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Background: Exposure to ultraviolet (UV) radiation (UVB and UVA) is the most well-known extrinsic 
factor that induces skin aging. Fucoidan has been shown to possess antiphotoaging effects against UV 
irradiation and can be used as an ingredient in the pharmaceutical industry. The present study evaluated the 
photoprotective effect of fucoidan purified from Undaria pinnatifida (UPF) on UV-induced skin photoaging 
and explored its potential molecular mechanism.
Methods: To evaluate the effect of UPF on UV-induced skin aging, HaCaT cells and HFF-1 cells were 
pretreated with or without UPF and then exposed to UVB and UVA radiation, respectively, and the levels 
of cellular senescence, reactive oxygen species (ROS) production and mitochondrial dysfunction were 
evaluated. The mitochondrial ROS (mROS) was stained through MitoSOX, and the confocal microscope 
was used to capture the images. For further exploration of AMPK/SIRT-1/PGC-1α signaling, western blot 
was employed.
Results: The results demonstrated that pretreatment of HaCaT and HFF-1 cells with UPF ameliorated 
cellular senescence, ROS and mROS overproduction, and mitochondrial dysfunction caused by UV 
exposure. This research also revealed that UPF could activate the AMPK/SIRT-1/PGC-1α signaling 
pathway to promote mitochondrial biogenesis.
Conclusions: UPF can ameliorate UV-induced skin photoaging through inhibition of ROS production via 
the alleviation of mitochondrial dysfunction by regulating the SIRT-1/PGC-1α signaling pathway.
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Introduction

The skin is a barrier that segregates the body from the 
environment and provides overall protection. As the 
most visible organ of the body, aging has a perceived 
negative influence on people’s appearance (1). Skin aging is 
characterized by dryness, wrinkling, sagging, increased laxity, 

and aberrant pigmentation (2). It has been suggested that 
skin aging is induced by intrinsic and extrinsic factors. While 
intrinsic skin aging is due entirely to the passage of time and 
is influenced by genetics, extrinsic aging can occur earlier 
as a result of environmental factors including air pollution, 
smoking, ultraviolet (UV) radiation, stress, and a lack of 
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nutrition (3-6). The skin is composed of two layers: the 
epidermis and dermis. The epidermis is primarily composed 
of keratinocytes, which undergo continuous renewal and 
resemble a brick-mortar structure. The dermis is the main 
tissue in the skin and consists of fibroblasts that produce an 
extracellular matrix of collagenous and elastic fibers (7). In 
aging skin, senescent keratinocytes and fibroblasts have been 
observed in the dermis and epidermis, respectively (8,9). 
Senescent keratinocytes cause thinning of the epidermis 
and aggravate skin sensitivity due to proliferation arrest and 
the secretion of senescence-associated secretory phenotype 
(SASP) factors. Senescent fibroblasts degrade collagen, 
elastin, and fibronectin by secreting SASP factors, such as 
matrix metalloproteinases, causing relaxation and wrinkle 
formation in aged skin (10,11).

Notably, UV radiation is the primary factor in extrinsic 
skin aging, known as photoaging, and accounts for 
approximately 80% of skin aging. UV can be divided into 
the following three types based on wavelength: UVA (320–
400 nm), UVB (280–320 nm), and UVC (200–280 nm).  
UVC is blocked from reaching the Earth’s surface by 
oxygen and the atmospheric ozone layer. Ultraviolet B 
(UVB), which has a shorter wavelength, can only penetrate 
the epidermis and trigger aging of this layer. In contrast, 
the longer wavelengths of Ultraviolet A (UVA) penetrate 
deeply into the dermis and induce the degradation of 
collagen and elastin, causing the elasticity of the skin and 
wrinkle formation (12-14). Both UVA and UVB contribute 
to photoaging. UV irradiation is known to induce the 
generation of ROS, which induce inflammatory cytokine 
expression and contribute to the synthesis of a series of 
matrix metalloproteinases that cause collagen degradation, 
resulting in wrinkles (15-17). 

