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Abstract

Background Skin photoaging leads to the deterioration of dermal collagen and overall skin integrity, resulting in
visible signs of aging, particularly around the eye. Collagen Ill plays a pivotal role in maintaining skin elasticity and
facilitating proper collagen fibril organization. Messenger RNA (mRNA)-based therapeutics present a novel alternative
for addressing these limitations by enabling the localized production of full-length, biologically active proteins.

Methods This study evaluates the therapeutic effects of human collagen Ill (hCOL3A1) mRNA on UVB-induced

skin photoaging using in vitro and in vivo models. In vitro, human fibroblasts were used to assess oxidative stress,
senescence, apoptosis, proliferation, and migration. In vivo, a UVB-induced murine photoaging model was used

to assess skin barrier function, dermal thickness, collagen content, and senescence markers were analyzed post-
treatment. Transcriptome analysis was conducted to explore gene expression changes and key pathways involved in
photoaging and repair mechanisms.

Results Our findings demonstrate that hCOL3AT mRNA reduces oxidative stress, senescence, apoptosis and
promotes cell proliferation and migration in a photoaging cell model. In a murine photoaging model, h\COL3AT
mRNA significantly improves skin barrier function, enhances dermal thickness, restores collagen content, improves
dermal structure, and reduces cellular senescence markers without inducing systemic toxicity or immunogenicity.
Transcriptome analyses reveal that hCOL3AT mRNA reverses UVB-induced gene expression changes, reinstating
critical signaling pathways for skin homeostasis and fibroblast function.

Conclusions These results highlight hCOL3AT mRNA as a promising therapeutic candidate for skin photoaging and
underscore the potential of mMRNA-based therapies in dermatology and regenerative medicine.

Keywords Skin aging, UV irradiation, Collagen, mRNA therapy, Fibroblasts, Lipid nanoparticles, Dermatology

tJiamin Zhang and Shuqi Chen contributed equally to this work.

*Correspondence:

Zhi Xie

zhixie@outlook.com

'State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center,
Guangdong Provincial Key Laboratory of Ophthalmology and Visual
Science, Sun Yat-sen University, Guangzhou 510060, China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12967-025-07351-z
http://orcid.org/0000-0002-5589-4836
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-07351-z&domain=pdf&date_stamp=2025-11-7

Zhang et al. Journal of Translational Medicine (2025) 23:1283

Introduction

Skin aging is a multifaceted process resulting from the
interplay of intrinsic and extrinsic factors [1]. While
intrinsic aging is largely determined by genetic and physi-
ological changes over time, extrinsic aging arises mainly
from environmental stressors. Among these, ultraviolet
(UV) radiation is the most significant contributor to pre-
mature skin aging, a process commonly known as pho-
toaging [2—4]. Cumulative UV exposure leads to DNA
damage, impaired DNA synthesis and repair [5], inflam-
mation [6], reactive oxygen species (ROS) generation [7]
and the disruption of vital signaling pathways [8]. Clini-
cally, these alterations manifest as fine lines, wrinkles,
skin thickening, and a marked loss of elasticity [9-12].
Thus, the development of effective strategies to mitigate
UVB-induced damage is imperative, particularly in vul-
nerable areas like the periorbital region.

Dermal fibroblasts are pivotal in maintaining the extra-
cellular matrix (ECM) integrity, synthesizing its compo-
nents—most notably collagen, proteoglycans, and growth
factors [13, 14]. Collagen, particularly type I, constitutes
about 75% of the dermis and provides structural sup-
port [15]. Type III collagen, often deemed “immature,’
is essential for skin elasticity and proper fibril formation
[16-18]. Studies have shown that applying recombinant
humanized collagen III can improve collagen content and
enhance skin elasticity in animal models of UV-induced
damage [19]. These findings highlight the therapeutic
potential of collagen III for repairing and regenerating
skin affected by photoaging.

Despite this promise, the commercial production and
clinical use of collagen III face several limitations. Ani-
mal-derived products may cause immunogenicity, while
recombinant proteins often lack full-length collagen and
proper post-translational modifications [20-22]. Addi-
tionally, collagen’s sensitivity to temperature and pH
fluctuations complicates storage, increases costs, and
necessitates frequent administrations [23, 24]. Retinoic
acid (RA), another widely used treatment, promotes col-
lagen synthesis but causes irritation, dryness, and UV
sensitivity, leading to poor compliance [25-27]. These
limitations highlight the need for alternative therapeutic
strategies that can effectively restore collagen while mini-
mizing side effects.

The emergence of mRNA-based therapeutics offers
a promising alternative to these conventional pro-
tein-or small molecules therapies. Unlike DNA-based
approaches, mRNA does not integrate into the host
genome, mitigating risks of insertional mutagenesis [28].
Moreover, mRNA can be rapidly designed and produced
at scale, enabling the encoding of full-length human pro-
teins. By leveraging the eukaryotic post-translational
machinery, mRNA-based therapeutics can yield proteins
with high biological activity, circumventing many issues
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associated with recombinant collagen. This approach
could allow the delivery of precise, full-length collagen III
to targeted cells, enabling efficient treatments.

In this study, we investigated the therapeutic poten-
tial of mRNA of human collagen III (hCOL3A1, Human
Collagen Type III Alpha 1 Chain), delivered via lipid
nanoparticles (LNPs), for treating UVB-induced skin
photoaging. We demonstrate that hCOL3A1 mRNA
stimulates collagen production, alleviates oxidative stress
and senescence, and enhances skin structure in vitro and
in vivo. The development of mRNA-based treatments
may ultimately offer a safer, more adaptable, and patient-
friendly alternative to current protein- or small mol-
ecules- based therapies, paving the way for personalized
interventions in aesthetic medicine and dermatology.

Materials and methods

Preparation of mRNA and LNPs

Construction mRNA vectors

The reporter gene FLUC, as well as the gene of interest
COL3A1 (GENE ID 1281) with a C-terminal FLAG tag,
was cloned into a pUC57 vector containing a T7 pro-
moter, which served as the DNA template for in vitro
transcription. The recombinant plasmids were propa-
gated in E.coli DH5« cells and purified using an EndoFree
Plasmid Maxi Kit (Qiagen, Hilden, Germany). Following
PCR amplification and agarose gel electrophoresis, DNA
fragments were purified using the MinElute Gel Extrac-
tion Kit (Qiagen, Hilden, Germany). COL3A1 mRNA was
synthesized using the T7 High-Yield RNA Synthesis Kit
(New England Biolabs, Hitchin, UK), with UTP replaced
by 1-methylpseudouridine triphosphate (N1-meth-
ylpseudouridine-5’-triphosphate, m1WTP) to enhance
transcript stability. To further improve mRNA stability,
the synthesized mRNA was capped with the m7G(5’)
ppp(5’) RNA structure analog (New England Biolabs).
After in vitro transcription, residual DNA was degraded
using DNase I (New England Biolabs, Hitchin, UK). The
integrity and molecular weight of the synthesized mRNA
were confirmed by mass spectrometry, while purity and
potential degradation products were analyzed by high-
performance liquid chromatography (HPLC). For HPLC
analysis, 2 pg of mRNA was loaded per run to verify tran-
script quality. All mRNAs were assessed by agarose gel
electrophoresis and stored at -20 °C.

