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Abstract: Waste products from agricultural crops can become valuable if their benefits
are discovered. Mangosteen, known as the “queen of fruits”, has a pericarp extract that
has been reported to possess various biological activities, including antioxidation, anti-
inflammation, antimicrobial activity, and UVB protection (in vitro and in vivo). In this work,
we revealed that mangosteen pericarp extract (MPE) exhibits photoprotective properties in
primary human dermal fibroblasts (PHDFs) exposed to ultraviolet A (UVA). The α-mangostin
content, a major compound in MPE, was determined to be 60.9 ± 1.2% using HPLC. In an
in vitro, cell-based assay, we first assessed the cytotoxicity of MPE on PHDFs using the MTT
assay. The highest concentration of MPE that showed no cytotoxicity was 50.0 µg/mL. For
antioxidative effects, MPE reduced intracellular ROS levels induced by H2O2, compared to
H2O2-treated PHDFs. To assess the photoprotective effect of MPE, cells were pretreated with
MPE for 24 h before exposure to UVA at an intensity of 5 J/cm2. Our data demonstrated that
MPE pretreatment reduced the accumulation of senescent cells compared to UVA-induced
senescent cells (7.1 ± 2.4% vs. 12.0 ± 0.2%, respectively). In addition, we examined key
aging-related markers, including matrix metalloproteinase 1 (MMP-1) and collagen type I.
The expression level of MMP-1 levels was 23,873.4 ± 5498.1 pg/mL in MPE-treated, UVA-
induced PHDFs, compared to 38,929.1 ± 6971.4 pg/mL in untreated UVA-induced PHDFs.
Meanwhile, procollagen type I in MPE-pretreated PHDFs was 56,443.3 ± 3623.8 pg/mL,
compared to 37,137.4 ± 4614.8 pg/mL in UVA-induced PHDFs. These experimental results
highlight the photoprotective properties of Garcinia mangostana peel extract, which con-
tains α-mangostin as a major compound, and suggest its potential as an active ingredient
in cosmeceuticals for protecting against UVA-induced aging. To the best of our knowl-
edge, this is the first study to report the photoprotective effects of MPE on UVA-induced
senescent cells.

Keywords: Garcinia mangostana; UVA; fibroblasts; antioxidation; anti-senescence; anti-aging;
MMP-1; procollagen type I

1. Introduction
The skin is a crucial organ that covers the body, regulates temperature, and protects the

internal environment from extrinsic factors, including chemical substances, pollution, and
radiation. A key function of the skin is to prevent damage from harmful exposures. Acute
exposure to ultraviolet (UV) irradiation, particularly UVA (315–400 nm), leads to various
skin alterations, including tanning. Chronic UVA exposure predominantly contributes to
wrinkle formation [1]. UVA, the major type of UV radiation (90–95%), not only penetrates
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the Earth’s atmosphere but also deeply infiltrates into the dermis [2]. Several studies have
reported biomolecular and cellular changes associated with UVA-mediated skin photoag-
ing [3–5]. The toxic effects of UVA exposure destroy healthy connective tissues, such as
collagen and elastin fibers, leading to the structural deformation of the dermis. In response
to UV exposure, skin fibroblasts are activated through the MAPK/AP-1 signaling pathways,
which are mediated by free radicals, primarily reactive oxygen species (ROS). This cascade
alters collagen metabolism [6,7]. ROS interfere with the activation of tissue inhibitors of
metalloproteinases (TIMPs), rendering them inactive. Under normal conditions, TIMPs
regulate the function of metalloproteinases (MMPs) to maintain skin integrity. However,
UVA exposure upregulates MMP-1 (collagenase), leading to collagen fiber degradation [5].
Simultaneously, the expression of collagen type I is downregulated, impairing dermal
support. Without proper protection, prolonged UVA exposure results in fine lines, skin
sagging, and deep wrinkles, all of which are characteristic signs of skin aging [5,8]. This
phenomenon is known as photoaging or premature aging. Importantly, controlling MMP
levels is a key strategy to mitigate UV-induced premature aging or photoaging [9].

