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The integrity of skin tissue structure and function plays an important role in
maintaining skin rejuvenation. Ultraviolet (UV) radiation is the main
environmental factor that causes skin aging through photodamage of the
skin tissue. Cryptotanshinone (CTS), an active ingredient mianly derived from
the Salvia plants of Lamiaceae, has many pharmacological effects, such as anti-
inflammatory, antioxidant, and anti-tumor effects. In this study, we showed that
CTS could ameliorate the photodamage induced by UV radiation in epidermal
keratinocytes (HaCaT) and dermal fibroblasts (HFF-1) when applied to the cells
before exposure to the radiation, effectively delaying the aging of the cells. CTS
exerted its antiaging effect by reducing the level of reactive oxygen species
(ROS) in the cells, attenuating DNA damage, activating the nuclear factor E2-
related factor 2 (Nrf2) signaling pathway, and reduced mitochondrial
dysfunction as well as inhibiting apoptosis. Further, CTS could promote
mitochondrial biosynthesis in skin cells by activating the AMP-activated
protein kinase (AMPK)/sirtuin-1 (SIRT1)/peroxisome proliferator-activated
receptor-y co-activator-la (PGC-1la) signaling pathway. These findings
demonstrated the protective effects of CTS against UV radiation-induced
skin photoaging and provided a theoretical and experimental basis for the
application of CTS as an anti-photodamage and anti-aging agent for the skin.
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Introduction

The skin is the largest organ of the human body and it is
composed mainly of two structural layers called the epidermis,
the outer layer, and the dermis, the inner layer (Baroni et al.,
2012). Skin aging is an inevitable physiological change that
occurs over time, accompanied by phenotypic changes such as
roughness, atrophy, and thinning of the skin, as well as the loss of
skin elasticity and appearance of wrinkles. This aging process is
closely related to the reduction of the number and function of
keratinocytes and fibroblasts in the internal structure of the skin,
as well as the reduction and atrophy of collagen and elastin in the
dermis (Oldoni et al, 2016). Skin aging is caused by the
interaction of internal and external factors in the body. In
addition to the intrinsic aging caused by endogenous factors
such as genome instability, telomere shortening, and
accumulation of mitochondrial DNA (mtDNA) damage
(Makrantonaki and Zouboulis, 2007), exposure of the skin to
external environmental factors such as environmental toxins,
pathogens and ultraviolet (UV) radiation can also lead to
extrinsic aging of the skin and accelerate the overall aging
process of the skin (Sanches Silveira and Myaki Pedroso,
2014). Among the external environmental factors that cause
skin aging, UV radiation is the most important factor
(Sanches Silveira and Myaki Pedroso, 2014). UV radiation is
composed of the following three different types: Ultraviolet A
(UVA) (320-400 nm), ultraviolet B (UVB) (280-320 nm), and
ultraviolet C (UVC) (200-280 nm). About 95% UV A and about
5% UVB can penetrate the ozone layer and reach the ground
(Fitsiou et al.,, 2021). UVA has long wavelengths and strong
penetration, which enable it to be absorbed by the dermal cells
(Oyewole et al, 2014). The energy of UVB is high but its
wavelength is short, and therefore, it is mainly absorbed by
the epidermis (Battie et al., 2014). There are 37 trillion cells in
the human body, of which about two trillion exist in the skin
(Bianconi et al., 2013). Generally, up to 41% of the body surface
area is exposed to the Sun (Barger-Lux and Heaney, 2002).
Theoretically, up to 820 billion skin cells are exposed to
ultraviolet light (van Erp et al., 1996). Therefore, UV radiation
will damage a large number of skin cells in the human body. UV
radiation destroys key macromolecules in the skin, such as
nucleic acids, lipids and proteins (Avadhani et al., 2017). In
addition, UV radiation also causes skin erythema, inflammation,
sunburn, immunosuppression, and skin cancer (Lephart, 2016;
de Jager et al., 2017; Kawashima et al., 2018). Oxidative stress and
mitochondrial dysfunction are important mechanisms leading to
cellular aging (Passos et al., 2007; Birket et al., 2009). Under
normal physiological conditions, reactive oxygen species (ROS)
naturally generated by cellular respiration in the mitochondria
play an important role in the regulation of cell signaling and
intracellular homeostasis (Hudson et al., 2016). However, under
environmental stress such as excess UV radiation, the ROS level
in the cells can be significantly increased, resulting in oxidative
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stress (Anderson et al,, 2014). On the one hand, UVA photon
energy can be absorbed by intracellular photosensitizer
chromophores such as porphyrin and bilirubin (Ravanat et al.,
2001) or activate intracellular NADPH oxidase (NOX1) (Masaki
etal, 1999), which also leads to the induction of ROS production.
On the other hand, DNA in epidermal keratinocytes can directly
absorb UVB and become damaged, which manifests in the forms
of cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4)
pyrimidone photoproducts (6-4PPs) (Ravanat et al., 2001). Such
DNA damage also leads to increased ROS production in the cells
(Bosch et al., 2015). It has been reported that UV radiation-
induced ROS can up-regulate the expression of intracellular
senescence-associated (-galactosidase (SA-B-gal) (Park and
Park, 2019; Zheng et al, 2021) and promote aging cells to
continuously ~ secrete  senescence-associated  secretory
phenotype (SASP) factors such as pro-inflammatory factors
(IL)-6, IL-8]

(MMPs), skin
response and degradation of collagen, elastin, and fibronectin

[such as interleukin and  matrix

metalloproteinases induce inflammatory
in the extracellular matrix, causing the skin to become thinner
and wrinkle (Rock and Fischer, 2011). Cells can play an
endogenous antioxidant function by up regulating the level of
nuclear factor E2-related factor 2 (Nrf2) and its downstream
antioxidant enzymes (Ben-Yehuda Greenwald et al, 2017).
However, excessive ROS induced by high doses of UV may
inactivate Nrf2 (Saw et al., 2011).

Mitochondria ATP  through

phosphorylation (OXPHOS) reactions in the mitochondrial

produce oxidative
electron transport chain (ETC) to provide energy for the cells
(Sinha et al., 2013). When electrons are transferred along the
ETC, 1%-3% of the electrons can escape and directly combine
with O, to produce O,"", generating a small amount of ROS
(Orrenius et al., 2007). The protons in the mitochondrial matrix
are pumped out through the inner membrane into the
intermembrane space, thereby establishing a proton gradient
across the inner membrane, eventually giving rise to the
mitochondrial membrane potential (MMP) (Sinha et al,
2013). Mitochondrial DNA is located in the mitochondrial
matrix and is directly exposed to ROS produced by the ETC
(Birch-Machin et al.,, 2013). This makes the mtDNA extremely
vulnerable to damage by ROS. The damaged mtDNA is not easily
repaired because of the lack of a repair system, and this can result
in cumulative damage to the mtDNA (Makrantonaki and
Zouboulis, 2007). Since mtDNA encodes the different protein
components of the ETC, any damage sustained by the mtDNA
could lead to mutations in these genes, resulting in dysfunctional
mitochondria. In dysfunctional mitochondria, complexes IT and
II in the ETC produce single-electron leak sites, resulting in
further increases in electron side leakage, which in turn leads to
the reduction of MMP and ATP synthesis, as well as a surge in
ROS level (Anderson et al., 2014). Besides, a decline in ATP level
will lead to insufficient energy supply and reduced mitochondrial
mass, eventually giving rise to a series of changes associated with
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aging of the body. It has been reported that AMP-activated
protein kinase (AMPK) and sirtuin-1 (SIRT1) are important
energy receptors in cells (Canté and Auwerx, 2009), and
activated AMPK can increase ATP production (Bergeron
et al., 2001; Zong et al, 2002). SIRT1 normally cooperates
with AMPK to
biosynthesis and regulate mitochondrial homeostasis (Chang
et al, 2015). Mitochondria are the regulatory hub of the
apoptosis pathway, and UV radiation mainly induces skin cell