DsRNA ELISA

The sandwich enzyme-linked immunosorbent assay
(sandwich ELISA) (Vazyme, Jiangsu, China, Cat.
No.DD3509) was used to quantify dsRNA levels in in
vitro synthesized mRNA following the manufacturer’s
instructions with modifications. Briefly, the capture
antibody F2 (mouse IgG2a monoclonal antibody) was
immobilized on microtiter plates to form a solid-phase
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antibody. DsRNA standards and test samples were then
added to the antibody-coated plates and incubated for
2 h at room temperature. After washing, the plates were
incubated with the detection antibody M5 (purified
mouse IgM monoclonal antibody) for 1 h at room tem-
perature. Following another wash, the plates were further
incubated with a horseradish peroxidase-conjugated sec-
ondary antibody for 1 h to form the ‘capture antibody-
antigen-enzyme-labeled detection antibody’ complex.
After the final wash, a colorimetric substrate was added
for signal development, and the reaction was termi-
nated. Absorbance was measured at 450 nm, with values
directly correlating to dsRNA levels in the samples.

LNPs encapsulation of mRNA

LNPs were utilized for the encapsulation of mRNAs
using the NanoAssemblr Ignite system, as described
in the manufacturer’s instructions. Briefly, an aqueous
mRNA solution at pH 4.0 was rapidly mixed with a lipid
mixture dissolved in ethanol. The lipid mixture con-
sisted of the ionizable cationic lipid SM-102 (Sinopeg,
#2089251-47-6), distearoylphosphatidylcholine (DSPC,
Avanti, #850365P-1G, 18:0 PC), cholesterol (Sigma,
#C8667-1G), and DMG-PEG2000 (Avanti, #880151P-1G)
at a molar ratio of SM-102:DSPC: cholesterol: DMG-
PEG2000=50:10:38.5:1.5. The concentration and encap-
sulation efficiency of the mRNAs were assessed using
the Quant-iT RiboGreen RNA Assay Kit (Invitrogen,
R11490). Additionally, the particle size and polydispersity
index (PDI) of the LNP-mRNA complexes was measured
using dynamic light scattering (DLS) with a Malvern
Zetasizer Nano-ZS 300. The samples were exposed to
a red laser, and the scattered light was detected. Data
analysis was performed using Zetasizer V7.13 software to
obtain the autocorrelation function. DLS measurements
were performed exclusively to determine hydrodynamic
particle size distribution and PDI, while encapsulation
efficiency was calculated based on the RiboGreen assay.
Representative DLS particle size distribution curves are
provided in the Supplementary Figures (Fig. S1H).

In vitro experiments

Cell culture and drug treatment

The human fibroblast cell line HFF-1 was obtained from
the Cell Bank/Stem Cell Bank, Chinese Academy of Sci-
ences (Shanghai, China). Cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 2mM glutamine, 100U/mL penicillin, and
100 pg/mL streptomycin at 37 °C in a humidified atmo-
sphere of 5% CO,. RA (MCE, New Jersey, USA) was used
as a positive control therapy due to its well-documented
effects in promoting collagen synthesis, enhancing extra-
cellular matrix remodeling, and reducing photoaging-
associated damage. RA exerts its function by binding to
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nuclear retinoic acid receptors (RARs), thereby regulat-
ing the transcription of target genes involved in cell pro-
liferation, differentiation, and collagen metabolism. RA
was dissolved in DMSO at a concentration of 10mM and
stored at —20 °C. The treatment was applied 6 h prior to
UVB irradiation. The RA therapeutic concentration was
2pM, 6 h prior to UVB irradiation.

For in vitro mRNA transfection, hCOL3A1 mRNA
was transfected into HFF-1 cells using Lipofectamine™
MessengerMAX™ (Thermo Fisher Scientific, Waltham,
MA, USA), according to the manufacturer’s instruc-
tions. For 24-well plates (0.5-2 x 10° cells/well), 500 ng of
hCOL3A1 mRNA was diluted in 25 pL. Opti-MEM™, and
0.75 pL Lipofectamine™ MessengerMAX™ was diluted in
25 uL Opti-MEM™ and incubated 10 min. The mRNA
and reagent were then combined and incubated 5 min to
form complexes, which were added to cells (50 pL/well).
Cells were incubated under standard conditions for 6 h
prior to UVB irradiation. Volumes were scaled propor-
tionally for 96- and 6-well plates.

Cell photoaging model establishment

HFF-1 cells were washed twice with 1xPBS prior to UVB
irradiation and then covered with a thin film of PBS dur-
ing exposure. A battery of TL20W fluorescent tubes
(Philips, Amsterdam, Netherlands) was used as the UVB
source, with a wavelength range of 305-315 nm, peaking
at 311 nm. Cells were exposed to bi-daily UVB irradia-
tion over two consecutive days, totaling three rounds of
irradiation, followed by a 24-hour incubation in culture
medium (Fig. S2A). UVB irradiation induced senescence-
associated phenotypes in HFF-1 cells, marked by reduced
cell density and disorganized morphology (Fig. S2B).
Cell viability was assessed 24 h after irradiation to deter-
mine the optimal dose that would induce damage with-
out causing extensive cell death. Cell viability began to
decline at 50 mJ/cm?®, with microscopic evidence of cell
death observed as energy levels increased. At 50 mJ/cm?,
cell viability fell below 50%, representing the half-lethal
dose. This threshold was selected as the experimental
condition to evaluate the protective effects and mecha-
nisms of potential interventions under significant yet
sublethal stress. Based on these findings, 50 mJ/cm® was
identified as the optimal irradiation dose for subsequent
experiments. The duration of UVB exposure required to
achieve 50 mJ/cm® was approximately 667 s (~11 min),
based on the measured UVB lamp irradiance of 75 uW/
cm? The dose was calculated using Dose (m]J/cm?) = Irra-
diance (mW¥/cm®) x Time (s). Moreover, the pre-treat-
ment group with hCOL3A1 mRNA exhibited higher cell
viability compared to the post-treatment group under
UVB irradiation at varying doses (p <0.001 at 50 mJ/cm?)
(Fig. S2C and D). HFF-1 cells were cultured in complete
medium at 37 °C for 24 h under 5% CO,.
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Cell proliferation analysis

The plate was imaged using a 10x objective on the Oper-
etta CLS™ high-content analysis system (PerkinElmer,
UK), capturing nine fields of view per well. Cell counts
were quantified using a custom assay developed in the
Custom Module Editor. Cell viability was calculated as
the ratio of healthy viable cells at each time point in each
treatment group to the healthy viable cells in the con-
trol group at the corresponding time point. Each group
included six replicates.

