupted epidermal differentiation and inflammation, was significantly upregulated in RHEs
from NHEK at p4 and p5 (Table 1). This finding aligns with the impaired differentiation
seen in other models of epidermal inflammation, such as psoriasis, suggesting that these
passages may mimic early signs of stress or inflammatory conditions [24].

Interestingly, RHEs constructed from NHEK at p7 exhibited a significant increase
in gene expression of IL-1«, suggesting a pro-inflammatory state that may be associated
with altered epidermal integrity and barrier function. In senescent cells, IL-1 signaling
is closely associated with the development of the senescence-associated secretory pheno-
type (SASP) [25], a secretory state characterized by the production of more than 40 factors
involved in intercellular signaling [26]. This upregulation of IL-1x in late-passage ker-
atinocytes likely reflects the pro-inflammatory environment typical of aging skin, where
senescent cells accumulate and contribute to impaired epidermal function through SASP,
further emphasizing the relevance of this model for studying the impact of aging on
skin integrity.

3.4. Analysis of Senescent Cell Accumulation in RHE-p3 vs. RHE-p5

RHEs derived from NHEKSs at p3 or p5, cultured for 5 or 10 days, and stained for
pl6Ink4a—a specific biomarker for senescence and aging—demonstrated a notable increase
in pl6Ink4a-positive keratinocytes and accompanying epidermal thinning as the NHEK
passages increased. The proportion of senescent keratinocytes in RHEs from NHEK at p5
exhibited a 234% (p < 0.001) increase compared to those from p3, indicating a significant
rise in senescence with the advancement of cell passages (Figure 3). In RHE-p7, pl6Ink4a-
positive keratinocytes are mainly detected in the basal layer.

RHE-p3 RHE-p5
i'v',-'ur' i - R e TR S - 2 o :
[ 1 » - . - . & ' < - .- » - ‘..

D?L'* LT il U \ '?‘i‘\ P ‘ﬁ'ju My "'I"‘h k T 'IF.-L,J’I_,

| ' (PR T LA T s A

- _100pm 1D{]um
[nﬂ ’ v ‘o .'H .H'pl i i':,.é: .’; ”h L“ ‘1. 'm:'.' "We "'":‘..: 1"&{ 1“‘-

"I:leul;‘:'llli i T i Boiing oy “'“;” Yoo \ ‘1-;“.; A

Figure 3. Histological sections of reconstructed human epidermis (RHE) from normal human
epidermal keratinocytes (NHEK) at passage 3 (RHE-p3) and passage 5 (RHE-p5), after 7 days (D7)
and 10 days (D10) of culture, stained for pl6Ink4a to detect senescent cells.

3.5. Morphological Analysis of RHEs Constructed from NHEK Derived from Young and
Aged Donors

After characterizing our model by using different passage numbers of keratinocytes to
simulate the aging process in RHEs through senescent cell accumulation, we subsequently
analyzed RHEs reconstructed from NHEK obtained from both young (RHE-Young) and
aged (RHE-Old) donors. In both cases, the RHEs exhibited complete stratification with
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different basal and suprabasal layers, as well as the formation of a cornified layer (Figure 4).
However, RHEs reconstructed with aged keratinocytes demonstrated significant thinning
compared to those reconstructed with young cells, either after 10 or 17 days of culture.

B

RHE- | .
Young g
Q

[ =

=

RHE- g
Old =

SR RS 510 D17
Days

Figure 4. (A) Hematoxylin-eosin saffron stain and morphological analysis of reconstructed human
epidermis (RHE) from normal human epidermal keratinocytes (NHEKz) derived from young (RHE-
Young) and aged (RHE-OId) donors after 10 days (D10) and 17 days (J17) of culture. (B) Quantification
of the average epidermal thickness between RHE-Young (pink) and RHE-OId (blue) at 10 days and
17 days of culture. A significant reduction in thickness is observed in RHEs from aged NHEKs
compared to those from young NHEKSs at both time points (**** p < 0.0001).

