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1. INTRODUCTION

Exposure to ultraviolet (UV) radiation, particularly UV-B (280-315 nm), is one of the most significant
external factors contributing to premature skin aging and damage to the deeper layers of skin tissue. UV-B is
known to induce oxidative stress through the generation of Reactive Oxygen Species (ROS), which play a major
role in the degradation of key structural proteins such as collagen [1], [2]. Collagen, as a major component of the
skin’s extracellular matrix, plays a crucial role in maintaining skin integrity, mechanical strength, and elasticity
[3], [4]. UV-B-induced collagen degradation leads to collagen loss, characterized by increased wrinkling, loss of
skin elasticity, and the emergence of premalignant lesions or skin cancer [5], [6].
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At the molecular level, elevated ROS levels due to UV-B exposure cause DNA damage, subsequently
activating DNA damage sensor proteins such as p53. The activation of p53 stimulates the expression of the p2/
(CDKNIA4) gene, a cell cycle regulator that inhibits the activity of Cyclin Dependent Kinases (CDKs),
particularly in the G1 phase [7]-[9]. This mechanism is a vital component of the cellular checkpoint system
designed to prevent the proliferation of cells with damaged DNA [10], [11]. Concurrently, cyclin D also plays an
important role in regulating the transition from the G1 to the S phase by forming a complex with CDK4/6, which
facilitates the phosphorylation of the retinoblastoma protein (pRb), ultimately promoting the expression of
proliferative genes such as cyclin E.

Chronic oxidative stress resulting from UV-B exposure not only induces cell cycle arrest through p2/
activation but also disrupts cyclin D expression, thereby indirectly slowing tissue regeneration and exacerbating
collagen loss [12], [13]. The impaired function of fibroblasts in collagen synthesis further deteriorates the
extracellular matrix, accelerating the skin aging process [14], [15]. In addition, inflammatory signaling pathways
such as NF-xB and SASP (senescence-associated secretory phenotype) also mediate the expression of various
inflammatory mediators such as /L-6, IL-8, and MMPs, which contribute to collagen degradation and inhibit
tissue repair.

In recent years, exosome-based therapy derived from Mesenchymal Stem Cells (MSCs) has garnered
significant attention in the fields of regenerative medicine and anti-aging. Exosomes are extracellular vesicles
that carry various bioactive cargos including miRNA, mRNA, proteins, and lipids, which can modulate multiple
molecular pathways in target cells [16], [17]. One of the advantages of MSC-derived exosomes is their ability to
reduce ROS, inhibit inflammation, and enhance fibroblast proliferation and migration [18], [19]. Exosomes from
MSCs cultured under hypoxic conditions (E-MSCs hypoxia) have demonstrated stronger therapeutic effects
compared to those cultured under normoxic conditions [20], [21].

Previous studies have reported that exosomes isolated from umbilical cord blood stimulate wound
closure by inducing collagen synthesis through the TGF-f signaling pathway at a dose of 20 pg [22]. This study
differs from previous research in that £-MSCs will be treated on a collagen loss mouse model induced by UV-B
radiation, and the expression of p2/ and cyclin D genes will be analyzed. Earlier studies also reported that
exosomes lead to increased expression of procollagen type I and a significant decrease in MMP-1 expression,
primarily through the downregulation of Tumor Necrosis Factor-Alpha (TNF-o) and upregulation of
Transforming Growth Factor-Beta (TGF-f) [23]. This study differs from previous research in that £E-MSCs will
be administered to a collagen loss mouse model induced by UV-B radiation, and the expression of p2/ and
cyclin D genes will be analyzed. Earlier studies found that the administration of MSC-derived exosomes
enhanced the production of collagen A1 and prevented the degradation of the extracellular matrix [24].

