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ABSTRACT

Long-term exposure to ultraviolet (UV) radiation induces skin photo-
aging, which manifests as oxidative stress, inflammation, and colla-
gen degradation. Multiple approaches (topical or systemic retinoids,
antioxidants, alpha-hydroxy acids, laser, surgery) are used in the treat-
ment of photoaged skin, and the use of topical retinoids is currently a
primary clinical treatment. Previous studies revealed that retinoic
acid promotes keratinocyte proliferation and reduces melanin deposi-
tion and matrix metalloproteinase (MMP) secretion; it also causes
potential allergic and inflammatory damage to the skin. This study
aimed to investigate the therapeutic effects and mechanisms of tri-
farotene, a functional retinoic acid analog, on UV-irradiated photo-
aging ICR and BALB/c nude mice and UVB photodamaged human
epidermal keratinocyte (HaCaT) cells by examining indicators such as
collagen, oxidoreductase, and inflammatory factor presence through
histochemical staining, Western blot, and ELISA. Results suggested
that trifarotene significantly reduced UV-induced photoaging in
mouse skin tissue, potentially by reducing oxidative stress damage
and inflammatory factor release, and inhibiting melanin deposition
and collagen degradation by downregulating MMP expression. Con-
centrations of malondialdehyde, tyrosinase, interleukin-6, interleu-
kin-12, and tumor necrosis factor-alpha in photoaged skin decreased,
while SOD content in photodamaged HaCaT cells significantly
increased. Trifarotene (3.3 pmol L™) inhibited phosphorylated JNK
and c-Jun expression both independently and collaboratively with the
JNK activator anisomycin, demonstrating that trifarotene mitigates
UV-induced collagen degradation and apoptosis through inhibition of
the JNK/c-Jun/MMPs signaling pathway.

Keywords: trifarotene, skin photoaging, UV, matrix metalloprotein-
ases, inflammatory factors

INTRODUCTION

The skin is the first physiological barrier of the body and protects tissues and organs
from damage caused by external factors such as ultraviolet radiation, which causes photo-
aging in the long term (1, 2). Characteristic clinical manifestations of skin photoaging are
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mainly dry, rough skin, deep wrinkles, melanin deposition, collagen and elastin degene-
ration, and the occurrence of benign or malignant skin tumors (3, 4).

Long-term UV irradiation creates oxidative stress by upregulating reactive oxygen
species (ROS) production and simultaneously inhibiting the activity of antioxidant enzymes
including SOD and glutathione peroxidase (GSH-Px) (5, 6). Accumulation of ROS activates the
mitogen-activated protein kinases (MAPKSs) signaling pathway, including c-Jun N-terminal
kinase (JNK), p38 MAPK, and extracellular signal-regulated kinase (ERK), which are
involved in the regulation of inflammation, cell differentiation, and apoptosis of skin
tissue (7). Moreover, ROS degrades collagen by upregulating MMP expression. MMPs are
zinc-containing endopeptidases with numerous substrate specificities that degrade a
variety of protein substrates, including collagen and elastin, outside the matrix (8). Based
on their structure and substrate specificity, MMPs are mainly divided into five categories:
collagenases, gelatinases, stromelysins, interstitial lysins, and membrane-type MMPs (9).
Phosphorylation of the MAPK signaling pathway subsequently activates downstream
transcription factor activator-transforming protein 1 (AP-1), which upregulates protein
and gene expression of MMP1, MMP3, and MMP9 to degrade collagen and other extra-
cellular matrix components (10, 11).

Inflammatory factors interleukin 1-beta (IL-1(3), IL-6, IL-12, IL-18, and tumor necrosis
factor-alpha (TNF-a) are released via the NF-kB-TNF-a cascade within UV-photodamaged
skin tissue (12, 13). At present, retinoic acid is still the main drug recognized for the clini-
cal treatment of photoaging damage. Intracorporeally, retinoic acid can bind to the corre-
sponding receptors (RAR and RXR) in the body (14) and inhibit phosphorylation of the
JNK protein of the MAPKSs family, thus preventing the synthesis of downstream transcrip-
tion factor AP-1 from proto-oncogenes c-Fos and c-Jun. MMP activity and the NF-«B path-
way are simultaneously inhibited, thereby reducing the degradation of collagen and elas-
tin and reducing inflammation in photoaged skin (15).

