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Abstract: Oxidative stress caused by reactive oxygen species (ROS) is one of the major causes of
senescence. Strategies to reduce ROS are known to be important factors in reversing senescence, but
effective strategies have not been found. In this study, we screened substances commonly used as
cosmetic additives to find substances with antioxidant effects. Polygonum cuspidatum (P. cuspidatum)
extract significantly reduced ROS levels in senescent cells. A novel mechanism was discovered
in which P. cuspidatum extract reduced ROS, a byproduct of inefficient oxidative phosphorylation
(OXPHOS), by increasing OXPHOS efficiency. The reduction in ROS by P. cuspidatum extract restored
senescence-associated phenotypes and enhanced skin protection. Then, we identified polydatin as the
active ingredient of P. cuspidatum extract that exhibited antioxidant effects. Polydatin, which contains
stilbenoid polyphenols that act as singlet oxygen scavengers through redox reactions, increased
OXPHOS efficiency and subsequently restored senescence-associated phenotypes. In summary, our
data confirmed the effects of P. cuspidatum extract on senescence rejuvenation and skin protection
through ROS reduction. This novel finding may be used as a treatment in senescence rejuvenation in
clinical and cosmetic fields.

Keywords: reactive oxygen species (ROS); oxidative stress; senescence rejuvenation; Polygonum
cuspidatum; skin aging

1. Introduction

The skin is composed of three layers (the epidermis, dermis, and subcutaneous fat) and
is an epithelial tissue that covers our body [1]. The skin acts as a barrier to the environment,
protects against microorganisms, and maintains fluid and temperature. Skin aging is a
process in which skin quality deteriorates with age [2]. Skin aging is indicated by changes
in the function of cellular organelles, most notably mitochondrial degeneration [3]. As skin
ages, defective mitochondria accumulate and undergo structural changes that significantly
increase mitochondrial volume and size [4]. Defective mitochondria leak electrons from
complex I and III in the electron transport complex (ETC) to generate ROS as byproducts [5].
In addition to producing ROS, defective mitochondria are the target of oxidative stress,
which further increases mitochondrial ROS generation. Increase in oxidative stress by ROS
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worsens skin aging by inducing protein oxidation, lipid peroxidation, and chain scission of
collagen and elastin [6]. Thus, strategies to reduce mitochondrial ROS generation might be
effective as a therapeutic approach for skin aging [7,8].

Polygonum cuspidatum (P. cuspidatum) extract has been traditionally used as a medicine
for various diseases in China, Japan, and Korea [9–11]. Traditionally, P. cuspidatum extract
has been used as a folk remedy to treat patients suffering from indigestion and gastrointesti-
nal disorders [12,13]. Recently, P. cuspidatum extract was found to have antiviral activity
against coronavirus 2 by preventing the interaction between the viral spike protein and
host–cell receptors [14]. It also showed remarkable antibacterial effects against Escherichia
coli, Streptococcus mutans, and Streptococcus sobrinus [15]. In addition to its antiviral and
antibacterial effects, P. cuspidatum extract has been used as a cosmetic ingredient. Specifi-
cally, P. cuspidatum extract was effective in skin whitening and improving blemishes [16–18].
However, the underlying mechanism and active ingredients by which P. cuspidatum extract
exerts its effects have not yet been investigated. Therefore, understanding the mechanism
of the skin-beautifying effects of P. cuspidatum extract and identifying its active ingredients
will further expand the applications of P. cuspidatum extract as an anti-aging agent and
cosmetic additive.

In this study, we found that P. cuspidatum extract is an antioxidant that significantly re-
duces ROS levels in senescent fibroblasts. A novel ROS-reducing mechanism by P. cuspidatum
extract was identified, through which it restored senescence-associated phenotypes and
skin barrier function. Furthermore, we identified which active components of P. cuspidatum
extract played a key role in demonstrating these effects. Herein, we propose a novel ROS-
reducing mechanism of P. cuspidatum extract to improve senescence-associated phenotypes
and enhance skin protection.

2. Materials and Methods
2.1. Cell Culture

Human dermal fibroblasts (PCS-201-010; ATCC, Manassas, VA, USA), immortalized
human keratinocytes (HaCaT; 300493; Cytion, Eppelheim, Germany), and normal human
epidermal keratinocytes (HEKn; C0055C; Gibco, Grand Island, NY, USA) were used. Hu-
man dermal fibroblasts were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; SH30919.03; Hyclone, Waltham, MA,
USA) and 100 U/mL penicillin/100 µg/mL streptomycin (SV30079.01; Hyclone). HaCaT
cells were maintained in DMEM supplemented with 10% FBS (SH30919.03; Hyclone), 2 mM
L-glutamine (A2916801; Thermo Fisher Scientific, Waltham, MA, USA) and 100 U/mL
penicillin/100 µg/mL streptomycin (SV30079.01; Hyclone). HEKn cells were maintained in
EpiLife® medium (M-EPICF-500; Thermo Fisher Scientific) supplemented with 1× human
keratinocyte growth supplement (S001K; Thermo Fisher Scientific) and 10 µg/mL gentam-
icin/0.25 µg/mL amphotericin B (R01510; Thermo Fisher Scientific). Cells were cultivated
in ambient air (20% O2) with 5% CO2 at 37 ◦C. The culture media was changed every four
days. Using a Cedex HiRes Analyzer (05650216001; Roche, Basel, Switzerland), cell counts
and viability were evaluated. The doubling time of human dermal fibroblasts was used
to categorize them as either senescent or young, depending on whether it was 14 days or
more or less than 2 days.

2.2. Preparation of P. cuspidatum Extract, Pyrroloquinoline Quinone (PQQ), and Caffeine

The roots of P. cuspidatum were mixed with distilled water in a volume ratio of 1:10 and
heated at 60 ◦C for 5 h. The extract was filtered using a 5 µm filter and then using a 0.45 µm
filter. The filtrate was completely concentrated using a vacuum evaporator and then dried
using a vacuum dryer (OV-12; JEIOTECH, Daejon, Republic of Korea). P. cuspidatum extract
was diluted to a concentration of 100 mg/mL using dimethyl sulfoxide (DMSO, D8418;
Sigma, St. Louis, MO, USA). To make a concentration of 10 µg/mL P. cuspidatum extract,
1 µL of 100 mg/mL P. cuspidatum extract was added to 10 mL medium. DMSO control was
used by diluting DMSO in the medium to a concentration of 0.01%. To make the DMSO
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(0.01%), 1 µL of DMSO was added to 10 mL medium. Pyrroloquinoline quinone (PQQ,
D7783; Sigma) was diluted to a concentration of 100 mg/mL using DMSO. To make a
concentration of 10 µg/mL PQQ, 1 µL of 100 mg/mL PQQ was added to 10 mL medium.
Caffeine (C7731; Sigma) was diluted to a concentration of 100 mg/mL using DMSO. To
make a concentration of 10 µg/mL caffeine, 1 µL of 100 mg/mL caffeine was added to
10 mL medium.

2.3. Flow Cytometric Analysis of Reactive Oxygen Species (ROS)

P. cuspidatum extract, pyrroloquinoline quinone (PQQ, 80198; Sigma), and caffeine
(C0750; Sigma) were diluted to a final concentration of 10 µg/mL and treated to senescent
fibroblasts for 12 days. DMSO control was used by diluting DMSO in the medium to
a concentration of 0.01%. As a positive control, 100 µM resveratrol (76511; Sigma) was
used. Then, cells were incubated for 30 min at 37 ◦C in a medium 30 µM DHR123 (10056-1;
Biotium, Fremont, CA, USA) in order to quantify ROS. Then, cells were processed for flow
cytometry analysis as previously explained [19].

2.4. Cellular Proliferation Assay

Senescent fibroblasts were seeded in 96-well plates (353072; BD Biosciences, Franklin
Lakes, NJ, USA) at a density of 1 × 103 cells per well. Cells were then treated with DMSO
(0.01%) or P. cuspidatum extract (1.25, 2.5, or 10 µg/mL) for 12 days. Cell numbers were
enumerated using a cell proliferation assay based on a DNA content-based method [19–21].
Specifically, on day 12, cells were washed twice with phosphate-buffered saline (AM9624;
Invitrogen, Waltham, MA, USA). A total of 50 µL of 0.2% sodium lauryl sulfate (L3771;
Sigma) was added to each well and incubated at 37 ◦C for 1 h. Next, 150 µL of SYBR
Green I nucleic acid gel stain (1:1000 in DW; Excitation/Emission: 485 nm/535 nm; S-7567;
Molecular Probes, Eugene, OR, USA) was added to each well. Fluorescence intensity was
measured using a VICTOR Multilabel Plate Reader (2030-0050; PerkinElmer, Waltham,
MA, USA).

2.5. Analysis of the Oxygen Consumption Rate (OCR)

Senescent fibroblasts were treated with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL) for 12 days. Analysis of the OCR was performed using the XFe24 flux analyzer
(Seahorse Bioscience, Billerica, MA, USA). The analysis of OCR and the ATP production
rate was performed as previously explained [20].

2.6. Flow Cytometric Analysis of Mitochondrial Membrane Potential (MMP), Cellular Lipofuscin
Levels, Lysosomal Mass, and Autophagosome Level

Senescent fibroblasts were treated with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL) for 12 days. To assess MMP, senescent fibroblasts were treated for 30 min at
37 ◦C in a medium containing 0.6 µg/mL JC-10 (ENZ-52305; Enzo Life Sciences, Farming-
dale, NY, USA). One commonly used method for quantifying lipofuscin is autofluorescence
assessment [22–25]. To assess autofluorescence, senescent fibroblasts were treated for
30 min at 37 ◦C in a medium containing no dyes. To assess lysosomal mass, senescent
fibroblasts were treated for 30 min at 37 ◦C in a medium containing 100 nM LysoTracker™
Red (L7528; Thermo Fisher Scientific). To assess autophagosome level, senescent fibrob-
lasts were treated for 30 min at 37 ◦C in a medium containing CYTO-ID® (ENZ-51031-
0050; Enzo Life Sciences). Then, cells were processed for flow cytometry analysis as
previously explained [19].