intracellular promote  mitochondrial

apoptosis by activating the mitochondrial-linked apoptosis
pathway (Chistiakov et al., 2014). Mitochondrial dysfunction
caused by UV radiation will result in a decrease in ATP
production, and this can destroy the regulatory mechanism of
cellular calcium channels, with a subsequent impact on
mitochondrial ~membrane potential and permeability,
eventually leading to cell death or apoptosis (Liu et al., 2017).
Therefore, reducing oxidative stress caused by UV radiation and
improving mitochondrial function are the keys to delaying aging.

Cryptotanshinone (CTS)

anthraquinone compound, which mainly exists in Salvia

is a fat-soluble diterpenoid

plants of Lamiaceae such as Salvia miltiorrhiza Bunge, Salvia
tebesana Bunge and Salvia przewalskii Maxim (Wu et al., 2020).
Salvia miltiorrhiza Bunge (Lamiaceae) is widely used in
traditional Chinese medicine and current health care products
(Zhou et al., 2005). The dried roots and rhizomes of Salvia
miltiorrhiza Bunge (Lamiaceae) have a wide range of
pharmacological effects, including anti-inflammatory, anti-
of blood
improving energy metabolism among others (Cheng, 2006;
Maione and Mascolo, 2016). CTS isolated from the dried

roots and rhizomes of S. miltiorrhiza Bunge (Lamiaceae) has a

oxidation, vasodilation, lowering lipid, and

strong antibacterial activity (Lee et al., 1999; Pang et al., 2016).
CTS has potential applications in dermatology, where it plays an
important role in the treatment of psoriasis (Tang et al., 2018),
UV radiation-induced melanoma (Ye et al,, 2016) and scar
formation (Li et al, 2016). However, to the best of our
knowledge, there has been no relevant report on the effect of
CTS on UV radiation-induced skin aging. CTS has been shown to
have strong antioxidant activity (Wang et al., 2007). CTS can also
MMP,
mitochondrial biosynthesis in cardiomyocytes (Zhang et al,
2016). In addition, CTS has been shown to prolong the life
span of the budding yeast Saccharomyces cerevisiae, suggesting
that CTS may also delay aging (Wu et al., 2014). These reports all
suggest that CTS may delay skin aging by inhibiting UV

stabilize reduce ROS production and promote

radiation-induced oxidative damage and mitochondrial
dysfunction in skin cells.

This study evaluated the beneficial effects of CTS on the delay
of skin aging by using a human keratinocyte and fibroblast aging
model established through UV radiation exposure. The potential
mechanism underlying the impacts of CTS on skin cell oxidative
damage, mitochondrial dysfunction, and apoptosis induced by

UV radiation was also discussed.
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Materials and methods
Materials

CTS was purchased from Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China).

Cell lines and cell culture

The human keratinocyte cell line, HaCaT, was purchased
from Sciencell (San Diego, California, United States), and the
human skin fibroblast cell line, HFF-1, was obtained from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
HaCaT cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (GIBCO, Life Technologies Corporation,
NY, United States) supplemented with 10% fetal bovine serum
(FBS) (GIBCO, Life NY,
United States) and 1% penicillin/streptomycin (Thermo Fisher
Scientific, Waltham, MA, United States), whereas HFF-1 cells
were cultured in DMEM containing 15% fetal bovine serum and

Technologies  Corporation,

1% penicillin/streptomycin. Both cells were maintained at 37°C
in a 5% CO, incubator.

Ultraviolet irradiation

HaCaT cells and HFF-1 cells were incubated without or with
CTS (0.02, 0.05, and 0.1 uM) for different times according to the
specific experiments. After that, the cells were washed with PBS
and then kept in fresh PBS while being exposed to UV radiation
in a UV irradiator (Vilber, Lourmat, Marne La Vallee, France).
The control cells (non-irradiated cells) were covered with tinfoil
while being exposed to UV radiation. For all UV irradiation
experiments, HaCaT cells were irradiated by exposure to UVB
(200 mJ/cm?®) whereas HFF-1 cells were irradiated by exposure to
UVA (15]/cm®). After irradiation, the PBS was replaced with
fresh DMEM containing no CTS or supplemented with the
corresponding doses of CTS and incubated at 37°C in a 5%
CO, incubator. The incubation time was set according to the
specific experiment.

Senescence-associated p-galactosidase
staining

HaCaT cells and HFF-1 cells were pretreated without and
with CTS (0.02, 0.05, and 0.1 uM) for 12 h, washed with PBS, and
then subjected to UV irradiation. After that, the PBS was
removed and replaced with fresh medium containing no or
the corresponding concentrations of CTS and incubated for
12h in the case of HaCaT cells, and 24h for HFF-1 cells.
the  cells fixed in cold 4%

Subsequently, were
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paraformaldehyde for 5 min, washed with HBSS (Thermo Fisher
Scientific, Waltham, MA, United States), stained with Hoechst
33342 (Dojindo Laboratories, Tokyo, Japan) for 15 min, and then
incubated with SPiDER-BGal (Dojindo Laboratories, Tokyo,
Japan) for 15min. Finally, the fluorescence of SA-{-gal-
positive cells was captured using a fluorescence inverted
microscope (Zeiss, Germany) and the data were statistically
analyzed by Image] software.

Determination of reactive oxygen species
in cells

HaCaT cells and HFF-1 cells pretreated without and with
CTS (0.02, 0.05, and 0.1 uM) for 4h were subjected to UV
irradiation, washed twice with PBS, and then incubated with
10 uM DCFH-DA (Beyotime, Jiangsu, China) at 37°C in a 5%
CO, incubator for 20 min. After that, the cells were washed three
times with a serum-free medium to fully remove the DCFH-DA
that did not enter the cells. The cells were then digested with
trypsin, harvested and washed with PBS. Finally, the cells were
subjected to ROS assay as detected by a ROS assay kit (Beyotime,
Jiangsu, China) with the aid of an ACEA NovoCyte flow
cytometer (Agilent, Santa Clara, CA, United States) according
to the manufacturer’s protocol. The data were analyzed using
NovoExpress software.