3”-tert-Butyl-4'-(2-hydroxy-ethoxy)-4"-pyrrolidin-1-yl-[1,1,3’1” Jterphenyl-4-carboxylic
acid (trifarotene, Fig. S1) is a functional analogue of retinoic acid. Previous studies revealed
that the main mechanisms of action of retinoic acid derivatives are anti-inflammatory,
antioxidant, and cause reduction of DNA damage, among others (15, 16). This family of
drugs promotes keratogenesis in keratinocytes, fibroblasts, and melanocytes of photoaged
skin (17), reducing melanin pigmentation, MMP secretion, and collagen degradation,
thereby increasing total skin collagen content (14, 18). However, the application of retinoids
is limited due to their association with skin inflammation, epidermal barrier dysfunction,
and tolerance in the long term (14). Trifarotene has been shown to function with similar
therapeutic efficacy to retinoic acid at half minimal effective concentration, with reduced
safety risks even at double the intended market dose (19). In this study, we aimed to investi-
gate trifarotene for its regulation of inflammation, oxidation, and apoptosis in UV-induced
photoaging ICR and BALB/c nude (BALB/c-nu) mouse models and in UVB-photoaging
HaCaT cell models.

EXPERIMENTAL

ICR mice photoaging model and drug administration

84 ICR mice, 18-22 g, half male, half female, were purchased from Hangzhou Medical
College (Hangzhou, Zhejiang, China, license no. SCXK (Zhe) 2019-0002) and housed in an
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animal room (ambient temperature 18-24 °C, relative humidity 70 %) with a 12 h light/dark
cycle and free access to food and water. All experimental procedures were performed in
compliance with the National Institutes of Health (China) guidelines for the care and use of
animals and approved by the China Pharmaceutical University Animal Experimental Com-
mittee. Based on published studies and preliminary tests, the minimum erythema dose
(MED) was determined to be 2760 mJ] cm™ for UVA radiation and 280 mJ cm™ for UVB
radiation. 14 mice were separated into the blank control group. To establish the photoaging
animal model, all ICR mice were anesthetized, and the back skin was depilated (3.5 x 2.5 cm).
Two 40W UVA (0.824 mW cm™) and two UVB (0.037 mW cm) lamps were stationed 13 cm
above the mice. All mice except those in the blank control were irradiated using 70 % of
the MED (1930 mJ cm™ UVA, 196 m] cm™ UVB) in the first week, and then in increments
increasing by 35 % of the MED each week until week 5. The irradiation dose (5790 mJ cm=
UVA, 588 mJ cm™2 UVB) was maintained until the 8" week when the photoaging model was
successfully constructed, as represented by rough, loose, and deeply wrinkled back skin. In
the 9 week, irradiated mice were randomly divided into 5 groups: model control, positive
drug (0.02 % retinoic acid, 50 pg per mouse), 0.001 % trifarotene (2.5 pug per mouse), 0.005 %
trifarotene (12.5 pg per mouse), and 0.01 % trifarotene (25 ug per mouse), with 14 mice per
group. Drug treatment, all in the form of a cream, was applied to the back skin area of all
mice in a 0.5 mL dose once per day, 5 days a week for 4 consecutive weeks.