Seaweed is a marine plant that can protect itself from 
photodamage, including from UVB irradiation. Fucoidans 
are a family of sulfated polyfucose polysaccharides 
extracted from brown seaweeds. These substances possess 
various pharmacological properties that exert antitumor, 
immunomodulatory, antioxidant, and anti-inflammatory 
effects (18,19). Previous studies have demonstrated 
that fucoidans also have antiphotoaging effects against 
UV irradiation and can be used as an ingredient in 
pharmaceuticals (20-22). One previous study examined 
the UVB-protective effects of a low-molecular-weight 
fucoidan from Sargassum confusum, which included reducing 
intracellular ROS levels, DNA damage, inflammatory 
responses, and apoptosis in human keratinocytes (23).  
In vivo studies have also shown that fucoidan purified 

from Saccharina japonica can reduce ROS levels, cell death, 
and nitric oxide (NO) production in UVB-irradiated  
zebrafish (18). Fucoidan purified from Undaria pinnatifida 
(UPF) also exerts its photoprotective effect by augmenting 
the immune response and decreas ing the matr ix 
metalloproteinase-1 (MMP-1) level in UVB-irradiated 
mouse skin although its mechanism remains unknown (24). 
Based on results of our previous study (25), we hypothesized 
that UPF exerts antiphotoaging effects against UV 
irradiation. This study was aimed to explore the effect 
of UPF on UV-irradiated keratinocytes and fibroblasts 
and to explore the potential underlying mechanisms. We 
present the following article in accordance with the MDAR 
reporting checklist (available at https://dx.doi.org/10.21037/
atm-21-3668).

Methods

Cell lines and cell culture 

HaCaT and HFF-1 cell lines were purchased from Zhong 
Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). 
HaCaT and HFF-1 cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM; Gibco, Life Technologies 
Corporation, NY, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco, Life Technologies Corporation) 
in a humidified atmosphere with 5 % CO2 at 37 ℃. 

UV irradiation

HaCaT cells were incubated with UPF (0, 50, and  
200 μg/mL) for 4 hours. After this, HaCaT cells were 
exposed to UVB (20 mJ/cm2), while HFF-1 cells were 
incubated with UPF (0, 50, and 200 μg/mL) for 4 hours. 
The cells were then exposed to UVA (5 J/cm2) and incubated 
with DMEM for different durations.

Quantitative real-time polymerase chain reaction 

HaCaT and HFF-1 cells were treated with UPF for 4 hours 
and then exposed to UVB or UVA, respectively, which was 
followed by 6 hours of incubation. RNA was isolated from 
cells using an RNA extraction kit (Biomiga, San Diego, CA, 
USA), and 1 μg of total RNA was reverse transcribed with 
a PrimeScript RT Reagent Kit (Takara, Dalian, China). 
Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed using SYBR Green Master Mix 
(Applied Biosystems, Foster City, CA, USA). The primer 
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sequences are shown in Table 1. The expression of each gene 
relative to β-actin was calculated using the 2-ΔΔCt method.

Senescence-associated β-galactosidase staining

HaCaT and HFF-1 ce l l s  were  f i xed  in  co ld  4% 
paraformaldehyde for 3 minutes, which was followed 
by incubation with 200 μL of SPiDER-β Gal (Dojindo 
Laboratories,  Tokyo, Japan) for 15 minutes.  The 
fluorescence of senescence-associated β-galactosidase (SA-
β-gal)-positive cells were captured using a fluorescence 
microscope (Nikon, Tokyo, Japan).

Intracellular ROS measurement 

The UV-induced overproduction of ROS in HaCaT 
and HFF-1 cells was determined using a ROS assay kit 
(Beyotime, China) according to the manufacturer’s protocol. 
Briefly, the cells were washed twice with phosphate-
buffered saline (PBS) and then stained with dichloro-
dihydro-fluorescein diacetate (DCFH-DA; 5 μM) for  
15 minutes at 37 ℃ in a 5% CO2 incubator. Subsequently, 
the ROS production was detected by ACEA NovoCyte flow 
cytometer (Agilent, Santa Clara, CA, USA). 

Mitochondrial ROS measurement

HaCaT cells and HFF-1 cells were treated with UPF for  
4 hours, irradiated with UVB or UVA, and incubated post-
irradiation for 2 hours. After that, the cells were stained with 
MitoSOX (Invitrogen, Waltham, MA, USA) for 30 minutes. 
The cell nuclei were stained with 40,6-diamidino-2-

phenylindole (DAPI), and images were captured using a 
confocal microscope (Nikon, Tokyo, Japan).

JC-1 staining 

The MMP loss was evaluated by JC-1 fluorescent probes 
(Beyotime Institute of Biotechnology, Jiangsu, China). 
First, UPF pretreated HaCaT cells and HFF-1 cells were 
incubated post-irradiation for 1 hour. Subsequently, the 
cells were stained with 5 μM JC-1 for 20 minutes. Finally, a 
fluorescence microscope was used to detect the MMP loss 
of cells. 

Mitochondrial mass analysis 

HaCaT cells and HFF-1 cells were treated in the same 
manner as that described for JC-1 staining. The cells were 
first incubated with 50 nM MitoTracker Green (Beyotime, 
Jiangsu, China) in DMEM for 1 hour at 37 ℃. Confocal 
microscopy was employed to detect the fluorescence of the 
mitochondria. 