2.7. Measurement of Protein Carbonylation

HaCaT cells were treated with 500 µM H2O2 (216763; Sigma) for 4 h. Then, HaCaT cells
were treated with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) for 12 days. As a pos-
itive control, 250 µM vitamin E (T1539; Sigma) was used. Vitamin E was diluted to a concen-
tration of 2.5 M using DMSO (D8418; Sigma). To make a concentration of 250 µM vitamin E,
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1 µL of 2.5 M vitamin E was added to 10 mL medium. Then, HaCaT cells were treated with
methanol for 5 min. HaCaT cells were stained with 20 µM fluorescein-5-thiosemicarbazide
(46985; Sigma) and 4 µM hoechst 33342 (H21492; Thermo fisher scientific). Fluorescence
was measured using an ELISA reader (Tecan, Männedorf, Switzerland). Cell morphology
was photographed using a fluorescence microscope (Leica, Wetzlar, Germany).

2.8. Measurement of Calpain 1 Protein Expression after Activation with IL-17A

To inhibit the expression of calpain 1, HEKn cells were treated with 200 ng/mL IL-
17A (200-17; Peprotech; Cranbury, NJ, USA). IL-17A was diluted to a concentration of
2 mg/mL using DMSO (D8418; Sigma). To make a concentration of 200 ng/mL IL-17A,
1 µL of 2 mg/mL IL-17A was added to 10 mL medium. Then, HEKn cells were treated
with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) for 12 days. As a positive control,
500 µg/mL ceramide NP (EVONIK, Essen, Germany) was used. Ceramide NP was diluted
to a concentration of 5 g/mL using DMSO (D8418; Sigma). To make a concentration of
500 µg/mL ceramide NP, 1 µL of 5 g/mL ceramide NP was added to 10 mL medium.

2.9. Measurement of Collagen Type I and III Expression

Senescent fibroblasts were treated with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL) for 12 days. As a positive control, 75 µg/mL vitamin C (A4403; Sigma)
was used. Vitamin C was diluted to a concentration of 750 mg/mL using DMSO (D8418;
Sigma). To make a concentration of 75 µg/mL vitamin C, 1 µL of 750 mg/mL vitamin C
was added to 10 mL medium.

2.10. Measurement of NLRP3 Protein Expression after Activation with LPS/ATP

To induce NLR family pyrin domain-containing 3 (NLRP3) expression, HaCaT cells
were treated with 5 µg/mL lipopolysaccharide (LPS; L4516; Sigma) and then with 5 mM
adenosine triphosphate (ATP; A6419; Sigma). LPS was diluted to a concentration of
50 mg/mL using DMSO (D8418; Sigma). To make the concentration of 5 µg/mL LPS, 1 µL
of 50 mg/mL LPS was added to 10 mL medium. ATP was diluted to a concentration of
50 M using distilled water (07-6061; Sigma). To make the concentration of 5 mM ATP,
1 µL of 50 M ATP was added to 10 mL medium. Then, HaCaT cells were treated with
DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) for 12 days. As a ROS scavenger, 5 mM
N-acetylcysteine (NAC; A9165; Sigma) was treated on HaCaT cells. NAC was diluted to a
concentration of 50 M using DMSO (D8418; Sigma). To make the concentration of 5 mM
NAC, 1 µL of 50 M ATP was added to 10 mL medium.

2.11. Measurement of IL-8 Expression after Activation with IFN-γ/TNF-α

To induce IL-8 expression, HaCaT cells were treated with 10 ng/mL interferon gamma
(IFN-γ; PHC4031; Gibco) and 20 ng/mL tumor necrosis factor-alpha (TNF-α; H8916; Sigma).
IFN-γ was diluted to a concentration of 100 µg/mL using DMSO (D8418; Sigma). To make
the concentration of 10 ng/mL IFN-γ, 1 µL of 100 µg/mL IFN-γ was added to 10 mL
medium. TNF-α was diluted to a concentration of 200 µM using distilled water (07-6061;
Sigma). To make the concentration of 20 ng/mL TNF-α, 1 µL of 200 µM TNF-α was added
to 10 mL medium. Then, HaCaT cells were treated with DMSO (0.01%) or P. cuspidatum
extract (2.5 µg/mL) for 12 days.

2.12. Measurement of β-Defensin 2 Expression after Activation with IFN-γ/TNF-α Followed
by IL-4

HaCaT cells were treated with 10 ng/mL IFN-γ and 20 ng/mL TNF-α. To inhibit
the expression of β-defensin 2, HaCaT cells were treated with 50 ng/mL IL-4 (PHC0044;
Gibco). IL-4 was diluted to a concentration of 500 µg/mL using DMSO (D8418; Sigma). To
make the concentration of 50 ng/mL IL-4, 1 µL of 500 µg/mL IL-4 was added to 10 mL
medium. Then, HaCaT cells were treated with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL) for 12 days. As a positive control, 25 µg/mL lactoferrin (L4894; Sigma) was
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used. Lactoferrin was diluted to a concentration of 250 mg/mL using DMSO (D8418;
Sigma). To make the concentration of 25 µg/mL lactoferrin, 1 µL of 250 mg/mL lactoferrin
was added to 10 mL medium.

2.13. Quantitative PCR (qPCR)

qPCR using mRNA was performed as described previously [26]. qPCR was conducted
using the following primer (Table 1).

Table 1. Details of primers used in qPCR.

Target Orientation Sequence (5′-3′) Size (bp)

p21 forward AGGTGGACCTGGAGACTCTCAG 22
reverse TCCTCTTGGAGAAGATCAGCCG 22

IL-1β
forward CCACAGACCTTCCAGGAGAATG 22
reverse GTGCAGTTCAGTGATCGTACAGG 23

IL-6
forward AGACAGCCACTCACCTCTTCAG 22
reverse TTCTGCCAGTGCCTCTTTGCTG 22

Collagen type I forward AGCAAGAACCCCAAGGACAA 20
reverse CGAACTGGAATCCATCGGTC 20

Collagen typeIII forward CTGATGGGGTCAAATGAAGGTG 22
reverse CGTGCAACCATCCTCCAGAAC 21

IL-8
forward CTGGCCGTGGCTCTCTTG 18
reverse CCTTGGCAAAACTGCACCTT 20

β-defensin 2 forward GTATCTCCTCTTCTCGTTCCTC 22
reverse GGATCGCCTATACCACCAAAAAC 23

2.14. Western Blot Analysis

The protocol for Western blot analysis was followed as previously described [27].
Antibodies used in this study included calpain 1 antibody (ab108400; Abcam, Cambridge,
UK, 1:1000 dilution in 5% skim milk), GAPDH antibody (sc-32233; Santa Cruz Biotech-
nology, Dallas, TX, USA, 1:5000 dilution in 5% skim milk), NLRP3 antibody (PA5-
79740; Invitrogen, 1:1000 dilution in 5% skim milk), β-actin antibody (sc-47778; Santa
cruz biotechnology, 1:5000 dilution in 5% skim milk), Horseradish peroxidase (HRP)-
conjugated secondary antibody (1706515; Bio-Rad, Hercules, CA, USA, 1:2000 dilution
in 5% skim milk), and HRP-conjugated secondary antibody (1706516; Bio-Rad, 1:10,000
dilution in 5% skim milk).

2.15. High-Performance Liquid Chromatography (HPLC) Analysis

Analysis of emodin and polydatin content in the P. cuspidatum extract was conducted
using HPLC (Agilent 1200, Agilent Technologies, Santa Clara, CA, USA). HPLC column
(Capcell Pak C18 4.6 × 250 mm, Shiseido, Osaka, Japan) was used. A total of 10.1 mg of
P. cuspidatum extract was diluted to a 25 mL methyl alcohol (1424109; Sigma). To make a
standard solution, 4.6 mg of emodin (E7881; Sigma) or 7.6 mg of polydatin (15721; Sigma)
was dissolved in 50 mL of methyl alcohol.

3. Results
3.1. P. cuspidatum Extract Significantly Reduces ROS Levels in Senescent Fibroblasts

Among the widely used cosmetic ingredients, P. cuspidatum extract, pyrroloquinoline
quinone (PQQ), and caffeine were used to find candidates that could effectively suppress
ROS in senescent fibroblasts. P. cuspidatum extract is known to be effective in skin soothing
and whitening [17,18]. PQQ prevents skin aging by regenerating and thickening skin
cells [28]. Caffeine protects the skin from ultraviolet rays, slowing down photoaging
of the skin [29]. Three substances were diluted to a final concentration of 10 µg/mL
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and treated to senescent fibroblasts. Then, on day 12, their impact on ROS levels was
examined. Resveratrol, known as a potent antioxidant, was used as a positive control. As
expected, resveratrol significantly decreased ROS levels in senescent fibroblasts (Figure 1A).
P. cuspidatum extract also significantly decreased ROS levels, exhibiting a ROS-reducing
effect similar to resveratrol (Figure 1A). However, PQQ and caffeine, which are known to
be effective in skin beauty, were not effective in reducing ROS levels (Figure 1A). These
results suggest that among the three ingredients known to be effective in skin beauty, only
the P. cuspidatum extract exhibited antioxidant activity (Figure 1A).
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Figure 1. P. cuspidatum extract significantly reduces ROS levels in senescent fibroblasts. (A) Senes-
cent fibroblasts were treated with P. cuspidatum extract (10 µg/mL), pyrroloquinoline quinone
(PQQ) (10 µg/mL), and caffeine (10 µg/mL). On day 12, their impact on ROS levels was examined.
DMSO control was used by diluting DMSO in the medium to a concentration of 0.01%. Flow cyto-
metric analysis of ROS using DHR123. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. Resveratrol
(100 µM) was used as a positive control. (B) ROS levels were assessed at different concentrations of
P. cuspidatum extract (1.25, 2.5, and 10 µg/mL) on day 12 after treatment in senescent fibroblasts.
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DMSO control was used by diluting DMSO in the medium to a concentration of 0.01%. n.s. (not
significant), ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. (C) Cellular proliferation was assessed at
different concentrations of P. cuspidatum extract (1.25, 2.5, and 10 µg/mL) on day 12 after treatment in
senescent fibroblasts. DMSO control was used by diluting DMSO in the medium to a concentration
of 0.01%. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. The arrow head indicates the optimal
concentration of P. cuspidatum extract on decreasing ROS levels and increasing cellular proliferation.
(D) Measurement of cell viability after 0, 4, 8, and 12 days of treatment with DMSO (0.01%) or
P. cuspidatum extract (2.5 µg/mL) in senescent fibroblasts. n.s. (not significant), two-way ANOVA
followed by Bonferroni’s post hoc test. Mean ± S.D., N = 3.