BALB/c nude mice photoaging model and drug administration

84 BALB/c-nu mice, 6—8 weeks old, half male, half female, were purchased from Hang-
zhou Ziyuan Experimental Animal Technology Co., Ltd (license no. SCXK (zhe) 2019-0004).
Animals were housed in the same standard conditions as the ICR mice. All experimental
procedures were approved by the China Pharmaceutical University Animal Experimental
Committee in compliance with the National Institutes of Health guidelines for the care and
use of animals. Nude mice MED was determined to be 1850 mJ cm™ for UVA radiation and
220 mJ cm™ for UVB radiation. 14 mice were set aside as blank control. Two UVA (0.755 mW
cm™) and two UVB (0.027 mW cm2) lamps were positioned 13 cm above the mice. All mice
except the blank control were subjected to 70 % of the MED (1300 mJ cm™ UVA, 150 mJ cm™
UVB) for the first two weeks. From weeks 3—-6, UVA irradiation was increased by 35 % MED,
and UVB irradiation was increased by 30 mJ cm™ each week. BALB/c-nu mice were sub-
jected to 8 more weeks of UV radiation at the intensity of the 6™ week (3900 mJ] cm™ UVA,
270 mJ cm~ UVB), wherein the nude mouse skin photoaging model was evaluated according
to the criteria in Table I. Simultaneously, mice were randomly divided into 5 groups: model
control, positive drug (0.02 % retinoic acid, 50 pg per mouse), 0.001 % trifarotene (2.5 pg per
mouse), 0.005 % trifarotene (12.5 ug per mouse), and 0.01 % trifarotene (25 ug per mouse),
with 14 mice per group. Drug treatment was applied at the start of the 7" week to the back
skin area in a 0.5 mL dose once per day, 5 days a week for 2 weeks.

Skin wrinkle scoring

Upon completion of photoaging and drug administration, the appearance of back skin
tissue was evaluated by one researcher according to the standards in Table I below. Blind
scoring was completed through the evaluation of all mice’s back skin tissue without know-
ing group identification.
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Table 1. Photoaging skin wrinkle analysis

Score Skin representation

0 No wrinkles or sagging; normal fine longitudinal texture
Visible fine wrinkles
Normal skin texture not visible; many fine wrinkles
Visible shallow wrinkles
Few deep wrinkles and mild sagging

Significant increase in deep wrinkles

A U s W=

Severe wrinkles and skin damage

Histochemical staining

For all stains, the skin tissue of 4 mice from each group was fixed in 4 % paraform-
aldehyde (PFA) for 48 hours, paraffinized, cut into 4 um sections, and deparaffinized 24
hours after experimentation. For hematoxylin and eosin staining, tissues were stained
with HE. For Masson’s trichrome, tissues were stained with celestine blue dye for 2 min,
hematoxylin for 3 min, and Ponceau red dye for 5 min, washing between each stain. For
Van Gieson staining, tissue sections were soaked in glacial acetic acid solution for 2 sec-
onds, stained with Van Gieson dye for 5 min, dehydrated twice with 100 % ethanol, and
soaked in xylene for 5 min. All tissues were dehydrated and sealed, then imaged and ana-
lyzed under a light microscope. The collagen volume fraction (CVF) in Van Gieson stains,
represented by the ratio of collagen-positive blue surface to the total tissue area, was quan-
tified using Image J software (version 1.52v, http://imagej.net).

Enzyme-Linked Immunosorbent Assay (ELISA)

Irradiated skin tissue was dissected and homogenized with pre-cooled PBS in a 1:9
ratio on ice, centrifuged at 3000 rpm for 20 min at 4 °C. SOD and malondialdehyde (MDA)
content in the supernatant were determined following the instructions on the ELISA kit
(Shanghai Enzyme Biotechnology, China). HaCaT cells were harvested 24 hours after drug
treatment. Cell supernatant was collected and analyzed for SOD content as described in
the instructions on the ELISA kit.

Immunohistochemistry (IHC) staining of GP100

Endogenous peroxidase activity of 4 um tissue sections was blocked with PBS solu-
tion containing 1 % H,O, for 5 min and antigen repair was completed using a citric acid
buffer (0.01 mol L™, pH 6.0). The sections were blocked with 10 % goat serum for 30 min at
room temperature to eliminate non-specific reactions, and incubated with PMEL17/GP100
rabbit anti-mouse polyclonal primary antibody (22e4954, Affinity Biosciences, 1:100, China)
overnight in a humidified box at 4 °C. Thereafter, sections were incubated with the secon-
dary antibody at 37 °C for 30 min and stained with chromogenic agent 3,3"-diamino-
benzidine hydrochloride (DAB, DAB-2031, Fujian Maixin Company, China) for 3-5 min,
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then counterstained with hematoxylin and sealed. Tissue samples were photographed
under a microscope in a high-power field of view (200x); 3 consecutive high-power fields
of view (400x) were randomly selected from each group and analyzed for positive particle
quantity, distinguished by the presence of brown-yellow particles in the cytoplasm and
interstitium of cells.