Not only does UVA-induced collagen degradation contribute to wrinkle formation,
but the impaired ability of senescent fibroblasts to produce extracellular matrix proteins
also affects the density of healthy dermal tissue [6]. A hallmark of cellular senescence is
the cessation of cell proliferation and an increase in senescence-associated β-galactosidase
(SA-β-Gal) activity. Several studies have reported that UVA exposure promotes fibrob-
last senescence [10–13]. Consequently, the accumulation of senescent fibroblasts, includ-
ing both UV-exposed and chronologically aged cells, in the dermal layer, leads to aged
skin. Interestingly, studies have suggested that treatment with plant extracts may retard
senescence-related phenotypes [14]. In recent years, herbal and natural extracts have gained
increasing attention in the fields of cosmeceuticals. Their antioxidant, anti-inflammatory,
anti-senescence, and anti-photoaging properties make them promising candidates as active
ingredients for protecting and treating photodamaged skin.

Garcinia mangostana Linn (mangosteen) is an economically significant fruit in Thai-
land, particularly in the eastern region. Utilizing agricultural crops for cosmeceutical
applications could enhance their value and increase income for farmers and extraction
facilities. α-Mangostin, the major bioactive compound in ethanolic mangosteen pericarp
extract (MPE), has been reported to exhibit various biological activities, including antioxida-
tion [15–17], anti-tyrosinase [18] anti-inflammatory [19–21], and antibacterial effects against
Cutibacterium acnes and Staphylococcus epidermidis [22]. Additionally, its anti-genotoxic
properties [23] have been documented. In an in vivo study, the collagen fibers of rat skin
treated with a mask gel containing MPE were protected from UVB-induced damage [24]. An-
other study demonstrated that a cream containing MPE exhibited a photoprotective effect by
reducing 8-hydroxy-2′-deoxyguanosine (8-OHdG) formation after UVB exposure in mice [25].
In addition, the protective effects of compounds from Garcinia mangostana L. (mangosteen)
against UVB-induced damage have been reported in both in vitro (HaCaT cells) and in vivo
(hairless mice) models [26]. However, to date, the preventive effects of MPE on UVA-induced
aging in adult human dermal fibroblasts have not been widely investigated.

This study aims to explore the potential of MPE in preventing photoaging by assessing
its impact on the expression of MMP-1 and pro-collagen type I in UVA-irradiated fibroblasts.
Furthermore, we evaluated its inhibitory activity on intracellular ROS formation in H2O2-
induced fibroblasts. Additionally, we investigated the anti-senescence effects of MPE by
assessing SA-β-Gal activity in UVA-aged fibroblasts.
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2. Materials and Methods
2.1. Extraction of Mangosteen Pericarp

The pericarps of Garcinia mangostana (mangosteen) were collected between June and
July 2023 from a garden in Rayong province, Thailand. The fresh pericarps were cleaned
and cut into small pieces. These small pieces were then dried at 50 ◦C for 48 h or until
completely dry using a hot air oven (KH-100A, Kenton, Foshan, China). These dried peels
were subsequently pulverized into a fine powder. Mangosteen pericarp extract (MPE) was
prepared using a simple maceration method in 95% ethanol with a ratio of 1:2 w/v (dried
powder to ethanol) for two extraction cycles (48 h per cycle). Ninety-five percent ethanol
was selected based on the recommendation by Pothitirat et al. [27], as it yields the highest
content of α-mangostin. The ethanolic extract was filtered using filter paper (Whatman
No. 1, 90 mm diameter, Cytiva, Amersham, UK) to remove any residuals. The solvent was
then evaporated using a rotary evaporator (RV 8 V, IKA, Staufen, Germany). The extract
obtained was weighed to calculate the percent yield (% yield) and stored at 4 ◦C with light
protection for further studies.

2.2. Quantification of α-Mangostin in MPE

The amount of α-mangostin in MPE was determined using high-performance liquid
chromatography (HPLC) [28]. A C18 column (250 mm × 4.6 mm, 5 µm; Luna® C18,
Phenomenex, CA, USA) was used as the stationary phase. The mobile phase consisted of
(A) 0.2% formic acid in water and (B) methanol, eluted in a gradient mode, as follows: 75%
to 90% B in A for 10 min, 90% B in A to 100% B for 5 min, and finally, 100% B for 10 min. A
standard α-mangostin with ≥98.0% purity was purchased from ChemFaces Biochemical
Co., Ltd. (Lot no. CFN97050, Chem faces, Wuhan, China). The injection volume and
flow rate were set at 5 µL and 1.0 mL/min, respectively. Absorbance was measured at a
wavelength of 245 nm. The α-mangostin content in MPE was calculated using a standard
calibration curve. The limit of detection (LOD) and the limit of quantification (LOQ)
were calculated based on the standard error (σ) and the slope (S) of the calibration curve,
as expressed by the following equations: LOD = 3.3 × σ/S and LOQ = 10 × σ/S. All
experiments were performed in triplicate.