Cell migration assay

Cells were seeded in a 6-well plate and subjected to
UVB modeling. A scratch was made in the cell mono-
layer using a 200uL pipette tip following the treatment.
The culture plate was incubated at 37 °C in a 10x objec-
tive on the Operetta CLS™ high-content analysis system
(PerkinElmer, UK) under 5% CO, and 95% air condi-
tions. Images were captured from nine fields of view at
0, 12, and 24 h post-scratching, and the open area of the
scratch was analyzed using the software’s measurement
tools. Each group included three replicates.

SA-B-Gal staining

SA-B-Gal staining was conducted using the Senescence-
[B-Galactosidase Staining Kit (Abcam, MA, USA), follow-
ing the manufacturer’s instructions. Briefly, cells were
washed with 1xPBS and fixed for 15 min. Following this,
cells were washed twice with 1xPBS and incubated with
SA-B-Gal Staining Solution overnight at 37°C in a dry
incubator without CO,. Cells were washed and counter-
stained with 1 ug/mL DAPI (Sigma-Aldrich, Saint Louis,
USA) for 5 min, then observed under 20x magnification.
The percentage of positive cells was calculated by count-
ing cells in 3 random fields.

Detection of ROS

Intracellular ROS were detected using the DCFH-DA
fluorescence assay. DCFH-DA was dissolved in DMSO
at a concentration of 10mM and stored at -20°C. DCFH-
DA solution (DCFH-DA: serum-free medium, 1:1000)
was added to each well at the specified time points. After
incubation for 10 min, cells were washed three times
with serum-free medium. Images were captured using
an inverted fluorescence microscope. The fluorescence
intensity of intracellular ROS was quantitatively mea-
sured using a fluorescent microplate reader (excitation:
485 nm, emission: 525 nm).

Note RA was not included in the ROS assay because the
focus of this experiment was to evaluate the direct effect
of hCOL3A1 mRNA on UVB-induced oxidative stress.
The protective effects of RA have been previously estab-
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lished in other cellular assays and thus were not repeated
here to reduce experimental redundancy.

RNA isolation and quantitative real-time PCR (RT-qPCR)
Total RNA was extracted using TRIzol. RNA was con-
verted to cDNA using the HiScript III RT SuperMix for
RT-qPCR (Vazyme, Jiangsu, China). RT-qPCR was con-
ducted using the LightCycler® 480 Instrument II (Roche,
Basel, Switzerland) with iTagTM Universal SYBR® Green
Supermix (Bio-Rad, Hercules, California), according
to the manufacturer’s protocol. The relative expression
level was calculated using the 27 A A Ct method. The
primers are listed in the Supplementary To distinguish
between exogenous and endogenous mRNA, specific
primers were designed for endogenous transcripts. All
primer sequences are listed in the Supplementary Table
1.

Western blot analysis

Total protein was extracted from cells using RIPA buf-
fer and quantified using a BCA kit. Protein samples were
separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to
0.2 pm PVDF membranes (Millipore, MA, USA). Non-
specific binding was blocked with 5% skim milk for 1 h.
The membrane was incubated overnight at 4 °C with each
primary antibody targeting specific proteins, including
anti-p21 (CST, 1:1000 dilution), anti-Flag (CST, 1:1000
dilution), anti-collagen III (Abcma, 1:1000 dilution),
and anti-B-actin (Proteintech, 1:20000 dilution). The
membrane was then incubated for 1 h with a secondary
antibody, goat anti-rabbit IgG, and goat anti-mouse IgG
conjugated to HRP. Chemiluminescence was detected
using an ECL kit (SmartBuffers, Femto-Sensitive ECL
Solution, China).

In vivo experiments

Animals

Animal experiments were conducted with approval
from the Institutional Animal Care and Use Committee
(IACUC) of Zhongshan Ophthalmic Center, Sun Yat-Sen
University (Approval No. Z2023009). In vivo experiments
were performed using 8-week-old female Balb/c-nude
mice.

Photoaging mice models establishment

Establishing the skin-photoaging model involved subject-
ing female nude mice (6—8 weeks old) to UVB irradiation
on their dorsal skin every other day for 8 weeks using
a Philips UV lamp emitting at a wavelength of 311 nm.
As shown in the diagram, the UVB irradiation source
was positioned approximately 30 cm above the Balb/c-
nude mice confined in the box, allowing them to move
freely (Fig. S3A). The UV irradiation protocol started at
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an initial intensity equivalent to the minimal erythemal
dose (MED) of 1 MED (60 mJ/cm?) for the first 2 weeks.
The intensity was then gradually increased to 2 MED
(120 mJ/cm?) in the third week, 3 MED (180 mJ/cm?) in
the fourth week, and maintained at 4 MED (240 m]J/cm?)
from the fifth to eighth week of the experiment. The total
UVB dose delivered over the 8 weeks approximated 80
MED. Irradiation was administered until visible wrinkles
appeared on the dorsal skin of the mice, after which the
experiment proceeded(Fig. S3B). Following the 8-week
irradiation regimen, the nude mice were randomly
assigned to one of three treatment groups (eight mice
per group): (1) Vehicle control (UVB irradiation + empty-
hCOL3A1 mRNA-LNP), (2) Positive control (UVB irra-
diation+0.05% RA), (3) UVB irradiation +hCOL3AI
mRNA-LNP administered via intradermal injection using
33G insulin needle. Skin treatments were performed on
days 1, 4, 7, 14, and 21. Skin tissue was collected on days
28.

For in vivo experiments, 500 ng hCOL3A1 mRNA per
injection site was delivered intradermally into mice five
times, following preliminary optimization studies. All
in vitro and in vivo treatments used equivalent dosing
relative to cell number or tissue volume to ensure consis-
tency across experiments.

Hydroxyproline (HYP) content detection

Following the manufacturer’s instructions, total colla-
gen content was quantified using a HYP assay kit (Solar-
bio, Beijing, China). Skin tissue was cut into pieces and
fully hydrolyzed via acid hydrolysis at 110 °C for 6 h. The
solution was neutralized with NaOH and centrifuged at
16,000 rpm at 25 °C for 20 min. Absorbance was mea-
sured at 560 nm. Standard curves were generated using a
standard solution supplied by the manufacturer.

HE staining

The tissue sections were passed through a series of
decreasing alcohol concentrations to remove xylene and
thoroughly rinsed in water. The sections were stained
with hematoxylin for 2 min and treated with acidic alco-
hol differentiation. After staining with eosin for 2 min
and dehydrating with ethanol, the sections were cleared
with xylene and mounted.

Masson staining

For Masson staining, sections were deparaffinized, rehy-
drated, and incubated in hematoxylin iron solution for
3 min. After differentiation using 0.5% hydrochloric acid
ethanol, acid fuchsin solution was applied for 10 min.
This was followed by treatment with 1% phosphomo-
lybdic acid in water for approximately 3 min and direct
staining with aniline blue solution for an additional
6 min. Subsequently, the sections were treated with 1%
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glacial acetic acid for 1 min. The sections were mounted
using xylene, followed by neutral gum.