HaCaT cells photoaging model and cell dosing paradigm

HaCaT cells were purchased from the Chinese Academy of Medical Sciences (China).
HaCaT cells were cultured in Dulbecco’s modified Eagle medium (DMEM) containing
10 % fetal bovine serum (Gibco, USA) in an incubator at 37 °C and 5 % CO, levels. Cells
were evenly seeded into a 6-well plate with 1 x 10° cells/well, then divided into 6 groups
(blank control, model control, retinoic acid treatment (3.3 pmol L), and three trifarotene
treatment groups (1 pmol L™, 3.3 pumol L™, 10 umol L7, respectively), and incubated for 24
hours. When cell confluence reached 70-80 %, the old culture medium was discarded and
all wells except the blank control group were covered with 1 mL of PBS (Beijing Solarbio
Technology, China) and subjected to 75 mJ] cm > UVB irradiation. Following radiation treat-
ment, PBS was discarded and replaced with a new culture medium, and all cells were
incubated for 24 hours and then harvested for subsequent assay.

CCK-8 detection of cell viability

HaCaT cells were seeded into a 24-well plate (5 x 10° cells/well) and cultured for 24
hours in an incubator, wherein 200 uL of PBS was added to each well. All cells except those
in the blank control group were then exposed to 75 mJ cm2UVB irradiation and cultured
for 24 hours. The Cell Counting Kit-8 (CCK, APEXBIO, K1018, USA) was used to detect cell
viability.

Western-blot analysis

Irradiated skin tissue (4 mice per group) was homogenized with RIPA lysis buffer
(Beyotime Biotechnology Co, China) containing PMSF and quantified by the BCA Protein
Assay Kit (Beijing Applygen Technology Co, China). Proteins were separated by SDS-
-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were
blocked with 5 % skimmed milk for 2 hours, then incubated with MMP1 rabbit anti-mouse
polyclonal antibody (00094817, Proteintech Group, 1: 2000, China), MMP3 mouse anti-
mouse monoclonal antibody (10004646, Proteintech Group, 1: 5000), and GAPDH mouse
anti-mouse monoclonal antibody (10027863, Proteintech Group, 1: 5000) at 4 °C overnight.
Membranes were then incubated with HRP-conjugated goat anti-rabbit secondary anti-
body (56j9958, Affinity Biosciences, 1: 5000, China) and goat anti-mouse secondary anti-
body (20000242, Proteintech Group, 1: 5000, China) for 2 hours at room temperature. The
membranes were visualized under chemiluminescence and analyzed for gray strip value
using GADPH as an internal reference.

HaCaT cells were treated as described above. Membranes were incubated overnight
with MMP1 rabbit anti-mouse polyclonal antibody (1:2000), MMP3 rabbit anti-mouse poly-
clonal antibody (AF0217, Affinity Biosciences, 1:2000), and GAPDH mouse anti-mouse
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monoclonal antibody (1: 5000) at 4 °C. The membranes were incubated with the secondary
antibodies, visualized, and analyzed as described above.

To detect protein expression related to the JNK/c-Jun/MMPs signaling pathway in the
HaCaT cell line, HaCaT nuclear and plasma protein were extracted using the nuclear pro-
tein and cytoplasmic protein extraction kit (Jiangsu Kaiji Biotechnology Co., Ltd., China),
quantified by BCA assay, separated by SDS-PAGE, transferred to PVDF membrane, and
incubated with JNK rabbit anti-mouse polyclonal antibody (N10251295, Wanleibio, 1:800,
China), phospho-JNK rabbit anti-mouse monoclonal antibody (R03311813, Wanleibio,
1:800), c-Jun rabbit anti-mouse polyclonal antibody (9165T, CST, 1:1000, USA), phospho-c-
Jun rabbit anti-mouse polyclonal antibody (3270T, CST, 1:1000), GAPDH mouse anti-mouse
monoclonal antibody (1:5000) overnight at 4 °C. The membranes were then incubated with
secondary antibodies, visualized, and analyzed as described above.

Statistical analysis

Statistical analysis was performed using IBM SPSS 22.0 statistical software (version
19.0). Comparisons between multiple groups were performed using one-way ANOVA.
Fischer’s Least Significant Difference (LSD) test was used where experimental data were
consistent with the homogeneity of variances, and the Games-Howell test was used other-
wise. The values p < 0.05 indicate a significant difference. All data were represented as
mean + SEM.

