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Hypoxia-conditioned mesenchymal stem cells (MSC) exosomes
attenuate ultraviolet-B (UVB)-mediated malondialdehyde
(MDA) and matrix metalloproteinase-1 (MMP)-1 upregulation
in collagen loss models
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ABSTRACT

Aim To investigate the effects of exosome-derived human mesenchymal stem cells (EH-MSCs) on matrix
metalloproteinase-1 (MMP)-1 and malondialdehyde (MDA) levels in ultraviolet-B (UVB)-irradiated Wistar
rats.

Methods The study used a post-test-only control group design with randomized allocation. Thirty rats were
exposed to UVB radiation (302 nm, 150 mJ/cm?) for 8§ minutes, five times a week over two weeks. Five groups
were established: a healthy control (G1), a negative control (G2), a positive control that received a 200 uL
subcutaneous injection of hyaluronic acid (HA) (G3), a treatment group 1 that received a 200 uL subcutaneous
injection of exosome-derived EH-MSCs (G4), and a treatment group 2 that received a 300 puL subcutaneous
injection of EH-MSCs (G5). An ELISA was used to quantify the levels of MDA and MMP-1.

Results A significant reduction in the mean level of MDA in groups G4 (368.33 £ 59.67) and G5 (329.33
82.06) was noted when compared to the negative control group G2 (686.58 = 119.01) (p<0.05). Similarly,
MMP-1 showed a significant decrease in mean levels for G4 (0.08 + 0.04) and G5 (0.07 + 0.04) compared to
G2 (0.33 £ 0.06) (p<0.05).

Conclusion These findings suggest that EH-MSCs have potent antioxidant and anti-inflammatory properties,

mitigating UVB-induced skin damage by reducing oxidative stress markers.
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INTRODUCTION

Ultraviolet (UV) radiation exposure represents a significant
environmental challenge to skin homeostasis, precipitating
various pathophysiological changes manifesting as acute and
chronic cutaneous damage (1). Prolonged UV exposure has
been implicated in accelerated skin aging, immunosuppression,
carcinogenesis, and structural deterioration of dermal matrix
proteins, mainly collagen and elastin (2,3). The molecular cas-
cade initiated by UV radiation primarily operates through the
generation of reactive oxygen species (ROS), which serve as
secondary mediators activating the mitogen-activated protein
kinase (MAPK) signalling pathway (4). This activation leads to
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persistent cellular damage and triggers a complex inflammatory
response characterized by upregulation of activating protein-1
(AP-1) and matrix metalloproteinases (MMPs) (5). Concurrent
with these changes, UV radiation suppresses tissue inhibitors of
matrix metalloproteinase (TIMP) expression, disrupting the ho-
meostatic balance of collagen metabolism. The oxidative stress is
further evidenced by elevated malondialdehyde (MDA), reliable
tissue damage, and inflammation biomarkers. Of particular con-
cern is UVB radiation, which penetrates deeper dermal layers,
causing substantial damage to collagen-rich structures (6,7).
The global burden of UV-induced skin disorders rises an-
nually, a trend correlating with progressive ozone layer deple-
tion (8). Epidemiological data from Australia reveal concerning
statistics, with UV-related skin conditions affecting 72% of
males and 47% of females under 30 (3). These figures are even
more striking in North American populations with Fitzpatrick
skin types I-III, where prevalence rates of UV-induced skin
damage reach 80-90% (7). Current therapeutic strategies often
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employ Hyaluronic Acid (HA) as a primary intervention for
maintaining skin integrity and preventing collagen degradation
(9). HA’s multifaceted role encompasses the maintenance of
skin hydration, structural support, protection against damage,
and tissue repair (10,11). However, despite its widespread use
in preventing UVB-induced collagen loss, HA’s therapeutic
efficacy is limited by its rapid physiological degradation, neces-
sitating frequent reapplication. Moreover, HA’s effects are pre-
dominantly confined to the superficial skin layers, failing to
adequately address the underlying inflammation and free radi-
cal damage induced by UVB radiation (8,12).