2.3. UV Determination of MPE and α-Mangostin

Methanol was used as both the blank and the solvent to dissolve MPE and α-mangostin
standard. Each sample was prepared at a final concentration of 20 µg/mL. The solutions
were scanned over a wavelength range of 200 to 500 nm using a spectrophotometer (U-2900,
Hitachi High-Technologies Corporation, Tokyo, Japan).

2.4. Evaluation of Cytotoxicity of PHDFs Treated with MPE

Primary human dermal fibroblasts (PHDFs) were purchased from ATCC (Lot No.
81201212, Manassas, VA, USA). To expand the PHDF population, cells were cultured in
DMEM-high glucose (GibcoTM, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS) (GibcoTM, Brazil), 1% penicillin/streptomycin (GibcoTM, NY, USA),
and 1 mg/mL amphotericin B (GibcoTM, Lod, Israel). The cultures were maintained in
a CO2 incubator (CB170, BINDER GmbH, Tuttlingen, Germany), at 37 ◦C with 5% CO2

and high humidity. Subsequently, PHDFs at passage 3–5 were trypsinized and seeded
into 96-well plates at a density of 1.0 × 104 cells/well. The cells were cultured in DMEM
supplemented with 10% FBS and antibiotics for 24 h. Afterward, the medium was removed,
and the cells were washed with sterile phosphate-buffered saline (PBS, pH 7.4). They
were then incubated in serum-free medium with or without various concentrations of
MPE (1.6–50 µg/mL) for 24 h. Cell viability was assessed using an MTT assay (Invitro-
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gen, Thermo Fisher Scientific, New York, NY, USA). A total of 50 µL of MTT solution
(1000 µg/mL) and 50 µL of serum-free medium were added to each well to yield a final
MTT concentration of 500 µg/mL, equivalent to 0.05% w/v, followed by incubation at
37 ◦C in 5% CO2 for 4 h. DMSO was added to solubilize the formazan. Absorbance was
measured at a wavelength of 470 nm using a microplate reader (FLUOstar® Omega, BMG
LABTECH, Ortenberg, Germany). The viability of untreated control cells was set as 100%,
and relative cell viability was calculated. All experiments were performed in triplicate.

2.5. Evaluation of UVA-Induced Fibroblast Senescence Using the Senescence-Associated
β-Galactosidase (SA-β-Gal) Assay

PHDFs at passage 5–9 were seeded into 96-well plates at a density of 1.0 × 104 cells/well.
The cells were cultured in DMEM supplemented with 10% FBS and antibiotics in a CO2

incubator for 24 h. After washing the cells twice with sterile PBS, the PHDFs were covered
with a thin layer of PBS and exposed to UVA irradiation (FL8BLB UVA lamp, Toshiba,
Japan) at various intensity (0–10 J/cm2) to determine the threshold that significantly induces
cellular senescence compared to non-irradiated cells. Following UVA exposure, PBS was
removed, and the cells were incubated in serum-free medium for 24 h. The cells were then
fixed with a fixing solution for 5–10 min at room temperature and washed three times
with PBS. Afterward, cells were stained overnight with the SA-β-Gal staining solution
(ab65351, Abcam, Cambridge, UK). The plate was then washed three times with PBS, and a
brightfield microscope was used to observe cells SA-β-Gal-positive cells. The percentage of
SA-β-Gal-positive cells was calculated, and all experiments were performed in triplicate.

2.6. Evaluation of Antioxidant Effect of MPE on H2O2-Induced Intracellular ROS Generation

To assess the ability of MPE to inhibit H2O2-induced intracellular ROS generation, 2′,7′-
dichlorofluorescin diacetate staining (Merck KGaA, Darmstadt, Germany) was performed.
PHDFs at passage 3–6 were seeded in 96-well plates at a density of 1.5 × 104 cells/well and
cultured in DMEM supplemented with 10% FBS and antibiotics in a CO2 incubator for 24 h.
The cells were then washed twice with sterile PBS and treated with serum-free medium
containing MPE at a final concentration of 50 µg/mL and H2O2 at a final concentration
of 50 µM for 2 h. L-ascorbic acid (50 µg/mL) was used as a positive control. Following
treatment, the cells were washed twice with PBS and incubated with ROS staining solution
for 30 min. After another two PBS washes, a thin layer of PBS was added to cover the cells.
Intracellular ROS formation was visualized using a fluorescence microscope (ECLIPSE
Ti2-E, Nikon corporation, Kanagawa, Japan).