RESULTS AND DISCUSSION

Trifarotene reduces skin wrinkle scores and improves skin tissue morphology in UV-
irradiated photoaging mice

Figs. 1a,c revealed that in both ICR and BALB/c-nu mice, the irradiation model group
presented significantly more deep wrinkles than the blank control and significantly higher
(p <0.01) wrinkles scores than all trifarotene dosage groups and the positive drug (0.02 %
retinoic acid) group 4 weeks after drug administration. Skin wrinkle scores in the ICR 12.5
and 25 g trifarotene groups were significantly lower (p <0.05, p <0.01) than in the positive
control group.

HE staining results revealed a significant reduction in blue-stained dermal fibroblasts
and a significant increase in inflammatory cells of the irradiation model group as com-
pared to the blank control group (Figs. 1b,d). In the ICR-positive drug group, both dermal
fibroblast and inflammatory cell count increased, whereas the BALB/c-nu positive drug
group demonstrated dermal fibroblast count and decreased inflammatory cell count. In all
mice, fibroblast count increased and inflammatory cell count decreased in the 2.5 and 12.5 ug
trifarotene groups when compared to the irradiation model group; the 25 ug trifarotene
group showed a significant increase in dermal fibroblasts with continuous inflammatory
cell infiltration. Of all treatment groups, the 12.5 pg trifarotene group demonstrated the
best therapeutic effect by an increase of fibroblast presence and reduction in inflammatory
cell infiltration, seconded by the 25 ug trifarotene group.
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Fig. 1. Trifarotene reduces wrinkle severity and inflammatory cell infiltration in UV-induced photo-
aging skin. a) Photographs of irradiated ICR mouse skin tissue 4 weeks after treatment (n = 12);
b) HE-stained histological images of irradiated ICR mouse tissue 4 weeks after treatment (=12, scale
bar = 50 um); ¢) photographs of irradiated BALB/c-nu mouse skin tissue 2 weeks after treatment
(n=12); d) HE-stained histological images of irradiated BALB/c-nu mouse tissue 2 weeks after treat-
ment (n =12, scale bar = 50 um). Data are represented as mean + SEM in A and C. *p <0.05, **p < 0.01
compared to the model control. *p < 0.05, #p < 0.01 compared to the positive drug control.

Trifarotene reduces oxidative stress damage and release of inflammatory cytokines in the
skin tissue of photoaging mice

UV radiation significantly reduced SOD content and increased MDA content in skin
tissue (p < 0.01, Fig. 2a, Fig. S2¢). All doses of trifarotene and the positive drug control sig-
nificantly alleviated the effects of irradiation by increasing SOD content (p < 0.01); the MDA
content in all treatment groups was effectively reduced (p < 0.01) except in the ICR 2.5 ug
trifarotene group. The positive drug demonstrated a stronger therapeutic effect than all
trifarotene dosages in mediating both SOD and MDA content.

UV irradiation caused a significant increase (p < 0.01) in the amount of skin tissue
inflammatory cytokines IL-6, IL-12, and TNF-a (Fig. 2b, Fig. S2d). All treatment groups
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Fig. 2. Trifarotene reduces oxidative stress damage and inhibits inflammatory factor release in photoaging
skin. a) SOD and MDA content in irradiated ICR mouse skin tissue (7 = 12); b) inflammatory factor
concentration in irradiated ICR mouse skin tissue (1 = 12). Data are represented as mean + SEM. *p <0.05,

*1 <0.01 compared to the model control. “p < 0.05, * p < 0.01 compared to the positive drug control.

effectively reduced inflammatory factor content in mouse skin tissue (p <0.01); the positive
drug control displayed a significantly stronger effect at lowering inflammatory factor
levels than all trifarotene dosages except with the ICR 25 ug trifarotene control group in

reducing TNF-a content.
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Trifarotene reduces melanin deposition in the skin tissue of photoaging mice

The effects of trifarotene on modulating melanin deposition were assessed by the
detection of GP100 and tyrosinase (TyR) expression in photoaging mouse skin. Compared
with the blank control group, GP100 expression in the skin of mice in the irradiation
model group increased significantly, spreading beyond the surface epithelium to the
dermis and hair follicle cells (Figs. 3a,b,d,e). The positive drug group showed an insig-
nificant decrease in GP100 expression and migration of cells from the model group.
GP100-expression in all trifarotene groups significantly decreased from the irradiation
model group (p <0.01) and positive drug group (p < 0.01) and was concentrated focally in
the dermis.

