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Abstract.
BACKGROUND: UVB radiation triggers skin photoaging by inducing excess cellular oxidants, contributing to senescence,
and overproducing matrix metalloproteinase-1 (MMP-1), causing skin wrinkles. Senescence also impedes skin wound closure.
Passion fruit seeds (PFS) boast abundant piceatannol (PCT), recognized for its antioxidant and anti-aging properties.
OBJECTIVE: To study potential of PFS extract in diminishing photoaging, accelerating wound healing, and enhancing
SIRT1 production in human keratinocytes (HaCaT cells).
METHODS: The PFS extract was assessed for PCT using HPLC analysis. The antioxidant effects, reduced senescence-
associated �-galactosidase (SA-�-gal) activity, and MMP-1 production were measured in HaCaT cells exposed to UVB
using a DCFA-DA assay, SA-�-gal activity, and flow cytometry/immunofluorescent including MMP-1 mRNA expression,
respectively. The effect of wound healing acceleration was evaluated, including EGFR mRNA expression. Additionally,
SIRT1 enhancement was investigated using flow cytometry and immunofluorescent techniques, which also included the
assessment of SIRT1 mRNA expression.
RESULTS: The PFS extract, which is rich in PCT, effectively diminished cellular oxidants and aging. It decreased UVB-
induced cellular oxidants, senescence, and MMP-1 production at both protein and mRNA levels. Moreover, the extract
enhanced wound closure by boosting cell migration and increasing EGFR mRNA expression. Additionally, SIRT1 production
and expression, associated with cellular rejuvenation, increased in extract-treated cells.
CONCLUSIONS: PFS extract exhibits potential for skincare and wound healing applications, offering a natural strategy to
combat skin aging effects and support tissue repair.
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1. Introduction

UVB radiation causes skin photoaging by pene-
trating the outer layers of the skin and generating
reactive oxygen species (ROS) in the keratinocytes.
These ROS then trigger cellular senescence and the
production of collagen degradation enzymes through
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cellular pathways, resulting in the loss of skin struc-
ture and increased vulnerability to wrinkles, sagging,
and other signs of aging [1]. Cellular senescence
refers to the gradual decline of physiological function
and proliferative capacity of cells. It can be affected
by external stressors such as exposure to UVB radi-
ation or chemicals, which activate cellular pathways
including p53 and p16 pathways in response to DNA
damage and oxidative stress. These pathways can
lead to cell cycle arrest and cellular senescence [2,
3]. Excessive ROS production stimulates the pro-
duction of matrix metalloproteinase-1 (MMP-1), an
enzyme responsible for the degradation of collagen
fibers. ROS activates transcription and translation of
MMP-1 protein through the mitogen-activated pro-
tein kinase (MAPK) pathway. The overproduction of
MMP-1 results in the degradation of collagen fibers,
which manifests as skin wrinkles [4]. The process of
wound healing consists of four phases: hemostasis,
inflammation, proliferation, and remodeling [5]. Dur-
ing the proliferation phase, re-epithelialization relies
on the migration and proliferation of a large num-
ber of cells. One of the factors that influences this
process is the epidermal growth factor (EGF) that
interacts with the epidermal growth factor receptor
(EGFR) and plays a pivotal role in the proliferation
phase by activating the migration and prolifera-
tion of keratinocytes and fibroblasts, leading to the
healing and closure of the wound [6]. However,
the senescence of skin cells can lower the expres-
sion of EGFR, which can result in slower wound
healing [7].

To combat senescence and collagen degradation
caused by UVB irradiation, affected cells undergo a
process of spontaneous elimination of ROS [8]. One
common way to reduce ROS levels is through the pro-
duction of enzymes that neutralize oxidants, such as
superoxide dismutase (SOD) and glutathione perox-
idase (GSH-PX), which are regulated by SIRT1 [9].
SIRT1 is a member of the family of mammalian sirtu-
ins and a histone deacetylase of nicotinamide adenine
dinucleotide (NAD+). It is reported to enhance cellu-
lar lifespan and is considered as a longevity enzyme.
Furthermore, SIRT1 promotes cell proliferation by
inhibiting p53 activity through deacetylation [10].
However, natural cellular responses to reduce ROS
levels are often insufficient and thus, the use of antiox-
idant substances is crucial for maintaining cellular
health [11]. Previous studies have reported that pas-
sion fruit seed (PFS) contains a phytochemical called
piceatannol (PCT), which belongs to the phenolic
group and has potential health benefits, including