Immunofluorescence staining assay

HaCaT cells grown on coverslips (WHB Scientific, Shanghai,
China) were pretreated without and with CTS (0.02, 0.05, and
0.1 uM) for 4 h, washed with PBS, and then subjected to UVB
irradiation. After that, the PBS was replaced with fresh medium
containing no CTS or the corresponding concentrations of CTS
followed by 2 h of incubation. An immunofluorescence staining
assay was performed as described in our previous study (Gao
et al,, 2021). HaCaT cells were incubated with anti-y-H2AX
(#9718, 1: 1000, Cell Signaling Technology, Beverly, MA,
United States) and anti-CPD (CAC-NM-DND-001, 1: 1000,
Cosmo Bio, Tokyo, Japan) at 4°C overnight. Subsequently, the
cells were washed three times with TBST, and then incubated
with Alexa Flour™ 488 donkey anti-rabbit secondary antibody
(A21206, 1: 500, Thermo Fisher Scientific, Waltham, MA,
United States) and Alexa Flour™ 568 donkey anti-mouse
secondary antibody (A10037, 1: 500, Thermo Fisher Scientific,
Waltham, MA, United States) at room temperature and in the
dark for 2 h. Eventually, the coverslips were mounted on glass
slides with an anti-fluorescence quencher containing DAPI
(Thermo Fisher Scientific, Waltham, MA, United States). The
DNA damage level in the cells was observed using a laser confocal
microscope (Olympus, Tokyo, Japan) and the fluorescence data
were statistically analyzed by Image] software.
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Mitochondrial mass analysis

The fluorescent probe Mito-Tracker Green (Beyotime,
Jiangsu, China) was used to determine the mitochondrial
mass of HaCaT cells and HFF-1 cells. HaCaT cells and HFF-1
cells were pretreated without and with CTS (0.02, 0.05, and
0.1 uM) for 4 h, washed with PBS, and then irradiated with UV
light. Subsequently, the HaCaT cells were cultured with fresh
complete medium containing no CTS or supplemented with the
corresponding concentrations of CTS for 1 h before proceeding
to the staining step while HFF-1 cells were subjected to staining
without any incubation. The cells were then stained with 20 pM
Hoechst dye (Dojindo Laboratories, Tokyo, Japan) at 37°C in the
dark for 15 min. After that, the cells were washed three times with
PBS and stained with 50 nM Mito-Tracker Green for 20 min.
This was followed by three washes in PBS. Finally, the
fluorescence of the mitochondria was measured with an
inverted fluorescence microscope (Zeiss, Germany), and the
fluorescence results were statistically analyzed using Image]
software.

Detection of mitochondrial membrane
potential in cells by JC-1 staining

HaCaT and HFF-1 cells used to determine the presence of
MMP following UV irradiation were treated as described for
mitochondrial mass analysis. However, after the Hoechst
staining step, the cells were washed with PBS, and then
further stained with a mitochondrial membrane potential
assay kit (JC-1) (Beyotime, Jiangsu, China) according to the
manufacturer’s instruction. Finally, the presence of MMP was
observed with a fluorescence inverted microscope (Zeiss,
Germany) and the fluorescence results were statistically
analyzed using Image] software, MMP = Red fluorescence
intensity/Green fluorescence intensity.

Measurement of intracellular ATP
production

HaCaT cells and HFF-1 cells were pretreated without and
with CTS (0.02, 0.05, and 0.1 uM) for 4 h, washed with PBS, and
then irradiated with UV irradiation. The Enhanced ATP Assay
Kit (Beyotime, Jiangsu, China) was used to detect the
intracellular level of ATP. In brief, the cells were lysed with
the cell lysis buffer provided in the kit, and the cell lysate was then
centrifuged at 12,000 xg for 5 min at 4°C. Subsequently, the clear
supernatant was mixed with the ATP detection working solution
in a 96-well plate. Finally, the relative luminescence unit (RLU)
value was measured with a NanoQuant Plate (Tecan, Mannedorf,
Switzerland) and the ATP concentration was calculated
according to the manufacturer’s protocol.
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TABLE 1 Gene primer sequences for the quantitative real-time PCR.

Gene name

matrix metalloproteinase-1 (MMP-1)
matrix metalloproteinase-1 (MMP-3)
Interleukin-6 (IL-6)

Interleukin-8 (IL-8)

GAPDH

mitochondrial DNA (mtDNA)

COX1

Calcein-AM/PI double staining assay

HaCaT cells and HFF-1 cells were pretreated without and
with CTS (0.02, 0.05, and 0.1 uM) for 4 h, washed with PBS, and
then subjected to UV irradiation. After that, the cells were
incubated in a fresh medium containing no CTS or
supplemented with the corresponding concentrations of CTS
(0.02, 0.05, and 0.1 pM) for 6 h in the case of HaCaT cells, and
24 h for HFF-1 cells. Next, the cells were washed with PBS,
digested with trypsin, and then centrifuged at 1000 xg for 3 min.
The cell pellet was resuspended in PBS and adjusted to a cell
concentration of 10°~10° cells/ml. After that, the cell suspension
was incubated with 2.5 uM Calcein-AM/PI working solution
(Dojindo Laboratories, Tokyo, Japan) for 15 min at 37°C, and
then washed with PBS. Finally, the cells were resuspended in PBS
and transferred onto a microscopic slide, and examined with a
(Zeiss, The
fluorescence data were statistically analyzed using Image]

fluorescence inverted microscope Germany).

software.

RNA isolation and quantitative real-
time PCR

The total RNA was isolated from HaCaT cells and HFF-1
cells using the GeneJET RNA Purification Kit (Thermo Fisher
Scientific, Waltham, MA, United States) according to the
manufacturer’s instructions. The concentration of total RNA
was measured with a NanoQuant Plate (Tecan, Mannedorf,
Switzerland). The obtained RNA was used as a template to
synthesize the first ¢cDNA strand, carried out with the
PrimeScript RT Kit (Takara, Dalian, China). After obtaining
cDNA, quantitative real-time PCR (qPCR) was performed on the
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Primer sequences

F:5'-TGGGCTGAAAGTGACTGGGAAAC-3'
R:5'-ACATCTGGGCTGCTTCATCACC-3'
F:5'-AGTTCCTTGGATTGGAGGTGACG-3'
R:5'-TTCGGGATGCCAGGAAAGGTTC-3'
F:5'-TCAATGAGGAGACTTGCCTGG-3'
R:5-GGGTCAGGGGTGGTTATTGC-3'
F:5'- GACATACTCCAAACCTTTCCAC-3'
R:5'- CTTCTCCACAACCCTCTGC-3'
F:5'-ACAACTTTGGTATCGTGGAAGG-3'
R:5'-GCCATCACGCCACAGTTTC-3'

F:5'- CACCCAAGAACAGGGTTTGT-3'
R:5'- TGGCCATGGGTATGTTGTTA-3'
F:5'- ACTCCTGCCATCATGACCCTTG-3'
R:5'- TCGGTTGGTCTCTGCTAGTGTG-3'

LC96 system (Roche, Basel, Switzerland) using SYBR Green
Master Mix (Applied Biosystems, Foster City, CA). The
sequences of primers used in the qPCR are listed in Table 1.
GAPDH mRNA was used as endogenous control for IL-6
mRNA, IL-8 mRNA, MMP-1 mRNA and MMP-3 mRNA,
and COX1 mRNA was used as endogenous control for
mtDNA mRNA. The relative expression of each target gene
was analyzed using the 272" method. And the relative
expression of mtDNA was used to determine the mtDNA
copy number.