TyR content in the skin tissue of mice in the irradiation model group significantly
increased (p < 0.01) from that of the blank control (Fig. 3c,f); TyR content in all trifarotene
groups was significantly lower (p < 0.01) than that of the model group, and the positive
drug group demonstrated further reduction than all trifarotene groups (p < 0.01).

Trifarotene increases dermal collagen content in the skin tissue of photoaging mice

To investigate how trifarotene increases collagen content in photoaging skin tissue,
dermal collagen arrangement and collagen volume fraction (CVF) were assessed by Masson’s
Trichrome and Van Gieson staining. Irradiation model group dermal collagen tissue was
comparatively disordered with homogenous degeneration and significantly reduced (p <0.01)
CVF against the blank control group (Fig. S3a-c,e-g). Compared with the model group,
collagen tissue of the positive drug group was disordered and homogenously degenerated
with no significant change to the CVF in ICR mice and a significant increase (p < 0.05) in
the CVF of BALB/c-nu mice. In the 2.5 ug trifarotene group, collagen tissue was also disor-
dered and loose, but with significantly increased (p < 0.05) CVF in ICR mice and non-
-significantly increased CVF in BALB/c-nu mice. We observed the best therapeutic effect in
the 12.5 pg trifarotene group, characterized by orderly arranged fibers parallel to the
epidermis, improved homogenous degeneration, and a significant increase (p < 0.01) in the
CVF. In the BALB/c-nu 25 ug trifarotene group, mouse skin tissue also demonstrated
significantly increased (p < 0.01) CVE, with no other improvements.

This study also measured HyP content, a major component of protein collagen, in
photoaging skin tissue as an indicator of collagen content. Model control tissue subjected
only to irradiation possessed significantly lower (p < 0.01) HyP content than the blank
control, and HyP content was alleviated in all treatment groups (p < 0.01, Fig. S3d,h). The
ICR 2.5 and 12.5 pg trifarotene groups and all BALB/c-nu trifarotene groups demonstrated
significantly lower therapeutic effects compared to retinoic acid.

Trifarotene inhibits protein expression of MMPs in photoaging mouse skin tissue

The expression of two major MMPs involved in collagen degradation, MMP1 and
MMP3, were evaluated by Western blot. As presented in Fig. 4, exposure to UV radiation
without treatment significantly increased the expression of MMP1 and MMP3. Admini-
stration of the positive drug control and all doses of trifarotene significantly reduced
MMP1 and MMP3 expression compared to the irradiation model group.
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Fig. 4. Trifarotene reduces MMP1 and MMP3 expression in UV-irradiated mouse skin tissue. a) and
b) Representative Western blot images and quantification of MMP1 and MMP3 expression in irradi-
ated ICR mice (1 = 6); c) and d) representative Western blot images and quantification of MMP1 and
MMP3 expression in irradiated BALB/c-nu mice (1 = 6). Data are represented as mean + SEM. *p <0.05,
**p <0.01 compared to the model control.

Trifarotene increases cell viability and supernatant SOD content and inhibits MMP
expression in photoaging HaCaT cells

HaCaT cells subjected to 75 mJ cm™ of UVB irradiation experienced a significant
reduction (p <0.01) in cell proliferation and SOD content in the cell supernatant (Fig. S4a,b),
an effect that was mitigated by all trifarotene (1, 3.3 and 10 umol L) groups.