To determine the concentration at which P. cuspidatum extract simultaneously re-
duces ROS and senescence-associated phenotypes, senescent fibroblasts were treated
with P. cuspidatum extract at concentrations of 0–10 µg/mL. Since the definition of senes-
cence is the irreversible arrest of the cell cycle [30], the cell proliferation-inducing effect of
P. cuspidatum extract was used as a criterion for the recovery of senescence-associated phe-
notypes. A significant ROS-reducing effect was observed starting from a concentration of
2.5 µg/mL, including the 10 µg/mL concentration used in the initial screening (Figure 1B).
However, the cell proliferation-inducing effect was observed only at concentrations of 1.25
and 2.5 µg/mL (Figure 1C). Here, 2.5 µg/mL was chosen as the optimal concentration of
P. cuspidatum extract because it simultaneously reduces ROS and increases cell proliferation
in senescent fibroblasts (Figure 1B,C; blue arrow heads).

Next, we investigated the toxicity of P. cuspidatum at selected concentrations by ex-
amining cell viability. Senescent fibroblasts treated with P. cuspidatum extract at the con-
centration exhibited similar viability as fibroblasts treated with DMSO, suggesting that
P. cuspidatum at selected concentrations was not toxic to the cells (Figure 1D).

3.2. P. cuspidatum Extract Ameliorates Senescence-Associated Phenotypes in Senescent Fibroblasts

Senescent fibroblasts treated with selected concentrations of P. cuspidatum extract
showed proliferation-inducing effects, ameliorating irreversible cell cycle arrest, one of the
senescence-associated phenotypes. However, since the recovery of senescence-associated
phenotypes by P. cuspidatum extract should not be based solely on its cell proliferation-
inducing effect, the effects of P. cuspidatum extract on the other senescence-associated
phenotypes were also investigated.

Two major pathways controlling cell cycle arrest, one of the senescence-associated
phenotypes, are the p53/p21 and p16/RB pathways [31]. The p53/p21 pathway plays a
key role in the early stages of senescence, whereas the p16/RB pathway plays a critical
role in the maintenance of senescence [32]. Among the two major pathways, we selected
the p53/p21 pathway and examined the changes in the expression of p21, a downstream
pathway of p53. Young fibroblasts were used as a positive control, and p21 expression
in young fibroblasts was significantly lower than in senescent fibroblasts, as previously
reported [20] (Figure 2A). P. cuspidatum treatment in senescent fibroblasts significantly
reduced p21 expression compared to DMSO control, indicating cell cycle progression by
P. cuspidatum (Figure 2A).

The senescence-associated secretory phenotype (SASP) consists of cytokines and
chemokines secreted by senescent cells [31]. ROS influences the secretion of inflammatory
SASP [33]. Particularly, O2

•− reacts with mitochondrial superoxide dismutase in the matrix
to generate hydrogen peroxide, which is able to pass through the mitochondrial outer
membrane and oxidize proteins in the cytosol. This reaction promotes the release of
SASPs (IL-1β, IL-6, IL-8) [34–36]. Among the SASPs, we first selected IL-1β, known as
an inflammatory SASP that induces T helper immune responses [37], and examined the
changes in IL-1β expression. IL-1β expression in young fibroblasts was significantly lower
than in senescent fibroblasts, as reported in previous studies [38] (Figure 2B). P. cuspidatum
treatment in senescent fibroblasts significantly decreased IL-1β expression compared to the
DMSO control, indicating that P. cuspidatum extract reduces the expression of inflammatory
SASPs (Figure 2B).
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Figure 2. P. cuspidatum extract ameliorate senescence-associated phenotypes in senescent fibroblasts.
(A) Expression levels of p21 gene after 12 days of treatment with DMSO (0.01%) or P. cuspidatum
extract (2.5 µg/mL) in senescent fibroblasts. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.
(B) Expression levels of IL-1β gene after 12 days of treatment with DMSO (0.01%) or P. cuspidatum
extract (2.5 µg/mL) in senescent fibroblasts. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.
(C) Expression levels of IL-6 after 12 days of treatment with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL) in senescent fibroblasts. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.

IL-6 is known as an inflammatory SASP that promotes senescence through the au-
tocrine and paracrine pathways [39]. We then examined the changes in IL-6 expression.
As previously reported [40], IL-6 expression in young fibroblasts was significantly lower
than in senescent fibroblasts (Figure 2C). P. cuspidatum treatment in senescent fibroblasts
significantly decreased IL-6 expression compared to the DMSO control, supporting the role
of P. cuspidatum extract in reducing inflammatory SASPs (Figure 2C).

3.3. P. cuspidatum Extract Reduces Mitochondrial ROS Generation through Increasing OXPHOS
Efficiency in Senescent Fibroblasts

Inefficient electron transport in the mitochondrial electron transport chain (ETC) is
a major cause of ROS production. In particular, inefficient electron transfer causes com-
plexes I and III to generate superoxide anions (O2

•−) from oxygen in the mitochondrial
matrix [41]. It also causes complex III to generate O2

•− in the mitochondrial intermem-
brane space [41]. Since the mitochondrial ETC not only transfers electrons but also pumps
protons from the matrix to the mitochondrial intermembrane space to enable oxidative
phosphorylation (OXPHOS) [42], the electron transfer efficiency in the mitochondrial ETC
can be indirectly measured through OXPHOS efficiency [43]. To understand the underlying
mechanism of ROS reduction by P. cuspidatum extract, OXPHOS efficiency was investi-
gated. Oxygen consumption rate (OCR; pmoles/min) was investigated as an indicator of
OXPHOS efficiency [44]. Compound injections consisted of oligomycin, carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP), and a combination of rotenone/antimycin A.
ATP production (after oligomycin injection), maximal respiration (after FCCP injection), and
non-mitochondrial respiration (after rotenone/antimycin A injection) were evaluated using
the sequentially measured OCR values. Senescent fibroblasts treated with the P. cuspidatum
extract showed significantly higher OCR values than the DMSO control after each injection,
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indicating that the P. cuspidatum extract enhanced OXPHOS efficiency (Figure 3A; black vs.
pink lines).
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Figure 3. P. cuspidatum extract reduces mitochondrial ROS generation by increasing OXPHOS effi-
ciency in senescent fibroblasts. (A) Measurement of oxygen consumption rate (OCR; pmole/min) after
12 days of treatment with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL). (black line: DMSO-
treated senescent fibroblasts, pink line: P. cuspidatum-extract-treated senescent fibroblasts). ** p < 0.01,
two-way ANOVA followed by Bonferroni’s post hoc test. Means ± S.D., N = 3. (B) Measurement
of ATP production rate after 12 days of treatment with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL). ** p < 0.01, student t-test. Mean ± S.D., N = 3. (C) Measurement of mitochondrial
membrane potential (MMP) after 12 days of treatment with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL). ** p < 0.01, Student’s t-test. Means ± S.D., N = 3.

Since we observed an increase in OXPHOS efficiency as a result of P. cuspidatum
extract, we investigated whether P. cuspidatum extract could induce an increase in mito-
chondrial ATP production. P. cuspidatum extract increased ATP production compared to
the DMSO control (Figure 3B). These results suggest that P. cuspidatum extract increased
ATP production by improving the efficiency of OXPHOS.

Mitochondrial membrane potential (MMP) is the electrical potential that is generated
when protons move from the matrix to the mitochondrial intermembrane space [45]. MMP
is the electrical potential difference that drives ATP production in mitochondria [46]. Since
we observed an increase in mitochondrial ATP production as a result of P. cuspidatum ex-
tract, we investigated the changes in MMP. P. cuspidatum extract increased MMP compared
to the control (Figure 3C).

Considering the increase in OXPHOS efficiency and the resulting increase in ATP
production as a result of P. cuspidatum extract, efficient electron transport induced by
P. cuspidatum extract might be the underlying mechanism of reduction in mitochondrial
ROS generation.

3.4. P. cuspidatum Extract Yields Functional Recovery of Lysosome/Autophagy System in
Senescent Fibroblasts

Restoration of mitochondrial function is a prerequisite for improving senescence [19,47–50].
Increase in mitochondrial ATP production by P. cuspidatum extract prompted us to inves-
tigate its effects on senescence-associated phenotypes. We investigated the amount of
intracellular lipofuscin, one of the senescence-associated phenotypes [28]. Lipofuscin levels
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were determined by assessing the amount of intracellular autofluorescence [51]. The aut-
ofluorescence levels were significantly reduced after P. cuspidatum treatment, suggesting
that P. cuspidatum decreased lipofuscin levels (Figure 4A).
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Figure 4. P. cuspidatum extract yields functional recovery of lysosome/autophagy system in senescent
fibroblasts. (A) Autofluorescence was examined using flow cytometry after 12 days of treatment with
DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) in senescent fibroblasts. ** p < 0.01, Student’s
t-test. Mean ± S.D., N = 3. (B) Measurement of lysosomal mass after 12 days of treatment with
DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) in senescent fibroblasts. ** p < 0.01, Student’s
t-test. Mean ± S.D., N = 3. (C) Measurement of autophagosome level after 12 days of treatment with
DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) in senescent fibroblasts. ** p < 0.01, Student’s
t-test. Mean ± S.D., N = 3.