3.6. Analysis of Proliferation and Senescent Markers in RHE-Young vs. RHE-Old

RT-gPCR analyses indicated significant upregulation of the CDKN2A gene, which
encodes for the senescence marker pl6lnk4a, in RHEs reconstructed from aged NHEKS,
observed either after both 10 and 17 days of culture (Figure 5A). Conversely, the MIKI67
gene, related to cell proliferation, showed enhanced expression in aged RHEs compared
to young after 10 days. However, by day 17, young NHEK-derived RHEs demonstrated
greater MIKI67 expression. Protein-level analysis mirrored these trends, with p16 more
prevalent in aged RHEs initially, whereas, by day 17, the proliferation indicator ki67 was
predominantly observed in young RHEs (Figure 5B).
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Figure 5. Analysis of proliferation and senescence markers in reconstructed human epidermis (RHE)
from young (RHE-Young) and aged (RHE-Old) normal human epidermal keratinocytes (NHEK) after
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10 days (J10) and 17 days (J17) of culture. (A) RT-qPCR analysis of the relative expression of CDKN2A
(left) and MKI67 (right) genes in RHE-Young and RHE-OId at J10 and J17 of culture. (B) Protein-level
analysis showing the quantification of p16 (left) and Ki67 (right) protein expression in RHE-Young
and RHE-OId at J10 and J17 of culture (** p < 0.01; *** p < 0.001; **** p < 0.0001). (C) RHE section, Ki67
(red) DNA labels (grey) (D) RHE section, P16 (green) DNA labels (Grey). IMF analysis of proliferation
(A) and senescence (B) markers in reconstructed human epidermis (RHE) from young (RHE-Young)
and aged (RHE-Old) normal human epidermal keratinocytes (NHEKS) after 10 days (J10) and 17 days
(J17) of culture.

3.7. Morphological Analysis of RHS Constructed from NHEKs Subjected to Early to Late Passages

To further characterize our model and approach the complexity of skin physiology and
aging, we reconstructed human full-thickness models using NHEKSs at various passages.
Unsurprisingly, the morphologies of the epidermises from skin models reconstructed
with late-passage NHEK (RHS-p5 and RHS-p7) showed serious alterations, unlike the
epidermises reconstructed with NHEK at p2 (RHS-p2) (Figure 6A—C). Similar to the RHE
models, an alteration in the differentiation program was observed, characterized by the
presence of nuclei or parakeratosis in the nucleus, a loss of integrity in the living layers
indicated by a loss of keratinocyte adhesion, and a significant alteration in the cohesion

between the epidermis and the dermal equivalent.

Figure 6. Morphological analysis of reconstructed human skin (RHS) from normal human epider-
mal keratinocytes (NHEKSs) at different passages (A-C) and from young and aged donors (D,E).
(A—C) Histological sections of RHS with NHEKSs at various passages: (A) RHS-p2 with normal mor-
phology, (B) RHS-p5 with altered morphology and parakeratosis, and (C) RHS-p7 with significant
disorganization and loss of integrity. (D,E) Histological sections of RHS with NHEKSs from young
and aged donors: (D) RHS-Young with well-structured epidermis, and (E) RHS-Old with thinned
epidermis and disorganization.

3.8. Morphological Analysis of RHS Constructed from NHEKs Derived from Young and
Aged Donors

The reconstructed skins with aged keratinocytes (RHS-Old) showed altered morphol-
ogy, similar to models made with late-passage NHEK, including a thinned epidermis, parak-
eratosis, and disorganization of the various living layers of the epidermis (Figure 6D,E).
Young keratinocytes enabled the reconstruction of a complete epidermis (RHS-Young),
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including the various layers, with a granular layer characterized by the presence of kerato-
hyalin granules, suggesting the correct terminal differentiation program of keratinocytes.

3.9. Differential Gene Expression in RHS-p5 Versus RHS-p2

After conducting a histological characterization and analyzing senescence markers in
our models, gene expression profiling using Affymetrix Human Genome U219 Array was
performed on RNA isolated from RHS-p5 and compared to RNA isolated from RHS-p2,
both cultured for 14 days. This analysis revealed 1281 differential gene expression, identi-
fying 636 genes upregulated (fold change FC > 2; p < 0.05) and 645 genes downregulated
(fold change FC < 0.5; p < 0.05) in RHS-p5 compared to RHS-p2. A comprehensive list of all
differentially expressed genes with at least a two-fold change, including upregulated and
downregulated genes, is provided in Supplemental Data S1.