Western blot

HaCaT cells and HFF-1 cells were pretreated without and
with CTS (0.02, 0.05, and 0.1 uM) for 4 h, washed with PBS, and
then subjected to UV irradiation. After that, the cells were
incubated without or with the corresponding concentrations
of CTS for 30 min after UV irradiation. After that, total
proteins were extracted from the cells using Glo Lysis Buffer
(Promega, Madison, W1, United States) added with Phosphatase
Inhibitor Cocktail (bimake, Shanghai, China) and Protease
Inhibitor Cocktail (bimake, Shanghai, China). Cytoplasmic
and nuclear proteins were extracted from the cells using NE-
PER™ Reagents (Thermo scientific, NY, United States). Total
proteins, cytoplasmic proteins and nuclear proteins were then
subjected to western blot performed as described in our previous
study (Gao et al.,, 2021). The blot was incubated with primary
antibody against caspase-3 (19677-1-AP, 1: 1,000, Proteintech,
Wuhan, China), caspase-9 (66169-1-Ig, 1: 1,000, Proteintech,
Wuhan, China), peroxisome proliferator-activated receptor-y
co-activator-la (PGC-la) (66369-1-Ig, 1: 1,000, Proteintech,
Wuhan, China), Nrf2 (66504-1-Ig, 1: 1,000, Proteintech,
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FIGURE 1
Effects of CTS on UV radiation-induced senescence in HaCaT cells and HFF-1 cells. HaCaT cells and HFF-1 cells were treated with CTS (0, 0.02,
0.05, 0.1 uM) for 12 h and then irradiated with UVB (200 mJ/cm?) and UVA (15 J/cm?), respectively. After that, the cells were cultured with fresh
medium supplemented with the corresponding concentrations of CTS (0, 0.02, 0.05, and 0.1 pM) for another 12 h in the case of HaCaT cells before
analysis, and 24 h for HFF-1 cells. (A) SA-B-gal-positive HaCaT cells as measured by fluorescence staining after 12-h of incubation following
UVB irradiation. The plot besides the fluorescence image shows the number of senescent HaCaT cells. Scale bars: 50 um. (B) SA-p-gal-positive HFF-
1 cells as measured by fluorescence staining after 24-h of incubation following UVA irradiation. The plot besides the fluorescence image counts the
number of senescent HFF-1 cells. Scale bars: 50 um. (C) gPCR analysis of IL-6 and IL-8 mRNA levels in HaCaT cells after 12-h of incubation following
(Continued)
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FIGURE 1 (Continued)

UVB irradiation. (D) gPCR analysis of MMP-1 and MMP-3 mRNA levels in HFF-1 cells after 24-h of incubation following UVA irradiation. All data
are mean + SD from three independent experiments, “##" indicates significantly different from the control (no irradiation and CTS treatment) at the
p < 0.01 level, whereas "*" and "**" indicate significantly different from the UV-irradiated cells without CTS pretreatment at the p < 0.05 and p <

0.01 levels, respectively.

Wuhan, China), heme oxygenase-1 (HO-1) (10701-1-AP, I:
1,000, Proteintech, Wuhan, China), NAD(P)H: quinone
oxidoreductase 1 (NQOI1) (67240-1-Ig, 1: 1,000, Proteintech,
Wuhan, China) or AMPK (#5832, 1: 1,000, Cell Signaling
Technology, Beverly, MA, United States), phospho-AMPK
(p-AMPK) (#2535, 1: 1,000, Cell Signaling Technology,
Beverly, MA, United States), SIRT1 (#8469, 1: 1,000, Cell
Signaling Technology, Beverly, MA, United States), Tubulin
(#2148, 1: 1,000, Cell Signaling Technology, Beverly, MA,
United States), LaminB (#12586, 1: 1,000, Cell Signaling
Technology, Beverly, MA, United States) and probed with
goat anti-rabbit antibody (A0208, 1: 2,000, Beyotime, Jiangsu,
China) or goat anti-mouse antibody (A0216, 1: 2,000, Beyotime,
Jiangsu, China). Detection of the blot was carried out with a
(Thermo NY,
captured with an

chemiluminescence  substrate Scientific,
United States) and the
Amersham Imager (GE Healthcare Biosciences, Pittsburgh,
PA, United States) followed by the use of ImageJ software to

analyze the result.

image was

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 6.0 (GraphPad, San Diego, CA, United States) software.
One-way analysis of variance (ANOVA) was used to analyze the
differences between groups followed by Dunnett’s test. All
quantitative data were expressed as mean + SD from three
independent experiments, and statistical significance was
considered at the p < 0.05 or p < 0.01 level.

Results

Protective effects of cryptotanshinone on
HaCaT cells and HFF-1 cells senescence
caused by ultraviolet radiation

SA-B-gal is overexpressed in senescent cells and is widely
used as one of the markers of cell senescence (Campisi and
d’Adda di Fagagna, 2007). UV-irradiated HaCaT cells exhibited
significantly more SA-B-gal positive cells compared with the
non-irradiated HaCaT cells. However, the number of SA-B-gal
positive cells was significantly reduced when the cells were
pretreated with CTS (0.02, 0.05, 0.1 uM) for 12 h before the
UV irradiation (Figure 1A). Similarly, the number of SA-p-gal
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positive HFF-1 cells was significantly increased after UV
irradiation compared with the non-irradiated HFF-1 cells.
the of SA-B-gal
significantly reduced when the HFF-1 cells were pretreated
with CTS (0.02, 0.05, 0.1 uM) for 24 h before UV irradiation
(Figure 1B). Senescent cells can affect the structure of skin tissue

However, number positive cells was

through the continuous secretion of SASP factors such as IL-6,
IL-8 and MMPs, leading to a decline in tissue function (Réck and
Fischer, 2011). Compared with the non-irradiated HaCaT cells,
UV-irradiated HaCaT cells exhibited significantly increased IL-6
and IL-8 mRNA levels. Compared with UV-irradiated
HaCaT cells, the mRNA level of IL-6 was significantly
decreased in the cells pretreated with 0.05 and 0.1 pM of CTS
before UVB irradiation, while the mRNA level of IL-8 was
significantly decreased in the cells pretreated with 0.02,
0.05 and 0.1 pM of CTS before UV irradiation (Figure 1C).
Consistently, the mRNA levels of matrix metalloproteinase
(MMP)-1 and MMP-3 in UV-irradiated HFF-1 cells were
significantly increased compared with the non-irradiated cells,
while the increases in MMP-1 and MMP-3 mRNA levels induced
by UV irradiation were attenuated in a dose-dependent manner
in the cells pretreated with CTS (0.02, 0.05, 0.1 pM) before UVA
irradiation (Figure 1D). These results showed that CTS exerted a
protective effect against UV-induced senescence in HaCaT cells
and HFF-1 cells.