Lipofuscin is one type of autofluorescent material that gradually accumulates in
lysosomes. Lysosomes filled with lipofuscin act as a sink for newly synthesized hydrolytic
enzymes, thereby reducing lysosomal activity. The decrease in lysosomal activity leads
to an increase in lysosomal mass to compensate for the decreased activity [52]. Therefore,
we investigated the changes in lysosomal mass to determine whether P. cuspidatum extract
affects lysosomal activity. Lysosomal mass was significantly decreased by P. cuspidatum,
suggesting a reduction in nonfunctional lysosomes by P. cuspidatum (Figure 4B).

The lysosome/autophagy system plays a key role in the removal of dysfunctional
mitochondria [53]. Given the observed reduction in lysosomal mass, we investigated
whether the P. cuspidatum extract restored the autophagy system. P. cuspidatum extract
increased the number of autophagosomes, indicating an activated autophagy system
mediated by P. cuspidatum (Figure 4C).

3.5. P. cuspidatum Extract Reduces ROS and Lipofuscin Levels in Young Fibroblasts

Our results showing that P. cuspidatum extract improves senescence-associated pheno-
types in senescent fibroblasts raise the question of whether these improvements also apply
to young fibroblasts. Therefore, we investigated whether P. cuspidatum extract exhibited
the same effect on young fibroblasts. First, we examined the effect of P. cuspidatum extract
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on ROS levels in young fibroblasts. P. cuspidatum extract exhibited ROS-reducing effects
in young fibroblasts similar to those observed in senescent fibroblasts (Figure 5A). We
then examined the effect of P. cuspidatum extract on intracellular lipofuscin levels in young
fibroblasts. P. cuspidatum extract reduced autofluorescence levels in young fibroblasts, sug-
gesting that P. cuspidatum also reduced lipofuscin levels in young cells, as was seen in
senescent fibroblasts (Figure 5B). Taken together, these results suggest that the effects of
P. cuspidatum are not limited to senescent fibroblasts.
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Figure 5. P. cuspidatum extract reduces ROS and lipofuscin levels in young fibroblasts. (A) ROS
levels after 12 days of treatment with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) in young
fibroblasts. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. (B) Autofluorescence was examined using
flow cytometry after 12 days of treatment with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) in
young fibroblasts. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.

3.6. P. cuspidatum Extract Enhances Skin Protection through Restoring Skin Barrier Formation

Carbonylated proteins generated by ROS-induced protein oxidation are known to
be one of the main causes of skin barrier damage in the stratum corneum [54]. To in-
vestigate the effect of P. cuspidatum on protein carbonylation, normal human epidermal
keratinocytes, HEKn cells, were used. HEKn cells were treated with hydrogen peroxide
to induce protein carbonylation. As a positive control, vitamin E, commonly used as an
antioxidant, was used [55]. Hydrogen peroxide treatment significantly increased protein
carbonylation (Figure 6A, Supplementary Information S1). However, the antioxidant vita-
min E significantly reduced protein carbonylation (Figure 6A, Supplementary Information
S1). As seen for vitamin E, the level of protein carbonylation was significantly reduced
by P. cuspidatum, indicating that P. cuspidatum reduced ROS-induced protein oxidation
(Figure 6A, Supplementary Information S1).
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Calpain 1 plays an important role in skin barrier formation through its role as an 
inhibitor of various inflammatory pathways [56,57]. IL-17A promotes skin inflammation 
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which has a structure similar to the skin lipid barrier and is known to strengthen the lipid 
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Figure 6. P. cuspidatum extract enhances skin protection by restoring skin barrier formation.
(A) Measurement of protein carbonylation. Normal human epidermal keratinocytes, HEKn cells,
were treated with 500 µM H2O2 for 4 h. Then, HEKn cells were treated with DMSO (0.01%) or
P. cuspidatum extract (2.5 µg/mL) for 12 days. As a positive control, vitamin E (250 µM; T1539; Sigma)
was used. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. Scale bar: 10 µm. Full-size images of
immunofluorescence are shown in Supplementary Information S1. (B) Expression levels of calpain 1
protein after activation with IL-17A. To inhibit the expression of calpain 1, HEKn cells were treated
with 200 ng/mL IL-17A. Then, HEKn cells were treated with DMSO (0.01%) or P. cuspidatum extract
(2.5 µg/mL) for 12 days. As a positive control, ceramide NP (500 µg/mL) was used. ** p < 0.01,
Student’s t-test. Mean ± S.D., N = 3. Full-size images of western blot are shown in Supplemen-
tary Information S2. (C) Expression levels of collagen type I after 12 days of treatment with DMSO
(0.01%) or P. cuspidatum extract (2.5 µg/mL). Senescent fibroblasts were treated with DMSO (0.01%) or
P. cuspidatum extract (2.5 µg/mL) for 12 days. As a positive control, vitamin C (75 µg/mL) was used.
* p < 0.05, ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. (D) Expression level of collagen type III after
12 days of treatment with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL). Senescent fibroblasts
were treated with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) for 12 days. As a positive
control, vitamin C (75 µg/mL) was used. * p < 0.05, ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.
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Calpain 1 plays an important role in skin barrier formation through its role as an
inhibitor of various inflammatory pathways [56,57]. IL-17A promotes skin inflammation
by inducing various inflammatory cytokines and activating T cells [58,59]. Ceramide
NP, which has a structure similar to the skin lipid barrier and is known to strengthen
the lipid barrier of aged skin, was used as a positive control [60]. To investigate the role
of P. cuspidatum extract on calpain 1 expression, HEKn cells were activated with IL-17A.
IL-17A treatment significantly reduced the expression of calpain 1 protein, indicating IL-
17A-mediated induction of skin inflammation (Figure 6B, Supplementary Information S2).
Ceramide NP, used as a positive control, subtly increased calpain 1 expression (Figure 6B,
Supplementary Information S2). However, the expression level of calpain 1 protein was
significantly increased by P. cuspidatum, indicating that the P. cuspidatum extract restored
skin barrier formation through its role as an inhibitor of skin inflammation (Figure 6B,
Supplementary Information S2).

Collagen is a major component of dermal extracellular matrix. Changes in collagen
content in the dermal are the driving force for skin aging [61]. Collagen types I and III
are essential for skin tissue regeneration, and type III collagen synthesis increases in the
early stage of skin regeneration, while type I collagen synthesis increases in the late stage
of skin regeneration [62]. To investigate the role of P. cuspidatum extract on skin tissue
regeneration, senescent fibroblasts were treated with P. cuspidatum extract. P. cuspidatum
extract significantly increased the expression of collagen types I and III, indicating that
P. cuspidatum is very effective in the early and late stages of skin regeneration (Figure 6C,D).
As a positive control, we used vitamin C, which is an antioxidant and also participates
in the redox recycling of other antioxidants [63]. Vitamin C, an antioxidant, significantly
increased the expression of collagen types I and III, and the degree of increase was higher
than that induced by P. cuspidatum extract (Figure 6C,D).

3.7. P. cuspidatum Extract Enhances Skin Protection through Inhibiting Skin Inflammation

NLR family pyrin domain-containing 3 (NLRP3) plays a key role in regulating the
innate immune system and inflammatory signaling [64]. NLRP3 is activated by lipopolysac-
charide (LPS)/adenosine triphosphate (ATP) [65]. Since NLRP3 activation acts as an inducer
of human autoimmune skin diseases, we investigated the effect of P. cuspidatum extract
on NLRP3 levels. N-acetylcysteine (NAC), a ROS scavenger known to downregulate the
NLRP3 inflammasome complex, was used as a positive control [66]. Activation of HaCaT
cells by LPS/ATP significantly increased the expression of the NLRP3 protein (Figure 7A,
Supplementary Information S2). However, NAC treatment significantly decreased NLRP3
expression (Figure 7A, Supplementary Information S2). Furthermore, the expression level
of NLRP3 was significantly decreased by P. cuspidatum, indicating that the P. cuspidatum
extract inhibited skin inflammation by downregulating NLRP3 expression (Figure 7A,
Supplementary Information S2).

IL-8 is an inflammatory factor that plays a crucial role in skin inflammation [67].
IFN-γ and TNF-α, two cytokins released by activated T cells, synergistically activate IL-8
expression [68]. Activation of HaCaT cells by IFN-γ/TNF-α significantly upregulated IL-8
expression (Figure 7B). However, P. cuspidatum extract significantly reduced IL-8 expres-
sion levels, indicating that P. cuspidatum is very effective in preventing skin inflammation
(Figure 7B).