Previous studies have reported that exosomes derived from human adipose-derived MSCs reduce
extracellular matrix production through the downregulation of TGF-f2 and Notch-1 [25]. This study differs from
previous research in that E-MSCs will be administered to a collagen loss mouse model induced by UV-B
radiation, and the expression of p2/ and cyclin D genes will be analyzed. Previous studies have reported that
exosomes derived from Auman MSCs inhibit collagen degradation by suppressing the expression of collagen
type I and III, as well as by downregulating the expression of a-SMA, MMP2, MMP13, and MMP14 [26]. This
study differs from previous research in that E-MSCs will be administered to a collagen loss mouse model
induced by UV-B radiation, and the expression of p21 and cyclin D genes will be analyzed.

Based on this foundation, it can be assumed that subcutaneous administration of E-MSCs hypoxia in a
UV-B-induced collagen loss mouse model has the potential to modulate the expression of p2/ and cyclin D
genes. The modulation of these gene expressions serves as an important indicator in determining the
effectiveness of exosome-based therapy for the repair and regeneration of skin tissue damaged by UV-B
exposure. This research also provides scientific contributions to the development of non-immunogenic cellular
therapy with high potential in the field of regenerative dermatology.

Therefore, this study aims to experimentally investigate the effects of hypoxia-conditioned MSC-
derived exosomes on the expression of p2/ and cyclin D genes in a UV-B-induced collagen loss mouse model.
By using an in vivo approach and gene expression analysis through R7-gPCR, the results of this study are
expected to offer new insights into exosome-based regenerative therapies for skin conditions related to
premature aging or damage due to ultraviolet radiation exposure.

2. RESEARCH METHOD
2.1. Type and Research Design
This study is an in vivo experimental research using a Post-Test Only Control Group Design and male
Rattus norvegicus of the Wistar strain as experimental animals. This design allows for the evaluation of the
effects of treatment with exosomes derived from Mesenchymal Stem Cells (E-MSCs) on the expression of p21
and Cyclin D genes following UV-B radiation exposure. The study involved five treatment groups:
« K1: Normal control (kealthy rats without UV-B exposure)
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« K2: Negative control (rats exposed to UV-B without treatment; administered 0.9% NaCl)
« K3: Positive control (rats exposed to UV-B, administered 200 uL Hyaluronic Acid)

« K4: Treatment with E-MSCs 200 uL.

« K5: Treatment with E-MSCs 300 uL

2.2. Subjects and Research Samples

The study used 30 male Wistar rats aged 2—3 months, weighing between 200-250 grams. The rats were
randomly assigned (randomized sampling) into five treatment groups. The inclusion criteria included being in
healthy condition and exhibiting collagen loss due to UV-B exposure. The exclusion criteria comprised
anatomical abnormalities, a history of previous use in other studies, and absence of collagen loss. Rats that died
or developed infections during the study were categorized as dropouts..

2.3. Experimental Treatments
The rats were exposed to narrowband UV-B radiation (TLF72-100W/12, 302 nm) at a dose of 160

mJ/cm? for 8 minutes per day on days 1, 2, 4, 5, and 7 over a period of two weeks. After validation of collagen
density reduction, treatments were administered via subcutaneous injection for 14 consecutive days starting from
day 15, according to the assigned groups.
Research Variables

« Independent variable: Dose of E-MSCs (200 pL and 300 pL)

« Dependent variables: Expression of p2/ and Cyclin D genes

« Preconditioning variable: Exposure to UV-B radiation

« Controlled variables: Rat strain, age, sex, body weight, and maintenance conditions

2.4. Research Procedure

The research procedure began with the isolation and characterization of Mesenchymal Stem Cells
(MSCs) obtained aseptically from the umbilical cord. Characterization was carried out using surface markers
CD90, CD29, CD45, and CD31 through flow cytometry to ensure cell purity and identity. Once the cultured
MSCs met the required criteria, exosomes (E£-MSCs) were produced and isolated from the MSC cultures using
gradient centrifugation and tangential flow filtration (TFF) methods.