2.7. Evaluation of Photoprotective Effects of MPE on UVA-Induced Fibroblasts Aging
2.7.1. SA-β-Gal Assay

To assess the effect of MPE on SA-β-Gal activity in UVA-induced PHDF senescence, an
SA-β-Gal staining kit (ab65351, Abcam, Cambridge, UK) was used. PHDFs (passage 5–9)
were seeded into 96-well plates at a density of 1.0 × 104 cells/well and cultured in DMEM
supplemented with 10% FBS and antibiotics in a CO2 incubator for 24 h. After washing
twice with sterile PBS, the PHDFs were treated with serum-free medium containing MPE
(50 µg/mL) for 24 h. The cells were washed twice with sterile PBS, and a thin layer of
PBS was added before UVA exposure at an intensity of 5 J/cm2. After UVA irradiation,
the cells were incubated for 24 h. Following incubation, the cells were fixed with a fixing
solution for 5–10 min at room temperature and washed three times with PBS. The cells
were then stained overnight with the SA-β-Gal staining solution. After staining, the plate
was washed three times with PBS, and SA-β-Gal-positive cells were visualized using a
brightfield microscope. The percentage of SA-β-Gal-positive cells was calculated. All
experiments were in triplicate.
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2.7.2. MMP-1 ELISA Assay

PHDFs (passage 5–9) were seeded into 6-well plates at a density of 3.0 × 105 cells/well
and cultured in DMEM supplemented with 10% FBS and antibiotics in a CO2 incubator
for 24 h. After washing twice with sterile PBS, the PHDFs were treated with serum-free
medium containing MPE (50 µg/mL) for 24 h. The cells were then washed twice with PBS,
covered with a thin layer of PBS, and exposed to UVA at an intensity of 5 J/cm2. After UVA
irradiation, the cells were incubated for 24 h. The cell-free supernatants were collected
to quantify MMP-1 levels using MMP-1 ELISA kit (ab215082, Abcam, Cambridge, UK).
Absorbance was measured at 450 nm using a microplate reader (FLUOstar® Omega, BMG
LABTECH, Ortenberg, Germany). The MMP-1 content in the supernatant was determined
using a standard calibration curve. All experiments were performed in triplicate.

2.7.3. Pro-Collagen Type I ELISA Assay

PHDFs (passage 5–9) were seeded into 6-well plates at a density of 3.0 × 105 cells/well
and cultured in DMEM supplemented with 10% FBS and antibiotics in a CO2 incubator
for 24 h. After washing twice with sterile PBS, the PHDFs were treated with serum-
free medium containing MPE (50 µg/mL) for 24 h. The cells were then washed twice
with PBS, covered with a thin layer of PBS, and exposed to UVA at an intensity of
5 J/cm2. After UVA irradiation, the cells were incubated for 24 h. The cell-free super-
natants were collected to quantify the pro-collagen I levels using a pro-collagen type I
ELISA kit (ab210966, Abcam, Cambridge, UK). Absorbance was measured at 450 nm using
a microplate reader (FLUOstar® Omega, BMG LABTECH, Ortenberg, Germany). The
pro-collagen type I content in the supernatant was determined using a standard calibration
curve. All experiments were performed in triplicate.

3. Results
3.1. Characteristics of MPE and Quantification of α-Mangostin

The MPE appeared as a dark brown paste with a viscous texture (Figure 1). The percent
yield of MPE was 10.0 ± 0.8%. The major bioactive compound in MPE is α-mangostin.
HPLC chromatograms of the α-mangostin standard (≥98.0%) and MPE are shown in
Figure 2. After generating the HPLC calibration curve using the α-mangostin standard
(≥98.0%), the α-mangostin content in MPE was determined to be 60.9 ± 1.2%. LOD and
LOQ were determined to be 9.0 µg/mL and 27.3 µg/mL, respectively.

 
Figure 1. The appearance of mangosteen pericarp extract (MPE).
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Figure 2. HPLC chromatogram of (A) α-mangostin standard (≥98.0%) and (B) mangosteen pericarp
extract (MPE). Absorbance was measured at 245 nm.