Cryptotanshinone attenuates ultraviolet
radiation-inflicted oxidative damage in
HaCaT and HFF-1 cells

The exposure of keratinocytes and fibroblasts to excessive
UV radiation can cause oxidative stress and accelerate skin aging
and the level of intracellular ROS is the most direct indicator of
oxidative stress. HaCaT cells irradiated with UVB exhibited a
significant increase in intracellular ROS level compared with the
non-irradiated cells, but pretreatment of the cells with different
concentrations of CTS before UVB irradiation led to a dose-
dependent reduction in intracellular ROS level (Figure 2A). The
same phenomenon was observed for HFF-1 cells in that
pretreatment with CTS also reduced the intracellular ROS
level (Figure 2B). These results indicated that CTS could
reduce the surge of ROS production induced by UV radiation.
The induction of intracellular ROS production is known to be
triggered by irreversible DNA damage in epidermal keratinocytes
after exposure to excessive UVB (Bosch et al., 2015), and CPD
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Effects of CTS on UV radiation-inflicted oxidative damage in HaCaT cells and HFF-1 cells. HaCaT cells and HFF-1 cells were treated with CTS (0,

0.02,0.05, 0.1 uM) for 4 h prior to UVB (200 mJ/cm?) and UVA (15 J/cm?) irradiation, respectively. After UV irradiation, the cells were supplemented
with the corresponding doses of CTS and incubated for different times before analysis. (A) Flow cytometry analysis of ROS production by HaCaT cells.
The plot quantitatively compares the levels of ROS for the different CTS concentrations. (B) Flow cytometry analysis of ROS production by HFF-

1cells. The plot quantitatively compares the levels of ROS for the different CTS concentrations. (C) Immunofluorescence staining of CPD and y-H2AX
proteins in HaCaT cells after 2-h of incubation following UVB irradiation. Red fluorescence represents CPD, whereas green fluorescence represents
y-H2AX. All cells were counterstained with DAPI (blue). Scale bars: 50 pm. The plot besides the fluorescence image counts the number of CPD.
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FIGURE 2 (Continued)

Positive cells and y-H2AX positive cells. (D) Western blot analysis of Nrf2, HO-1, NQO1 protein levels in the cytoplasm of HaCaT cells, and

Nrf2 protein levelin the nucleus after 0.5-h of incubation following UVB irradiation. The plots show the quantitative analysis of protein expression. (E)
Western blot analysis of Nrf2, HO-1, NQOL1 protein levels in the cytoplasm of HFF-1 cells, and Nrf2 protein level in the nucleus after 0.5-h of
incubation following UVA irradiation. The plots show the quantitative analysis of protein expression. All data are mean + SD from three
independent experiments, “##" indicates significantly different from the control (no irradiation and CTS treatment) at the p < 0.01 level, whereas "*"
and "**" indicate significantly different from the UV-irradiated cells without CTS pretreatment at the p < 0.05 and p < 0.01 levels, respectively.

and y-H2AX are two typical markers of photodamaged DNA
(Huang et al., 2003; Zhao et al., 2014). The levels of CPD and y-
H2AX in HaCaT cells were increased when these cells were
irradiated with UVB, but when the cells were pretreated with CTS
(0.05, 0.1 uM) before the UVB irradiation, such an increase in
either CPD or y-H2AX was markedly reduced (Figure 2C). This
suggested that CTS might prevent an increase in intracellular
ROS production in HaCaT cells following UV irradiation by
reducing the extent of DNA damage caused by the direct
absorption of UVB.

It has been reported that Nrf2 is the main protein that a cell uses
to resist oxidative stress (Kaspar et al., 2009). In the inactive state,
Nrf2 combines with Nrf2-kelch-like ECH-associated protein 1
(Keapl) in the cytoplasm to promote its ubiquitination and
proteasomal degradation. Once activated, Nrf2 separates from
Keapl and enters the nucleus where it then interacts with
antioxidant response elements (AREs) and induce the expression
of target genes, such as NQOI, HO-1 (Wang et al, 2016).
HaCaT cells and HFF-1 cells both exhibited a significant decrease
in the nuclear Nrf2 level following UV irradiation compared with the
corresponding non-irradiated cells (Figures 2D,E). At the same time,
the levels of HO-1 and NQOL in these cells were also significantly
decreased, indicating that UV radiation inhibited the activation of
Nrf2 in skin cells and impaired its antioxidant capacity. Interestingly,
both HaCaT and HFF-1 cells pretreated with CTS before UV
irradiation showed increased levels of HO-1, NQO1, and nuclear
Nrf2 compared with the UV-irradiated cells (Figures 2D,E),
suggesting that CTS could promote the translocation of
Nrf2 from the cytoplasm to the nucleus and its subsequent
activation. These results suggested that following the UV
irradiation of HaCaT and HFF-1 cells, CTS could alleviate the
extent of oxidative damage by reducing the increase in ROS
production and activating the Nrf2 signaling pathway in both
types of cells.

Cryptotanshinone reduces mitochondrial
dysfunction in HaCaT cells and HFF-1 cells
caused by ultraviolet radiation

UV irradiation can result in mitochondrial dysfunction, which in
turn can cause premature skin aging. It has been reported that partial
recovery of mitochondrial function can rejuvenate aging skin (Singh
etal.,, 2018). In this study, the effect of CTS on mitochondrial function
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was demonstrated by measuring the mitochondrial mass, mtDNA
copy number, MMP and intracellular ATP level. The mitochondrial
mass was significantly reduced in UV irradiated HaCaT and HFF-1
cells while treating these cells with CTS before irradiation could up-
regulate the mitochondrial mass in a dose-dependent manner, as
revealed by mitochondrial fluorescence staining (Figures 3A,B).
Consistent with the results of fluorescence staining, the qPCR
analysis revealed a decreasing copy number of mtDNA in the
UV-irradiated cells compared with the non-irradiated cells
(Figures 3C,D). Pretreatment of HaCaT cells with CTS (0.02, 0.05,
0.1 uM) was able to increase the mtDNA copy number in the cells in
a dose-dependent manner following UV irradiation (Figure 3C),
while only pretreatment of HFF-1 cells with 0.1 uM of CTS was able
to increase the mtDNA copy number in HFF-1cells following UV
irradiation (Figure 3D). The results indicated that CTS could
attenuate the reduction of mtDNA copy number and
mitochondrial mass in HaCaT cells and HFF-1 cells induced by
UV radiation.

The reduction of MMP is a very important indicator of
mitochondrial damage. Cells subjected to UV irradiation showed
increased green fluorescence intensity and decreased red fluorescence
intensity compared with non-irradiated cells (Figures 3EF). The
decreased ratio of red to green fluorescence intensity indicated a
reduction in MMP in the UV irradiated cells compared with the non-
irradiated cells. However, the decrease in MMP level induced by UV
radiation in HaCaT and HFF-1 cells was considerably reduced when
the cells were pretreated with CTS, and the higher the concentration
of CTS, the stronger it could counteract the effect of UV radiation.
Likewise, compared with the non-irradiated cells, the UV-irradiated
cells exhibited significantly reduced ATP production, but
pretreatment of the irradiated cells with CTS (0.05 and 0.1 uM)
was able to significantly raise the production of ATP (Figures 3G,H).
Taken together, the data suggested that CTS could reduce the
mitochondrial dysfunction in HaCaT and HFF-1 cells caused by
UV radiation.