antioxidant, anti-cancer, anti-hyperpigmentation, and
anti-aging properties [12–14]. While some previous
studies have shown that PCT can increase the produc-
tion of SIRT1 in human liver cells and monocytic cell
lines [15, 16], the effects of PFS extract on the reduc-
tion of UVB-induced cellular senescence, MMP-1
production, enhancement of SIRT1 production, and
wound healing in human keratinocytes are still lim-
ited. Therefore, this study aims to investigate the
effects of PFS extract riches in PCT on the reduc-
tion of cellular senescence and MMP-1 production
induced by UVB irradiation, as well as the enhance-
ment of SIRT1 expression and wound healing in
human keratinocytes.

2. Materials and methods

2.1. Passion fruit seed (PFS) extract

PFS extract was obtained as the method described
by Chalortham et al. [17]. Dried and milled PFS
(50 g) was extracted in 60% ethanol (500 mL) at room
temperature for 5 days with agitation. The resulting
mixture was filtered and passed through the SP825
column. The flow-through was then partitioned with
ethyl acetate, and the ethyl acetate fraction was evap-
orated and dried in a hot air oven (60◦C, overnight).
Finally, the PFS extract was stored at –20◦C until use.

2.2. Identification of PCT

PFS extracts was investigated to identify the pres-
ence of PCT by using the HPLC system (Waters
2695 equipped with Waters 2487 Dual λ Absorbance
Detector, Waters, Milford, MA, USA) with the result
compared against the standard PCT (TCI, Tokyo,
Japan) concentration at 100 μg/mL. The dried pow-
der of PFS extracts (125 mg) was dissolved in 1 mL
of 60% ethanol followed by filtration through a
0.22 μm PES filter. The mobile phase of HPLC sys-
tem comprised of deionized water (A) and HPLC
grade acetonitrile (B) at a ratio of (A):(B) = 90:10%
in the initiation period. Separation was carried out
by isocratic elution at a ratio of (A):(B) at 75:25%
at a temperature of 45◦C. The flow rate was set to
0.8 mL/min with the injection volume at 5 μL. The
HPLC C18 column (250 × 4.6 mm, i.d. 5 μm, ACE,
Scottland) was employed as a stationary phase. The
UV spectra was detected at 320 nm [17].
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2.3. Cell culture and PFS extract preparation

Human keratinocytes (HaCaT) (CLS® 300493)
were cultured in high glucose DMEM (Sigma,
USA) supplemented with 10% FBS, 1% peni-
cillin/streptomycin (Gibco, USA), and 3.7 mg/ml of
sodium carbonate (Sigma, USA). The cells were
incubated in 5% CO2 at 37◦C humidified incubator
as manufacturers’ recommendations. The dried pow-
der of PFS extracts (125 mg) was dissolved in 1 mL of
60% ethanol and then filtered through a 0.22 μm PES
filter. The resulting stock solution was subsequently
diluted with culture media to achieve the desired final
concentration before treatment with the cells.

2.4. Cell viability

HaCaT cells were seeded in 96-well plates at a den-
sity of 1.5 × 104 cells/well and incubated in culture
media. The cells were then treated with different con-
centrations of PFS extract or kojic acid (Sigma, USA)
for 24 h. After incubation, the cells were washed
with phosphate buffer saline (PBS) and 0.5 mg/mL of
tetrazolium dye methylthiotetrazole (MTT) solution
was added (100 μL/well), followed by a 2 h incu-
bation period at 37◦C. The solution was removed,
and 100 μL of pure dimethyl sulfoxide (DMSO) was
added to each well. The cells were agitated, and
the absorbance was measured using an automatic
microplate reader (Emax Plus, Molecular Devices,
USA) at a wavelength of 570 nm. The absorbance
values of the treated cells were compared to those of
the control cells to determine the percentage of viable
cells. Additionally, the non-lethal intensity of UVB
radiation was determined by exposing the cells to var-
ious intensities of UVB radiation and evaluating them
24 h after irradiation using a UVB lamp (Phillips, The
Netherland) [18].