Sirius red staining
The paraffin sections were rehydrated and stained with
Sirius red for 8 min. The sections were visualized under
polarized light. Type I collagen appears as orange or
bright red coarse fibers, while collagen III appears as
green fine fibers.

Immunohistochemical staining and analysis

Skin sections were deparaffinized in xylene, followed by
dehydration through graded ethanol, and washed three
times with PBS for 5 min. After blocking with 3% (w/v)
H,O, for 15 min, the sections were blocked with 1% BSA
in TBST for 1 h at room temperature. A specific pri-
mary antibody against p16 (ABclonal, 1:200 dilution) was
incubated with the tissue sections overnight. After three
washes in PBS, the sections were incubated with the
MaxVision™ HRP-Polymer anti-Mouse/Rabbit IHC Kit
(Maixin Biotech, Fuzhou, China) for 15 min. The chro-
mogenic substrate used was the AEC Kit (20x) (Maixin
Biotech, Fuzhou, China), and hematoxylin was used as
the counterstain. The number of positive cells in each
visual field was calculated as follows: (number of positive
cells / total cells) x 100%.

TEWL test

The TEWL was measured using the DermaLab Combo
system (Cortex Technology, Hadsund, Denmark) from
the dorsal skin of the mice. A probe placed on the skin
was stabilized for approximately 30 s, with each mea-
surement taken eight times and averaged. Measurements
were conducted before and after treatment at room tem-
perature (21 °C to 22 °C) and relative humidity (50% to
55%).

Safety evaluation

Luminescence in vivo imaging

FLUC mRNA-intradermal-treated mice were imaged
using an in vivo imaging system (NightOWL LB 983,
Berthold, Germany) on days 1, 2, 3, 5, and 7. The param-
eters were set as follows: luminescence exposure time
of 60 s, photo exposure time of 0.1 s, and a sample size
of 120 x 120 field of view for the specified luminescence
imaging times. Quantitative analysis of intensity was
performed by measuring the total (cps) signal within
a region of interest. Images were analyzed using Indigo
Imaging Software Ver. A 01.19.01.

Assessment of hepatic function in mice

Mice received intradermal injections of hCOL3AI
mRNA five times. Blood samples were collected via the
eyeball at room temperature, rather than via the tail vein,
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to allow the collection of larger blood volumes neces-
sary for multiple biochemical assays, including ALT, AST,
ALB, TBIL-Z, and ALP. Samples were then centrifuged at
2000 rpm for 15 min at 4 °C. The resulting supernatant
was analyzed using an automatic biochemical analyzer
(BK-280, BIOBASE, China) according to the manufac-
turer’s instructions for ALT, AST, ALB, TBIL-Z, and ALP
kits (BK-280, BIOBASE, China).

Inflammasome protein measurements

Inflammasome signaling protein levels (IL-6 and TNE-
a) in cell culture medium were analyzed as described in
reference [29] using the Ella System and analyzed with
Simple Plex Explorer software (ProteinSimple). Results
represent the mean of triplicate samples for each analyte.

Transcriptome analysis

Library preparation for RNA sequencing

2 ug of RNA per sample was used as input material for
RNA sample preparations. Sequencing libraries were
generated using the NEBNext® UltraTM RNA Library
Prep Kit for Illumina® (#E7530L, NEB, USA), following
the manufacturer’s instructions. Index codes were added
to link sequences to individual samples. Briefly, mRNA
was purified from total RNA using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext
First Strand Synthesis Reaction Buffer (5X). First-strand
cDNA was synthesized using a random hexamer primer
and RNase H, followed by second-strand cDNA synthe-
sis with buffer, ANTPs, DNA polymerase I, and RNase
H. Library fragments were purified using QIAquick PCR
kits, eluted with EB buffer, and subjected to terminal
repair, A-tailing, and adapter addition. PCR amplification
was performed to enrich the library products.

Library clustering and sequencing

Library clustering and sequencing were conducted as
follows: index-coded sample clustering was performed
using a cBot cluster generation system with the HiSeq
PE Cluster Kit v4-cBot-HS (Illumina) in accordance with
the manufacturer’s instructions. Following cluster gen-
eration, the libraries were sequenced on an Illumina plat-
form, producing 150 bp paired-end reads.

Bioinformatical analysis

RNA-seq raw data were preprocessed and quality-
controlled using fastp (v0.23.4) [30]. The mouse rRNA
reference sequence file was downloaded from NCBI
(GRCm39, GCF_000001635.27,https://ftp.ncbi.nlm.nih.
gov/genomes/all/GCF/000/001/635/GCF_000001635.2
7_GRCm39/GCF_000001635.27_GRCm39_rna_from_
genomic.fna.gz). rRNA reference index was constructed
and local alignment was performed by Bowtie2 (v2.5.4).
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Reads aligned to the rRNA reference sequence were fil-
tered out [31]. The mouse genome reference sequence
and gene annotation file were obtained from Ensembl
(GRCm39 Ensembl Release 111, DNA sequence: https:/
/ftp.ensembl.org/pub/releasel111/fasta/mus_musculus/d
na/Mus_musculus.GRCm39.dna_sm.primary_assembly
fa.gz, Gene annotation: https://ftp.ensembl.org/pub/re
lease111/gtf/mus_musculus/Mus_musculus.GRCm39.1
13.gtf.gz). Mouse reference index was built and aligned
using STAR (v2.7.11b), and gene expression was quanti-
fied via RSEM (v1.3.3). Gene expression matrices were
normalized [32, 33], and differentially expressed genes
were identified using DESeq2 (v1.44.0)within R (version
4.4.1) [34]. KEGG and GOBP enrichment analyses were
conducted using f{GSEA (v1.30.0) [35].

Statistical analysis

Statistical analyses were performed using Graph-
Pad Prism 9.5. A significance threshold of p<0.05 was
applied. Data are expressed as mean+SEM. Unpaired
Student’s t-test was used for statistical comparisons
between two groups, and ANOVA with Tukey’s post hoc
was used between multiple groups.

Results

Preparation, Synthesis, and delivery of hCOL3AT mRNA

To explore a potential therapeutic intervention for UVB-
induced skin photoaging, we designed and synthesized a
full-length hCOL3A1 mRNA and encapsulated it in LNPs
for delivery. Agarose gel electrophoresis revealed a dis-
tinct band corresponding to the expected full size of the
hCOL3A1 and firefly luciferase (FLUC) mRNA (Fig. SIA
and B), and the complete sequences have been provided
in the Supplementary Tables (2-4). To further evalu-
ate the capping efficiency of in vitro transcribed (IVT)
mRNA, we quantified it using high-sensitivity mass spec-
trometry analysis. The results indicate that 99.95% of the
mRNA is successfully capped, with only 0.05% remain-
ing as uncapped 5’-triphosphate RNA(Fig. S1C). HPLC
analysis exhibited a single, sharp peak, indicating that the
purified mRNA was of high quality (Fig. S1D). Addition-
ally, the dsRNA concentration analysis revealed that the
dsRNA content in FLUC mRNA was 0.120%, whereas
in hCOL3A1 mRNA, it was 0.097%, which is well below
the threshold required to significantly activate the TLR3/
RIG-I/MDAS5 pathways and induce an immune response
(Fig. S1E and F).