3.2. UV-Vis Absorption Profile of MPE and α-Mangostin

The UV–Vis spectra of MPE and α-mangostin are overlaid in Figure 3. Both α-mangostin-
enriched MPE and α-mangostin standard showed maximum absorption peaks at 243 and
316 nm, which corresponded with the UV–Vis spectra of α-mangostin in other studies [29,30].
This result indicates that MPE has UVA-absorbing ability.

Figure 3. UV-Vis absorption profile of mangosteen pericarp extract (MPE) and α-mangostin.

3.3. Viability of PHDFs Treated with MPE

Due to the limited non-toxic concentration of DMSO used to dissolve MPE, the highest
tested concentration of MPE was 50.0 µg/mL. In this study, PHDFs were treated with MPE at
concentrations ranging from 1.6 to 50.0 µg/mL for 24 h. As shown in Figure 4, no significant
differences in % cell viability were observed between MPE-treated cells (1.6–50.0 µg/mL) and
the control group (untreated cells). Morphological analysis under an inverted microscope
(CKX41SF, Olympus Corporation, Manila, Philippines) revealed that the cell maintained normal
spindle shape and that cell density remained comparable to the control group (Figure 5). Based
on these results, 50 µg/mL was selected as the concentration for further studies.
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Figure 4. Viability of primary human dermal fibroblasts (PHDFs) with and without mangosteen pericarp
extract (MPE) treatment for 24 h. Results are expressed as % cell viability relative to the control group
(where the OD of the control group was set to 100%). Each bar represents the mean ± S.D. of three
independent experiments. * p < 0.05, compared between two groups using unpaired Student’s t-test.

 
Figure 5. The cell morphology of (A) primary human dermal fibroblasts (PHDFs) without treatment
(control) and (B) PHDFs treated with mangosteen pericarp extract (MPE, 50.0 µg/mL) for 24 h.

3.4. The Effect of UVA-Induced Fibroblast Senescence

According to the study on UVA exposure at various intensities (2.5, 5, and 10 J/cm2)
and its effects on fibroblasts senescence, there was no significant difference in SA-β-Gal
activity between PHDFs irradiated with UVA at 2.5 J/cm2 (3.3 ± 1.2%) and the control
group (without UVA, 4.7 ± 0.5%) (Figures 6 and 7). However, PHDFs irradiated with UVA
at 5 J/cm2 (12.0 ± 0.2%) showed a significant increase in SA-β-Gal activity compared to the
control group. At the highest intensity of 10 J/cm2, UVA exposure resulted in cell death.
Thus, a UVA dose of 5 J/cm2 was selected for further studies.

 

Figure 6. Representative phase-contrast microscopy images (200×) of (A) control (without UVA
exposure) and primary human dermal fibroblasts (PHDFs) irradiated with UVA at intensities of
(B) 2.5, (C) 5, and (D) 10 J/cm2, used to assess the number of SA-β-Gal-positive cells. The arrows
indicate cell expressing SA-β-Gal activity.
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Figure 7. Percentage of SA-β-Gal-positive cells in the control group and primary human dermal
fibroblasts (PHDFs) irradiated with UVA at intensities of 2.5 and 5 J/cm2. Each bar represents the
mean ± S.D. of three independent experiments. ** p < 0.01, compared between two groups using an
unpaired Student’s t-test.

3.5. Antioxidant Effect of MPE on H2O2-Induced Intracellular ROS Generation

This study demonstrated the qualitative antioxidative properties of MPE. The com-
pound 2′,7′-dichlorofluorescein-diacetate (H2DCFDA) is initially non-fluorescent. Upon
penetrating the cell membrane, H2DCFDA is deacetylated by cellular esterases to form
2′,7′-dichlorodihydrofluorescein (H2DCF), which is then oxidized by intracellular ROS
to produce 2′,7′-dichlorofluorescein (DCF), a fluorescent compound. As shown in
Figure 8B, H2O2 exposure significantly increased intracellular ROS levels, as evidenced
by strong green fluorescence, compared to the control (Figure 8A). Meanwhile, treatment
with L-ascorbic acid, a positive control, effectively inhibited intracellular ROS formation
(Figure 8C) compared to H2O2-induced PHDFs. Similarly, PHDFs induced by H2O2 and
treated with MPE exhibited reduced ROS generation (Figure 8D), suggesting that MPE has
antioxidant effects.

