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Abstract: Background: Advanced glycation end products (AGEs) contribute significantly to skin ageing by inducing
cross-linking of dermal proteins and promoting oxidative stress. Vimentin, a long-lived intermediate filament protein,
is particularly susceptible to glycation and serves as a biomarker for skin ageing and fibrosis. NRF2 (nuclear factor
erythroid 2-related factor 2) is a key regulator of cellular defense mechanisms, including antioxidant responses and
autophagy. Methods: We evaluated the anti-glycation and pro-regenerative properties of a trifunctional elastin-de-
rived peptide (TFP) in human dermal fibroblasts (in vitro), skin explants (ex vivo), and in a clinical cosmetic study (in
vivo). Vimentin glycation and expression were assessed alongside NRF2 pathway activation. Transcriptomic analysis
(RNA-seq) in fibroblasts under glyoxal-induced stress identified TFP-regulated genes, further validated by RT-qPCR
in skin explants. Results: TFP reduced vimentin glycation across all models. In skin explants, total vimentin levels
decreased without changes in VIM mRNA expression, suggesting enhanced degradation rather than transcriptional
repression. TFP activated the NRF2 pathway, leading to modulation of genes involved in protein homeostasis, in-
cluding autophagy, proteasomal degradation and anti-inflammatory regulation. Clinical results supported the anti-
wrinkle and anti-ageing effects of TFP. Conclusion: TFP activates NRF2-mediated detoxification and protein clear-
ance pathways, facilitating the removal of glycated vimentin. These results highlight TFP’s anti-ageing, anti-fibrotic,
and anti-inflammatory potential, positioning it as a promising therapeutic candidate for ageing-related skin condi-
tions and disorders associated with proteostasis imbalance.

Keywords: Elastokines, AGEs, CML (carboxymethyllysine), proteostasis, UPR (Unfolded Protein Response), UPS
(Ubiquitin Proteasome System)

Introduction

Skin ageing is characterized by hallmark fea-
tures such as loss of elasticity, the appearance
of wrinkles, dryness, and cellular senescence
[4]. In recent years, numerous studies have
identified advanced glycation end products
(AGEs) as key contributors to skin ageing. AGEs
are formed through glycoxidation (also referred
to as glycation), a complex, slow, non-enzymat-
ic process (known as the Maillard reaction)
involving the spontaneous reaction between
free amino groups of proteins and reducing

sugars such as glucose or ribose. This leads
to the formation of an unstable Schiff base,
which subsequently rearranges into more sta-
ble ketoamines - known as Amadori products.
These intermediates undergo further irrevers-
ible reactions including oxidation, polymeriza-
tion, dehydration, and cross-linking, ultimately
resulting in AGE formation [2].

In the skin, AGEs generate novel residues or
cross-links between dermal matrix molecules,
contributing significantly to the loss of tissue
elasticity. The most abundant AGEs identified in
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cutaneous tissue include carboxymethyl lysine
(CML), carboxyethyl lysine (CEL), and fructosely-
sine. Receptors for AGEs (RAGESs) are express-
ed in both the epidermis and dermis, with high-
er levels observed in sun-exposed regions [3].
In addition to endogenous formation, AGEs de-
rived from smoking and dietary intake may also
play a role in skin aging [4-7].

Glycoxidation therefore plays a central role in
intrinsic skin ageing by promoting cross-linking
within the dermal extracellular matrix, leading
to reduced elasticity and altered tissue proper-
ties during aging [8]. Glycation modifies the bio-
mechanical and functional characteristics of
biological macromolecules - affecting proteins,
lipids, and nucleic acids. These modifications
can alter protein conformation and solubility,
disrupt enzyme-substrate interactions, impair
DNA binding and regulation, and affect protein-
protein interactions and epigenetic processes,
ultimately compromising essential physiologi-
cal functions [9]. For instance, glycation-in-
duced cross-linking of collagen and elastin in-
creases tissue stiffness and resistance to deg-
radation by matrix metalloproteinases (MMPs)
[10]. Moreover, activation of RAGE has been as-
sociated with inflammatory and immune res-
ponses, upregulation of MMPs, abnormal mela-
nogenesis, dysregulated cell proliferation, and
gene expression changes [11-13], all of which
may contribute to the ageing phenotype.