At the molecular level, UVB exposure has been shown to
enhance dermal fibroblast expression of MMP-1 by activating
p53 and c-Jun transcription factors (13,14). The subsequent
increase in MDA production, a byproduct of lipid peroxidation
(9), is a critical indicator of oxidative stress and cellular damage
(15,16). Recent investigations have highlighted the significance
of various cytokines and growth factors, particularly interleu-
kin-10 (IL-10) and transforming growth factor-p (TGF-), in
modulating UVB-induced oxidative stress (17,18). These mo-
lecular mediators demonstrate promising effects in reducing
MMP-1 levels and oxidative stress (19,20). Emerging research
has identified that exosomes derived from hypoxia-
preconditioned mesenchymal stem cells (H-MSCs) contain
these beneficial cytokines and growth factors (21).

Furthermore, H-MSC exosomes (EH-MSCs) have been
found to harbour specific microRNAs, including miR-21
(22,23), capable of regulating inflammatory pathways such as
IL-6 and tumour necrosis factor (TNF)- o, which are typically
overexpressed in chronic inflammation (24,25). While these
findings indicate that MSC exosomes may have a therapeutic
potential through the regulation of MMP-1 and MDA, the spe-
cific effects of MSC exosomes on these parameters in UVB-
exposed skin have not been studied yet.

This research investigated the therapeutic potential of exo-
somes derived from EH-MSCs in modulating MMP-1 and
MDA levels in UVB-exposed rat skin. This could provide valu-
able insights for more effective treatments of UV-induced skin
damage.

MATERIALS AND METHODS

Materials and study design

This study was conducted from August to October 2024. The
study used a post-test-only control group design with random-
ized allocation.

Thirty Wistar rats were acclimatized for 7 days and anes-
thetized with ketamine and xylazine. A 2x3 cm dorsal area was
depilated for UVB exposure. The rats received UVB radiation
(302 nm, 150 mJ/cm?) for 8 minutes five times a week over two
weeks. Post-exposure, rats were divided into five groups: G1
(healthy control), G2 (negative control group were rats exposed
to UVB radiation without receiving any treatment), G3 (posi-
tive control group were rats exposed to UVB radiation and
received 200 pL subcutaneous injection of hyaluronic acid
(HA)), G4 (treatment group 1 was exposed to UVB and re-
ceived a 200 pL subcutaneous injection of exosome-derived
EH-MSCs), and G5 (treatment group 2 was exposed to UVB
and received a 300 pL subcutaneous injection of exosome-
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derived EH-MSCs). After confirming collagen loss by Masson-
trichome staining, treatments began to assess therapeutic effica-
cy against UVB-induced skin damage.

This investigation received an approval from the Medical
Faculty Ethics Committee at Sultan Agung Islamic University,
Semarang (No 383/1X/2024/Komisi Bioetik).

Methods

Mesenchymal stem cells were isolated from pregnant rat umbili-
cal cord tissue at gestation day 19, following modified estab-
lished protocols (20). Cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) with 10% foetal bovine serum (FBS)
(Sigma-Aldrich) and 100 IU/mL penicillin/streptomycin (Sigma-
Aldrich) under normoxic conditions until passage 5 (26,27).

MSC phenotype was characterized by flow cytometry us-
ing specific antibodies against CD73, CD90, CD105, and hema-
topoietic lineage markers. Immunolabeling was conducted at
4 °C for 30 minutes, and cellular analysis was performed using
a BD Accuri C6 PLUS flow cytometer (BD Biosciences, San
Jose, CA, USA).

The osteogenic and adipogenic differentiation potential of
MSCs was evaluated by culturing them in specific induction
media for 21 days. Osteogenic differentiation was confirmed
through Alizarin Red staining to detect calcium deposition,
while adipogenic differentiation was assessed using Oil Red O
staining to identify lipid droplets (28-30).

MSC-derived exosomes were isolated using Tangential
Flow Filtration (TFF) and validated by flow cytometry for
CD81, CD63, and CD9 exosomal markers. Following identity
confirmation, the validated MSC exosome preparations were
aliquoted into 2.5 mL cryogenic storage tubes and maintained at
2-8 °C until further use (31,32).