 

Figure 8. Representative fluorescence microscopy images (100×) of (A) control, (B) primary human
dermal fibroblasts (PHDFs) induced by H2O2 at a final concentration of 50 µM for 2 h, (C) PHDFs in-
duced by H2O2 at final concentration of 50 µM and treated with L-ascorbic acid at final concentration
of 50 µg/mL for 2 h, and (D) PHDFs induced by H2O2 at final concentration of 50 µM and treated
with mangosteen pericarp extract (MPE) at a final concentration of 50 µg/mL for 2 h. After that,
samples were stained with ROS solution for 30 min. The intracellular ROS formation was captured.

3.6. Photoprotective Effects of MPE on UVA-Induced Fibroblasts Aging
3.6.1. SA-β-Gal Expression

In this experiment, senescent cells were identified by purple staining, indicating SA-
β-Gal activity (Figure 9). The control group (without MPE treatment and UVA exposure)
exhibited SA-β-Gal activity in 4.7 ± 0.5% of cells (Figure 10). In contrast, PDHFs irradiated
with UVA at 5 J/cm2 exhibited SA-β-Gal activity in 12.0 ± 0.2% of cells, confirming that
UVA exposure significantly increases SA-β-Gal activity compared to the control group.
However, PDHFs were pretreated with MPE treatment before UVA exposure SA-β-Gal
activity in 7.1 ± 2.4% of cells, suggesting that MPE mitigates cellular senescence by reducing
SA-β-Gal activity in fibroblasts.
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Figure 9. Representative phase-contrast microscopy images (200×) of (A) control, (B) primary human
dermal fibroblasts (PHDFs) irradiated with UVA at an intensity of 5 J/cm2, and (C) PHDFs treated
with mangosteen pericarp extract (MPE) and irradiated with UVA. These images were used to assess
the number of SA-β-Gal-positive cells. The arrows indicate cell expressing SA-β-Gal activity.

Figure 10. Percentage of SA-β-Gal-positive cells in the control group, primary human dermal fibrob-
lasts (PHDFs) irradiated with UVA at an intensity of 5 J/cm2, and PHDFs treated with mangosteen
pericarp extract (MPE) and irradiated with UVA. Each bar represents the mean ± S.D. of three
independent experiments. * p < 0.05 and ** p < 0.01, compared between two groups using an unpaired
Student’s t-test.

3.6.2. MMP-1 Expression

The control group (without MPE treatment and UVA exposure) exhibited MMP-1
levels of 8928.0 ± 1033.3 pg/mL (Figure 11). In contrast, PHDFs irradiated with UVA
at 5 J/cm2 exhibited significantly increased MMP-1 levels of 38,929.1 ± 6971.4 pg/mL,
confirming that UVA exposure stimulates MMP-1 production. MMP-1 is a metalloprotease
involved in collagen degradation. However, PHDFs pretreated with MPE before UVA
irradiation exhibited MMP-1 levels of 23,873.4 ± 5498.1 pg/mL, indicating that MPE
significantly reduces MMP-1 expression compared to the UVA-exposed group.

Figure 11. Matrix metalloproteinase 1 (MMP-1) levels (pg/mL) in the supernatant, determined using
an ELISA assay. The control group, primary human dermal fibroblasts (PHDFs) irradiated with UVA
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at an intensity of 5 J/cm2, and PHDFs pretreated with mangosteen pericarp extract (MPE, 50 µg/mL)
for 24 h before UVA irradiation. Supernatant was collected at 24 h after UVA exposure. Each bar
represents the mean ± S.D. of three independent experiments. * p < 0.05 and ** p < 0.01, compared
between two groups using an unpaired Student’s t-test.

3.6.3. Pro-Collagen Type I Expression

The control group (without MPE treatment and UVA irradiation) exhibited pro-collagen
type I levels of 102,041.4 ± 8721.8 pg/mL (Figure 12). PHDFs irradiated with UVA at 5 J/cm2

exhibited significantly reduced pro-collagen type I levels of 37,137.4 ± 4614.8 pg/mL, confirming
that UVA exposure significantly decreases pro-collagen type I production compared to
the control group. However, PHDFs pretreated with MPE before UVA exposure exhibited
pro-collagen type I levels of 56,443.3 ± 3623.8 pg/mL, suggesting that MPE helps preserve
pro-collagen type I production and secretion in UVA-induced fibroblasts compared to the
UVA-exposed group.

Figure 12. Pro-collagen type I levels (pg/mL) in the supernatant, determined using an ELISA assay.
The control group, primary human dermal fibroblasts (PHDFs) irradiated with UVA at an intensity
of 5 J/cm2, and PHDFs pretreated with mangosteen pericarp extract (MPE, 50 µg/mL) before
UVA irradiation. Supernatant was collected at 24 h after UVA exposure. Each bar represents the
mean ± S.D. of three independent experiments. ** p < 0.01, compared between two groups using an
unpaired Student’s t-test.