Proteins with low turnover rates, such as colla-
gens | and IV, and long-lived proteins like fibro-
nectin and vimentin, are particularly suscepti-
ble to glycation in the skin. Notably, vimentin is
extensively modified by CML and CEL, as well
as by pentosidine and pyrraline, positioning it
as a preferential target of the Maillard reaction
in human dermal tissue [14]. Accumulation of
glycated vimentin has been observed in fibro-
blasts from aged skin in vivo. These extracellu-
lar matrix alterations lead to changes in fi-
broblast morphology and distribution, as evi-
denced by vimentin staining [8]. Thus, vimentin
and CML serve as valuable biomarkers for as-
sessing the degree of skin ageing [15, 16].
Therapeutically, targeting elevated vimentin ex-
pression and its AGE modifications may offer
new avenues for mitigating age-related skin
damage [17].

In a previous study, our group demonstrated
the anti-wrinkle and regenerative potential of a
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trifunctional peptide (TFP), which stimulates
the expression of type | and type lll collagen
in dermal fibroblasts, both in vitro and ex vivo
in human skin explants [18, 19]. This TFP was
engineered by coupling the collagen-mimetic
sequence (Val-Gly-Val-Ala-Pro-Gly), with the tri-
peptide GIL (Gly-lle-Leu), designed to inhibit
MMP-1. These moieties were linked via a prote-
ase-sensitive peptide linker (RVRL; Arg-Val-Arg-
Leu), capable of being recognized by enzymes
of the plasminogen system.

In the present study, we investigated the anti-
glycation properties of TFP in fibroblasts and
skin explants, focusing on vimentin glycation.
Using RNA sequencing (RNA-seq), we identified
gene expression changes related to autophagy
following TFP treatment under glyoxal-induced
stress. These findings were validated ex vivo
by RT-gPCR, demonstrating TFP’s efficacy in
human skin models.

Materials and methods

In vitro evaluation of CML and glycated vimen-
tin in dermal fibroblasts

Sample preparation: The cells were seeded
at 10,000 cells per well (96 well plate) at 37°C,
5% CO,, 10% FBS (fetal bovine serum) culture
medium and maintained in optimal growing
conditions for 3 days. After 3 days, the glyca-
tion was induced with glyoxal at different dos-
age (0.1 mM, 0.2 mM, 0.4 mM, 0.6 mM and
0.8 mM) for 24 hours. The TFP peptide was
then added at 50 uyg/ml for an additional 24
hours. The control group (cells incubated with
glyoxal at different dosages) did not receive
any treatment, except from the renewal of the
culture medium.

Labelling and image acquisition: After treat-
ments, the cells were washed, saturated for
non-specific sites (PierceTM in PBS [Phosphate
Buffered Saline, pH 7.4 solution]) and fixed
on the plate and incubated for 1 hour with pri-
mary antibody (Rabbit monoclonal anti-Vimen-
tin - Abcam [ab92547] and Mouse monoclonal
anti-CML - R&D Systems [MAB3247]) in a Pie-
rceTM solution in PBS. After incubation, the
cells were washed with PBS and incubated for
1 hour with the secondary antibody coupled to
a fluorochrome (Goat anti-mouse AlexaFluor
488 - Invitrogen [A11001] and Goat anti-Rabbit
AlexaFluor 647 - Invitrogen [A21244]) and the
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nuclei were labelled with DAPI (4’,6-diamino-
2-phenylindole). After incubation, the cells were
washed with PBS and a series of images were
acquired with an epifluorescence microscope
(ThermoFisher, Evos M5000, 40X objective).
The images were collected and analyzed with
the software ImageJ (Rasband, NIH).

Image analysis: The quantification on each im-
age was acquired by the integration of the spe-
cific fluorescence signal. The vimentin level was
quantified by evaluating the occupied surface
above a fluorescence intensity threshold, nor-
malized then on the number of cells. The level
of CML was quantified by integration of the sig-
nal intensity above a threshold, normalized by
the surface of the evaluation area and then by
the number of cell nuclei. The levels of glycated
vimentin were obtained by the ratio between
the quantified intensity signal of CML (RFU/cell)
over the occupancy of vimentin (surface/cell).
Statistical analyses were carried out using
t-test for binary comparison (p-value = 0.05).

Ex vivo evaluation of TFP anti-glycation proper-
ties in skin explants

Sample preparation: Skin explants were obtain-
ed with the informed consent from abdomi-
nal surgery of a 32-year-old female Caucasian
donor. The explants were kept alive by culturing
on metal grids in medium at 37°C in 5% CO,,
humidified air. The culture medium was re-
newed every 24 hours, or 48 hours after treat-
ment with glyoxal. After reception, the explants
were distributed in 3 experimental groups (n =
3 per group). At Day O, Day 2, Day 4, the active
ingredient was topically applied at the concen-
tration of 50 pg/mL. The glycation inducer
(glyoxal, 500 uM) was applied at Day 1 and
Day 3 in the culture medium. The control group
did not receive any treatment except for the
medium renewal. At Day 5, 24 hours after the
3rd treatment with the active ingredient, the
explants were sampled: half of each explant
was embedded in OCT for cryopreservation and
stored at -80°C until analyses and the other
half of each explant was flash frozen in liquid
nitrogen, stored at -80°C until analyses.