2.5. Cellular oxidants

To determine the effect of PFS extract on anti-
cellular oxidants that are induced by UVB radiation,
2,7 dichlorohydrofluorescein diacetate (DCFH-DA)
assay was performed as reported previously [19].
Briefly, 1.5 × 104 cells/well of HaCaT cells were
seeded in black 96 well plates followed with 24 h
incubation. Culture media was removed then, washed
once with PBS, and the cells were exposed under
UVB radiation at 100 mJ/cm2 followed with the addi-
tion of 200 μL of the test agents then, incubated for

24 h. The supernatant was removed, and PBS was
used for washing followed with addition of 200 μL
of 10 μM DCFH-DA (Sigma, USA) solution for 1 h.
The fluorescence intensity of 2,7-dichlorofluorescein
(DCF), which is a product of the cellular oxidation
process of DCFH-DA, was measured using a flu-
orescent microplate reader (TECAN Spark, USA)
with excitation/emission wavelengths of 485/535 nm,
respectively. The results of cellular oxidants were pre-
sented as a percentage relative to the DCF level in
unirradiated cells. Kojic acid (Sigma, USA) was used
as a positive control at 1 mM.

2.6. Senescence associated β-galactosidase

Senescence of HaCaT cell was assessed by mod-
ifying the SA-�-galactosidase protocol described
previously [20]. 5 × 105 HaCaT cells were seeded
in 6-well plates and maintained for 24 h. Culture
medium was aspirated, and the cells were exposed
to UVB radiation at an intensity of 100 mJ/cm2. The
cells were treated with PFS extract for 48 h (daily
treatment). After treatments, the cells were washed
with PBS and fixed with a fixative solution (0.2%
glutaraldehyde + 2% formaldehyde in PBS) at room
temperature for 5 min. The fixed cells were then
washed twice with PBS and incubated with 1 mg/mL
X-gal staining solution (Sigma, USA) for 16 h in a
dark 37◦C incubator. After incubation, the cells were
observed under an inverted microscope (Olympus,
Japan) and the percentage of SA-�-gal-positive cells
was calculated and compared to that of the untreated
cells. Kojic acid (Sigma, USA) was used as a positive
control.

2.7. Flow cytometry

Flow cytometric analysis was performed to deter-
mine the percentage of MMP-1 and SIRT1 positive
cells. To measure MMP-1 levels, HaCaT cells
(1 × 106) were cultured in 6-well plates for 24 h.
The cells were then exposed to UVB radiation (100
mJ/cm2) and treated with PFS extract for 24 h. To
measure SIRT1 levels, HaCaT cells (1 × 106) were
cultured in 6-well plates for 24 h and then treated with
PFS extract for 6 h. After treatment, each cell group
was trypsinized, fixed with 4% paraformaldehyde,
and permeabilized with 0.25% Triton X-100. The
cells were then incubated individually with primary
antibodies, including MMP-1 monoclonal primary
antibody (Santa Cruz, USA) at a concentration of
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1:500 for 2 h, and SIRT1 monoclonal primary anti-
body (Santa Cruz, USA) at a concentration of 1:500
for 2 h. The secondary antibody, Alexa Fluro® 488
(Abcam, USA), at a concentration of 1:1000, was then
incubated for 15 min. The cells were washed with
PBS and resuspended with 1% paraformaldehyde
prior to analysis using a flow cytometer (FACScan,
Becton Dickinson, USA) [21].

2.8. Immunofluorescent staining

Immunofluorescent staining was used to evaluate
the presence of MMP-1 and SIRT1. To relatively eval-
uate MMP-1 expression levels, HaCaT cells (5 × 103)
were cultured on a cover slip for 24 h, exposed to
UVB and treated with PFS extract for 2 h. For SIRT1
expression levels, HaCaT cells (5 × 103) were cul-
tured on a cover slip for 24 h and treated with PFS
extract for 6 h. After the treatment, the cells were
washed with cold PBS and fixed with cold methanol
for 45 min. The fixed cells were then washed and per-
meabilized with a 0.1% Triton X-100 solution for
15 min. The cells were blocked with 1% BSA for 1 h
and washed with PBS. MMP-1 or SIRT1 monoclonal
primary antibodies (Santa Cruz, USA) were sepa-
rately incubated with the fixed cells at a concentration
of 1:500 for 2 h, followed by the addition of secondary
antibodies, including Alexa Fluor 594® for detecting
MMP-1, and Alexa Fluor 488® (Abcam, USA) for
detecting SIRT1. Nuclear staining was performed by
adding Hoechst-33342 and washing thoroughly. The
cells were then observed under a fluorescent micro-
scope (Olympus, Japan) and recorded. The intensity
of MMP-1 or SIRT1 within the cells was analyzed,
and the percentages were determined using Image J
software [22].