A collagen loss model was established in rats using UVB
exposure. Macroscopic validation involved visual examination
for skin wrinkles, while histopathological validation used Mas-
son's Trichrome staining to assess collagen density. The animal
model was successfully established when a significant reduc-
tion in collagen density was observed compared to non-UVB-
exposed controls.

MMP-3 and MDA concentrations were quantified using
ELISA. Samples were incubated in a 96-well plate, followed by
sequential additions of detection antibody, horseradish peroxi-
dase (HRP) conjugate, and substrate. After stopping the reac-
tion, absorbance was measured at 450 nm to determine protein
concentrations.

Statistical analysis

All data (from at least three separate experiments) are presented
as mean * standard deviation (SD). Statistical analysis was
performed using one-way ANOVA, and the least significant
difference (LSD) comparison post hoc test p-value <0.05 indi-
cated statistical significance.

RESULTS

MSCs were isolated and cultured from umbilical cord pregnant
mice aged 21 days based on their plastic adherent capability
under standard culture conditions. MSC cell morphology ex-
hibited characteristic spindle-shaped, fibroblast-like cells with
plastic adherent capability (Figure 1A). This study also exam-
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Figure 1. A) Characterization and differentiation of mesenchymal stem cells (MSCs) (magnification 10x; scale bar: 200 pm); B) The
ability of MSCs to differentiate into bone-forming cells by Alizarin red staining is indicated by calcium deposition (black arrow); C) The
red arrow indicates red staining in response to lipid deposition under Oil Red O staining (magnification 40x); D) Analysis of surface

markers shows the expression of CD90, CD29, CD45 and CD31

ined the differentiation capacity at the end of the fifth passage
expansion; the MSC-like osteogenic differentiation assay was
conducted by administering the standard and osteogenic medi-
um for 21 days. Calcium deposition was visualized in red ap-
pearance using the alizarin red dye staining (Figure 1B). The
MSCs were also successfully differentiated into adipogenic
lineages under oil red-O staining (Figure 1C). Moreover, the
immunophenotypically of MSCs were analysed using flow
cytometry. A high level of CD90 (99.80 + 2.10%) and CD29
(97.70 £ 0.76%) and low level of CD45 (1.90 £ 0.05%) and
CD31 (3.70 + 0.34%) were found (Figure 1D).

Tangential flow filtration (TFF) was employed to filter the
MSCs medium, which was believed to contain exosomes. Sub-
sequently, flow cytometry was utilized to analyse the exosome
content. The analysis revealed that the TFF method effectively
isolated exosomes, with 9.1% of the total particles identified as
exosomes (Figure 2A). The isolated exosomes exhibited an
average mean fluorescence intensity (MFI) of 1056.35. Fur-
thermore, the quantification of exosomes in the filtered medium
yielded an average concentration of 960 ng/mL (Figure 2B).
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Figure 2. Exosome hypoxia mesenchymal stem cells (EH-MSCs)
validation under flow cytometry analysis (A) Analysis of exosome
surface markers shows the expression of CD81 and CD63 and (B)
quantification of exosome by CD9 analysis

Following the UVB exposure protocol, significant changes
were observed in the skin structure of the treated rats. The ani-
mals were subjected to UVB radiation at a minimal erythema
dose of 150 mJ/cm? for 8 minutes per session, with treatments
administered five times weekly over two weeks. This intense
11

UVB exposure resulted in substantial collagen loss in the der-
mis of the treated rats. Masson's trichrome staining visually
confirmed the extent of collagen degradation; in the skin sam-
ples from UVB-exposed rats, there was a striking absence of
the characteristic blue staining typically seen in healthy skin
samples (Figure 3B, 3D).
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Figure 3. Masson's Trichrome Staining of rat skin samples. A)
healthy skin; B) skin exposed to UVB radiation; C) a dense net-
work of collagen fibres is visible as intense blue staining in the
dermis (black arrow); D) there is a significant reduction or ab-
sence of blue staining, indicating severe collagen loss in the dermal
layer; E) quantification of percentage collagen per area (n=5+SD;
scale bar=100 pm)

The lack of blue coloration indicates severe collagen deple-
tion in the dermal layer, providing clear evidence of UVB-



induced collagen loss. While the healthy skin exhibited a dense
network of blue-stained collagen fibres, the UVB-exposed skin
showed a marked reduction or complete absence of this blue
staining (Figure 3A, 3C). After UVB exposure, the collagen
area density increased significantly by 58.73% (Figure 3E).
This observation underscores the detrimental effect of UVB
radiation on dermal collagen content and overall skin structure.