Cryptotanshinone effectively inhibits
ultraviolet radiation-induced apoptosis in
HaCaT cells and HFF-1cells

When the skin is exposed to excessive UV irradiation, it can
result in the apoptosis of skin cells. For both HaCaT and HFF-1 cells,
the number of dead cells increased significantly after UV irradiation
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FIGURE 3
Effects of CTS on mitochondrial function in UV-irradiated
HaCaT cells and HFF-1 cells. HaCaT cells and HFF-1 cells were
treated with CTS (0, 0.02, 0.05, 0.1 uM) for 4 h and then irradiated
with UVB (200 mJ/cm?) and UVA (15 J/cm?), respectively
After UV irradiation, the cells were supplemented with the
corresponding concentrations of CTS and incubated for the
different times before analysis. (A) Fluorescence staining of Mito-
Tracker Green probed HaCaT cells after 1-h of incubation
following UVB irradiation. Scale bars: 50 um. The plot shows the
(Continued)
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FIGURE 3 (Continued)

quantitation of mitochondrial mass as determined by

intensity analysis of the fluorescence in HaCaT cells. (B)
Fluorescence staining of Mito-Tracker Green probed HFF-1 cells
after UVA irradiation. Scale bars: 50 um. The plot shows the
quantitation of mitochondrial mass as determined by the intensity
analysis of the fluorescence in HFF-1 cells. (C) Copy number of
mtDNA in HaCaT cells as determined by gPCR. (D) Copy number
of mMtDNA in HHF-1 cells as determined by gPCR. (E) JC-1 staining
of HaCaT cells after 1-h of incubation following UVB irradiation.
Scale bars: 50 um. The ratio of red to green fluorescence intensity
represents MMP. The plot shows the change in MMP level in
HaCaT cells. (F) JC-1 staining of HFF-1 cells after UVA irradiation.
Scale bars: 50 um. The ratio of red to green fluorescence intensity
represents MMP. The plot shows the change in MMP level in HFF-1
cells. (G) ATP level in HaCaT cells following UVB irradiation as
detected by Multi-Mode Microplate Reader. (H) ATP level in HFF-1
cells following UVA irradiation as detected by Multi-Mode
Microplate Reader. All data are mean + SD from three independent
experiments, “##" indicates significantly different from the control
(noirradiation and CTS treatment) at the p < 0.01 level, whereas "*"
and "**" indicate significantly different from the UV-irradiated cells
without CTS pretreatment at the p < 0.05 and p < 0.01 levels,
respectively.

compared with the corresponding non-irradiated cells. The ratio of
living cells to dead cells also decreased for both cell types. However,
the number of UV radiation-induced dead cells decreased when the
cells were pretreated with CTS, and in a dose-dependent manner
(Figures 4A,B). Furthermore, compared with the non-irradiated cells,
the levels of caspase-3 and caspase-9 were increased in the UV-
irradiated cells. However, the levels of caspase-3 and caspase-9 in the
cells pretreated with CTS were reduced compared with the non-CTS-
treated cells following UV irradiation, and the reduction was
dependent on the concentration of CTS (Figures 4CD). The
results demonstrated that CTS could effectively inhibit UV
radiation-induced apoptosis in HaCaT cells and HFF-1 cells.

Cryptotanshinone promotes
mitochondrial biosynthesis through
activating the AMPK/SIRT1/PGC-1a
signaling pathway

To further explore the mechanism by which CTS reduced
mitochondrial function, HaCaT cells and HFF-1 cells were
incubated without or with CTS (0.02, 0.05 and 0.1 uM) for
4h before UV irradiation, and the intracellular levels of
AMPK, p-AMPK, SIRT1 and PGC-la were detected by
western blot. UVB-irradiated HaCaT cells exhibited reduced
levels of p-AMPK, SIRT1 and PGC-la compared with the
non-irradiated cells. However, when the cells were treated
with CTS (0.05, 0.1 uM) before UV irradiation, the levels of
p-AMPK, SIRT1 and PGC-1a in the cells increased significantly
(Figure 5A). Moreover, decreases in the levels of p-AMPK,
SIRT1 and PGC-la induced by UVA irradiation in HFF-1
cells were suppressed when the cells were pretreated with CTS
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Effects of CTS on UV radiation-induced apoptosis in HaCaT cells and HFF-1 cells. HaCaT cells and HFF-1 cells were treated without and with
CTS (0.02, 0.05, 0.1 uM) for 4 h prior to UVB (200 mJ/cm?) and UVA (15 J/cm?) irradiation, respectively. After UV irradiation, the cells were
supplemented with the corresponding concentrations of CTS and incubated for different times before analysis. Calcein-AM/PI double staining of
HaCaT cells after incubating for 6 h following UVB irradiation (A) and HFF-1 cells after incubating for 24 h following UVA irradiation (B). Red
fluorescence represents the dead cells, whereas green fluorescence represents the live cells. Scale bars: 100 um. The plots show the ratio of living to
dead cells. Caspase-3 and caspase-9 levels in HaCaT cells (C) and HFF-1 cells (D) after incubating 0.5 h following UV irradiation as assayed by western
blot. The plots show the quantitative analysis of protein expression. All data are mean + SD from three independent experiments, “##" indicates
significantly different from the control (no irradiation and CTS treatment) at the p < 0.01 level, whereas "*" and "**" indicate significantly different from
the UV-irradiated cells without CTS pretreatment at the p < 0.05 and p < 0.01 levels, respectively.
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FIGURE 5

CTS promotes mitochondrial biosynthesis via the AMPK/SIRT1/PGC-1a signaling pathway. HaCaT cells and HFF-1 cells were treated with CTS

(0, 0.02, 0.05, 0.1 uM) for 4 h and irradiated with UVB (200 mJ/cm?) or UVA (15 J/cm?), respectively. Then, the cells were supplemented with the
corresponding doses of CTS and incubated for another 0.5 h before analysis. (A) Protein levels of p-AMPK, SIRT1 and PGC-1a in HaCaT cells as
measured by western blot. The plots beside the blots show the relative expression levels of p-AMPK, SIRT1 and PGC-1a as determined by

grayscale analysis of the bands in the blots. (B) Protein levels of p-AMPK, SIRT1 and PGC-1a in HFF-1 cells as measured by western blot. The plots
beside the blots show the relative expression levels of p-AMPK, SIRT1 and PGC-1a as determined by grayscale analysis of the bands in the blots. All
data are mean + SD from three independent experiments, “##" indicates significantly different from the control (no irradiation and CTS treatment) at
the p < 0.01 level, whereas "*" and "**" indicate significantly different from the UV-irradiated cells without CTS pretreatment at the p < 0.05 and p <

0.01 levels, respectively.