β-defensin 2 is an antimicrobial peptide found in lesional skin and exhibits potent
antimicrobial activity [69]. β-defensin 2 expression is increased by IFN-γ/TNF-α-mediated
inflammation [70]. By contrast, IL-4 negatively regulates IFN-γ/TNF-α-induced β-defensin
expression through activating signal transducer and activator of transcription 6 [71]. As
a positive control, we used lactoferrin, which exhibits antimicrobial activity by limiting
the amount of ions available for microbial metabolism [72]. To investigate the role of
P. cuspidatum extract in β-defensin 2 expression, HaCaT cells activated by IFN-γ/TNF-α
were treated with IL-4. IL-4 treatment decreased β-defensin 2 expression induced by IFN-
γ/TNF-α (Figure 7C). However, lactoferrin exhibiting antimicrobial activity significantly
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increased β-defensin 2 expression (Figure 7C). As seen for lactoferrin, the expression level of
β-defensin 2 was significantly increased by P. cuspidatum, indicating that the P. cuspidatum
extract enhanced skin protective function by increasing antibacterial activity (Figure 7C).
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Figure 7. P. cuspidatum extract enhances skin protection by inhibiting skin inflammation. (A) Expres-
sion of NLRP3 protein after activation with lipopolysaccharide (LPS)/adenosine triphosphate (ATP).
HaCaT cells were treated with 5 µg/mL LPS and then with 5 mM ATP. Then, HaCaT cells were
treated with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) for 12 days. As a ROS scavenger,
5 mM N-acetylcysteine (NAC) was treated on HaCaT cells. ** p < 0.01, Student’s t-test. Mean ± S.D.,
N = 3. Full-size images of western blot are shown in Supplementary Information S2. (B) Expression
levels of IL-8 after activation with interferon gamma (IFN-γ)/tumor necrosis factor alpha (TNF-α).
HaCaT cells were treated with 10 ng/mL IFN-γ and 20 ng/mL TNF-α. Then, HaCaT cells were
treated with DMSO (0.01%) or P. cuspidatum extract (2.5 µg/mL) for 12 days. ** p < 0.01, Student’s
t-test. Mean ± S.D., N = 3. (C) Expression levels of β-defensin 2 after activation with IFN-γ/TNF-α
followed by IL-4. HaCaT cells were treated with 10 ng/mL IFN-γ and 20 ng/mL TNF-α. Then,
HaCaT cells were treated with 50 ng/mL IL-4. HaCaT cells were treated with DMSO (0.01%) or
P. cuspidatum extract (2.5 µg/mL) for 12 days. As a positive control, 25 µg/mL lactoferrin was used.
** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.

3.8. Identification of Emodin and Polydatin from P. cuspidatum Extracts

The discovery that P. cuspidatum extract is effective in enhancing skin protection by
reducing oxidative stress led us to identify active ingredients with antioxidant effects
among the components present in P. cuspidatum extract. Phytochemical components of
P. cuspidatum extract were known to be phenolic compounds, stilbene derivatives, an-
thraquinone derivatives, and flavonoid compounds [73]. A literature review was conducted
focusing on the antioxidant effects of phytochemical components. Two ingredients, emodin
and polydatin, have been known to have antioxidant effects. Emodin, an anthraquinone
derivative, has powerful antioxidant effects that may be useful against cancer [74]. Poly-
datin contains stilbenoid polyphenols, which act as singlet oxygen scavengers through
redox reactions [75]. Therefore, first, liquid chromatography was performed to determine
how much polydatin and emodin were present in the P. cuspidatum extract. The HPLC
peak of the P. cuspidatum extract matched the emodin standard, and the amount of emodin
present in the P. cuspidatum extract was 4.99% (Figure 8A). These results were comparable
with previously tested and published results (3.37% ± 0.15%, N = 26) [76]. The HPLC peak
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of the P. cuspidatum extract matched the polydatin standard, and its amount was 3.05% of
the total extract (Figure 8B). These results were comparable with previously tested and
published results (4.08%, N = 1) [14].
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Figure 8. Identification of emodin and polydatin from P. cuspidatum extracts. High-performance
liquid chromatography (HPLC) was performed to determine how much polydatin and emodin were
present in P. cuspidatum extract. (A) The HPLC peak of the P. cuspidatum extract matched the emodin
standard, and the amount of emodin present in the P. cuspidatum extract was 4.99%. (B) The HPLC
peak of the P. cuspidatum extract matched the polydatin standard, and its amount was 3.05% of the
total extract.

3.9. Identification of Polydatin as an Active Ingredient Showing Antioxidant Effects

To identify active ingredients that exhibit antioxidant effects, senescent fibroblasts
were treated with various concentrations of emodin and polydatin. Then, their effects on
ROS levels and subsequent effects on senescence-associated phenotypes were evaluated.
Autofluorescence, which is used to measure the amount of intracellular lipofuscin, a
senescence-associated phenotype, was measured [51]. P. cuspidatum extract was used
as a positive control. The significant ROS-reducing effect of emodin was observed at
concentrations of 0.1, 1, and 10 µM (Figure 9A). However, the ROS-reducing effect of
emodin did not reduce the level of autofluorescence, indicating that the antioxidant effects
of emodin were not sufficient to reduce the senescence-associated phenotype (Figure 9B).

Polydatin was effective in reducing ROS levels at concentrations of 0.1, 1, 4, 8, and
10 µM (Figure 9C). Furthermore, polydatin was effective in reducing autofluorescence
levels at concentrations of 0.1, 1, 4, 8, and 10 µM (Figure 9D). In particular, at 8 and 10 µM
concentrations, polydatin was more effective in reducing ROS levels and autofluorescence
levels than P. cuspidatum extract. Based on these data, polydatin was chosen to be an
active ingredient that exhibits antioxidant effects and reduces the senescence-associated
phenotype. 8 µM polydatin was selected as the optimal concentration for the follow-
ing experiments because it was the minimal concentration that was more effective than
P. cuspidatum extract.
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Figure 9. Identification of polydatin as an active ingredient showing antioxidant effects. (A) ROS-
reducing effect of emodin was observed at concentrations of 0.1, 1, and 10 µM. As a positive control,
senescent fibroblasts were treated with P. cuspidatum extract (2.5 µg/mL) for 12 days. ** p < 0.01,
Student’s t-test. Mean ± S.D., N = 3. (B) The ROS-reducing effect of emodin were not sufficient
to reduce the level of autofluorescence. As a positive control, senescent fibroblasts were treated
with P. cuspidatum extract (2.5 µg/mL) for 12 days. n.s. (not significant), ** p < 0.01, Student’s t-test.
Mean ± S.D., N = 3. (C) Polydatin was effective in reducing ROS levels at concentrations of 0.1, 1,
4, 8, and 10 µM. As a positive control, senescent fibroblasts were treated with P. cuspidatum extract
(2.5 µg/mL) for 12 days. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. (D) Polydatin was effective
in reducing autofluorescence levels at concentrations of 0.1, 1, 4, 8, and 10 µM. As a positive control,
senescent fibroblasts were treated with P. cuspidatum extract (2.5 µg/mL) for 12 days. A total of 8 µM
polydatin was chosen as the optimal concentration because it is the minimum concentration more
effective than P. cuspidatum extract. ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.
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3.10. Polydatin Reduces Mitochondrial ROS Generation by Increasing OXPHOS Efficiency

Next, we investigated the toxicity of polydatin at selected concentrations by examining
cell viability. Senescent fibroblasts treated with polydatin exhibited similar viability as
fibroblasts treated with DMSO, suggesting that polydatin at selected concentrations was
not toxic to the cells (Figure 10A). We then examined the effect of polydatin on cellular
proliferation at the selected concentration. Senescent fibroblasts treated with polydatin
showed a cell proliferation-inducing effect similar to that induced by P. cuspidatum extract
(Figure 10B).
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Figure 10. Polydatin reduces mitochondrial ROS generation through increasing OXPHOS efficiency.
(A) Measurement of cell viability after 0, 4, 8, and 12 days of treatment with DMSO (0.01%) or
polydatin (8 µM). n.s. (not significant), two-way ANOVA followed by Bonferroni’s post hoc test.
Mean ± S.D., N = 3. (B) Measurement of cellular proliferation after 12 days of treatment with DMSO
(0.01%) or polydatin (8 µM). ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. (C) Measurement of
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oxygen consumption rate (OCR; pmole/min) after 12 days of treatment with DMSO (0.01%) or poly-
datin (8 µM) (black line: DMSO-treated senescent fibroblasts, pink line: polydatin-treated senescent
fibroblasts). ** p < 0.01, two-way ANOVA followed by Bonferroni’s post hoc test. Means ± S.D.,
N = 3. (D) Measurement of ATP production rate after 12 days of treatment with DMSO (0.01%) or
polydatin (8 µM). ** p < 0.01, student t-test. Mean ± S.D., N = 3. (E) Measurement of lysosomal
mass after 12 days of treatment with DMSO (0.01%) or polydatin (8 µM). ** p < 0.01, Student’s t-test.
Mean ± S.D., N = 3. (F) Measurement of autophagosome level after 12 days of treatment with DMSO
(0.01%) or polydatin (8 µM). ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3. (G) Expression levels of
p21 after 12 days of treatment with DMSO (0.01%) or polydatin (8 µM). ** p < 0.01, Student’s t-test.
Mean ± S.D., N = 3. (H) Expression levels of IL-1β after 12 days of treatment with DMSO (0.01%) or
polydatin (8 µM). ** p < 0.01, Student’s t-test. Mean ± S.D., N = 3.

Since we observed an increase in OXPHOS efficiency by P. cuspidatum, we also in-
vestigated the effect of polydatin on OXPHOS efficiency. Polydatin increased OCR lev-
els, confirming the increased OXPHOS efficiency by polydatin (Figure 10C). As a result,
polydatin-mediated increase in OXPHOS efficiency led to an increase in ATP production
rate (Figure 10D).

Since we observed restoration of the lysosomal/autophagic system by P. cuspidatum at
the autophagosome level, we investigated the effect of polydatin on the lysosomal/autophagic
system. Polydatin decreased lysosomal mass levels and increased autophagosome levels
(Figure 10E,F). These data imply that polydatin plays an important role in the restoration
of the lysosomal/autophagic system.

The restoration of mitochondrial and lysosomal function by polydatin led us to inves-
tigate the effects of polydatin on other senescence-associated phenotypes. Polydatin signifi-
cantly reduced p21 expression compared to DMSO control, indicating cell cycle progression
induced by polydatin (Figure 10G). Polydatin also significantly reduced IL-1β expression
compared to DMSO control, suggesting that polydatin reduces anti-inflammatory cytokines
(Figure 10H).