UVB exposure has been shown to induce the release of ox-
idative stress associated with collagen loss. In this study, we
found that the EH-MSCs gel could decrease levels of the MDA
in a dose-dependent manner. Our study showed that the EH-
MSCs 200uL (G4) significantly reduced MDA levels (368.33 +
59.67) up to 3 times lower than in the whole treatment group
(control group). The EH-MSCs 300 pL (G5) decreased MDA
levels (329.33 + 82.06). The negative control group (G2)
showed MDA level (686.58 + 119.01) (Figure 4).

MDA levels in Rat Skin Following
UVB Exposure and Treatment
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Figure 4. The effect of exosomes derived from hypoxic mesenchy-
mal stem cells (EH-MSCs) significantly reduced malondialdehyde
(MDA) levels related to collagen loss induced by UVB irradiation
during EH-MSC treatment. N=6, data represent the mean + SD.
*p < 0.05 indicates a significant difference.

MMP-1 levels in Rat Skin Following
UVB Exposure and Treatment
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Figure 5. The effect of exosomes derived from hypoxic mesenchy-
mal stem cells (EH-MSCs) significantly reduced matrix metallo-
proteinase-1 (MMP-1) levels related to collagen loss induced by
UVB irradiation during EH-MSC treatment. N=6, data represent
the mean + SD. *p < 0.05 indicates a significant difference.
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DISCUSSION

This study found that 300ul of EH-MSC:s significantly reduced
MDA level. EH-MSCs can induce various antioxidant enzymes
and contain anti-inflammatory molecules that inhibit ROS,
ultimately leading to decreased MDA (33,34). These findings
align with a previous study that MSCs are resistant to oxidative
and nitrosative stimuli in vitro, related to constitutively ex-
pressed antioxidant enzymes SOD1, SOD2, catalase (CAT), and
high levels of glutathione peroxidase, thus reducing MDA level
(35). Another study also reported that exosome hypoxia of
MSCs produced contains several growth factors (TGF-B,
PDGF, FGF, HGF), anti-inflammatory cytokines (IL-10), lipids,
mRNA, miRNA, and mtRNA that activated Nrf2 expression
leading to induced MDA level (36,37). Support by a previous
study reported that through Nrf2 pathway activation, MSC-
derived exosomes can enhance the expression and activity of
antioxidant enzymes like SOD, effectively neutralizing and
scavenging ROS, thus reducing oxidative stress and MDA.
Neutralized MDA leads to a decrease in MMP-1, preventing
collagen degradation (38).

Studies show that SOD interacts with type I and type IV
collagen through matrix binding domains, protecting them from
oxidative damage and inhibiting collagen-mediated injury.
Similarly, UVB-induced MMP-1 expression levels were re-
duced in SOD-overexpressing transgenic mice compared to
wild-type (WT) mice (39). Thus, SOD may play a crucial role
in regulating skin aging. Our study also found that 300pl of EH-
MSC:s significantly reduced MMP-1 levels. EH-MSCs secrete
extracellular vesicles containing anti-inflammatory and antioxi-
dant molecules, such as IL-10, TGFB, GPX, SOD1, SOD2,
CAT, and sirtuins (SIRT1 and 3) (40,41). The anti-inflammatory
molecules in EH-MSCs can inhibit the NF-«kB transcription
factor, which triggers ROS and MMP-1 overexpression (42).
Previous studies also support this finding that administering
MSC secretome containing IL-10 can inhibit MMP-1 in UVB-
induced hyperpigmentation (43).

Overall, EH-MSCs may inhibit collagen loss by blocking the
MMP-1 pathway and enhance antioxidant properties by increas-
ing SOD levels. The findings support using EH-MSCs as a prom-
ising treatment for UVB-induced skin damage and aging.
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