Subsequent bioinformatic analysis of these differentially expressed genes highlighted
that the most significantly enriched Gene Ontology (GO) terms are directly associated
with key biological processes such as keratinocyte differentiation (Table 2) (e.g., KRT2,
KRT4, KRT13, KRT19, KRT75, KRT77, SPRR3, SPRR4, RPTN, LCE5A, TCHH, CRNN, ELF5),
cell—cell interaction (e.g., ITGAM, DSC), cell cycle regulation (e.g., CDKN2A, CCND1,
CCNB2, CDK1, CDKN3, MKI67), matrix synthesis and degradation (e.g.,, MMP7), and
inflammation (e.g., CCL5, VEGFA).

Table 2. Differential gene expression in RHS reconstructed from NHEK p5 versus p2.

Gene Title Gene Symbol Fold Change Function Related to Skin
Keratinocyte Differentiation
Keratin 13 KRT13 11.07
Keratin 19 KRT19 8.4
Egggﬁ % Eg%% ;8% Structure of intermediate filaments in epithelial cells
Keratin 4 KRT4 4.87
Keratin 2 KRT2 4.75
Small proline-rich protein 4 SPRR4 11.63
Small proline-rich protein 3 SPRR3 517
Repetin RPTN 5.36
Late cornified envelope 5A LCE5A 6.18 Epidermal barrier
Trichohyalin TCHH 15.65
Cornulin CRNN 8.58
E74-like factor 5 (ets domain transcription factor) ELF5 9.72
Cell-Cell Interaction
Integrin, alpha M (complement component 3 ITGAM 8.73 Cell adhesion and immune response

receptor 3 subunit)

Cell Cycle Regulation

Cyclin-dependent kinase inhibitor 2A CDKN2A 3.36 Regulation of cell cycle and cellular senescence
Cyclin D1 CCND1 3.12
Cyclin B2 CCNB2 0.33 .
Cyclin-dependent kinase 1 CDK1 0.27 Regulation of cell cycle
Cyclin-dependent kinase inhibitor 3 CDKN3 0.2

Matrix Synthesis and Degradation

Extracellular matrix degradation

Matrix metallopeptidase 7 (matrilysin, uterine) MMP7 0.1 and tissue remodeling
Inflammation
Chemokine (C-C motif) ligand 5 CCL5 0.28 Modulation of immune response
Vascular endothelial growth factor A VEGFA 0.4 Regulation of angiogenesis and vascular permeability
Additional Key Processes (Senescence, Growth Arrest, Apoptosis Resistance)
Sestrin 3 SESN3 2.9 Regulation of oxidative stress and cellular signaling
Cellular retinoic acid binding protein 2 CRABP2 3.04 Regulation of retinoic acid activity
Protein phosphatase 1, r egulatory (inhibitor) PPP1R1C 3.59 Regulation of cellular signaling
subunit 1C
Apolipoprotein E APOE 6.7 Lipid transport and tissue repair
Kallikrein-related peptidase 6 KLK6 6.31 Proteolysis and modulation of skin desquamation

Kallikrein 1 KLK1 4.47
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Table 2. Cont.
Gene Title Gene Symbol Fold Change Function Related to Skin
Triggering receptor expressed on myeloid cells 2 TREM2 6.85 Modulation of immune response
Chloride channel accessory 4 CLCA4 11.67 Regulation 0 f ghlorlde 1on transport
and ionic homeostasis
Parathyroid hormone-like hormone PTHLH 10.18 Regulation of cell growth and development

Alcohol dehydrogenase 7 (class IV),

ADH7 10.8 Metabolism of retinoids and alcohol

mu or sigma polypeptide

Fetuin B

Inhibition of pathological calcification and regulation

FETUB 10.51 of cell proliferation

Galanin prepropeptide GAL 3.22

Regulation of inflammation and
cellular stress response

The functional annotation of differentially expressed genes using the DAVID Bioinfor-
matics Resources provided valuable insights into enriched Reactome Pathways, revealing
that 69.6% of these genes were mapped to specific molecular pathways. Among the most
significantly enriched pathways, those related to cell cycle regulation, mitotic checkpoints,
and DNA replication stood out, reflecting the profound impact of senescence-induced
dysregulation on keratinocyte homeostasis (Supplemental Data S2).