(0.02, 0.05, 0.1 uM) before UVA irradiation (Figure 5B). These
findings suggested that CTS could promote mitochondrial
biosynthesis via the AMPK/SIRT1/PGC-la signal pathway,
which  would then the UV radiation-induced

mitochondrial dysfunction.

reduce

4 Discussion

In the process of aging, skin aging is the most obvious and
intuitive feature because it has a significant negative impact on
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people’s appearance. Skin is the first barrier between the body
and the external environment, and therefore, it is vulnerable to
bombardment by excessive UV radiation. Long-term exposure of
skin to UV radiation can disrupt tissue homeostasis, accelerate
the onset of aging-related phenotypes, and increase the risk of
skin cancer (Fitsiou et al., 2021). In recent years, the Earth has
been exposed to increasing amounts of UV radiation because of
the destruction of the atmosphere. Therefore, the protection
from skin injury caused by UV radiation is becoming more
important. The skin is composed mainly of two layers: the
(Baroni et al, 2012). The

epidermis and the dermis
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wavelength of UVB is short and UVB is mainly absorbed by the
epidermis, resulting in skin sunburn, epidermal hyperplasia, and
inflammatory reactions (Amaro-Ortiz et al., 2014; Battie et al,,
2014), whereas UVA has long wavelengths and can penetrate
deep into the dermis, making it a more significant factor in the
induction of skin photoaging (Zarei and Abbaszadeh, 2019).
Keratinocytes account for 90%-95% of epidermal cells and are
the main target cells of UVB radiation (Tang et al, 2021).
Fibroblasts are the main cells of dermis (Wong et al.,, 2016)
and the main target cells of UVA radiation. Changes in the skin
after exposure to UV radiation are related to the changes that
occur at the cellular level. Therefore, in this study, UVB-
irradiated HaCaT cells and UVA-irradiated HFF-1 cells were
used as in vitro models to explore the effects of CTS on UV
radiation-induced  epidermal keratinocytes and dermal
fibroblasts, respectively. CTS is a fat-soluble diterpenoid
anthraquinone compound mainly existing in Salvia plants of
Lamiaceae (Wu et al,, 2020), and it plays an important role in
UV-induced melanoma, reducing scar formation and treating
psoriasis (Li et al, 2016; Ye et al, 2016; Tang et al.,, 2018).
However, there has been no relevant report on the delay of skin
aging by CTS. Our findings demonstrated that CTS can
ameliorate UV radiation-induced skin aging by inhibiting
oxidative stress, mitochondrial dysfunction and apoptosis.

In photoaging skin, aging cells continue to accumulate and
secrete pro-inflammatory cytokines (Wang and Dreesen, 2018),
MMPs and other SASP factors. This promotes the thinning of the
epidermis and the degradation of collagen and elastic fibers in the
extracellular matrix of the dermal tissue, thus accelerating the
aging process of skin tissue (Fisher et al, 2002). It has been
reported that CTS can decrease the activity of SA-p-gal in IL-10-
induced activated hepatic stellate cells (HSCs), and such action of
CTS can inhibit the senescence of HSCs (Huang et al., 2020). Our
data clearly showed that CTS could inhibit UV radiation-induced
skin photoaging. SA-[B-gal-positive cells and SASP factors (IL-6,
IL-8, MMP-1, MMP-3) in HaCaT cells and HFF-1cells were
increased significantly when these cells were exposed to UV
radiation, but these increases were significantly suppressed when
the cells were treated with CTS before exposure to the UV
radiation (Figure 1).

UV radiation-mediated oxidative stress is the key trigger of
skin photoaging. The antioxidant mechanism of the active
components of S. miltiorrhiza Bunge (Lamiaceae) comprises
two main aspects: Direct scavenging of ROS and increased
expression of antioxidant enzymes via the activation of the
Nrf2 pathway (Zhao et al, 2008; Li et al, 2018). Our data
demonstrated that 0.02-0.1 uM of CTS could effectively
reduce the level of UV radiation-induced ROS production in
HaCaT cells and HFF-1 cells (Figures 2A,B). UVB can be directly
absorbed by DNA in epidermal keratinocytes, resulting in DNA
damage, which indirectly leads to rising ROS levels. When the
energy of a UVB photon is directly absorbed by DNA,
cycloaddition occurs between the C5 and C6 of two adjacent
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pyrimidine bases in the DNA, converting them into CPD. The
C6 and C4 of two adjacent pyrimidine bases form a covalent
bond to generate 6-4 PP (Cadet et al, 2015). 6-4 PP mainly
destroys the double helix structure of DNA, which induces the
production of y-H2AX (Hanasoge and Ljungman, 2007; Chen
et al, 2014). An increase in CPD level will also induce more y-
H2AX formation. Therefore, the degree of DNA damage can be
known by detecting the increases in CPD and y-H2AX (Zhao
et al, 2014). CTS showed a good anti-DNA damage effect as
evidenced by the decreased CPD and y-H2AX levels in
HaCaT cells pretreated with CTS before UVB irradiation
compared with the irradiated cells without CTS pretreatment
(Figure 2C). Such a feature indicated that CTS could further
reduce the ROS level in the cells by alleviating UV radiation-
induced DNA damage to ameliorate the associated skin aging
process.

Previous studies have shown that Nrf2 plays a beneficial role
in protecting the skin from UVB induced inflammation,
oxidative damage, cell dysfunction and skin sunburn (Saw
et al, 2011; Tkehata and Yamamoto, 2018). The deficiency of
Nrf2 will aggravate the UVB induced skin damage, such as
inflammation, DNA damage and extracellular matrix damage
(Saw et al., 2014; Knatko et al., 2015), while the activation of
Nrf2 can prevent skin cancer caused by ultraviolet light (Li et al.,
2017; Gegotek et al., 2018; Rojo de la Vega et al., 2018). Cells
regulate the occurrence of various oxidative stress injuries
through the Nrf2 signaling pathway (Ben-Yehuda Greenwald
et al,, 2017). CTS has been found to exert various protective
effects by activating the intracellular Nrf2 signaling pathway,
such as alleviating ethanol-induced liver injury (Nagappan et al.,
2019), regulating the endotoxin-induced inflammatory response
of microglia (Zhou et al,, 2019), and inhibiting the MG132-
induced apoptosis (Lee et al., 2020). Since CTS could effectively
inhibit UV radiation-induced ROS production in HaCaT and
HFF-1 cells, we speculated that it may also inhibit oxidative
damage to the skin cells induced by UV radiation through the
Nrf2 signaling pathway. To verify this hypothesis, the effect of
CTS on the levels of Nrf2 and its downstream antioxidant
enzymes HO-1 and NQOI was investigated by western blot.
Surprisingly, CTS could promote the translocation of Nrf2 from
the cytoplasm to the nucleus, enabling Nrf2 to transcriptionally
activate its downstream antioxidant genes such as HO-1 and
NQOI1. Thus, CTS might achieve its antioxidant effect by
activating the Nrf2 signaling pathway, thereby ameliorating
photoaging caused by UV irradiation-induced oxidative stress.