2.9. Measurement of wound healing

To investigate the wound healing acceleration
effect of PFS extract, the wound gap was measured
after treatment. HaCaT cells (1 × 106 cells/well) were
cultured in 6-well plates until reaching 90% con-
fluence. The cells were washed with PBS and then
treated with 10 μM of mitomycin C (Roche, Ger-
many) for 1 h to inhibit proliferation. A scratched
wound was created using a 200 μL pipette tip, and
PFS extract was added to the cells at desired con-
centrations in 0.5% FBS supplemented DMEM for
treatment. The wounds were treated daily for 48 h,
and the healing progression was recorded at three

time points: right after scratching (T0), after 24 h of
the first treatment (T24), and after 24 h of the second
treatment (T48). The gaps of the wounds were mea-
sured using Image J software and compared relatively
between T0 and T24 or T48 in each treatment group.
The results of wound closure were presented as a per-
centage compared to those of the untreated cells, and
kojic acid (1 mM) was used as a positive control [23].

2.10. Measurement of mRNA expression

To determine the effect of PFS extract on MMP-1,
SIRT1, and EGFR mRNA expression, treated cells
were harvested and total RNA was extracted after
PFS treatment. For MMP-1, HaCaT cells (1 × 106

cells/well) were cultured and maintained for 24 h.
The cells were then exposed to UVB radiation
at 100 mJ/cm2, followed by treatment with PFS
extract for 24 h. For SIRT1, HaCaT cells (1 × 106

cells/well) were cultured and maintained for 24 h
and treated with PFS extract for 6 h. For EGFR,
the cells were incubated with 10 μM of mitomycin
C, followed by wounding. The wounds were then
treated with PFS extract for 24 h. After incubation,
total RNA was extracted using an RNA extraction
kit (Invitrogen, USA), following the manufacturer’s
instructions. The total RNA of each condition was
measured using a spectrophotometer (Thermo Scien-
tific, USA), and the concentrations were normalized
to 100 ng/μL. The normalized total RNA solutions
were then converted to cDNA using a ReverstraAce
RT-PCR conversion kit (Toyobo, Japan), following
the manufacturer’s protocol. qPCR was performed
using i-Taq SYBR green RT-PCR master mix (Bio-
Rad, USA) and a real-time PCR machine (Thermo
Fisher Scientific, Germany). MMP-1, SIRT1, and
EGFR were used as target genes, and GAPDH was
used as an internal control. The following primers
were used as shown in Table 1.

PCR parameter was set as 95◦C, 30 s for denat-
uration, 40 cycles of denaturation 95◦C for 30 s,
annealing 55◦C for 30 s and extension 72◦C for 20 s.
The quantity of the amplified mRNA was calculated
the 2–��Ct values compared to the internal control
GAPDH [24].

2.11. Statistical analysis

All experiments were performed in biological trip-
licates. The results are presented in mean ± S.D.
Analyses were performed with one-way ANOVA
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Table 1

Primers used for amplification of the target genes

Genes Forward (5’-3’) Reverse (5’-3’)

MMP-1 GCTCATGAACTCGGCCATTC TGGACAGGATTTTGGGAACG
SIRT1 GCCTCACATGCAAGCTCTAGTGAC TTCGAGGATCTGTGCCAATCATAA
EGFR TGCGTCTCTTGCCGGAAT GGCTCACCCTCCAGAAGGTT
GAPDH TCATCAATGGAAATCCCATCAACC TGGACTCCACGACGTACTCAGC

using PASW Statistics 18 software (IBM, USA). Val-
ues of p ≤ 0.05 were considered significant.