We first examined the in vitro expression of the intro-
duced hCOL3A1 mRNA in human fibroblast cells (HFF-
1). Immunofluorescence detection of FLAG-tagged
COL3A1 proteins showed positive signals at 6 h post-
transfection, which persisted through 24 h (Fig. 1A and
B). To enable effective delivery in vivo, we encapsu-
lated the mRNA within LNPs. DLS confirmed that the
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Fig. 1 Synthetic mRNA delivery and protein expression in vitro and in vivo. (A) Representative images showing total Collagen Il protein (red) and exog-
enous hCOL3A1 protein tagged with FLAG (green) in HFF-1 cells transfected with hCOL3AT mRNA, captured at time points ranging from 6 to 24 h. Scale
bar: 75 um. (B) Western blot analysis of exogenous hCOL3AT protein in HFF-1 cells transfected with hCOL3AT mRNA. 3-tubulin was used as a loading
control. (C) Representative images showing Fluc protein expression in mice following intradermal (i.d.) injection of 5 ug FLUC mRNA-LNP at different time
points. (D) Quantification of FLUC protein expression after intradermal FLUC mRNA-LNP injection (n=3). Data are presented as mean =+ SEM. (E) Repre-
sentative Picro-Sirius Red staining images showing total COL3A1 protein expression in mice following intradermal injection of 5 ug hCOL3AT mRNA-LNP
at different time points. Vehicle injection served as a sham control. Scale bar: 50 um. (F) Quantification of total Collagen Ill protein expression in (E) after
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Fig. 2 hCOL3AT mRNA Reduces Senescence and Apoptosis, and Promotes Cell Proliferation and Migration. (A) Representative SA-B-gal staining images
of HFF-1 cells after different treatments following UVB irradiation at different time points. Scale bar: 20 um. (B) Quantification of (A), showing the propor-
tion of SA-B-gal-positive cells. Data are presented as mean +SEM (n=5). (C) Representative fluorescence images showing ROS generation in HFF-1 cells
after UVB irradiation and the rescue of ROS damage following hCOL3AT mRNA treatment at different time points. Scale bar: 20 um. (D) Quantification of
ROS-positive green fluorescence intensity in HFF-1 cells after hCOL3AT mRNA treatment following UVB irradiation. Data are presented as mean +SEM
(n=4). (E) RT-gPCR analysis of P21 relative gene expression levels in HFF-1 cells after different treatments following UVB irradiation. Data are presented as
mean £ SEM (n=5). Each RT-gPCR assay was performed in triplicate. (F) Western blot analysis of P21 protein levels in HFF-1 cells after different treatments
following UVB irradiation. B-actin was used as a loading control. (G) Quantification of P21 protein levels from Western blot bands in (F). (H) Quantitative
analysis of scratch assay and fusion rates of HFF-1 cells after different treatments following UVB irradiation at different time points. Data are presented as
mean £ SEM (n=3). (I) Representative images of HFF-1 cells following different treatments and UVB irradiation at different time points, captured from nine
non-overlapping adjacent visual fields. Scale bar: 20 um. (J) Quantitative analysis of HFF-1 cell viability following different treatments and UVB irradiation
at different time points. Data are presented as mean +SEM (n=6). (K) Representative images of HFF-1 cell morphology following different treatments
and UVB irradiation at different time points. Scale bar: 10 um. Note: *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001, ns=not significant, determined by

one-way analysis of variance (ANOVA)

particles had a mean diameter of 84.41 +1.458 nm with
a PDI of 0.15, indicating good homogeneity (Fig. S1G -H)
[36—40]. To test intradermal delivery of mRNA-LNP for-
mulation Fand its in vivo expression, we injected FLUC
mRNA encapsulated by LNPs into the dorsal skin of mice
and monitored bioluminescence over 7 days (Fig. 1C).
The luminescence peaked at 6 h post-injection, gradually
declining to near-background levels by day 7 (Fig. 1D).
These data confirmed that mRNA-LNP can be efficiently
delivered and transiently expressed in skin.

We next assessed the conversion of hCOL3A1 mRNA
into functional collagen III protein in vivo. Following
intradermal injection of hCOL3A1 mRNA-LNP, Sirius
Red staining of dorsal skin indicated a significant increase
in collagen III content 24 h post-injection. Elevated colla-
gen III levels were maintained for up to 28 days, consis-
tent with prior studies [41, 42]. showing that collagen III
in skin can persist for about four weeks before degrada-
tion (Fig. 1E and F).

Taken together, these results establish the successful
synthesis of full-length hCOL3A1 mRNA, its encapsula-
tion within LNPs, and its capability to drive robust col-
lagen III protein production both in cultured fibroblasts
and in mouse skin.

hCOL3A1 mRNA protects fibroblasts from UVB-Induced
damage and restores function

Having confirmed effective delivery and expression of
hCOL3A1 mRNA, we next investigated its protective
effects against UVB-induced cellular damage in human
fibroblasts [43]. Enhanced green fluorescent protein
(EGFP) mRNA was served as a non-specific mRNA con-
trol, and RA was used as a positive control [44]. After
UVB irradiation, senescence-associated p-galactosidase
(SA-B-Gal) staining revealed a marked increase in senes-
cent cells at both 12 and 24 h compared to non-irradiated
controls (p<0.0001) (Fig. 2A and B). In contrast, treat-
ment with hCOL3A1 mRNA or RA significantly reduced
SA-B-Gal positivity(p<0.01 at 12 h and p<0.0001 at 24 h),
indicating that hCOL3AI mRNA can mitigate UVB-
induced cellular senescence, as effectively as RA.

It is known that excessive UVB-induced ROS can
cause oxidative damage, and excess cellular levels of
ROS lead to activation of cell death processes such
as apoptosis [45-48]. We found that UVB irradiation
sharply increased intracellular ROS production, whereas
hCOL3A1 mRNA treatment effectively lowered ROS
levels (p<0.01) (Fig. 2C and D). In parallel, the expres-
sion of CDKNIA (P21), a cell cycle regulator often linked
to senescence and apoptosis [49], was notably upregu-
lated following UVB irradiation (p<0.05). In contrast,
hCOL3A1 mRNA and RA both significantly suppressed
P21 activation(p<0.05 and p<0.01), reinforcing the notion
that hCOL3A1 mRNA helps maintain cellular homeosta-
sis under photoaging stress (Fig. 2E-G).