4. Discussion

Oxidative stress induced by ROS is closely linked to the onset and progression of
aging [77]. ROS irreversibly damages proteins, lipids, DNA, and RNA, causing aging
and age-related diseases [78]. A causal link between excessive oxidative stress and aging
is supported by studies in the Caenorhabditis elegans aging model, which showed that in-
creased oxidative stress by ROS causes physiological changes associated with premature
aging, such as the accumulation of lipofuscin and carbonylated proteins [79,80]. Additional
studies using mice deficient in superoxide dismutase 1 (SOD1), which is present in the mi-
tochondrial intermembrane space and matrix, support this causal relationship [81]. SOD1
deficiency increased O2

•− formation and subsequent oxidative damage, leading to aging
through a premature loss of skeletal muscle [81]. Mitochondria are the major organelles
that generate oxidative stress within cells. More than 90% of oxygen is consumed in mito-
chondria, and 1–5% of oxygen is changed to highly reactive O2

•− by complexes I and III
present in the ETC [41]. In the mitochondrial matrix, complexes I and III change oxygen
into the O2

•−. O2
•− is also generated by complex III in the intermembrane space of mito-

chondria. Mitochondrial dysfunction due to senescence reduces the activity of complexes
present in the ETC, particularly complex I [82,83]. Complex I with impaired function cannot
perform efficient electron transport, increases electron leakage to oxygen, and generates
O2

•− [82,83]. Increased mitochondrial ROS production makes mitochondria targets for
mitochondrial oxidative stress, further increasing mitochondrial ROS production [42]. A
vicious loop between mitochondrial ROS generation and oxidative stress exacerbates the
morphology and function of cellular organelles, ultimately causing senescence [84]. This
causal relationship highlights the reduction in oxidative stress as an effective strategy to
ameliorate senescence [42]. In this study, we discovered a novel mechanism by which
P. cuspidatum reduced mitochondrial ROS production through increasing mitochondrial OX-
PHOS efficiency. Enhanced OXPHOS efficiency by P. cuspidatum extract suggests efficient
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electron transport in the mitochondrial ETC [85,86]. Since efficient electron transport pro-
motes proton transport from the mitochondrial matrix to the mitochondrial intermembrane
space, thereby increasing MMP [87], this is indirectly supported by the increased MMP
by P. cuspidatum extract. Increased MMP increased mitochondrial ATP production [88,89],
suggesting restoration of mitochondrial function by P. cuspidatum extract. Furthermore, the
restoration of mitochondrial function by P. cuspidatum extract led to the recovery of several
aging-related phenotypes [90,91]. Therefore, our results demonstrate for the first time
that P. cuspidatum extract reverses senescence by reducing mitochondrial ROS production.
We propose that reducing oxidative stress using P. cuspidatum extract might be a first step
toward an effective therapeutic strategy against aging and age-related diseases.

Skin aging is one of the most obvious signs of aging [92]. Oxidative stress caused
by free radicals is known to be the main cause of skin aging [93]. Therefore, antioxidants
that balance unstable free radicals that damage skin tissues, especially collagen, have been
widely used to delay or prevent skin aging [94]. For example, vitamin C, known as an
antioxidant, has been shown to reduce free radical production and minimize damage to
natural collagen in skin tissues [95]. In addition, niacinamide, an antioxidant, has been
shown to protect skin from free radical damage, smooth uneven skin texture, and reduce the
appearance of skin moisture [96]. In this study, we found that the reduction in mitochondrial
ROS production by P. cuspidatum extract played an important role in the restoration of skin
barrier formation. Specifically, P. cuspidatum extract reduced carbonylated proteins that
damage the skin barrier in the stratum corneum [97]. The restoration of skin barrier
formation by P. cuspidatum extract was evidenced by the increased expression of calpain
1 and major collagen types. Extending the relevance of these findings, this restoration
was further supported by the enhancement of skin immune defense through the reduced
expression of inflammatory factors and increased antimicrobial activity. Taken together,
our findings suggest that reducing mitochondrial ROS production by P. cuspidatum extract
might be an effective therapeutic strategy to enhance skin protection by restoring skin
barrier formation and inhibiting skin inflammation.

Natural substances are widely used as cosmetic additives because they have a lower
risk of causing adverse effects on the skin than synthetically manufactured compounds [98].
Various natural substances are added to cosmetics and are known to be effective in restoring
skin aging [99]. However, since natural substances contain various ingredients, identifying
effective ingredients is a very important step. Identifying effective ingredients can min-
imize the use of unnecessary or harmful substances contained in natural substances for
restoring skin aging [100]. In addition, the ingredients of natural substances may change
due to changes in the cultivation site or climate [101]. Such changes in the ingredients of
natural substances can also cause changes in the performance of cosmetics that use natural
substances as additives [99,102]. In this study, we confirmed that the antioxidant active
component of P. cuspidatum extract was polydatin. Polydatin is a stilbenoid polyphenol
and a resveratrol derivative with more biological activity [75]. Since the phenol group
acts as a reducing agent, hydrogen donor, and singlet oxygen scavenger through redox
reactions [103], the stilbenoid polyphenol of polydatin plays a leading role in the antiox-
idant effect [75]. In fact, polydatin was confirmed to significantly reduce ROS levels in
senescent fibroblasts, similar to P. cuspidatum extract. This reduction may be due to the
antioxidant effect of the stilbenoid polyphenol of polydatin, although we have not directly
verified this. In addition, we found that this reduction was due to polydatin increasing OX-
PHOS efficiency and reducing mitochondrial ROS production, similar to the P. cuspidatum
extract. To the best of our knowledge, this is the first study to show that polydatin reduces
mitochondrial ROS production through increasing OXPHOS efficiency. We propose that
the use of polydatin as a cosmetic additive can be effective in reversing skin aging while
minimizing potential problems that may arise when using natural substances.

Pathological levels of ROS are known to permanently damage proteins, lipids,
DNA, and RNA, which is ultimately one of the major causes of aging and age-related
diseases [104]. Specifically, the accumulation of oxidative damage caused by ROS
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induces abnormalities in p53 signaling function, leading to prolonged cell cycle arrest
and subsequent senescence [6,105–108]. In addition, excessive ROS induces collagen
and elastin chain cleavage, which worsens skin aging [6]. Consequently, therapeutic
strategies that reduce ROS levels are emerging as one of the effective treatments for
anti-aging and age-related diseases [42]. However, physiological levels of ROS serve as
physiological mediators and important second messenger signaling molecules in various
cellular and developmental processes [109]. In particular, ROS within the physiological
nanomolar concentration range induces the reversible oxidation of protein targets to
regulate cellular metabolism and stress responses [110]. Moreover, physiological levels
of ROS can induce adaptive responses that enhance endogenous antioxidant defenses,
reduce long-term oxidative damage, and improve overall stress tolerance [111]. The
importance of physiological levels of ROS is further supported by the finding that
mitohormesis, a systemic adaptive response that promotes longevity, is regulated by
moderate levels of ROS [112]. In this study, we revealed a novel mechanism by which
P. cuspidatum extract reduces ROS by increasing OXPHOS efficiency. Next, we found that
the active component of P. cuspidatum extract with antioxidant properties is polydatin.
Effectively reducing ROS levels using P. cuspidatum extract and polydatin is an effective
treatment to reverse senescence, but reducing ROS levels below physiological levels may
have hazardous consequences and should be approached with caution.

P. cuspidatum extract has been confirmed to enhance skin protection by restoring skin
barrier formation and suppressing skin inflammation. However, further studies are needed
to directly utilize P. cuspidatum extract as a cosmetic raw material. First, although the
efficacy was observed at 2.5 µg/mL, a concentration optimization process of P. cuspidatum
extract is necessary for use in cosmetics. For example, the minimum concentration that
shows skin whitening, skin regeneration, and skin elasticity effects without toxicity should
be determined after serially diluting the substance and applying it to each test [113,114].
Then, the minimum concentration of P. cuspidatum extract should be applied when formu-
lating cosmetics. Second, studies should be conducted to determine how well P. cuspidatum
extract or its active ingredient, polydatin, penetrates human skin. The stratum corneum
of the skin acts as a barrier that only allows small molecules and lipophilic compounds
to penetrate [115]. Even cosmetic additives that show efficacy cannot be effective if they
cannot penetrate the skin barrier [116]. Although the skin penetrance of polydatin has not
been studied, strategies to chemically modify the functional groups of polydatin can be
applied to improve the penetration [117]. In addition, the skin penetration of P. cuspidatum
extract or polydatin can be improved by using carriers. For example, phospholipids or
lipid nanoparticles have a structure similar to cell membranes, which can effectively deliver
active ingredients that have difficulty penetrating skin cells [118]. Finally, further studies
should be conducted to determine whether P. cuspidatum extract or polydatin interacts
with other ingredients to produce toxic substances. Cosmetic ingredients can interact with
each other to form hazardous substances (e.g., nitrosamines) that can have harmful effects
on skin [119]. Therefore, intensive studies should be conducted to determine whether
hazardous substances are produced when P. cuspidatum extract or polydatin is used in
various combinations with existing cosmetic ingredients.