Vimentin glycation detection: In situ analysis of
vimentin glycation (CML) was performed by epi-
fluorescence microscopy via specific immuno-
fluorescence detection of independent signals
(vimentin, CML) as described above. CML levels
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(R.F.U./surface) were quantified on the co-local-
ized surface of vimentin above threshold.

Vimentin ELISA: Proteins were extracted from
explants and the assessment of Vimentin lev-
els was carried out following the manufacture
instructions (colorimetric method; ab246526,
Abcam). The total protein quantification was
carried out by Bradford assay and equal
amounts of total proteins were employed per
each measurement. Duplicate of measurement
per explant were realized, for a total of 6 mea-
sures per condition (2 per single explant). The
absorbances were interpolated from the
Vimentin standard curve.

Identification and validation of TFP-induced
gene expression

Cell culture and RNA purification: Fibroblasts
were cultured as described above. After 3 days
in optimal growing conditions, the culture medi-
um was renewed without or with TFP added at
50 pg/ml for an additional 48 hours. Cells were
then harvested and homogenized in 700 pl
QIAzol® Lysis Reagent in a 2 ml SafeLock micro-
centrifuge tube. Cells were disrupted by me-
chanical shaking using Tissuelyzer |l apparatus
(Qiagen) 2 x 2 min at 20 Hz. Samples were
then incubated 5 minutes at room tempera-
ture. Then 140 pl chloroform were added to the
homogenate. Tubes were shaken vigorously for
15 s and placed back onto the benchtop for
another 2-3 min. Lysates were centrifuged at
12,000 g for 15 min at 4°C in a microcent-
rifuge. Upper aqueous phase (approximately
350 ul) was carefully transferred to a clean 2
ml microcentrifuge. The rest of the procedure
was performed following the manufacturer pro-
tocol using QIAcube automated workstation
(Qiagen). At the end of the procedure, RNA was
eluted using 30 pl of H,0. A 3 ul sample was
aliquoted for quality validation and samples
were stored at -80°C. RNA sample concentra-
tion and purity was measured using a spectro-
photometer NanoDrop ND-1000 (Thermo Sci-
entific). RNA integrity was assessed using Agi-
lent 2200 TapeStation RNA ScreenTape (Agil-
ent Technologies) and RINe score (RNA Integrity
Number equivalent) was checked (RINe >6).

RNAseq: RNA-Seq library construction was per-
formed using KAPA mRNA Hyperprep kit (KAPA)
using 50 ng total RNA following manufacturer
procedures. Briefly, following total RNA extrac-
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tion, mRNA was isolated using poly(A) selec-
tion, and subsequently, cDNA synthesis was
performed. The cDNA fragments underwent
end repair, A-tailing, and adapter ligation, fol-
lowed by PCR amplification to generate the fin-
al RNA-Seq libraries. Quality control steps en-
sured the integrity of the libraries before down-
stream sequencing analysis. Libraries were
indexed and adapted with lllumina P5/P7 for
17 PCR cycles, then quantified before pooling
using Qubit (Thermo Scientific) and qualified
with LabChip GX (Perkin Elmer). Sequencing
was performed on the lllumina Novaseq 6000
in paired-ends (2 x 50 M reads).

Human genome version GRCh38.p13 was us-
ed as a reference for bioinformatic analysis.
RNASeq data were mapped using Ensembl
database release 103 (https://www.ensembl.
org). All steps of the pipeline are listed below:
Cleaning and trimming using FASTP software
(https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC6129281/); Quality control using FAST-
QC software: (http://www.bioinformatics.ba-
braham.ac.uk/projects/fastqc/); Mapping on
Human genome with STAR software (https://
www.ncbi.nim.nih.gov/pmc/articles/PMC3530-
905/) with genome of reference: “Homo_sa-
piens.GRCh38.dna.primary_assembly.fa” and
with annotation: “Homo_sapiens.GRCh38.103.
chr.gtf” from Ensembl; Counting of reads for
genes with STAR software.