Validation of collagen loss due to UV-B exposure was performed by staining skin tissues using the
Masson’s Trichrome method. Subsequently, E-MSCs were administered via subcutaneous injection to the
treatment groups according to the predetermined doses. Skin tissue samples were collected on day 29 post-
treatment to analyze the expression of p21 and Cyclin D genes. The analysis was conducted using the Reverse
Transcriptase Polymerase Chain Reaction (RT-PCR) method with specific primers and SYBR Green reagents,
while gene expression was calculated relative to the housekeeping gene GAPDH as the reference [27], [28].

2.5. Data Analysis
Data were analyzed using SPSS version 26.0. Normality was tested using the Shapiro—Wilk test, and
homogeneity was assessed using Levene’s test [29], [30].
« If the data were normally distributed and homogeneous — One-Way ANOVA was performed, followed
by Tamhane'’s post hoc test.
« If the data were not normally distributed — Kruskal-Wallis test was used, followed by the Mann—
Whitney test.
A p-value of < 0.05 was considered statistically significant.

3.  RESULTS AND DISCUSSION

The research subjects were male Wistar rats weighing between 200-250 grams and aged 2—3 months,
which were induced with UV-B radiation at 302 nm with an energy intensity of 160 mJ/cm?. A total of 30 male
rats were used, and no animals dropped out during the study. The experiment consisted of five groups: Group K1
served as the healthy control (rats without any treatment), Group K2 was the negative control (rats exposed to
UV-B and given 0.9% normal saline), Group K3 was the positive control (rats exposed to UV-B and
administered a subcutaneous injection of Hyaluronic Acid at a dose of 200 puL), Group K4 consisted of rats given
subcutaneous injections of E-MSCs at a dose of 200 puL, and Group K5 received subcutaneous injections of E-
MSCs at a dose of 300 pL.

Macroscopic observation was conducted to assess collagen loss resulting from UV-B exposure. The
findings showed visible signs of collagen loss in rats exposed to UV-B radiation when compared to the
unexposed control group, as illustrated in Figure 5.1. To further validate this observation, anatomical analysis
was performed using Masson’s Trichrome staining to examine the density of elastin fibers affected by UV-B
exposure. Based on previous research, elastin fibers can be identified as red structures when stained using
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Masson’s Trichrome. The anatomical observation confirmed the presence of collagen loss following UV-B
exposure, as shown in Figure 1.

e L Re e
Figure 1. (a) Healthy control r: UV-B-exposed rat without treatment
showing visible redness and skin wrinkling. (¢) Masson’s Trichrome staining with blue coloration indicating
collagen production. (d) Skin of UV-B—exposed rat showing red coloration, indicating collagen degradation
(collagen loss). Black arrows indicate areas of collagen deposition.

3.1. Validation Results of MSCs

The isolation of Mesenchymal Stem Cells (MSCs) was conducted at the Stem Cell and Cancer Research
(SCCR) Laboratory, using umbilical cords from pregnant rats at gestational day 19. The isolated cells were
cultured in specialized media within culture flasks. After the fourth passage, the cultured MSCs exhibited
adherence to the bottom of the flask with a characteristic spindle-shaped morphology.

To confirm their multipotent differentiation potential, MSCs were cultured in osteogenic and adipogenic
induction media for 14 days to assess their ability to differentiate into osteocytes and adipocytes. Microscopic
observations at 100x and 200x magnification revealed that the cultured cells had an elongated, oval shape, a
single round nucleus, prominent fibrous extensions resembling fibroblasts, and were plastic-adherent (Figure 2).
Osteogenic differentiation of MSCs was indicated by the presence of calcium deposits stained with Alizarin Red
(Figure 3a), while adipogenic differentiation was demonstrated by lipid droplet accumulation stained with Oil
Red O (Figure 3b). The calcium and lipid deposits, representing successful differentiation into osteocytes and
adipocytes respectively, were visualized as red-stained areas in each culture.