3. Results

3.1. PFS extract contained PCT and it reduced
UVB-induced cellular oxidant levels,
resulting in the attenuation of cellular
senescence

Previous studies reported that PFS extract contains
stilbene derivatives such as scirpusin B, resveratrol
and large amount of PCT hence, PFS extract was
investigated for the presence of PCT through HPLC
analysis. The chromatogram of the extract displayed
a prominent peak of PCT, which was detected at
approximately 16.1 minutes. Notably, this retention
time matched that of the standard PCT (Fig. 1A).
UVB radiation induces various cellular modifications
including the generation of cellular oxidants. How-
ever, overexposure to UVB radiation can cause cell
death. Therefore, we assessed the non-lethal intensity
of radiation as well as the non-lethal concentration of
PFS extract compared to the untreated cells. We found
that the highest intensity of UVB radiation that did
not affect cell viability was 100 mJ/cm2. PFS extract
showed the highest concentration at 100 μg/mL and
kojic acid (KA) was used as a control (Fig. 1B).
HaCaT cells were cultured and exposed to UVB radi-
ation (100 mJ/cm2) followed by treatment with PFS
extract. We observed that UVB radiation increased
cellular 2,7-dichlorofluorescein (DCF) levels, which
are indicative of cellular oxidation of DCFH-DA.
However, treatment with PFS extract resulted in a
dose-dependent reduction of DCF levels. Notably, at
a concentration of 100 μg/mL, PFS extract exhibited
a significant decrease in DCF levels compared to the
UVB-irradiated cells (p ≤ 0.05, Fig. 1C). To investi-
gate cellular senescence, we examined the activity of
senescence-associated �-galactosidase (SA-�-gal).
We found that UVB radiation significantly increased
the number of SA-�-gal positive cells compared to

the untreated (UT) cells (p ≤ 0.01). However, treat-
ment with PFS extract resulted in a dose-dependent
reduction in the percentage of SA-�-gal positive cells.
Notably, the treatment with 100 μg/mL of PFS extract
showed a marked reduction in SA-�-gal positive
cells compared to the UVB-irradiated cells (p ≤ 0.01,
Fig. 1D, E). In this experiment, a positive control was
used in the form of 1 mM of kojic acid (KA).

3.2. PFS extract reduced UVB-induced matrix
metalloproteinase-1 (MMP-1) production
and level

An excessive cellular reactive oxygen species
(ROS) that is induced by UVB radiation causes the
overproduction of MMP-1 and results in skin wrin-
kles. To investigate the MMP-1 inhibitory effect
of PFS extract, we investigated the relative quan-
titation of MMP-1 induced by UVB irradiation in
HaCaT cells using flow cytometry (relative quanti-
tation), immunofluorescence staining (localization),
and mRNA expression analysis (relative quantita-
tion). Flow cytometric analysis revealed that the
percentage of cells with positive MMP-1 protein at
the cells membrane significantly increased in UVB-
irradiated cells compared to untreated cells (UT)
(p ≤ 0.001). Treatment with PFS extract at a con-
centration of 100 μg/mL markedly decreased the
number of MMP-1-positive cells compared to UVB-
irradiated cells (Fig. 2A, B). The criteria for cells with
MMP-1-positive was derived from the calibrations
and settings of the blank. The percentage of MMP-1-
positive cells was derived from the sum of the right
upper and right lower quadrants in the histogram.
Immunofluorescence staining showed that MMP-1
was highly expressed and localized in the cytoplasmic
area of the UVB-exposed cells, however the leveler
was reduced when treated with the extract (Fig. 2C).
The intensity of MMP-1 in each treatment condition
was analyzed and evaluated. Cells exposed to UVB
showed a significantly higher intensity of MMP-1
compared to UT (p ≤ 0.001), and treatment with PFS
extract at a concentration of 100 μg/mL significantly
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Fig. 1. HPLC fingerprint of piceatannol (PCT) contained in passion fruit seed (PFS) extract and its safety and efficacy of PFS extract in
reducing UVB-induced cellular oxidant and senescence. (A) The chromatogram of PCT in the PFS extract displayed a peak detected at 16.1
minutes, which was comparable to the peak of the standard PCT, also observed at 16.1 minutes. (B) non-lethal intensities of UVB radiation,
concentrations of PFS extract and Kojic acid (KA) which were observed by MTT assay. (C) Cellular oxidant reductive effect of PFS extract
which was evaluated by observing the cellular DCF levels via performing DCFH-DA assay in UVB-induced HaCaT cells. (D) Reductive
effect of PFS extract on the senescence-associated �-galactosidase (SA-�-gal) in UVB-induced HaCaT cells. The cells were recorded under
a microscope at 400x magnification with the light blue stain indicating the SA-�-gal positive cells. (D) The percentage of SA-�-gal positive
cells against all cells in the same visual field as a bar graph. The results are manifested as mean ± SD. *, ** statistical significance at p ≤ 0.05
and p ≤ 0.01, respectively. a compared to UT, b compared to UVB radiated cells. UT; untreated cells, KA; kojic acid (1 mM) which served
as positive control.