RT-gPCR: cDNA synthesis was performed us-
ing ReadyScript™ cDNA Synthesis Mix (Sigma-
Aldrich) in 20 pl final reaction volume following
the manufacturer protocol. For each sample,
550 ng of RNA were used as RNA matrix for the
reverse transcriptase enzyme. cDNA synthesis
was performed using 96-well plates in a 20 pl
final reaction volume using a Bio-Rad C1000
thermocycler according to the following ther-
mal program: 5 minutes at 25°C, 30 minutes
at 42°C, 5 minutes at 85°C. Pure cDNA was
stored at -20°C until use.

All gPCR reactions were carried out using 384-
well plates in 3 technical replicates. gPCR reac-
tions were carried out on the LightCycler 480
System Il (Roche) in a 10 ul final reaction vo-
lume. The reaction mix consists of 5 ul of Lig-
htCycler 480 SYBR Green | Master Mix 2X (Ro-
che Diagnostics), 4 ul of primers (0.7 uM final
concentration) and 1 ul of 1:10 diluted cDNA.
gPCR cycling program consisted of a polymera-
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se activation step at 95°C for 10 minutes then
followed by 45 cycles of gPCR reaction at 95°C
for 3 seconds for denaturation, 60°C for 15
seconds for annealing and 72°C for 15 secon-
ds for extension with fluorescence acquisition
at the end of the extension step. At the end, a
melting curve was made starting at 65°C up to
97°C with continuous fluorescence acquisition
to control amplicon specificity. The measured
Ct value of each gene was repeated 3 times,
and the standard deviation of the replicate was
strictly inferior to 0.5 Ct. The NTC (No Template
Control) reaction was performed in the same
manner but with replacing the cDNA template
with PCR grade water (one technical replicate).
Raw Ct data were acquired using the 2nd
derivative maximum method on the LightCycler
480 System Il instrument (Roche). Analysis of
relative gene expression using real-time quanti-
tative PCR data and statistical calculations
were done by the 2Peltabeltatt method, by consid-
ering YWHAZ, PPIB and B2M as housekeeping
genes [20].

In vivo study - clinical trial

Design of the clinical trial: This study was per-
formed on human skin tissue obtained from
surgical residues in full respect of the
Declaration of Helsinki and Article L.1243-4 of
the French Public Health Code. The clinical trial
was registered under the number ANSM 2016-
A00381-50 and was developed as a single-
blind, multicenter, randomized and controlled
trial conducted on 24 women (from 45 to 70
years old) who applied the two products, cos-
metic creams (based on a water/oil emulsion)
with or without the TFP (100 pg/ml), either on
the right or the left side of the face, twice a
day for 28 days. After this period, 21 out of 24
underwent a facelift surgery and the skin sam-
ples were recovered for molecular analyses
[18].

Collection and treatment of skin removal after
face lift: The surgical intervention was perfor-
med according to the classical technique of the
surgeon. The surgical skin waste, removed dur-
ing the surgery, correspond to excess skin
resulting from the laxity of the skin from the
peri-auricular area. One piece of cutaneous ex-
cess of each side of the face was retrieved and
split in 2 fragments for genomic and proteomic
analyses:
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* Treatment of skin samples for genomic analy-
ses: The skin pieces from each side of the face
(1 to 2 mm?) were immersed in a preservative
solution (RNA later) at room temperature for 2
hours, then refrigerated at 4°C for one night.
The samples were stored at -20°C until the
analysis by RT-qPCR.

e Treatment of skin samples for proteomic
analyses: The skin pieces from each side of the
face (=1 cm?) were immersed in a solution of
4% formalin at room temperature for 24 hours,
then transferred in a solution of ethanol 70%
and stored at room temperature before paraffin
embedding and analysis. The paraffin sections
of approximately 4 um thick, were cut and
placed on Superfrost Plus glass slides, let dry
overnight at 45°C (+ 3°C) in an air oven before
microscopy imaging.

Vimentin immunostaining: The labelling of
vimentin on paraffin sections was performed
with the OPALTM4-color IHC (immunohisto-
chemistry) kit from PerkinElmer® with the anti-
body anti-Vimentin (Rabbit polyclonal - Abcam,
ab45939). The antibody labelled paraffin sec-
tions were then incubated with the fluorophore
OPAL 690 (2018 Akoya Biosciences). The nuc-
lei were labelled with DAPI. After a complete
ICH and fluorescent labelling, the paraffin sec-
tions were scanned by the Vectra Polaris
(PerkinElmer) with the objective X20. The visu-
alization, analysis, validation, and quantifica-
tion of images were performed with the soft-
ware HALO® (Indicalabs). Thresholds were
selected to quantify the positive area of each
marker and individual data were generated by
the software in an Excel file. The normality of
data distribution was verified by the Shapiro-
Wilk test, at a risk of 5%. The data were anal-
ysed with the Student’s t-test for a normal dis-
tribution and with a Wilcoxon test in the
opposite (p-value <0.05).