Pathways such as cell cycle progression, DNA synthesis, and mitotic phase checkpoints
displayed high levels of enrichment, underlining the critical role of senescence in disrupting
normal epidermal renewal processes. Furthermore, pathways linked to extracellular matrix
formation and organization underscored the broader functional impairments observed
in RHS-p5 models, demonstrating how the senescence phenotype extends beyond the
epidermis to affect dermal homeostasis.

Notably, a number of genes differentially expressed between RHS-p5 and RHS-p2
play key functions in cellular processes such as senescence, growth arrest, and apopto-
sis resistance, including CCDN2, CDKN2A, CCND1, MKI67, and CDK1. Additionally,
genes such as DSC2, CERS3, STMN1, KRT15, DCS3, TGM3, and TP63 were significantly
downregulated (fold change FC < 0.5; p < 0.05) in RHS-p5 compared to RHS-p2, potentially
contributing to the alteration of the differentiation program and barrier function (Table 2).

4. Discussion

A significant challenge within the cosmetic industry lies in the development of active
ingredients that not only combat visible signs of aging but also promote skin longevity by
targeting underlying biological mechanisms. Establishing the efficacy of these ingredients
is essential, necessitating the adoption of 3D models that closely replicate the specific skin
conditions. These advanced 3D models not only provide a more accurate representation of
the skin’s microenvironment in response to anti-aging compounds but also offer a critical
step towards ensuring the safety and effectiveness of these ingredients before proceeding
to clinical trials.

Our findings align with the fact that skin aging is marked by the reduction in pro-
liferation and the accumulation of senescent cells, validated respectively by the decrease
of Ki67 [11,13] and the increased presence of p16INK4a-positive cells [27,28]. Senescent
cells contribute to tissue microenvironment deterioration through the secretion of the
SASP, which has been widely reported to promote ongoing chronic, low-grade inflam-
mation [12-29]. Consequently, these cells have emerged as key targets for therapeutic
strategies, utilizing active ingredients that exhibit either senolytic properties, aiming to
eliminate senescent cells, or senomorphic properties, seeking to modulate the harmful
effects of the SASP. This perspective aligns with previously discussed evidence on cellular
senescence in skin aging, demonstrating the potential of senotherapeutics to improve skin
longevity and appearance [30].
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To date, numerous models have been developed in an effort to closely mimic not only
normal skin but also various skin processes or diseases, including photoaging or extrinsic
aging, wound healing, psoriasis, atopic dermatitis, and even skin cancers [31,32]. However,
models specifically replicating chronological aging through keratinocyte senescence have
been lacking. While fibroblast-based senescence models have been used, such as those
generated by continuous culture until growth arrest or through oxidative stress [32-34],
the absence of keratinocyte-specific models leaves a gap in understanding the epidermal
aging process. By addressing this limitation, our keratinocyte-based replicative senescence
models provide a unique and complementary tool to existing photoaging and disease-
specific models.

In our research, we focused on establishing a reliable 3D model of keratinocyte senes-
cence. To achieve this, we employed the concept of replicative senescence, also referred to
as the Hayflick limit, as a means to replicate passage number-induced replicative senes-
cence [2]. By adopting this method, we significantly minimized the impact of genetic
variability that could potentially influence the intrinsic aging process. This represents a
significant advancement compared to earlier models that simply contrasted RHEs prepared
from keratinocytes of young and elderly donors [35]. Building on previous research, our
findings reinforce the model’s validity by confirming an elevation in the p16INK4A level, a
key indicator of cellular aging and senescent cell accumulation, in RHEs derived both from
aged keratinocytes and those exposed to replicative senescence.

Interestingly, in our model of RHEs made from NHEK at p3 and p5, it appears
that senescent keratinocytes are predominantly located in the basal layer, aligning with
observations that the proliferative capacity of basal keratinocytes decreases with age,
leading to epidermal thinning. Moreover, this observation is supported by our findings in
RHE models derived from aged keratinocytes, which reveal an inverse correlation between
Ki67+ (a marker of cell proliferation) and p16INK4A levels after 17 days of culture. Similarly,
an inverse relationship was observed between Ki67-expression and histone variant H2A.]
staining in germinative layers of skin biopsies isolated from young and old donors [13].