Figure 2. Morphological characteristics of isolated cells. The isolated cells exhibited typical MSC-like
morphology, including oval to elongated shape, single round nucleus, and prominent fibrous extensions
(fibroblast-like), observed under a light microscope at 100x magnification (a) and 200x magnification (b). Scale
bar: 50 um.
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Figure 3. D1fferent1at10n potential of isolated cells (a) The 1solated cells demonstrated the ability to differentiate
into osteocytes, as indicated by Alizarin Red staining, and (b) differentiated into adipocytes, as indicated by Oil
Red O staining, observed at 400x magnification. Yellow arrows indicate calcium deposits; black arrows indicate
lipid droplets.

The validation of MSCs isolation was performed using flow cytometry to demonstrate the cells' ability to
express specific surface markers. Quantitative results showed high positive expression of CD90.1 (99.8%) and
CD29 (97.7%), while negative expression was observed for CD45 (1.9%) and CD31 (3.7%) (Figure 4).
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Figure 4. Flow cytometry analysis of isolated cells. The isolated cells exhibited high expression of CD90.1 and
CD29, and low expression of CD45 and CD31

he MSC culture medium, presumed to contain exosomes, was filtered using the Tangential Flow
Filtration (TFF) technique. The percentage of exosomes was then analyzed using the flow cytometry method.
The analysis results indicated that the filtration technique successfully isolated exosomes at a proportion of 9.1%
(Figure 5), with a mean Mean Fluorescence Intensity (MFI) value of 1056.35 and an average exosome

concentration of 960 ng/mL.
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Figure 5. Flow cytometry analysis of MSC-derived exosomes. The exosomes formed a positive population for
CD&81 and CD63, with 9.1% of the population also expressing CD9.

3.2. Effect of E-MSCs Administration on p21 Gene Expression
The study on Mesenchymal Stem Cell-derived exosomes and their effects on p2/ and Cyclin D gene

expression in male Wistar rats induced by UV-B exposure was conducted over a period of 28 days. The results
of the study are presented in Table 1.
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Table 1. Mean Values, Normality Test, and Homogeneity Test Results for p2/ and Cyclin D Gene Expression

Variable Group Sig. (p)
K1 K2 K3 K4 K5
(n=6) (n=6) (n=6) (n=6) (n=6)

p21 Expression
Mean Std.deviasi 1.03+0.01 0.28+0.14 0.59+023 0.73+£0.15 091+0.32

Shapiro Wilk* 0.167 0.733 0.151 0.433 0.275
Levene test*** 0.049
Cyclin D Expression
Mean Std.deviasi 1.04+£0.02 0.52+025 0.74+£024 0.78+0.19 0.84+0.072
Shapiro Wilk** 0.026 0.792 0.340 0.998 0.760
Levene test**** 0.007
Kruskall Wallis***** 0.004*****
Note:

*Normal distribution p > 0.05

**Not normally distributed p < 0.05
***Homogeneous variance p > 0.05
****¥Not homogeneous variance p < 0.05
**#%*Significant difference p < 0.05

Table 1 shows that the lowest mean p2/ gene expression was found in the treatment group K2 (rats
exposed to UV-B without treatment and administered 0.9% NaClI), followed by group K3 (rats exposed to UV-B
and treated subcutaneously with 200 uL Hyaluronic Acid), then group K4 (rats exposed to UV-B and treated
subcutaneously with 200 pL E-MSCs), and subsequently group K5 (rats exposed to UV-B and treated
subcutaneously with 300 uL E-MSCs). The highest mean p21 expression was observed in the healthy control
group (K1).

The Shapiro—Wilk normality test showed that all groups had normally distributed p2/ expression data (p
> 0.05). However, the Levene’s Test for homogeneity indicated that the data were not homogeneous (p < 0.05).
Therefore, the analysis was performed using One-Way ANOVA. The One-Way ANOVA test showed a statistically
significant difference among the groups with a p-value of 0.001 (p < 0.05), followed by Tamhane’s post hoc test
to determine which specific groups had the most significant effects.