CML immunostaining: Skin biopsy sections of
5 um of thickness were obtained using a mi-
crotome, fixed on microscope slides and de-
paraffinated. A saturating step of the non-
specific sites was carried out with BSA in PBS
(Phosphate Buffered Saline, pH 7.4). The slices
were incubated with the primary antibody spe-
cific for CML (anti-CML MAB3247; R&D sys-
tems) in a solution of Tween-20 0.1% in PBS.
The excess of antibodies was eliminated with a
sequence of washing steps, then the explants
were incubated with the secondary antibody
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coupled to a fluorochrome (Goat anti-mouse
AlexaFluor555, A21422, Invitrogen). The nuclei
were labelled by using DAPI (4',6-diamidino-
2-phenylindole). Finally, the antibodies and
DAPI excess were removed with a sequence of
washing steps with Tween-20 0.1% in PBS.

A series of images were acquired with an epi-
fluorescence microscope (ThermoFisher, Evos
M5000) using strictly the same acquisition
time and resolution (40x objective). The imag-
es were collected with all fluorescence signal
intensity levels, then analyzed using Image)
software (Rasband, NIH). The quantification
was carried out on each image by the integra-
tion of the specific fluorescence signal above
threshold, then normalized on the surface of
evaluation. Three (3) images per experimental
lot were analyzed. A mean value and a standard
deviation per experimental lot and per con-
dition (placebo vs treated). The levels of CML
were then normalized on each “placebo” lot
in order to obtain a relative fold change ratio
upon treatment with TFP. Statistical analyses
were carried out using t-test for binary compari-
sons (unpaired, one-tailed, alpha = 0.5).

Statistical analyses

All data are represented as the mean of 3 tripli-
cates and validated with %CV below 25%. The
normality of the distribution of the data were
verified by the Shapiro-Wilk test, at 5% risk. The
data are analysed either with the paired Stu-
dent t-test for a normal distribution or with the
non-parametric Wilcoxon test for paired values
in the opposite case.

Results

TFP treatment decreases CML detection and
vimentin glycation in vitro

Human fibroblasts were incubated with growing
concentrations of glyoxal, with or without sup-
plementation with TFP. As shown in Figure 1A,
CML immunodetection increases as compared
to the control (no stress), and is correlated with
glyoxal concentration. TFP treatment signifi-
cantly decreases CML detection at the highest
tested glyoxal concentrations (0.8 mM; p<
0.05). Interestingly, as shown in Figure 1B, spe-
cific glycation of vimentin, evaluated by immu-
no-colocalization of CML and vimentin, is de-
creased in fibroblasts stressed with glyoxal 0.6
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Figure 1. TFP decreases CML formation and vimentin glycation in fibro-
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1), vimentin glycation is in-
creased in glyoxal-treated
ok explants (p<0.05) and de-
creased upon TFP treatment
(p<0.05), confirming the re-
sults obtained in fibroblasts.
Using the same skin explants,
NRF2 nuclear localization was
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& 2B (and in Supplementary

Figure 2), NRF2 nuclear trans-

blasts. After 24 h of treatment with different concentrations of glyoxal, fi- location is significantly in-

broblasts were treated or not with TFP for an additional 24 h. Cells were
fixed and labelled with anti-CML antibody (A) and anti-vimentin antibody (B).
Green and red bars represent cells respectively grown with or without TFP. N
= 3 dot per condition; *: p-value <0.05; **: p-value <0.01.
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Figure 2. TFP reduces vimentin glycation in skin
explants by improving NRF2 nuclear translocation.
Skin explants were cultured with or without TFP after
glyoxal treatment and labelled with anti-CML and an-
ti-vimentin antibodies (A) or with anti-NRF2 antibody
to detect NRF2 nuclear translocation (B). Labelling
intensities in triplicates are presented according to
skin explants treatment; gray: no stress; red: stress
without TFP; n = 3 dot per condition; green: stress
with TFP; *: p-value <0.05.

mM upon TFP treatment (in green as compared
to untreated in red, p<0.01).