5. Conclusions

In summary, we discovered a novel mechanism by which P. cuspidatum extract
reduces ROS levels by increasing mitochondrial OXPHOS efficiency. The reduction in ox-
idative stress by P. cuspidatum extract restored senescence-associated phenotypes and en-
hanced skin protection. Furthermore, polydatin, one of the components of P. cuspidatum
extract, was identified as an effective component that exhibits antioxidant activity. Poly-
datin also increased OXPHOS efficiency and subsequently reduced mitochondrial ROS
generation, thereby reducing senescence-associated phenotypes. Our results revealed the
novel mechanism of restoring senescence and enhancing skin protection by P. cuspidatum
extract. If further studies on P. cuspidatum extract or polydatin are conducted from vari-
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ous perspectives, the novel mechanism revealed in this study may or may not be applied
for clinical or cosmetic purposes in the future, but it will serve as a starting point for
various in vitro studies.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antiox13091110/s1, Supplementary Information S1: Full-size image of
immunofluorescence in Figure 6A. Supplementary Information S2: Full-size image of western blot
(A) Figure 6B, (B) Figure 7A.
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Pierzynowska, K.; et al. Mitochondria and Reactive Oxygen Species in Aging and Age-Related Diseases. Int. Rev. Cell Mol. Biol.
2018, 340, 209–344. [CrossRef] [PubMed]

7. Zhavoronkov, A.; Smit-McBride, Z.; Guinan, K.J.; Litovchenko, M.; Moskalev, A. Potential therapeutic approaches for modulating
expression and accumulation of defective lamin A in laminopathies and age-related diseases. J. Mol. Med. 2012, 90, 1361–1389.
[CrossRef]

8. Richards, S.A.; Muter, J.; Ritchie, P.; Lattanzi, G.; Hutchison, C.J. The accumulation of un-repairable DNA damage in laminopathy
progeria fibroblasts is caused by ROS generation and is prevented by treatment with N-acetyl cysteine. Hum. Mol. Genet. 2011, 20,
3997–4004. [CrossRef]

9. Sohn, E.; Kim, J.; Kim, C.S.; Jo, K.; Lee, Y.M.; Kim, J.S. Root of Polygonum cuspidatum extract reduces progression of diabetes-
induced mesangial cell dysfunction via inhibition of platelet-derived growth factor-BB (PDGF-BB) and interaction with its
receptor in streptozotocin-induced diabetic rats. BMC Complement. Altern. Med. 2014, 14, 477. [CrossRef] [PubMed]

10. Yang, Y.; Xu, J.; Tu, J.; Sun, Y.; Zhang, C.; Qiu, Z.; Xiao, H. Polygonum cuspidatum Sieb. et Zucc. Extracts improve sepsis-
associated acute kidney injury by inhibiting NF-κB-mediated inflammation and pyroptosis. J. Ethnopharmacol. 2024, 319, 117101.
[CrossRef]

11. Sohn, E.; Kim, J.; Kim, C.S.; Lee, Y.M.; Kim, J.S. Extract of Polygonum cuspidatum Attenuates Diabetic Retinopathy by Inhibiting
the High-Mobility Group Box-1 (HMGB1) Signaling Pathway in Streptozotocin-Induced Diabetic Rats. Nutrients 2016, 8, 140.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antiox13091110/s1
https://www.mdpi.com/article/10.3390/antiox13091110/s1
https://doi.org/10.1051/medsci/2020232
https://doi.org/10.2174/1567205016666190809161115
https://www.ncbi.nlm.nih.gov/pubmed/31530270
https://doi.org/10.3389/fphys.2023.1284410
https://doi.org/10.1016/0925-4439(94)90061-2
https://doi.org/10.1007/s00018-009-0034-2
https://www.ncbi.nlm.nih.gov/pubmed/19421842
https://doi.org/10.1016/bs.ircmb.2018.05.006
https://www.ncbi.nlm.nih.gov/pubmed/30072092
https://doi.org/10.1007/s00109-012-0962-4
https://doi.org/10.1093/hmg/ddr327
https://doi.org/10.1186/1472-6882-14-477
https://www.ncbi.nlm.nih.gov/pubmed/25495844
https://doi.org/10.1016/j.jep.2023.117101
https://doi.org/10.3390/nu8030140
https://www.ncbi.nlm.nih.gov/pubmed/26950148


Antioxidants 2024, 13, 1110 22 of 25

12. Kim, Y.S.; Nam, Y.; Song, J.; Kim, H. Gastroprotective and Healing Effects of Polygonum cuspidatum Root on Experimentally
Induced Gastric Ulcers in Rats. Nutrients 2020, 12, 2241. [CrossRef] [PubMed]

13. Ke, J.; Li, M.T.; Xu, S.; Ma, J.; Liu, M.Y.; Han, Y. Advances for pharmacological activities of Polygonum cuspidatum—A review.
Pharm. Biol. 2023, 61, 177–188. [CrossRef] [PubMed]

14. Lin, S.; Wang, X.; Tang, R.W.; Lee, H.C.; Chan, H.H.; Choi, S.S.A.; Dong, T.T.; Leung, K.W.; Webb, S.E.; Miller, A.L.; et al. The
Extracts of Polygonum cuspidatum Root and Rhizome Block the Entry of SARS-CoV-2 Wild-Type and Omicron Pseudotyped
Viruses via Inhibition of the S-Protein and 3CL Protease. Molecules 2022, 27, 3806. [CrossRef] [PubMed]

15. Song, J.-H.; Kim, S.-K.; Chang, K.-W.; Han, S.-K.; Yi, H.-K.; Jeon, J.-G. In vitro inhibitory effects of Polygonum cuspidatum on
bacterial viability and virulence factors of Streptococcus mutans and Streptococcus sobrinus. Arch. Oral Biol. 2006, 51, 1131–1140.
[CrossRef]

16. Quinty, V.; Colas, C.; Nasreddine, R.; Nehmé, R.; Piot, C.; Draye, M.; Destandau, E.; Da Silva, D.; Chatel, G. Screening and
Evaluation of Dermo-Cosmetic Activities of the Invasive Plant Species Polygonum cuspidatum. Plants 2023, 12, 83. [CrossRef]

17. Leu, Y.L.; Hwang, T.L.; Hu, J.W.; Fang, J.Y. Anthraquinones from Polygonum cuspidatum as tyrosinase inhibitors for dermal use.
Phytother. Res. PTR 2008, 22, 552–556. [CrossRef]

18. Du, R.; Ye, L.; Chen, X.; Meng, Y.; Zhou, L.; Chen, Q.; Zheng, G.; Hu, J.; Shi, Z. Screening of Key Components for Melanogenesis
Inhibition of Polygonum cuspidatum Extract Based on the Spectrum–Effect Relationship and Molecular Docking. Molecules 2024,
29, 857. [CrossRef]

19. Lee, Y.H.; Choi, D.; Jang, G.; Park, J.Y.; Song, E.S.; Lee, H.; Kuk, M.U.; Joo, J.; Ahn, S.K.; Byun, Y.; et al. Targeting regulation of ATP
synthase 5 alpha/beta dimerization alleviates senescence. Aging 2022, 14, 678–707. [CrossRef]

20. Kang, H.T.; Park, J.T.; Choi, K.; Kim, Y.; Choi, H.J.C.; Jung, C.W.; Lee, Y.-S.; Park, S.C. Chemical screening identifies ATM as a
target for alleviating senescence. Nat. Chem. Biol. 2017, 13, 616–623. [CrossRef]

21. Kang, H.T.; Park, J.T.; Choi, K.; Choi, H.J.C.; Jung, C.W.; Kim, G.R.; Lee, Y.S.; Park, S.C. Chemical screening identifies ROCK as a
target for recovering mitochondrial function in Hutchinson-Gilford progeria syndrome. Aging Cell 2017, 16, 541–550. [CrossRef]
[PubMed]

22. Moore, W.A.; Davey, V.A.; Weindruch, R.; Walford, R.; Ivy, G.O. The effect of caloric restriction on lipofuscin accumulation in
mouse brain with age. Gerontology 1995, 41 (Suppl. S2), 173–186. [CrossRef]

23. Jung, T.; Hohn, A.; Grune, T. Lipofuscin: Detection and quantification by microscopic techniques. Methods Mol. Biol. 2010, 594,
173–193. [CrossRef] [PubMed]

24. Jensen, T.; Holten-Rossing, H.; Svendsen, I.M.; Jacobsen, C.; Vainer, B. Quantitative analysis of myocardial tissue with digital
autofluorescence microscopy. J. Pathol. Inform. 2016, 7, 15. [CrossRef] [PubMed]

25. Cho, S.; Hwang, E.S. Chapter 7—Fluorescence-Based Detection and Quantification of Features of Cellular Senescence. In Methods
in Cell Biology; Darzynkiewicz, Z., Holden, E., Orfao, A., Telford, W., Wlodkowic, D., Eds.; Academic Press: Cambridge, MA,
USA, 2011; Volume 103, pp. 149–188.

26. Kuk, M.U.; Park, J.Y.; Song, E.S.; Lee, H.; Lee, Y.H.; Joo, J.; Kwon, H.W.; Park, J.T. Bacterial Artificial Chromosome-based Protein
Expression Platform Using the Tol2 Transposon System. Biotechnol. Bioprocess Eng. 2022, 27, 344–352. [CrossRef]

27. Lee, Y.H.; Kim, M.; Park, H.J.; Park, J.Y.; Song, E.S.; Lee, H.; Ko, G.; Ahn, S.; Kwon, H.W.; Byun, Y.; et al. Chemical screening
identifies the anticancer properties of Polyporous parvovarius. J. Cancer 2023, 14, 50–60. [CrossRef]

28. Draelos, Z.D.; McDaniel, D.H.; Yoelin, S.; Pot, S.; Sotir, O.; Nelson, D.B. Evaluation of a New, Advanced Antioxidant Con-
taining Topical Allyl Pyrroloquinoline Quinone: Analysis of Antioxidant Properties and Visible Effects in Subjects with Facial
Photodamage. J. Clin. Aesthetic Dermatol. 2023, 16, 53–59.

29. Herman, A.; Herman, A.P. Caffeine’s mechanisms of action and its cosmetic use. Ski. Pharmacol. Physiol. 2013, 26, 8–14. [CrossRef]
30. Kumari, R.; Jat, P. Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence Associated Secretory Phenotype. Front.

Cell Dev. Biol. 2021, 9, 645593. [CrossRef]
31. González-Gualda, E.; Baker, A.G.; Fruk, L.; Muñoz-Espín, D. A guide to assessing cellular senescence in vitro and in vivo. FEBS J.

2021, 288, 56–80. [CrossRef]
32. Huang, W.; Hickson, L.J.; Eirin, A.; Kirkland, J.L.; Lerman, L.O. Cellular senescence: The good, the bad and the unknown. Nat.