lowered the intensity compared to UVB-irradiated
cells (p ≤ 0.05) (Fig. 2D). Furthermore, we investi-
gated the inhibitory effect of the extract at mRNA
level. PFS extract reduced MMP-1 mRNA expression
in a similar trend to that revealed by flow cytom-

etry and immunofluorescence staining (Fig. 2E).
Therefore, PFS extract lowered UVB-induced MMP-
1 production by reducing mRNA expression.
Kojic acid (KA, 1 mM) was used as a positive
control.
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Fig. 2. PFS extract affects negatively the level of MMP-1 after UVB induction. (A) Flow cytometric analysis indicates the percentage of
UVB-induced MMP-1 positive cells. (B) MMP-1 positive cells in each treatment group were calculated, and the results are presented as
mean ± SD relative to the control. (C) Immunofluorescence staining image of UVB-exposed HaCaT cells with anti-MMP-1 (red) and the
nuclei were counterstained with Hoechst-33342 (blue), scale = 50 μm. (D) The intensity of MMP-1 in each treatment group was analyzed,
calculated and expressed as a bar graph compared to the untreated cells, and the results are presented as mean ± SD. (E) The expression of
MMP-1 mRNA in each treatment group was calculated using the 2–��Ct values and expressed as a bar graph relative to the untreated cells.
The results are presented as mean ± SD. *, **, *** Statistical significance at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. a compared to
UT, b compared to UVB radiated cells. UT; untreated cells, KA; kojic acid (1 mM) served as positive control.

3.3. PFS extract induced EGFR and promoted
the wound-healing

This study aimed to examine the potential of
PFS extract in expediting the closure of wounds.
HaCaT cells were utilized to observe cell migration,

wherein they were treated with 10 μM mitomycin C
to halt proliferation and then subjected to scratch-
ing to simulate a wound. The findings revealed
that treatment with the extract at concentrations
of 50 and 100 μg/mL for 24 h moderately reduced
the wound gap, showing a dose-dependent relation-
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ship. The most remarkable improvement in healing
was observed when the cells were treated with
100 μg/mL of PFS extract for 48 h, resulting in a nar-
rower wound gap compared to untreated cells (UT)
(p ≤ 0.05) (Fig. 3A, B). Since the expression of EGFR
directly affects cell migration, the impact of PFS
extract on promoting cell migration in wound clo-
sure was investigated. The results indicated that PFS
extract stimulated the expression of EGFR mRNA
in a similar pattern to wound healing, with signif-
icant effects observed at the 100 μg/mL treatment
(p ≤ 0.01) (Fig. 3C). Kojic acid (KA, 1 mM) was
employed as a positive control. These findings sug-
gest that the PFS extract facilitates cell migration by
enhancing the expression of EGFR mRNA, thereby
accelerating wound healing.

3.4. PFS extract enhanced the level of SIRT1

Flow cytometry, immunofluorescence staining,
and evaluation of SIRT1 mRNA expression were
employed to assess the levels of SIRT1 in HaCaT
cells treated with PFS extract. After 6 h of PFS treat-
ment, the cells were collected and analyzed. The
proportion of SIRT1 positive cells in the PFS extract
treatment exhibited a dose-dependent increase and
was significantly higher than that of the untreated
cells (UT) (p ≤ 0.01) (Fig. 4A, B). Additionally, the
fluorescence intensity of SIRT1 was notably higher
in the 100 μg/mL treatment group with p ≤ 0.01
compared to the UT (Fig. 4C, D). Furthermore, the
expression of SIRT1 mRNA was measured, and as
expected, PFS extract increased the expression of
SIRT1 mRNA, with the highest level observed in the
100 μg/mL treatment group (p ≤ 0.01) compared to
the UT (Fig. 4E). A positive control using 1 mM kojic
acid was included. Overall, these findings indicate
that the PFS extract enhances the synthesis of SIRT1
protein by stimulating its mRNA expression.