TFP decreases vimentin glycation through
NRF2 pathway activation

Skin explants were cultured ex vivo in different
media by inducing glycation or not with glyoxal,
with or without TFP treatment. Vimentin glyca-
tion and NRF2 nuclear localization were evalu-
ated by coimmunolabelling. As shown in Figure
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creased in TFP-treated glyoxal-
stressed explants as com-
pared to the untreated condi-
tion (p<0.05).

TFP modulates the expression of genes in-
volved in UPR

A comparative transcriptome analysis based
on TFP- or placebo-treated fibroblasts led to
the identification of 546 significant genes
involved in the regulation of oxidative stress,
inflammation and autophagy (Supplementary
Figure 3). After pathway analysis focusing on
protein homeostasis, 45 genes were tested by
RT-gPCR for technical validation (reproducibili-
ty, repeatability, sensitivity). Importantly, each
primer was designed according to previous
RNAseq results (Supplementary Figure 4).
Thirteen (13) genes were validated in untreat-
ed fibroblasts and skin extracts and further
tested in glyoxal-treated skin explants. As
shown in Figure 3, glyoxal induced upregula-
tion of CXCL1 (p<0.01) and DNAJC10 (p<0.05)
expression, and downregulation of DNAJB14
(p<0.05), UBE2D3 (p<0.05), PSMD12 (p<0.05)
and RNF19A (p<0.001) expression. TFP was
allowed to counteract glyoxal effects, by down-
regulating CXCL1 (p<0.0001) and DNAJC10
(p<0.01) expression, while upregulating DN-
AJB14 (p<0.01), UBE3A (p<0.05), UBE2D3
(p<0.05), DRAM2 (p<0.05), PSMD12 (p<0.05),
TRIM23 (p<0.05) and RNF19A (p<0.05).
Noteworthy, by analyzing extracted RNA from
the same samples, no difference in VIM expres-
sion was observed.

TFP decreases vimentin glycation in vivo

Female volunteers (n = 24) were included in a
28 days cosmetic clinical trial followed by surgi-
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Figure 3. TFP counteracts glyoxal-induced gene transcription in skin explants. RNAseqg-based specific primers were
designed to perform RT-gPCR in skin explants cultured with (green box) or without (red box) TFP after glyoxal treat-
ment; n = 3 wells per culture condition; n = 3 technical replicates; *: p-value <0.05; **: p-value <0.01; ***: p-value

<0.001; ****: p-value <0.0001.

cal lifting as previously described [18]. As
shown in Supplementary Figure 5, three of
them were discarded from the study due to
absence of surgical lifting. After sample treat-
ment, four of them did not fulfill quality for the
requirements for rigorous immunostaining an-
alysis (2 due to a lack of triplicated data, 2 due
to a lack of reproducibility of the triplicates).
The 17 remaining volunteers were analyzed for
vimentin (Figure 4A and Supplementary Figure
6) and CML (Figure 4B and Supplementary
Figure 7) expression, showing a significant de-
crease of vimentin glycation (p<0.05) in human
samples upon TFP treatment, as compared to
placebo treatment.

Discussion
To our knowledgeg, this is the first study to dem-

onstrate the modulation of glycated vimentin
degradation by an elastin-derived peptide
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through NRF2 pathway activation. We showed
that TFP significantly reduced vimentin glyca-
tion in vitro (fibroblast model), ex vivo (human
skin explants), and in vivo in a cosmetic study
involving patients who underwent surgical lift-
ing after 28 days of topical treatment. Not-
ably, in skin explants, TFP treatment led to a
decrease in total vimentin levels without alter-
ing VIM gene expression, while promoting NRF2
nuclear translocation. These results suggest
that the reduction in vimentin levels is primarily
driven by enhanced degradation mechanisms
via NRF2 activation. RNA sequencing in fibro-
blasts exposed to glyoxal stress, followed by
validation via RT-gPCR in skin explants,
revealed a panel of NRF2-regulated genes
modulated by TFP treatment.

We acknowledge certain limitations of our stu-
dy, particularly the small sample size in each
experimental model. Each in vitro and ex vivo

Am J Transl Res 2025;17(11):8577-8588
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Figure 4. TFP decreases glycated vimentin in vivo.
Skin biopsies from face lifting of the 17 volunteers
were analyzed by immunolabelling using specific an-
ti-vimentin antibody (A) or specific anti-CML antibody
(B); results are presented as box-plot representation
of the labelling intensity in paired samples from the
17 patients; red: labelling intensity in the 17 extracts
from placebo-treated hemi-faces; green: labelling
intensity in the 17 extracts from TFP-treated hemi-
faces; *: p-value <0.05.

assay was performed in triplicate without repli-
cation, and the clinical trial included a limited
cohort of 17 volunteers post-selection.