The maintenance of epidermal homeostasis requires a delicate balance between the
proliferation and differentiation of keratinocytes. Therefore, in RHE-p2 to RHE-p7, the
progression from normal to altered morphology with increasing passage number clearly
illustrates the senescence-associated decline in epidermal integrity and function. The accu-
mulation of senescent cells leads to alterations in the regenerative capacity of keratinocyte
progenitors, resulting in a disrupted keratinocyte differentiation program and barrier func-
tion. These effects were observed in our study, particularly evident with the increase in
caffeine penetration in RHEs made with late-passage NHEKs. Furthermore, significant
changes in gene expression related to epidermal differentiation were identified, highlight-
ing the molecular underpinnings of the observed phenotypic changes. These findings
collectively illuminate the deleterious effects of senescence on the epidermal barrier and
provide insight into the molecular dynamics that drive the decline in epidermal health
with age.

To further characterize our model of reconstructed skin utilizing normal human epi-
dermal keratinocytes (NHEKS) at either early (p2) or late (p5) stages, we compared the
transcriptomes of RHS-p2 and RHS-p5. These comparisons demonstrated significant
changes in gene expression, especially among genes linked to keratinocyte differentiation.
Specifically, we observed modulation in late-stage markers involved in cornified envelope
formation, such as the “fused” gene family within the epidermal differentiation complex
on chromosome 1g21, including genes like SPRR3, SPRR4, and CRNN, which codes for
cornulin. Notably, the gene modulation observed in our model reflects the trend toward
senescence and validates the relevance of our 3D model in simulating chronological epi-
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dermal aging. Additionally, gene expression changes were observed in pathways related
to cell cycle regulation, DNA replication, and cell cycle checkpoints. These pathways
are clearly influenced by the passage number, as the senescence of keratinocytes progres-
sively disrupts their proliferation and differentiation processes. Furthermore, ECM-related
pathways demonstrated that senescent keratinocytes also affect the dermal compartment,
highlighting the relevance of our RHS model that integrates multiple skin compartments,
illustrating how senescence in keratinocytes can influence other cellular layers, such as
fibroblasts and the extracellular matrix.

For this type of protocol, as for every study using human donors, it is very important
to collect as much information as possible. The goal is to limit interindividual variations
and to obtain confident validation of donors. Age is necessary, and the anatomic site could
also be considered, as photoaging may impact the results. But the genetic heritage of people
could induce uncoherent results as well. That is why, before each experiment, validation of
the number of passages was checked and validated to obtain real variations in senescence
markers. To be more concrete, it is necessary to pre-select the donors in order to validate
them and obtain a significant difference between the so-called young donor and the donor
or the passage mimicking a donor, allowing the reconstruction of a senescent 3D model.

5. Conclusions

Our work contributes significantly to the broader efforts in anti-aging research, empha-
sizing the critical need to target cellular senescence for developing effective skin longevity-
focused innovations. This study presents the successful development and characterization
of 3D in vitro senescent skin models to mimic skin aging. By using normal human epider-
mal keratinocytes (NHEKS) from early to late passages and from both young and aged
donors, we validated these models through histological analyses, permeability assays, and
assessments of senescence markers. Our findings demonstrate significant morphological
disruptions and impaired barrier functions in NHEK at passage 5 and beyond, as well as in
those from aged donors.

These results demonstrate the challenges of reproducibility associated with NHEK
passaging while highlighting the effectiveness of early passage keratinocytes from both
young and aged donors in constructing reliable senescent models. This approach pro-
vides a solid foundation for understanding the mechanisms of skin aging and developing
targeted treatments.

Additionally, as the trend in skincare increasingly focuses on promoting skin longevity,
our research shows the importance of addressing cellular senescence to support long-
term skin resilience, health, and appearance. Future studies should prioritize the identi-
fication and validation of senolytic, senostatic, or senomorphic agents to counteract the
undesirable effects of aging, aligning with innovations aimed at enhancing skin longevity-
focused solutions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cosmetics12020071/s1, Data S1: Genes identified by microarray analysis
as having at least two-fold altered expression between RHS-p5 and RHS-p2. Data S2: of differentially
expressed genes using DAVID Bioinformatics Resources and Reactome Pathways.
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