Table 2. Pairwise Comparison of p2/ Gene Expression Between Groups

Parameter Group Comparison Group Sig. 95% Confidence Interval
Lower Bound Upper Bound

p21 Expression Kl K2 0.001 0.4875 1.0159
K3* 0.050 -0.0002 0.8835

K4* 0.037 0.0218 0.5882

K5 0.995 -0.5016 0.7349

K2 K3 0.190 -0.7214 0.1014

K4* 0.003 -0.7389 -0.1544

K5* 0.031 -1.2113 -0.5870

K3 K4 0.944 -0.5505 0.2772

K5 0.531 -0.9126 0.2626

K4 K5 0.927 -0.7628 0.3862

*Post Hoc Tamhane test with significance value p<0.05

The results of the Tamhane’s post hoc test presented in Table 2 show that p2] gene expression in the
healthy control group (K1) was significantly different from that in the UV-B—exposed untreated group (K2),
with a p-value of 0.001 (p < 0.05). A significant difference was also observed between group K1 and the group
treated subcutaneously with 200 puL. Hyaluronic Acid (K3), with a p-value of 0.050 (p < 0.05), as well as
between group K1 and the group treated subcutaneously with 200 uL. E-MSCs (K4), with a p-value of 0.037 (p <
0.05).

Furthermore, a significant difference was observed between group K2 (UV-B—exposed without
treatment) and group K4 (treated with 200 uL E-MSCs), with a p-value of 0.003 (p < 0.05), and between group
K2 and group K5 (treated with 300 pL E-MSCs), with a p-value of 0.031 (p < 0.05).

Based on these results, it can be concluded that the administration of E-MSCs at doses of 200 pL and
300 pL significantly affects p2/ gene expression in UV-B—exposed male Wistar rats. Therefore, the research
hypothesis is accepted.

Jou. Acd. Bio. Ed, Vol. 2, No. 1, June 2025: 69 - 78



Jou. Acd. Bio. Ed ISSN: 3062-9705 a 75

3.3. Effect of E-MSCs Administration on Cyclin D Gene Expression

The lowest mean Cyclin D gene expression was observed in the treatment group K2 (rats exposed to
UV-B without treatment, administered 0.9% NaClI), followed by group K3 (rats exposed to UV-B and treated
subcutaneously with 200 uL. Hyaluronic Acid), then group K4 (treated subcutaneously with 200 pL E-MSCs),
and subsequently group K5 (treated subcutaneously with 300 puL E-MSCs). The highest mean Cyclin D
expression was found in the healthy control group (K1).

Based on the Shapiro—Wilk test, Cyclin D expression data from all groups were not normally distributed
(p <0.05), and the Levene’s Test indicated that the data were not homogeneous (p < 0.05). Therefore, data were
analyzed using the Kruskal-Wallis test. The Kruskal-Wallis test revealed a statistically significant difference
among the groups, with a p-value of 0.004 (p < 0.05), followed by the Mann—Whitney test to determine which
specific groups showed the most significant effects.

Table 3. Pairwise Comparison of Cyclin D Gene Expression Between Groups

Parameter Group Comparison Group Sig.
p21 Expression K1 K2* 0.002
K3* 0.041

K4* 0.009

K5* 0.02

K2 K3 0.132

K4 0.093

K5* 0.041

K3 K4 0.818

K5 0.485

K4 K5 0.485

The Mann—Whitney test was conducted to compare Cyclin D gene expression between groups, with a significance level set at p < 0.05.

The Mann—Whitney test results presented in Table 3 show that Cyclin D gene expression in the healthy
control group (K1) differed significantly from the UV-B—exposed untreated group (K2), with a p-value of 0.002
(p < 0.05). A significant difference was also observed between group K1 and the group treated subcutaneously
with 200 uL Hyaluronic Acid (K3), with a p-value of 0.041 (p < 0.05), between group K1 and the group treated
with 200 uL E-MSCs (K4), with a p-value of 0.009 (p < 0.05), and between group K1 and the group treated with
300 pL E-MSCs (K5), with a p-value of 0.02 (p < 0.05). Additionally, a significant difference was found
between group K2 (UV-B only) and group K5 (UV-B + 300 pL E-MSCs), with a p-value of 0.041 (p <0.05).