Rev. Nephrol. 2022, 18, 611–627. [CrossRef] [PubMed]
33. Picca, A.; Calvani, R.; Coelho-Junior, H.; Landi, F.; Bernabei, R.; Marzetti, E. Mitochondrial Dysfunction, Oxidative Stress, and

Neuroinflammation: Intertwined Roads to Neurodegeneration. Antioxidants 2020, 9, 647. [CrossRef] [PubMed]
34. Ichimura, H.; Parthasarathi, K.; Quadri, S.; Issekutz, A.C.; Bhattacharya, J. Mechano-oxidative coupling by mitochondria induces

proinflammatory responses in lung venular capillaries. J. Clin. Investig. 2003, 111, 691–699. [CrossRef] [PubMed]
35. Naik, E.; Dixit, V.M. Mitochondrial reactive oxygen species drive proinflammatory cytokine production. J. Exp. Med. 2011, 208,

417–420. [CrossRef] [PubMed]
36. Nelson, G.; Kucheryavenko, O.; Wordsworth, J.; von Zglinicki, T. The senescent bystander effect is caused by ROS-activated

NF-κB signalling. Mech. Ageing Dev. 2018, 170, 30–36. [CrossRef]
37. Lopez-Castejon, G.; Brough, D. Understanding the mechanism of IL-1β secretion. Cytokine Growth Factor Rev. 2011, 22, 189–195.

[CrossRef]

https://doi.org/10.3390/nu12082241
https://www.ncbi.nlm.nih.gov/pubmed/32727104
https://doi.org/10.1080/13880209.2022.2158349
https://www.ncbi.nlm.nih.gov/pubmed/36620922
https://doi.org/10.3390/molecules27123806
https://www.ncbi.nlm.nih.gov/pubmed/35744929
https://doi.org/10.1016/j.archoralbio.2006.06.011
https://doi.org/10.3390/plants12010083
https://doi.org/10.1002/ptr.2324
https://doi.org/10.3390/molecules29040857
https://doi.org/10.18632/aging.203858
https://doi.org/10.1038/nchembio.2342
https://doi.org/10.1111/acel.12584
https://www.ncbi.nlm.nih.gov/pubmed/28317242
https://doi.org/10.1159/000213741
https://doi.org/10.1007/978-1-60761-411-1_13
https://www.ncbi.nlm.nih.gov/pubmed/20072918
https://doi.org/10.4103/2153-3539.179908
https://www.ncbi.nlm.nih.gov/pubmed/27141321
https://doi.org/10.1007/s12257-021-0222-y
https://doi.org/10.7150/jca.78302
https://doi.org/10.1159/000343174
https://doi.org/10.3389/fcell.2021.645593
https://doi.org/10.1111/febs.15570
https://doi.org/10.1038/s41581-022-00601-z
https://www.ncbi.nlm.nih.gov/pubmed/35922662
https://doi.org/10.3390/antiox9080647
https://www.ncbi.nlm.nih.gov/pubmed/32707949
https://doi.org/10.1172/JCI17271
https://www.ncbi.nlm.nih.gov/pubmed/12618523
https://doi.org/10.1084/jem.20110367
https://www.ncbi.nlm.nih.gov/pubmed/21357740
https://doi.org/10.1016/j.mad.2017.08.005
https://doi.org/10.1016/j.cytogfr.2011.10.001


Antioxidants 2024, 13, 1110 23 of 25

38. Han, L.; Zhang, Y.; Zhang, M.; Guo, L.; Wang, J.; Zeng, F.; Xu, D.; Yin, Z.; Xu, Y.; Wang, D.; et al. Interleukin-1β-Induced
Senescence Promotes Osteoblastic Transition of Vascular Smooth Muscle Cells. Kidney Blood Press. Res. 2020, 45, 314–330.
[CrossRef]

39. Mosteiro, L.; Pantoja, C.; de Martino, A.; Serrano, M. Senescence promotes in vivo reprogramming through p164a and IL-6. Aging
Cell 2018, 17, e12711. [CrossRef]

40. Zheng, Y.; Wu, S.; Ke, H.; Peng, S.; Hu, C. Secretion of IL-6 and IL-8 in the senescence of bone marrow mesenchymal stem cells is
regulated by autophagy via FoxO3a. Exp. Gerontol. 2023, 172, 112062. [CrossRef]

41. Turrens, J.F. Mitochondrial formation of reactive oxygen species. J. Physiol. 2003, 552, 335–344. [CrossRef]
42. Lee, Y.H.; Kuk, M.U.; So, M.K.; Song, E.S.; Lee, H.; Ahn, S.K.; Kwon, H.W.; Park, J.T.; Park, S.C. Targeting Mitochondrial Oxidative

Stress as a Strategy to Treat Aging and Age-Related Diseases. Antioxidants 2023, 12, 934. [CrossRef] [PubMed]
43. Mailloux, R.J. Teaching the fundamentals of electron transfer reactions in mitochondria and the production and detection of

reactive oxygen species. Redox Biol. 2015, 4, 381–398. [CrossRef]
44. Brand, M.D.; Nicholls, D.G. Assessing mitochondrial dysfunction in cells. Biochem. J. 2011, 435, 297–312. [CrossRef] [PubMed]
45. Sherratt, H.S. Mitochondria: Structure and function. Rev. Neurol. 1991, 147, 417–430.
46. Zorova, L.D.; Popkov, V.A.; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.; Balakireva,

A.V.; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50–59. [CrossRef]
47. Kuk, M.U.; Lee, H.; Song, E.S.; Lee, Y.H.; Park, J.Y.; Jeong, S.; Kwon, H.W.; Byun, Y.; Park, S.C.; Park, J.T. Functional restoration

of lysosomes and mitochondria through modulation of AKT activity ameliorates senescence. Exp. Gerontol. 2023, 173, 112091.
[CrossRef] [PubMed]

48. Park, J.Y.; Lee, H.; Song, E.S.; Lee, Y.H.; Kuk, M.U.; Ko, G.; Kwon, H.W.; Byun, Y.; Park, J.T. Restoration of Lysosomal and
Mitochondrial Function Through p38 Mitogen-Activated Protein Kinase Inhibition Ameliorates Senescence. Rejuvenation Res.
2022, 25, 291–299. [CrossRef]

49. Lee, Y.H.; Park, J.Y.; Lee, H.; Song, E.S.; Kuk, M.U.; Joo, J.; Oh, S.; Kwon, H.W.; Park, J.T.; Park, S.C. Targeting Mitochondrial
Metabolism as a Strategy to Treat Senescence. Cells 2021, 10, 3003. [CrossRef]

50. Kim, J.W.; Kuk, M.U.; Choy, H.E.; Park, S.C.; Park, J.T. Mitochondrial metabolic reprograming via BRAF inhibition ameliorates
senescence. Exp. Gerontol. 2019, 126, 110691. [CrossRef]

51. Tohma, H.; Hepworth, A.R.; Shavlakadze, T.; Grounds, M.D.; Arthur, P.G. Quantification of Ceroid and Lipofuscin in Skeletal
Muscle. J. Histochem. Cytochem. 2011, 59, 769–779. [CrossRef]

52. Park, J.T.; Lee, Y.S.; Cho, K.A.; Park, S.C. Adjustment of the lysosomal-mitochondrial axis for control of cellular senescence.
Ageing Res. Rev. 2018, 47, 176–182. [CrossRef] [PubMed]

53. Wang, H.L.; Chou, A.H.; Wu, A.S.; Chen, S.Y.; Weng, Y.H.; Kao, Y.C.; Yeh, T.H.; Chu, P.J.; Lu, C.S. PARK6 PINK1 mutants are
defective in maintaining mitochondrial membrane potential and inhibiting ROS formation of substantia nigra dopaminergic
neurons. Biochim. Biophys. Acta 2011, 1812, 674–684. [CrossRef] [PubMed]

54. Iwai, I.; Kuwahara, T.; Hirao, T. Decrease in the Skin Transparency Induced by Protein Carbonylation in the Stratum Corneum.
Int. J. Cosmet. Sci. 2009, 31, 76. [CrossRef]

55. Rizvi, S.; Raza, S.T.; Ahmed, F.; Ahmad, A.; Abbas, S.; Mahdi, F. The role of vitamin e in human health and some diseases. Sultan
Qaboos Univ. Med. J. 2014, 14, e157–e165.

56. Nassar, D.; Letavernier, E.; Baud, L.; Aractingi, S.; Khosrotehrani, K. Calpain activity is essential in skin wound healing and
contributes to scar formation. PLoS ONE 2012, 7, e37084. [CrossRef]

57. Raj, N.; Voegeli, R.; Rawlings, A.V.; Summers, B.; Munday, M.R.; Lane, M.E. Variation in the activities of late stage filaggrin
processing enzymes, calpain-1 and bleomycin hydrolase, together with pyrrolidone carboxylic acid levels, corneocyte phenotypes
and plasmin activities in non-sun-exposed and sun-exposed facial stratum corneum of different ethnicities. Int. J. Cosmet. Sci.
2016, 38, 567–575. [CrossRef]

58. Brembilla, N.C.; Senra, L.; Boehncke, W.H. The IL-17 Family of Cytokines in Psoriasis: IL-17A and Beyond. Front. Immunol. 2018,
9, 1682. [CrossRef]

59. Gutowska-Owsiak, D.; Schaupp, A.L.; Salimi, M.; Selvakumar, T.A.; McPherson, T.; Taylor, S.; Ogg, G.S. IL-17 downregulates
filaggrin and affects keratinocyte expression of genes associated with cellular adhesion. Exp. Dermatol. 2012, 21, 104–110.
[CrossRef]

60. Coderch, L.; López, O.; de la Maza, A.; Parra, J.L. Ceramides and skin function. Am. J. Clin. Dermatol. 2003, 4, 107–129. [CrossRef]
61. Quan, T.; Fisher, G.J. Role of Age-Associated Alterations of the Dermal Extracellular Matrix Microenvironment in Human Skin

Aging: A Mini-Review. Gerontology 2015, 61, 427–434. [CrossRef]
62. Singh, D.; Rai, V.; Agrawal, D.K. Regulation of Collagen I and Collagen III in Tissue Injury and Regeneration. Cardiol. Cardiovasc.

Med. 2023, 7, 5–16. [CrossRef] [PubMed]
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