Mitochondrial dysfunction can further induce cellular aging
(Wiley et al, 2016). As mitochondria are the main site of ROS
generation, the mtDNA is easily attacked by excessive ROS caused by
UV irradiation (Birch-Machin et al., 2013), resulting in abnormal
function for the ETC, with the consequence of promoting premature
skin aging (Krutmann and Schroeder, 2009). Previous studies have
shown that the copy number of mtDNA and the mitochondria mass
will decrease with age (Zhang et al, 2017), and the damaged
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mitochondria will also be removed through the mitophagy
mechanism (Li et al, 2020; Zhuang et al, 2020). Mitochondria
play a central role in cellular energy metabolism and a range of
other cellular activities, such as calcium signaling, iron homeostasis,
hormone synthesis, and programmed cell death (Schon et al., 2012;
Stewart and Chinnery, 2015; Picard et al.,, 2016). However, the loss of
mitochondria will seriously affect the normal progress of cell
activities. The mitochondrial DNA polymerase gamma gene
(POLGI) is a nuclear gene that encodes the catalytic subunit of
the mtDNA polymerase gamma, an enzyme that is essential for
mtDNA replication (Milone and Massie, 2010). One study has
described the construction of an inducible mtDNA-depleted
mouse expressing a dominant-negative (DN) mutation in the
polymerase domain of POLG1 (Singh et al, 2018). When the
POLGI-DN transgene was turned on by doxycycline (dox), these
transgenic mice showed reduced mtDNA content and obvious skin
aging symptoms. However, when dox was withdrawn, the content of
mtDNA in the mtDNA-depleter mice was restored to the normal
level and the aging-related manifestations such as skin wrinkles and
hair loss were reversed. This suggests that mtDNA is a reversible
regulator of skin aging and the skin aging symptoms can, therefore,
be reversed by restoring the normal level of mtDNA in the cells. Our
data showed that CTS could significantly inhibit the reduction of
mtDNA copy number and mitochondrial mass induced by UV
radiation (Figures 3A-D). Since a decrease in mtDNA copy number
will lead to a decrease in MMPs (Singh et al., 2018), our observation
suggested that CTS may exert its anti-aging role by increasing MMP
levels, possibly by increasing the copy number of mtDNA. Aging is
related to the ability of mitochondria to produce energy (Prinzinger,
2005). Mitochondria are very important organelles in the cytoplasm
of eukaryotic cells, which undertake a variety of important
physiological functions. They mainly generate ATP through
OXPHOS to provide energy for the cells, and hence the entire
organism (Krutmann and Schroeder, 2009). The site of ATP
synthesis is located in the ETC of the inner mitochondrial
(Hamanaka and Chandel, 2009). Mutation and
reduction of mtDNA can lead to a defect in the ETC, which can
easily result in decreased MMP and ATP levels. CTS has been shown
to significantly promote the production of ATP and increase MMP

membrane

levels by increasing the activities of all the complexes in the
mitochondrial electron transport chain except for complex II,
thereby playing a protective role in cardiomyocytes (Zhang et al,
2016). As CTS pretreatment also led to increased MMP and ATP
levels in HaCaT cells and HFF-1 cells (Figures 3E-H), CTS may
reduce mitochondrial damage by reducing the production of ROS
and or by restoring the ETC function by preventing a drop in the
copy number of mtDNA induced by UV radiation in this case, with
the consequence of promoting ATP synthesis and restoring MMP
level.

Moreover, excessive damage to the mitochondria induced by
UV radiation can lead to an increase in mitochondrial outer
membrane permeability (MOMP), which will allow cytochrome
¢ (Cyt¢) to leak from the mitochondria into the cytoplasm (Sinha
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et al,, 2013). In the cytoplasm, Cyt ¢ polymerizes with apoptotic
protease activating factor-1 (Apaf-1), and this complex then
activates caspase-3 and caspase-9, eventually causing apoptosis
(Chipuk et al., 2010; Vo and Letai, 2010; Edlich et al, 2011).
Thus, one way to prevent such apoptosis is to block the activation
of these caspases, which are acting as executioners of apoptosis.
By preventing an increase in the levels of active caspase-3 and
caspase-9, CTS was able to effectively reduce the extent of
apoptosis in HaCaT and HFF-1 cells induced by UV
radiation. Interfering with the activation of executioner
caspases, therefore, might constitute an important mechanism
by which CTS could protect skin cells from photoaging.

In the case of oxidative stress, cells need to remove damaged
mitochondria in time to maintain the normal structure and
homeostasis (Sedlackova and Korolchuk, 2019). However, once
the mass of mitochondria is reduced, it cannot meet the energy
demand of cell metabolism, and this can also lead to premature aging
of the skin. When this happens, it is necessary to activate the
mitochondrial biosynthesis pathway so that new mitochondria
can replace the lost ones. Mitochondrial biosynthesis is a key
component in the mitochondrial mass control mechanism, and
AMPK/SIRT1/PGC-1a is a key signaling pathway controlling
mitochondrial biosynthesis. SIRT1 is an NAD"-dependent
deacetylase.  When NAD" is increased in cells, the Thr
522 residue of SIRT1 is activated by phosphorylation (Cant6 and
Auwerx, 2009; Guo et al., 2010; Guo et al.,, 2012). SIRT1 has been
shown to have anti-aging effects in various cell models, and its anti-
aging effects are associated with the alleviation of intracellular
oxidative stress (Wang et al, 2011; Cueno et al, 2014). PGC-1la
can be deacetylated by SIRT1 to regulate its transcriptional activity
(Cant6 et al, 2010), and deacetylated PGC-la enhances the
of mtDNA by activating the
biosynthesis pathway (Uittenbogaard and Chiaramello, 2014). A

replication mitochondrial
study has reported that CTS can effectively improve the
of PGC-la mitochondrial
biosynthesis in oxidatively damaged cardiomyocytes (Zhang et al,,
2016). SIRT1 normally cooperates with intracellular AMPK in the
activation of PGC-la (Chang et al, 2015). AMPK induces the
phosphorylation of PGC-la, while SIRT1 promotes the
deacetylation of PGC-la. In the UV-irradiated HaCaT cells and
HFF-1 cells, the levels of p-AMPK, SIRT1 and PGC-la were
decreased significantly (Figure 5). Excessive UV radiation may
inhibit the expression of p-AMPK, SIRT1, and PGC-la by
inhibiting mitochondrial
biosynthesis. However, pretreatment of the cells with CTS
significantly increased the p-AMPK, SIRT1 and PGC-1a levels in
the UV-irradiated skin cells and activated the AMPK/SIRT1/PGC-1a
pathway. Therefore, CTS might protect the mitochondrial function
in skin cells against the damaging effect of UV radiation in two ways.

expression level and promote

damaging nuclear DNA, thereby

The first way is by reducing the extent of mitochondrial damage via
decreasing intracellular ROS levels. The second way is by activating
the AMPK/SIRT1/PGC-la pathway, a key signal pathway that
initiates  mitochondrial ~ biosynthesis

and generates new
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mitochondria. Although we have demonstrated, for the first time, the
anti-aging effect of CTS on skin cells, and CTS shown that this effect
involved the attenuation of oxidative damage, amelioration of
mitochondrial dysfunction, and inhibition of cell apoptosis,
whether CTS can play a role in delaying skin aging at an animal
level remains a topic for further study.

5 Conclusion

In summary, CTS was found to activate the Nrf2-mediated
antioxidant signaling pathway as demonstrated in UV-irradiated
skin cells, with the result of inhibiting ROS generation and
attenuating  DNA damage. Moreover, CTS also reduced
mitochondrial ~dysfunction and promoted mitochondrial
biosynthesis by activating the AMPK/SIRT1/PGC-1a pathway.
These effects of CTS would eventually lead to reduced cell death
and the relief of photoaging. Besides, these effects of CTS could
also establish a solid foundation for the application of CTS in
anti-photoaging skin. CTS could indeed be considered a valuable
component in the development of UV-protective agents.
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