Based on these findings, it can be concluded that administration of E-MSCs at both 200 uL and 300 uL
significantly influenced Cyclin D gene expression in UV-B—exposed male Wistar rats, thereby supporting the
acceptance of the research hypothesis. Reactive Oxygen Species (ROS) generated by UV-B exposure can cause
DNA damage and induce the expression of Matrix Metalloproteinases (MMPs), which contribute to collagen
degradation. This process is detected by DNA damage sensor proteins such as ATM (Ataxia Telangiectasia
Mutated) and ATR (ATM and Rad3-related). ATM and ATR are kinases that are activated in response to DNA
damage and subsequently phosphorylate several target proteins, including p53 [31].

Phosphorylation of p53 by ATM/ATR enhances the stability and transcriptional activity of p33.
Activated p53 subsequently induces the expression of various target genes involved in the DNA damage
response. In addition, Reactive Oxygen Species (ROS) can activate the enzyme [«kB kinase (IKK). IKK then
phosphorylates IxB, the inhibitor of NF-xB. Phosphorylation of /xB leads to its proteasomal degradation, thereby
releasing NF-kB, which can induce the expression of Matrix Metalloproteinases (MMPs) that promote collagen
degradation. NF-xB subsequently translocates into the nucleus and induces the transcription of target genes such
as SMAD?2/3 and activates SMADA4.

Phosphorylated SMAD2/3 forms a heteromeric complex with SMAD4, which translocates into the
nucleus. Within the nucleus, this complex functions as a transcription factor regulating the expression of target
genes. One of the primary genes induced by the SMAD2/3/4 complex is p21 (CDKNI1A), a cell cycle inhibitor
that suppresses cyclin-dependent kinase (CDK) activity, thereby controlling cell cycle progression. p2/ induces
cell cycle arrest at the G1/S phase, preventing cell proliferation. The reduction in collagen production by
fibroblasts as a result of p2/-induced cell cycle arrest may contribute to extracellular matrix degradation or
thinning.

On the other hand, Reactive Oxygen Species (ROS) generated by UV-B can activate the Mitogen-
Activated Protein Kinase (MAPK) pathway. The three main MAPK pathways involved are ERK (extracellular
signal-regulated kinase), JNK (c-Jun N-terminal kinase), and p38 MAPK. Activation of JNK, in particular, leads
to the phosphorylation and activation of c-Jun, a component of the Activator Protein-1 (AP-1) transcription
factor. AP-1 can induce the expression of Matrix Metalloproteinases (MMPs), which trigger collagen
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degradation. The AP-1 complex, composed of c-Jun and c-Fos, binds to AP-1 response elements in the promoter
regions of target genes, including Cyclin D. Activation of AP-1 by the c-Jun/c-Fos complex enhances the
transcription of Cyclin D, which in turn promotes cell cycle progression and fibroblast proliferation.

Analysis results demonstrated that the administration of E-MSCs at a dose of 300 uL significantly
increased p21 gene expression. This effect is presumed to be due to the bioactive compounds secreted by E-
MSCs, which are typically classified as cytokines, chemokines, cell adhesion molecules, lipid mediators,
interleukins (ILs), growth factors (GFs), hormones, exosomes, microvesicles, anti-inflammatory factors, and
others [32], [33]. These factors are considered key mediators that participate in tissue repair and regeneration
through paracrine mechanisms that mediate cell-to-cell signaling. In the context of skin regeneration, one of the
critical cytokines involved is Transforming Growth Factor Beta (TGF-p) [34]. TGF-p plays a key role as a
regulator of procollagen I synthesis [35].