Strict technical standards were applied to en-
sure the reproducibility and reliability of results,
with a coefficient of variation (CV) maintained
below 25%. Furthermore, the design of the clin-
ical trial - using a hemi-face application for
each subject - enabled robust within-subject
comparisons using paired t-tests. Most impor-
tantly, in vitro, ex vivo, and in vivo results all
converged toward a consistent conclusion: TFP
modulates the NRF2 pathway and facilitates
the degradation of glycated vimentin.

The NRF2 signaling pathway plays a pivotal role
in cellular redox homeostasis and is one of the
primary defense mechanisms against glycoxi-
dative stress. Upon activation, NRF2 translo-
cates to the nucleus, where it binds to antioxi-
dant response elements (AREs) in the
promoters of target genes [21]. High levels of
NRF2 are expressed in skin cells including
keratinocytes and melanocytes [22]. Genes
activated by NRF2 are involved in a range of
cellular processes, including protein quality
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control, trafficking, macro-autophagy, and
disulfide bond regulation [23].

One key gene identified in our study is DNAJC-
10, a member of the protein disulfide isomer-
ase (PDI) family. It plays a role in disulfide bond
reduction and rearrangement [24]. DNAJC10-
deficient hepatocytes have been shown to pro-
duce large amounts of reactive oxygen species
(ROS) [25]. We observed that glyoxal stress
increased DNAJC10 expression as part of an
antioxidant response, likely through upregulat-
ed reductase activity. TFP treatment restored
DNAJC10 to basal levels, suggesting compen-
satory activation of alternative protective path-
ways.

Beyond antioxidant responses, NRF2 is impli-
cated in protein homeostasis, particularly thr-
ough autophagy and the unfolded protein res-
ponse (UPR) [26]. Several genes downregulat-
ed by glyoxal and subsequently restored by TFP
are involved in proteostasis:

e TRIM23, a member of the TRIM family of E3
ubiquitin ligases, is essential for autophagy-
mediated viral restriction [27, 28].

* DRAM2 regulates p53-mediated cell death
[29] and autophagy [30].

* DNAJB14 facilitates degradation of misfold-
ed membrane proteins via the ubiquitin-protea-
some system (UPS) [31], and plays a role in ER
protein reflux during UPR [32]. In Huntington’s
disease models, DNAJB14 improves proteosta-
sis by increasing aggregate mobility [33].

e UBE2D3, an E2 ubiquitin-conjugating enzy-
me, regulates autophagic flux and protein qual-
ity control [34, 35].

* UBE3A promotes degradation of misfolded
proteins and is recruited to aggresomes. It can
interact directly with vimentin and FRMD3 to
trigger its polyubiquitin-mediated degradation
[36, 37].

e PSMD12, a subunit of the 26S proteasome
complex, contributes to protein turnover, cell
cycle control, and DNA repair [38, 39].

Additionally, RNF19A is involved in proteasomal
degradation through K48-linked ubiquitination.
Its expression is associated with regulation of
inflammation via degradation of TRAFG, a key

Am J Transl Res 2025;17(11):8577-8588
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activator of NF-kB and MAPK pathways cells
[40, 41]. TFP-induced upregulation of RNF19A
may therefore contribute to its anti-inflamma-
tory effects. NRF2 is increasingly recognized
as a modulator of cytokine production [42].
Supporting our findings, a recent transcriptom-
ic study in human retinal endothelial cells ex-
posed to AGEs identified CXCL1 - a neutrophil
chemoattractant - as one of the top upregulat-
ed genes [43], in line with the inflammatory
response observed in our glyoxal model.

Interestingly, elastin-derived peptides such as
VGVAPG have previously been shown to acti-
vate autophagy via PPARy in neuroblastoma
cells [44], supporting the hypothesis that TFP -
also elastin-derived - may similarly enhance au-
tophagy and/or aggrephagy to facilitate the
clearance of glycated proteins such as vi-
mentin.

The vimentin filament network is integral to cel-
lular architecture, signal transduction, and the
epithelial-mesenchymal transition (EMT) [45,
46]. Vimentin participates in aggresome forma-
tion, surrounding ubiquitinated protein aggre-
gates with a filamentous cage structure [47,
48]. Glycation of vimentin induces its perinucle-
ar aggregation and disrupts fibroblast contrac-
tility [16, 17, 49]. Retinoic acid, a well-known
anti-ageing compound, also decreases vimen-
tin levels in skin explants [15]. Vimentin has
been proposed as a therapeutic target in age-
related diseases and is associated with fibrotic
profiles. Elevated vimentin levels have been
observed in renal fibrosis [50], while negative
pressure wound therapy leads to its reduction
in skin tissue [51]. Thus, treatments that reduce
vimentin levels may possess both anti-ageing
and anti-fibrotic potential.