Figs. S4c,d revealed a significant increase (p < 0.01) in HaCaT MMP1 and MMP3
expression in the irradiation model group compared to the blank control. All treatment
groups significantly reduced MMP1 expression, and all but the 1 pmol L trifarotene
dosage group significantly reduced MMP3 expression.
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Fig. 5. Trifarotene downregulates protein expression of the JNK/c-Jun/MMPs signaling pathway in
photoaging HaCaT cells. a) and b) Representative Western blot images and quantification of phos-
phorylated JNK and phosphorylated c-Jun compared to the positive drug (1 =4); c) to f) representative
Western blot images and quantification of phosphorylated JNK, phosphorylated c-Jun, MMP1, and
MMP3 (11 =4). Data are represented as mean + SEM. *p <0.05, **p <0.01 compared to the model control.

p <0.05, #p < 0.01 compared to anisomycin.
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Trifarotene down-regulates the expression of INK/c-Jun/MMPs signaling pathway-related
proteins in photodamaged HaCaT cells

As shown in Fig. 5a,b, UV irradiation significantly increased the expression of phos-
phorylated JNK (p < 0.01) and phosphorylated c-Jun (p < 0.05) proteins in HaCaT cells.
Trifarotene (3.3 pmol L™) was able to significantly reduce (p < 0.05) expression of both
phosphorylated proteins. Fig. 5c-f reveals that the protein expression of phosphorylated
JNK, c-Jun, MMP1, and MMP3 in the JNK activator (Anisomycin) group was all signifi-
cantly increased when compared with the irradiation model groups. However, the combi-
nation of trifarotene (3.3 umol L) with the JNK activator significantly reduced all protein
expression levels compared to that of the JNK activator alone.

Therapeutic effects and mechanisms of trifarotene

Our results showed that trifarotene effectively reduced phenotypical manifestations
of skin photoaging by enhancing dermal collagen content and arrangement as measured
by CVF and HyP content. It also performed antioxidant and anti-inflammatory functions,
increasing SOD content and reducing expression of inflammatory factors IL-6, IL-12, and
TNF-a. Trifarotene decreased melanin deposition as demonstrated through lowered
GP100 and TyR expression, and alleviated collagen degradation through anti-MMP action.
This study found that trifarotene functioned equivalently to the positive drug at half the
minimal effective concentration, indicating great potential as a therapeutic for UV-induced
skin photoaging with reduced risk of inflammatory and allergic side effects.

Ultraviolet radiation is categorized into UVA (320-400 nm), UVB (280-320 nm), and
UVC (200-280 nm), of which UVC is absorbed and scattered by the ozone layer (20). UVA
has a high penetrative ability and stimulates dermal fibroblasts and vascular endothelial
cells to promote the expression of MMPs, which catalyze the degradation of collagen and
elastin, thereby changing the dermal structure and causing skin sagging (21, 22). UVA
irradiation also stimulates melanosomes, whereby continued production of melanin
leads to melanin deposition and darkening of the skin (23). This study investigates the
therapeutic effects of trifarotene against photoaging, including excess melanin deposi-
tion as a key clinical manifestation. Reduction in melanin deposition is therefore consi-
dered an alleviating process of damage caused under an experimental UV-induced photo-
aging condition. UVB radiation is mostly absorbed by the epidermis, where it causes
lesions, thickening of the stratum corneum, aggravation of the inflammatory response
(21), and the release of a variety of chemical mediators that cause local blood vessel dila-
tion, commonly manifested as erythema on the skin (24). When working concurrently,
UVA induces peroxidation, causes secondary damage, and enhances the erythema-caus-
ing effect of UVB (25).

UVA generates cellular free radicals and lipid peroxides and induces cells in the der-
mis and subcutaneous tissue, including fibroblasts, vascular endothelial cells, and Langer-
hans cells to express MMPs (26). Both the accumulation of ROS and MMPs, of which
MMP1 and MMP3 are key factors in the photoaging process (5), catalyze the degradation
of collagen and elastin and cause changes in the dermal structure, leading to skin sagging
and an abnormal increase in skin wrinkles. Van Gieson and Masson staining was used to
evaluate dermal collagen and fibroblast content. Trifarotene demonstrated a therapeutic
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effect in improving collagen volume fraction and arrangement and increasing HyP content
in UV-irradiated photoaging mouse models.