4. Discussion

Naturally, skin cells undergo senescence over time,
but exposure to UVB radiation speeds up this pro-
cess by generating an excess of reactive oxygen
species (ROS) [1]. While cells possess antioxidant
enzymes to eliminate surplus ROS, when the cel-
lular defense system fails to do so, it leads to
accelerated aging and impaired cell functions [9,
11]. Senescence-associated �-galactosidase (SA-�-

gal) is an enzyme used to indicate cellular aging,
and its activity is higher in senescent cells due to
increased expression of lysosomal �-galactosidase
[25]. In this study, X-gal was used as a substrate
to detect �-galactosidase activity, which hydrolyzes
X-gal into monosaccharide, producing blue stains
in cellular cytoplasmic areas [26]. Treatment with
passion fruit seed (PFS) extract reduced X-gal con-
version in a dose-dependent manner, significantly
lower than that of UVB-irradiated cells. Additionally,
PFS extract reduced UVB-induced cellular oxidants.
Overall, PFS extract mitigated UVB-induced senes-
cence in human keratinocytes by lowering cellular
oxidants.

The underlying molecular mechanism responsible
for the suppression of MMP1 in HaCaT cells in the
presence of UVB radiation remains unclear. How-
ever, it has been demonstrated that the accumulation
of ROS stimulates the production of collagen MMP1
[27]. Specifically, in various cellular systems, ROS
triggers the activation of the MAPK pathway, leading
to the phosphorylation of ERK and JNK. Conse-
quently, this activation results in the stimulation of
c-JUN and c-FOS, two transcription factors that
induce the transcription of AP1, ultimately leading to
MMP1 expression [28]. After conducting the inves-
tigation, it was observed that cells exposed to UVB
irradiation exhibited a significantly higher level of
MMP-1 compared to untreated cells. However, when
treated with PFS extract, the MMP-1 level decreased
in a dose-dependent manner. The maximum reduc-
tion in MMP-1 was observed at a concentration of
100 μg/ml of PFS extract. This reduction in MMP-
1 can be attributed to the suppressive effect of PFS
extract on cellular oxidants, along with its ability
to attenuate UVB-induced MMP-1 levels in human
keratinocytes by reducing cellular oxidants.

Delayed wound healing serves as an indicator of
aged skin [29], and it can be evaluated in vitro. The
process of wound healing relies on the proliferation
and migration of cells. Cell migration is governed by
various molecular processes, including the interac-
tion between epidermal growth factor (EGF) and its
receptor (EGFR). The activation of EGFR triggers
the MAPK pathway, which is known to regulate cell
migration [30]. When PFS extract was introduced, the
wound healing process became more efficient, even
though mitomycin C, an inhibitor of proliferation,
was added. Additionally, PFS extract significantly
induced the expression of EGFR. Taken together,
these findings suggest that PFS extract promotes
wound healing by activating EGFR.
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Fig. 3. Wound healing acceleration and EGFR mRNA expression enhancement effects of PFS extract. (A) The monolayer of HaCaT cells
that was scratched to mimic a wound and treated daily with PFS extract (50 or 100 μg/mL). The wound gap was recorded after 0, 24, and
48 h after initiation of the wound. (B) The wound gap was analyzed by Image J software and calculated to the percentage by compared to
the gap at 0 h in each treatment group. The per cent values were plotted in a line chart compared to the untreated cells (UT) at each time
point (24 and 48 h) and the results are presented as mean ± SD. (C) The expression of EGFR mRNA in each treatment group was calculated
using the 2–��Ct values and expressed as a bar graph relative to the untreated cells. The results are presented as mean ± SD. *, ** Statistical
significance at p ≤ 0.05 and p ≤ 0.01, respectively. a compared to UT. UT; untreated cells, KA; kojic acid (1 mM) served as positive control.