Through activation of the NRF2 pathway, TFP
may also regulate aggresome formation, con-
tributing to skin homeostasis and cellular dif-
ferentiation under both normal and pathologi-
cal conditions [21, 52, 53]. For example, psori-
asis is associated with elevated glycoxidative
stress [54], and atopic dermatitis shows im-
paired NRF2 activation in affected epidermal
regions [55]. NRF2 activators have also shown
promise in chronic wound healing, restoring re-
dox homeostasis and promoting tissue regen-
eration [56].

The involvement of AGEs in diabetic complica-
tions is well documented. In particular, AGE-
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induced endothelial-to-mesenchymal transi-
tion (EndMT) contributes to fibrosis in diabetic
tissues, including the pancreatic islets [57].
Oxidative stress plays a central role in the
development of diabetic foot ulcers (DFUs), and
NRF2 activation has emerged as a promising
therapeutic strategy to restore redox balance
and improve healing outcomes [58].

In conclusion, TFP counteracts AGE-induced
gene expression changes by activating NRF2
and promoting macroautophagy. This results in
reduced levels of glycated vimentin and
improved cellular homeostasis. Our findings
highlight TFP’s anti-ageing, anti-fibrotic, and
anti-inflammatory properties, supporting its
potential application in a broad range of derma-
tological conditions, including psoriasis, atopic
dermatitis, and impaired wound healing.
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Control Glyoxal - TFP Glyoxal + TFP

-1y

Merge

CML

Supplementary Figure 1. TFP reduces vimentin glycation in skin explants. Skin explants were cultured with or with-
out TFP after glyoxal treatment and labelled with anti-CML and anti-vimentin antibodies; The CML signal (in red), the
Vimentin signal (in green) and their superposition (in yellow) are presented. The nuclear labelling (DAPI, in cyan) is
presented as superposed signal.
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Control Glyoxal - TFP Glyoxal + TFP

Supplementary Figure 2. TFP improves NRF2 nuclear translocation in skin explants. Skin explants were cultured
with or without TFP after glyoxal treatment and were labelled with anti-NRF2 antibody to detect NRF2 nuclear
translocation. The fluorescence emission signal for NRF2 on nuclear region (automatic detection) is presented in
green. Nuclear detection is presented in cyan (DAPI). The nuclear regions are evidenced by yellow dotted lines and
superposed to the NRF2 signal over threshold.
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Supplementary Figure 3. TFP upregulates the expression of genes involved in autophagy/UPS pathways and down-
regulates inflammatory response. After RNA extraction from fibroblasts cultured with or without TFP and cDNA

library production, sequencing identified 546 differentially expressed genes (red: down-regulation; green: up-regu-
lation; NS: not significant).

RNAseq = 546 significant

differently expressed genes

Pathway analysis; focus on protein
degradation and inflammatory pathways

gPCR evaluation
on 45 genes

Technical feasability (primer design,
reproducibility of triplicates,
sensitivity of the test in skin explants)

13 genes

validated

Supplementary Figure 4. Gene selection from the 546 genes identified in TFP-treated fibroblasts for further valida-
tion by gPCR in skin explants.
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N=24 volunteers treated during 28 days
with or without TFP-based cream

No surgical lifting (N=3) CZD ﬂ

N=21 volunteers

Immunostaining not <:D

performed in triplicates (N=2)

N=19 volunteers

%CV of immunostaining <:D
triplicates> 25% (N=2) . B

N=17 volunteers with complete
data set

Supplementary Figure 5. Flow-chart of the cosmetic study.

Placebo

Patient #1

Patient #2

Supplementary Figure 6. TFP decreases vimentin in vivo. Skin explants from face lifting of the 17 volunteers were
analyzed by immunolabelling using specific anti-vimentin antibody; Examples of vimentin detection (purple) in
paired skin explants from 2 patients treated by TFP- and placebo-cream.
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Supplementary Figure 7. TFP decreases glycation in vivo. Skin explants from face lifting of the 17 volunteers were
analyzed by immunolabelling using specific anti-CML antibody; Examples of vimentin detection (purple) in paired
skin explants from 2 patients treated by TFP- and placebo-cream.