Western blot detection of MMP1 and MMP3 revealed that trifarotene at all dosages
significantly inhibited MMP1 and MMP3 protein expression in photoaging ICR and BALB/
c-nu mouse models; in the HaCaT photoaging cell line, trifarotene (3.3 pmol L) signifi-
cantly reduced MMP1 and MMP3 expression (Fig. 4, Fig. S4e-f). These results signify that
trifarotene at concentrations ranging from 2.5 to 25 g is effective in preventing UV-induced
MMP proliferation and collagen degradation in both in vivo and in vitro photoaging models.

Skin keratinocytes secrete a variety of antioxidant enzymes including SOD, catalase
(CAT), and glutathione peroxidase (GSH-Px) to remove ROS and maintain cellular redox
(27). Under UVB irradiation, secretion of antioxidant enzymes, inflammatory factors, and
other chemical mediators are spread to the dermis (28); concurrent UVB inhibition of anti-
oxidant activity results in the accumulation of ROS, thereby exacerbating the inflamma-
tory reaction and causing oxidative stress (29, 30). In this study, we used ELISA to detect
the levels of oxidoreductase SOD and MDA, inflammatory factors IL-6, IL-12, and TNF-a,
and the levels of TyR. The results showed that trifarotene mitigated the oxidative effects of
photoaging by significantly increasing SOD content and decreasing MDA content (Fig. 2a),
Fig. S2¢). Trifarotene (1, 3.3, and 10 pumol L) significantly increased SOD content and
reduced oxidative stress damage in HaCaT cells, and trifarotene at concentrations of 1 and
3.3 umol L™ was more effective than retinoic acid in reducing oxidative stress damage.

Basal melanocytes of the epidermis use tyrosinase to catalyze tyrosine to produce
dopa, which is oxidized multiple times to produce melanin (31, 32). TyR is often used to
evaluate melanin production because it is a key enzyme for melanin production in the
body (33, 34). Our results demonstrated that trifarotene effectively reduced levels of
inflammatory factors IL-6, IL-12, and TNF-q, as well as TyR and GP100 expression count
in both in-vivo photoaging mouse models (Fig. 2b, Fig. S2d, Fig. 3).

HaCaT cells are immortalized keratinocytes and are extensively used in the study of
skin barrier abnormalities and dermatological diseases (35). Inflammatory and MMP sig-
naling typically targets dermal cells but also triggers HaCaT cells to release secondary
inflammatory mediators and degrade collagen through ROS-dependent signaling cas-
cades (36). ROS accumulation induces the phosphorylation of the MAPKs family (5), acti-
vating kinases such as ERK, p38, and JNK, and subsequently triggering the downstream
c-Fos and c-Jun to synthesize the transcription factor Activator protein 1 (AP-1) (21, 37, 38).
This pathway promotes the secretion of MMPs, thereby promoting the degradation of col-
lagen fibers and inducing skin photoaging (30, 39, 40). This study used Western blot to
detect the expression of proteins related to the JNK/c-Jun/MMPs pathway in HaCaT photo-
damaged cells. The results showed that trifarotene (3.3 pmol L) may mediate UV-induced
photoaging by significantly reducing the expression of MMP1, MMP3, phosphorylated
c-Jun, and phosphorylated JNK proteins.

Although promising for the treatment of UV-induced skin aging, the use of trifarotene
for photoaging is likely to coincide with the treatment of acne vulgaris: retinoids are com-
monly prescribed for acne medication but face impediment by common irritation of the
skin (41). Trifarotene (0.005 %) as an acne treatment has been shown to cause irritation
during short-term application (41). More research is required on the interplay between the
effects of trifarotene on UV-induced photoaging and acne vulgaris, along with the effects
of long-term trifarotene use on the skin.
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CONCLUSIONS

Trifarotene demonstrated therapeutic effect against UV-induced photoaging by inhibi-
ting MMP expression and reducing collagen degradation, alleviating oxidative stress by
balancing SOD expression, and limiting the inflammatory response by lowering phospho-
rylated JNK and c-Jun kinases of the MAPK pathway in ICR and BALB/c-nu mice and the
HaCaT cell line. These results present trifarotene as a promising therapeutic alternative
against retinoic acid, achieving the same therapeutic effect at a lower minimum effective
dose while curbing the common allergic and inflammatory complications of retinoic acid.
However, future studies on the underlying mechanisms, safety evaluation, and potential
side effects of trifarotene as a therapeutic on photoaged skin are still needed.
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