4. Discussion
Our results suggest that the mangosteen pericarp extract (MPE), which contain α-

mangostin, has the potential to protect UVA-irradiated dermal fibroblasts. The beneficial
effects of MPE include reducing SA-β-Gal activity in UVA-induced aged fibroblasts. Fur-
thermore, MPE mitigates intracellular ROS-induced by H2O2. Additionally, MPE decreases
MMP-1 levels, while preserving pro-collagen type I levels, which are otherwise disrupted
by UVA irradiation.

Previous studies have compared various extraction methods and concluded that 95%
ethanol is a recommended solvent for efficiently extracting α-mangostin from mangosteen
fruit rind [27]. Ethanol is widely recognized as a green, environmentally friendly solvent
and is commonly used in cosmetic formulations due to its skin-safe properties, particularly
at lower concentrations. Therefore, in this study, 95% ethanol was selected as the extraction
solvent in combination with a simple maceration method. We obtained MPE with an α-
mangostin content yield of 60.9 ± 1.2%. Compared to a previous study [27], this high yield
may be attributed to several factors, including the source of raw material and differences
in extraction methods. The α-mangostin content can vary significantly depending on the
geographical origin and cultivation conditions of mangosteen. Additionally, our extraction
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protocol was optimized to increase α-mangostin yield. We used a 1:2 ratio of mangosteen
peel powder to 95% ethanol, replaced the solvent every 48 h, and repeated the extraction
for two full cycles (48 h per cycle) with continuous shaking.

Wrinkle formation is influenced not only by natural aging but also by environmental
factors, particularly UV exposure. Both UVB and UVA contribute to skin disorders, but
through different molecular pathways. In the context of photoaging, UVA is recognized as
a major contributor. Numerous studies have reported that repeated exposure to UVA leads
to biomolecular modifications and cellular alterations [3–5,7,8]. At the molecular level,
UVA-irradiated fibroblasts undergo changes in gene expression, including the upregulation
of collagenase named MMP-1, a tissue inhibitor of metalloproteinases (TIMP-1), and
inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) [31–33]. In addition,
senescence-associated β-galactosidase (SA-β-Gal) activity, a key biomarker of cellular
senescence, is significantly increased in UVA-exposed fibroblasts [10]. UVA can directly
activate cell surface receptors, such as tumor necrosis factor receptor (TNFR), and indirectly
induce ROS formation, which damages cellular components, including lipids, proteins, and
nucleic acids. These molecular events contribute to premature aging, inflammation, and
even, skin cancer [33–35]. However, natural extracts and bioactive compounds with strong
antioxidant properties can help prevent or mitigate these harmful effects on the skin.

A previous study reported that MPE exhibits potent DPPH radical-scavenging ac-
tivity, with an IC50 value of 9.40 µg/mL, which is slightly more effective than ascorbic
acid (IC50 = 10.47 µg/mL) [36,37]. Additionally, the protective effects of α-mangostin in
preserving the activities of antioxidant enzymes (superoxide dismutase and catalase) by
scavenging free radicals in UVB-irradiated hairless mice have also been reported [26]. In
this study, we utilized ethanol-extracted MPE to evaluate its biological effects, including
ROS inhibition in H2O2-induced fibroblasts, SA-β-Gal activity, MMP-1 suppression, and
the modulation of collagen type I in UVA-irradiated fibroblasts. Our findings demonstrated
that MPE effectively inhibited intracellular ROS production in UVA-induced aged fibrob-
lasts. An imbalance between antioxidants and oxidants leads to oxidative stress, which
amplifies UVA-induced damage. TNFR can be activated directly by UVA or indirectly by
ROS, triggering TNF-α secretion via autocrine and paracrine signaling. TNF-α, in turn,
induces MAPK phosphorylation, leading to increased c-Jun/AP-1 activity and MMP-1
production [33,35,38]. This results in collagen degradation, followed by the accumula-
tion of fragmented collagen fibrils [38–40]. Notably, MPE suppresses MMP-1 expression
through UVA absorption and antioxidant mechanisms. The UV-Vis absorption spectra of
α-mangostin and MPE exhibit peaks at 243 and 316 nm, and the spectrum of α-mangostin
corresponds with previous studies [29,30], demonstrating its ability to absorb UVA radia-
tion. Therefore, MPE, which contains a high concentration of α-mangostin, may directly
absorb UVA and thereby delay UVA-induced premature aging.