We then assessed whether hCOL3A1 mRNA could
promote cell motility. In a wound healing assay, UVB
impaired fibroblast migration, whereas hCOL3A1
mRNA and RA significantly restored cell motility at 24 h
(p<0.01 and p<0.01)(Fig. 2H and I). Additionally, UVB
significantly reduced cell numbers at 12 and 24 h, while
hCOL3A1 mRNA or RA treatment rescued viability,
with stronger effects observed for hCOL3A1 (p<0.01 for
hCOL3A1 and p<0.05 for RA at 12 h and p<0.0001 for
hCOL3A1 and p<0.001 for RA at 24 h) (Fig. 2] and K).

In summary, hCOL3A1 mRNA exerts robust cytopro-
tective effects against UVB-induced photoaging in vitro.
It reduces senescence and apoptosis, and promotes cell
proliferation and migration, thereby highlighting its ther-
apeutic potential for managing photoaging-induced der-
mal damage.

hCOL3A1 mRNA reverses UVB-induced skin damage in a
mouse model

Encouraged by the in vitro results, we evaluated the ther-
apeutic efficacy of hCOL3A1 mRNA in a UVB-induced
photoaging mouse model (Fig. 3A). Chronic UVB irra-
diation led to visible signs of skin damage, character-
ized by persistent redness, roughness, and dryness of the
dorsal skin (Fig. 3B). Following intradermal administra-
tion, hCOL3A1 mRNA-treated mice displayed smoother
skin and reduced scaling compared to vehicle controls,
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Fig. 3 The Therapeutic Efficacy of hCOL3AT mRNA in a UVB-Induced Photoaging Mouse Model. (A) Schematic diagram illustrating the design of the
animal experiments and timeline of five times injections of hCOL3AI mRNA. Skin tissue was collected at 28 days; TMED =60 mJ/cm?. (B) Representative
images of dorsal skin across different treatment groups. (C) Quantification of TEWL in dorsal skin following intradermal injection of different treatments
after UVBirradiation. Data are presented as mean = SEM (n=6) with each TEWL measurement repeated eight times per mouse. (D) Representative images
of dorsal skin stained with H&E, Masson, and Picro-Sirius Red following intradermal injection of different treatments after UVB irradiation. Scale bar: 50 um.
(E) HYP assay quantifying total collagen deposition in dorsal skin after different treatments following UVB irradiation. Data are presented as mean + SEM
(n=8). (F) Quantification of dermal thickness based on Masson staining from (D). Data are presented as mean +SEM (n=8), derived from five non-over-
lapping visual fields per sample. (G) Quantification of collagen | and collagen IIl proportions from Picro-Sirius Red staining in (D). Data are presented as
mean + SEM (n=8), derived from five non-overlapping visual fields per sample. (H) RT-qgPCR analysis of COL3AT and COL1AT relative gene expression levels
following hCOL3AT mRNA treatment after UVB irradiation. Data are presented as mean=SEM (n=3). (I) Representative immunohistochemistry images
of dorsal skin showing P16 and H2AJ expression across different treatment groups following hCOL3AT mRNA treatment after UVB irradiation. Scale bar:
200 um. (J) Quantification of the number of P16 and H2AJ-positive cells in (I). Data are presented as mean + SEM (n=4), derived from five non-overlapping
visual fields per sample. Note: *p < 0.05, **p <0.01, ***p <0.001, ***p <0.0001, ns=not significant, determined by one-way analysis of variance (ANOVA)

whereas RA produced milder improvements and induced
skin redness, consistent with previous reports [25]
(Fig. 3B). In contrast, the UVB + Vehicle group showed no
amelioration of photoaging-related changes (Fig. 3B).

To gauge changes in skin barrier function, we mea-
sured trans-epidermal water loss (TEWL), a key indi-
cator of barrier integrity [50]. While UVB exposure
significantly increased TEWL, reflecting a compromised
barrier (p<0.0001, unpaired t-test) (Fig. S3C and D). Both
hCOL3A1 mRNA and RA treatments markedly reduced
TEWL levels compared to the vehicle group (p<0.0001
and p<0.0001), restoring barrier function closer to that of
non-irradiated skin. Notably, the hCOL3A1 mRNA group
significantly reduced TEWL levels compared to the RA
group (p<0.0001) (Fig. 3C), indicating that hCOL3A1
mRNA therapy was more effective in preserving epider-
mal barrier function than RA therapy.

Histological assessments provided further evidence of
therapeutic efficacy. Hematoxylin-eosin (H&E) and Mas-
son’s trichrome staining revealed that UVB irradiation
caused dermal thinning and disrupted collagen fibers,
resulting in disorganized and fragmented ECM struc-
tures. In mice treated with hCOL3A1 mRNA or RA,
these pathological changes were substantially mitigated,
with more orderly collagen fiber alignment and improved
overall dermal architecture (Fig. 3D). Quantitative
assays supported these histological findings. A HYP
assay showed reduced total collagen content in vehicle-
injected UVB model controls, whereas hCOL3A1 mRNA
or RA administration significantly restored total collagen
(p<0.0001 and p<0.001) (Fig. 3E). Quantification of der-
mis thickness in the tissues by Masson staining showed a
decrease in total collagen levels and the hCOL3A1 mRNA
and RA treatment significantly restored dermal thickness
compared to the UVB +vehicle controls (p<0.0001 for
hCOL3A1 and p<0.01 for RA) (Fig. 3F). Sirius Red stain-
ing further confirmed that hCOL3AI mRNA treatment
increased type I collagen levels (p<0.05). Profoundly,
hCOL3A1 mRNA also significantly increased the col-
lagen III level while RA had no such effect (p<0.01 for
hCOL3A1 and p>0.05 for RA) (Fig. 3G). Consistent with
these results, RT-qPCR analysis of skin tissue revealed

upregulation of collagen synthesis genes by the hCOL3A 1
mRNA treatment, including COLIAI and COL3AI
(p<0.05 and p<0.05) (Fig. 3H).

To assess the dosage effect of hCOL3A1 mRNA treat-
ment, we evaluated both 500 ng and 5 pg dosages. Both
500 ng and 5 pg dosages significantly restored dermal
thickness and collagen I+1III levels after UVB exposure,
with no difference between the two groups (Fig. S4A and
B). Furthermore, results from both Masson staining and
Sirius Red staining showed no statistically significant
differences between the UVB+ Vehicle group and the
UVB + FLUC group, indicating that FLUC mRNA had no
functional effect. Based on these findings, we conclude
that the observed effects in the animal photoaging model
were specifically attributed to our functional hCOL3A1
mRNA.

Finally, immunohistochemical staining for senescence
markers p16INK4a and H2A.J [51, 52], which are well-
established markers of cellular senescence, demonstrated
higher expression in UVB-exposed vehicle controls.
Intradermal injection of hCOL3AI mRNA significantly
reduced these senescence markers, indicating diminished
cellular senescence and improved tissue homeostasis
(p<0.0001, respectively) (Fig. 31 and J).