Furthermore, TGF-f induces a delayed activation of the ERK signaling pathway [35], [36]. On the other
hand, TGF-f inhibits Protein Kinase A (PKA), thereby preventing the activation of CREB (cAMP response
element-binding protein) and the subsequent activation of Matrix Metalloproteinases (MMPs), resulting in the
inhibition of collagen degradation.[37]. The high /L-10 content in exosomes can inhibit ROS production, thereby
reducing inflammation and suppressing p53 activation [38], [39]. When DNA damage occurs, p53 signals the
gene encoding the p21 protein, leading to its production. p2/ inhibits cell cycle progression, thereby preventing
the replication of damaged cells. Cell cycle arrest also provides time for DNA repair. Once the damage is
repaired, the cell cycle resumes and proceeds with the duplication of healthy cells.

Analysis results also demonstrated that administration of E-MSCs at a dose of 300 uL significantly
increased Cyclin D gene expression. This is likely due to the presence of various bioactive molecules within E-
MSCs, including proteins, RNA (mRNA, miRNA), lipids, and other signaling factors. Exosomes derived from
MSCs can reduce ROS production and oxidative damage in various cell types, including keratinocytes and skin
cells exposed to UV-B radiation. The miRNA content within exosomes may enhance the expression of the
CCNDI gene or Cyclin D protein either by promoting transcriptional activity or by inhibiting Cyclin D
repressors.

This study presents a novel approach by utilizing umbilical cord-derived exosome-mesenchymal stem
cells (E-MSCs) to repair UV-B—induced skin damage through molecular regulation of p21 and Cyclin D gene
expression. The subcutaneous administration of E-MSCs significantly increased the expression of p21, a cell
cycle inhibitor involved in DNA damage response, and Cyclin D, a key regulator of fibroblast proliferation and
cell cycle progression. This suggests that E-MSCs possess a dual role in promoting skin regeneration and
preventing further tissue degradation. The use of SYBR Green—based RT-qPCR with GAPDH as a reference
gene to quantify the therapeutic effects of E-MSCs on these molecular markers is a rare application in skin
regeneration studies. Furthermore, the study builds upon previous findings that exosomes derived from MSCs
contain bioactive molecules such as microRNAs, cytokines (e.g., TGF-p and IL-10), and growth factors, which
can modulate oxidative stress and inflammatory responses [40], [41].

In terms of implications, this research provides significant contributions to the development of anti-
aging and regenerative therapies based on exosome biology, particularly for treating oxidative damage caused by
UV-B radiation. The findings support the potential of E-MSCs as a cell-free therapeutic alternative with fewer
immunological risks and broader clinical applicability. Moreover, this research has pedagogical value in the field
of biology education, where it can be integrated into molecular biology, histology, and biotechnology curricula
as a real-world example of gene expression regulation, stem cell therapy, and modern genetic analysis techniques
such as RT-qPCR and flow cytometry. Thus, the study contributes not only to the advancement of biomedical
science but also to the promotion of inquiry-based, research-oriented biological education.

A limitation of this study is the lack of analysis of key signaling pathways through which E-MSCs may
inhibit Reactive Oxygen Species (ROS), such as the SIRT1/PGCla, PI3K/Akt/MAPK, or NF-«xB pathways. The
biochemical pathways involved in antioxidant responses and collagen degradation are highly complex. This
study may not fully capture the interactions between these pathways or other contributing factors. Further
research is required to elucidate the detailed molecular mechanisms involved.

4. CONCLUSION

This study demonstrated a significant increase in p2/ gene expression in a UV-B—induced collagen loss
rat model following subcutaneous administration of E-MSCs at a dose of 300 pL, compared to the in vivo
control group. In addition, Cyclin D gene expression also showed a significant increase in the same model after
E-MSCs treatment when compared to the control group. Future research is encouraged to further investigate the
key signaling pathways involved in the mechanism of E-MSCs, particularly in their ability to inhibit Reactive
Oxygen Species (ROS). Such investigations are essential to determine whether the underlying mechanism
involves the SIRT1/PGCla, PI3K/Akt/MAPK, or NF-xB pathways.
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