Another key factor associated with skin aging and UVA exposure is senescence-
associated β-galactosidase (SA-β-Gal) activity, a hallmark of cellular senescence. Although
senescent cells remain viable, they undergo irreversible growth arrest and are regarded
as major contributors to aging-related changes. Cellular senescence can be triggered by
DNA damage, ROS accumulation, chronic inflammation, and UV-activated cell surface
receptors [41–44]. As previously mentioned, TNFR activation (either directly or via ROS)
induces NFκB phosphorylation, leading to IκB degradation and the subsequent production
of pro-inflammatory cytokines, including TNF-α, IL-6, and IL-1β, in UVA-irradiated fibrob-
lasts. These cytokines, in turn, promote MMP-1 upregulation [45,46]. Furthermore, studies
have shown that increased cellular senescence is associated with excessive ROS levels,
transcription factor zinc finger E-box binding homeobox 1 (ZEB1) dysregulation, and DNA
methyltransferase 1 (DNMT1) overexpression in UVA-induced cells. However, antioxidant
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treatment has been reported to inhibit UVA-induced intracellular ROS accumulation and
decreases cellular senescence by enhancing ZEB1 and DNMT1 expression [11,47]. Given
that MPE has been extensively studied and recognized as a potent antioxidant [20,36,37,48], and
that its major compounds—including the tricyclic aromatic xanthones α-mangostin—can act
as antioxidants through UVA absorption [49], it is plausible that MPE mitigates UVA-induced
fibroblast senescence by reducing ROS levels and absorbing UVA radiation.

Skin inflammation appears to be linked to cellular senescence. Chronic or prolonged
exposure to TNF-α triggers the phosphorylation of the p38 MAPK pathway, serving as
an initial inducer of senescence. Additionally, human dermal fibroblasts senescence is
characterized by reduced cell proliferation and an increase in SA-β-Gal-positive cells [43].
Several studies have reported the anti-inflammatory properties of Garcinia mangostana. For
example, mangosteen extract has been shown to inhibit TNF-α release from RAW264.7
macrophage cells [50–52]. Furthermore, α-mangostin has been demonstrated to suppress
TNF-α and IL-6 production in UVB-irradiated HaCaT cells [26,51]. As a result, α-mangostin-
enriched mangosteen extract may act as a TNF-α antagonist. In our study, we investigated
the effects of MPE on reducing UVA-induced fibroblast senescence by analyzing SA-β-Gal
activity. The results demonstrated that pretreatment with MPE significantly suppressed
the number of SA-β-Gal-positive cell. This suggests that the anti-senescent effects of MPE
may involve the inhibition of the TNF-α/ MAPK signaling cascade. In addition, it is
plausible that the α-mangostin/ROS/SIRT-1/NFκB signaling pathway is also involved,
as reported by Franceschelli et al. [53], who found that α-mangostin inhibited SIRT-1
(a nuclear histone deacetylase) and NFκB activity in LPS-induced U937 cells, leading to
reduced inflammation. However, further in-depth studies are necessary to elucidate the
precise mechanisms underlying the anti-senescence and anti-photoaging properties of MPE
in UVA-damaged fibroblasts. A deeper understanding of these mechanisms could have
significant implications for the prevention and treatment of photoaging.

5. Conclusions
The extract from Garcinia mangostana pericarp demonstrates significant potential in

preventing UVA-induced photoaging. The primary effects of MPE include antioxidation,
anti-senescence, and anti-photoaging activities. MPE effectively inhibits intracellular ROS
production induced by H2O2. In addition, MPE reduces the expression of MMP-1 in UVA-
irradiated fibroblasts, leading to the suppression of collagen I degradation. Furthermore,
MPE decreases SA-β-Gal expression in UVA-irradiated cells. As a result, fibroblasts retain
collagen fibers, supporting normal cell morphology and skin structure, thereby contributing
to healthier skin and delaying signs of aging.

We suggest that MPE holds strong potential as an active ingredient in cosmeceuticals
for protecting against UVA-induced skin aging. However, further research is necessary to
elucidate its underlying mechanisms of action. Additionally, due to the lipophilic nature of
MPE, which may limit skin penetration, the development of an effective delivery system
remains a crucial area for future investigation.
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