Overall, these findings show that hCOL3A1 mRNA
injections effectively counteract UVB-induced skin pho-
toaging in vivo. By improving barrier function, increas-
ing collagen content and dermal thickness, and reducing
cellular senescence, hCOL3AI mRNA treatment holds
promise as a therapeutic intervention for photoaged skin.

Transcriptome analysis of the protective effects of
hCOL3AT mRNA

To elucidate the molecular mechanisms underlying the
protective effects of hCOL3A1 mRNA, we performed
transcriptome analysis on dermal tissues harvested from
three groups: the control group without UVB treat-
ment (no UVB), vehicle-injection of UVB-exposed mice
(UVB + vehicle), and hCOL3A1 mRNA-injection of UVB-
exposed mice (UVB+hCOL3AI). Compared with the
no UVB control, the UVB +vehicle group exhibited 213
upregulated and 279 downregulated genes, indicating
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substantial alterations in gene expression associated
with photoaging-induced dermal damage (Fig. 4A). In
contrast, the hCOL3A1 mRNA treatment showed 443
upregulated and 133 downregulated genes relative to
the UVB +vehicle group (Fig. 4B). Notably, there were
significantly overlapped genes (98) between the down-
regulated genes in the UVB +vehicle vs. no UVB groups
and the upregulated genes in the UVB+hCOL3AI vs.
UVB +vehicle groups (p=4.831x 107, Fisher’s exact test)
(Fig. 4C), indicating that hCOL3A1 mRNA treatment
particularly and efficiently restores genes suppressed by
UVB-induced damage.
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Gene set enrichment analysis (GSEA) of Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways
revealed that UVB irradiation particularly suppressed
many signaling pathways critical for skin homeostasis,
including PPAR and TGEFp signaling, as well as pathways
related to cell junction integrity and vascular smooth
muscle function. Treatment with hCOL3AI mRNA sig-
nificantly reversed these pathways toward a more bal-
anced, homeostatic state (Fig. 4D). Similarly, GSEA of
Gene Ontology Biological Processes (GOBP) terms dem-
onstrated that UVB exposure inhibited fibroblast, endo-
thelial, and vascular smooth muscle cell proliferation and
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Fig. 4 Transcriptome Analysis of the Protective Effects of hCOL3AT mRNA. (A) Volcano plot illustrating the differential gene expression in dermis tissue

between the UVB+vehicle group and the no UVB control group. (B) Volcano

plot illustrating the differential gene expression in dermis tissue between

the UVB+hCOL3A group and the UVB+ vehicle group. (C) The Venn diagram shows the overlap of genes upregulated in the UVB+hCOL3AT group vs.
the UVB+vehicle group and down-regulated in the UVB+vehicle group vs. the no UVB control group. (D) Pathway enrichment analysis of upregulated
and downregulated genes in the UVB + vehicle group compared with the no UVB control group and in the UVB+hCOL3AT mRNA group compared with

the UVB +vehicle group
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Fig. 5 Safety Evaluation. (A) Representative images showing no detectable Fluc protein expression in the abdominal region around the liver following
a 5 ug FLUC mRNA-LNP intradermal injection (i.d.) at different time points. (B) Hepatic function assessment showing no significant differences between
the untreated and treated groups. Data are presented as mean +SEM (n=3). ALT: alanine transferase; AST: aspartate transferase; ALB: serum albumin; TBIL-
Z: total bilirubin; ALP: alkaline phosphatase. (C) Representative images showing no significant difference in the dorsal skin between different treatment
groups. H&E staining images reveal no noticeable histological changes. Scale bar: 50 um. (D) Representative H&E staining images showing no notice-
able histological changes in the heart, liver, spleen, lungs and kidneys between the different groups. Scale bar: 50 um. (E) Quantification of body weight
during treatment with UVB irradiation. (F) Quantification of IL.-6 and TNF-a cytokine release from HFF-1 cells after different treatments following UVB
irradiation for 24 h showed no detectable differences. ND: Not Detected. Data are presented as mean + SEM (n=3). Note: *p <0.05, **p < 0.01, ***p < 0.001,

***%p <0.0001, ns=not significant, determined by one-way analysis of variance (ANOVA)

migration. hCOL3A1 mRNA restored these cellular func-
tions, correlating well with the histological and molecu-
lar indicators of improved skin quality observed in our in
vitro and in vivo experiments (Fig. 4D). It is also notice-
able that cell adhesion molecules, ECM-receptor interac-
tion, and fibroblast proliferation pathways were activated
by UVB, which were likely as part of a compensatory
response to dermal damage and ECM disruption. Nota-
bly, these pathways were further activated by hCOL3A1
mRNA, which enhanced ECM restoration, promoted
fibroblast activity, and reinforced cellular adhesion. This
suggests that hCOL3A1 mRNA actively stimulates pro-
cesses essential for skin repair and regeneration.

Additionally, the p53-associated, RIG-I-like recep-
tor and NOD-like receptor signaling pathways were
significantly activated by UVB exposure, reflecting a
stress-induced inflammatory, immune response and cel-
lular senescence. These pathways were repressed fol-
lowing hCOL3A1 mRNA treatment, showing its role in
alleviating UVB-induced cellular senescence, reducing
inflammation, and restoring homeostasis in the dermal
microenvironment.

In summary, transcriptome analysis validates the pro-
tective role of hCOL3A1 mRNA at a molecular level. By
restoring key signaling pathways, promoting fibroblast
function and improving dermal microenvironment,
hCOL3A1 mRNA effectively counters the detrimental
transcriptomic alterations induced by UVB irradiation,
reinforcing its potential as an innovative therapeutic
strategy for photoaged skin.

Safety evaluation of hCOL3A7 mRNA

Given the promising therapeutic outcomes, we finally
assessed the safety of hCOL3AI mRNA delivery, which
is crucial to ensure its potential translation into clinical
applications as a transformative approach.

After skin injection, LNPs can enter the lymphatic sys-
tem and subsequently the bloodstream, enabling their
distribution to various organs, particularly to the liver,
raising considerations for potential off-target effects and
safety concerns [21, 53]. We therefore first examined the
biodistribution of the injected LNPs. Intradermal injec-
tion of FLUC mRNA-LNP into the dorsal skin of mice did
not result in detectable luciferase expression in the liver
over the course of seven days, suggesting that the mRNA

remained localized and did not systemically distribute
to off-target organs (Fig. 5A). To further assess potential
side effects to the liver, we analyzed serum hepatic func-
tion indicators, which remained within normal ranges,
indicating that hCOL3A1 mRNA-LNP did not affect liver
physiology (Fig. 5B).