It has been reported that the accumulation of ROS
over time can shorten the cellular lifespan [31].
Silent information regulator 1 (SIRT1), a member
of the mammalian sirtuin family and a nicotinamide
adenine dinucleotide (NAD+)-dependent histone
deacetylase, has been elucidated to enhance cellu-
lar ROS detoxification by regulating related enzymes
such as superoxide dismutase (SOD) and glutathione
peroxidase (GSH-PX), leading to an extension of cel-
lular lifespan [9]. As mentioned earlier, the regulation
of the MAPK pathway by EGFR is transient. How-
ever, it has been observed that EGFR can also be
regulated in the long term through epigenetic modifi-
cations. One such factor is SIRT1. Treatment with
PFS has been shown to induce the expression of
SIRT1. In turn, SIRT1 is capable of deacetylating and
activating SP1, a transcription factor that can bind to
the promoter region of EGFR and promote its tran-
scription. This mechanism has been reported in previ-
ous studies [32, 33]. Additionally, SIRT1 is known to
downregulate the levels of miR-34a, which is a tran-

scription factor that inhibits the translation of EGFR.
Therefore, in the absence of miR-34a, the expres-
sion of EGFR is increased [34]. Collectively, the PFS
extract possesses properties that have the potential to
impact on aging and wound healing processes.

The quality of PFS extract can vary depending
on various factors, including the growth conditions
and genetics of the passion fruit. Therefore, it is cru-
cial to identify the main components responsible for
its actions, quantify their presence, and investigate
potential chemical modifications for future appli-
cations. Another interesting study that should be
conducted is to investigate the concentrations of PFS
extract to address aging in a realistic skin model, as
well as study the accumulation of the extract and/or
the potent compound in cells and their metabolism.
PFS extract has been reported to contain piceatannol
(PCT), a structural analog of resveratrol with a similar
chemical composition [12]. PCT possesses an addi-
tional hydroxyl (–OH) group attached to one of its
phenol rings, making it a more potent antioxidant
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Fig. 4. SIRT1 enhancement effect of PFS extract. (A) Flow cytometric analysis indicates the percentage of SIRT positive cells. (B) SIRT1
positive cells in each treatment group was calculated, and the results are presented as mean ± SD. (C) Immunofluorescence staining image
of PFS-treated HaCaT cells with anti-SIRT1 (green) and the nuclei were counterstained with Hoechst-33342 (blue), scale = 50 μm. (D) The
intensity of SIRT1 in each treatment group was analyzed, calculated and expressed as a bar graph compared to the untreated cells, and the
results are presented as mean ± SD. (E) The expression of SIRT1 mRNA in each treatment group was calculated using the 2–��Ct values
and expressed as a bar graph relative to the untreated cells. The results are presented as mean ± SD. *, ** Statistical significance at p ≤ 0.05
and p ≤ 0.01, respectively. a compared to UT. UT; untreated cells, KA; kojic acid (1 mM) served as positive control.

compared to resveratrol. This additional hydroxyl
group allows PCT to donate its 4’-H atom to free
radical molecules, thereby exhibiting stronger antiox-
idant properties. The structure of piceatannol can be
found in Supplement 1 (Figure S1) [12].

Based on the presence of piceatannol, it is reason-
able to suggest that PFS extract, containing PCT, has
the potential to reduce cellular oxidants induced by

UVB radiation. This reduction in cellular oxidants
contributes to the attenuation of cellular senescence,
suppression of MMP-1-mediated collagen degrada-
tion, and enhancement of EGFR expression, which
is associated with cell migration and wound closure
acceleration. These beneficial effects are likely linked
to the increased expression and production of SIRT1,
as mentioned previously.
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In comparison to the positive control of kojic acid
at a concentration of 1 mM used in this study, the
efficacy of PFS extract in anti-aging and wound
healing was more pronounced at a concentration of
100 μg/mL. It should be noted that higher concentra-
tions of kojic acid resulted in cell lethality in HaCaT
cells, as indicated in Supplement 1 (Figure S2). The
findings of this study are significant as they high-
light the potential value of utilizing a waste product,
such as passion fruit seeds, which contain abundant
piceatannol, as an agro-waste byproduct in the fruit
juice industry.
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