Repeated intradermal administration of hCOL3AI
mRNA for five times at days 1, 4, 7, 14 and 21 (500ng/
each) showed no adverse effects on skin appearance.
H&E staining revealed that the treated skin maintained a
normal, orderly arrangement without signs of inflamma-
tory infiltration (Fig. 5C). Similarly, histological examina-
tions of major organs, including the heart, liver, spleen,
lung, and kidney, detected no pathological abnormalities,
confirming the absence of systemic toxicity (Fig. 5D).

Additionally, body weight measurements showed no
significant differences between the hCOL3A1 mRNA-
treated group and the control group. In contrast, mice
treated with RA exhibited a notable decrease in body
weight (p<0.05), hinting at systemic side effects associ-
ated with RA (Fig. 5E). We also evaluated immunogenic-
ity at the cellular level. While RA treatment significantly
increased IL-6 expression (p<0.01), transfection with
hCOL3A1 mRNA did not elevate IL-6 levels or TNF-a,
suggesting minimal immunostimulatory effects of the
mRNA construct (Fig. 5F).

Together, these findings confirmed that intradermal
delivery of hCOL3A1 mRNA did not provoke systemic
toxicity and elicited no strong immune responses. This
safety profile further supports the therapeutic poten-
tial of hCOL3A1 mRNA for managing UVB-induced
photoaging.

Discussion

In this study, we demonstrated the potential of hCOL3A 1
mRNA therapy in treating skin photoaging. By deliver-
ing full-length human collagen III mRNA encapsulated
in LNPs, we achieved sustained collagen III protein
expression and demonstrated significant anti-photoaging
effects both in vitro and in vivo.

Unlike conventional protein therapies that rely on ani-
mal-derived collagens or recombinant fragments with
incomplete structures [20, 54, 55], our approach circum-
vents difficulties in obtaining high-quality collagen III.
By encoding the full-length human COL3AI sequence,
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the mRNA leverages the host’s intrinsic translational and
post-translational machinery to produce functional col-
lagen III proteins. The result is a more physiologically
relevant and bioactive collagen that can be locally pro-
duced in skin cells, potentially reducing the risk of immu-
nogenicity and enhancing therapeutic outcomes [56].
Moreover, mRNA therapeutics offer a transient, non-
integrative gene expression modality that avoids inser-
tional mutagenesis concerns and provides a high degree
of safety and controllability [57-60]. The flexibility of
mRNA sequences and the scalability of manufacturing
further position mRNA-based therapies as promising
candidates for skincare and regenerative interventions.

Consistent with previous studies demonstrating that
collagen III is critical for maintaining dermal fibroblast
function and ECM integrity, our in vitro experiments
revealed that hCOL3A1 mRNA reduced UVB-induced
cellular senescence and apoptosis in HFF-1 fibroblasts.
By restoring cell proliferation and promoting migration,
hCOL3A1 mRNA preserved the functional capacity of
dermal fibroblasts. These findings underscore the impor-
tance of collagen III in maintaining ECM integrity, facili-
tating proper collagen fibril organization, and ensuring
the mechanical and biological equilibrium necessary for
healthy skin function [61, 62]. Similarly, in vivo studies
have reported that collagen III deficiency impairs der-
mal thickness and ECM organization in mouse skin [17].
Our mouse model of UVB-induced photoaging further
confirmed the therapeutic efficacy of hCOL3A1 mRNA.
Mice receiving hCOL3A1 mRNA showed improved skin
appearance, restored barrier function, increased der-
mal thickness, and enhanced collagen content. Collagen
III levels remained elevated up to 28 days after a single
injection, indicating a lasting effect that may reduce the
frequency of administration. Additionally, the reduc-
tion in senescence markers (pl6INK4a and H2A.J) in
the skin of treated mice suggested that hCOL3A1 mRNA
helps maintain a more youthful cellular environment.
Beyond structural improvements, previous reports
have shown that UVB exposure activates inflammatory
and stress-related pathways, including p53 signaling,
while modulating PPAR and TGEP pathways [63-65].
Our transcriptome analysis is in line with these studies,
showing that hCOL3AI mRNA restored key signaling
pathways, including PPAR and TGEFp, while mitigating
p53-driven aging signals. By reactivating fibroblast pro-
liferation, migration, and ECM production, hCOL3A1
mRNA addressed the multifaceted pathological land-
scape of photoaging at a molecular level.

Equally important is the favorable safety profile of
hCOL3A1 mRNA with LNPs. No systemic toxicity, organ
damage, or significant immune activation was observed
following intradermal delivery. The localized and tran-
sient nature of mRNA expression, combined with the
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biocompatibility of LNPs, contributes to this benign
safety profile. These attributes are crucial for translating
this approach into clinical applications, where long-term
safety and patient comfort are critically important.

Our study also highlights the advantages of hCOL3A1
mRNA therapy over RA for the treatment of UVB-
induced skin photoaging. While RA is a well-established
anti-photoaging agent due to its ability to stimulate col-
lagen synthesis and accelerate cell turnover, its clinical
use is hindered by common side effects, including skin
irritation, redness, dryness, and increased UV sensitivity
[66—68]. In agreement with these previous findings, we
observed that RA treatment improved dermal collagen
but also cause systemic side effects, such as body weight
loss and elevated IL-6 levels. In contrast, hCOL3A1
mRNA did not provoke adverse effects. Our findings
further demonstrated that hCOL3A1 mRNA treatment
reduced oxidative stress, cellular senescence, and apop-
tosis as effectively as RA. In addition, hCOL3AI mRNA
therapy effectively restored collagen III levels, improved
dermal thickness, and enhanced skin barrier function
without inducing inflammation or systemic side effects.
The superior efficacy, combined with a more favor-
able safety profile, positions hCOL3A1 mRNA-LNP as
a promising alternative to RA for photoaging therapy,
addressing the need for treatments that are both effective
and well-tolerated.

Despite the promising results, several limitations war-
rant attention. First, while our murine model provides
valuable insights, human skin differs in structure and
complexity. Further studies in large-animal models and
eventual human clinical trials are necessary to confirm
the translational potential of hCOL3A1 mRNA. Addi-
tionally, the optimal dosage, administration frequency,
and LNPs formulation require fine-tuning to achieve
maximum therapeutic benefit. Investigating synergistic
effects with other ECM components or growth factors
may further enhance outcomes, as the skin aging process
involves multiple interrelated molecular pathways and
cellular populations. Long-term follow-up is also needed
to determine the durability of benefits, potential need
for maintenance therapy, and the interplay of hCOL3A1
mRNA with intrinsic aging factors that evolve over time.

In conclusion, this work positions human collagen III
mRNA as a novel and promising therapeutic modality for
UVB-induced skin photoaging. By tapping into the body’s
own protein synthesis machinery, we have established a
safer, more adaptable approach that holds the potential
which might surpass current protein- or small-molecule-
based treatments. Our findings not only lay the ground-
work for future clinical translation of mRNA-based
dermal therapeutics but also underscore the broader
applicability of mRNA technology in regenerative medi-
cine, aesthetic dermatology, and personalized skincare.
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