Western blot 

HaCaT Cells and HFF-1 cells were pretreated with 
UPF for 4 hours, exposed to UVB or UVA irradiation, 
respectively, and incubated post-irradiation for 30 minutes. 
After this, total protein was extracted from cells. Then, 
20 μg protein was subjected to 10% SDS-PAGE and 
transferred to a polyvinylidene fluoride (PVDF) membrane. 
The membrane was immunolabeled with antibodies for 
AMPK, phospho-AMPK, PGC-1α, SIRT-1, and tubulin 
(Cell Signaling Technology, Beverly, MA, USA) and 
followed by further incubation with goat anti–mouse 
or goat anti-rabbit secondary antibodies (Cell Signaling 
Technology). The immune complexes were finally detected 
with a chemiluminescence substrate (Thermo Scientific, 
USA). Detection was performed with chemiluminescence 
substrate (Thermo Scientific). 

Statistical analysis 

All data were analyzed by GraphPad Prism 5.01 (GraphPad, 
San Diego, CA, USA) and are expressed as the mean 
± standard deviation (SD) derived from 3 independent 
experiments. A comparison of data between groups was 
performed using one-way analysis of variance (ANOVA) 
and followed by Dunnett’s test. P values <0.05 or <0.01 

Table 1 Primer sequences for quantitative qRT-PCR

Gene Primer Primer sequence (5'-3')

IL-6 Forward CCGAAGGACGGGAGCAG

Reverse GGGTCAGGGGTGGTTATTGC

IL-8 Forward AGCAGTTCCACAGGCACA

Reverse ACTCTGGTTGGCTTCCTTCA

MMP-1 Forward TGGGCTGAAAGTGACTGGGAAAC

Reverse ACATCTGGGCTGCTTCATCACC

MMP-3 Forward AGTTCCTTGGATTGGAGGTGACG

Reverse TTCGGGATGCCAGGAAAGGTTC

IL-6, interleukin-6; IL-8, interleukin-8; MMP-1, matrix 
metalloproteinase-1; MMP-3, matrix metalloproteinase-3.

https://www.sciencedirect.com/topics/medicine-and-dentistry/fluorescent-dye
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were considered statistically significant. 

Results

Protective effects of UPF against UVB-irradiated HaCaT 
cell senescence and UVA-irradiated HFF-1 cell senescence

Cellular senescence is the main effector in photoaging, and 
senescent cells accumulate SA-β-gal, which distinguishes 
them from quiescent cells (26). HaCaT cells exposed to  
20 mJ/cm2 dose of UVB followed by 12 hours of incubation 
showed a significant increase in the number of SA-β-gal-
positive HaCaT cells (senescent HaCaT cells) compared 
with non-irradiated HaCaT cells (control); however, the 
number of UVB-induced senescent HaCaT cells was 
reduced significantly when cells were pretreated with UPF 
(20 and 50 μg/mL) before UVB irradiation (Figure 1A). 
The messenger RNA (mRNA) expression of interleukin 6 
(IL-6) and IL-8 were also elevated after UVB exposure, but 
pretreatment of UPF (20 and 50 μg/mL) suppressed the 
levels of IL-6 and IL-8 (Figure 1B). Thus, the results shown 
in Figure 1A and B indicate that UPF could prevent HaCaT 
cells from UVB-induced senescence. HFF-1 cells irradiated 
with 5 J/cm2 UVA followed by 12 hours of culture showed 
a significant increase in the number of senescent HFF-1 
cells, whereas UPF (50 μg/mL) significantly reduced UVA-
induced senescence of HFF-1 cells (Figure 1C). Under 
these conditions, the mRNA expression of MMP-1 and 
MMP-3 were significantly inhibited when the HFF-1 cells 
were treated with UPF (20 and 50 μg/mL) before UVA 
irradiation (Figure 1D). The results shown in Figure 1C and 
D indicate that UPF could prevent HFF-1 cells from UVA-
induced senescence. Taken together, these observations 
reveal the protective effects of UPF against UV-induced 
photoaging.

UPF attenuated ROS production caused by UV exposure in 
HaCaT and HFF-1 cells

Photoaging is also associated with the generation and 
accumulation of ROS in skin cells (27). In this study, the 
effect of UPF on the UV-induced production of ROS was 
demonstrated using flow cytometry. The results in Figure 2A 
indicate that UVB can cause an increase in ROS in HaCaT 
cells, whereas UPF (50 μg/mL) can significantly inhibit the 
UVB-induced production of ROS. The pretreatment of 
HFF-1 cells with UPF (20 and 50 μg/mL) also significantly 
decreased the generation of ROS triggered by UVA 

irradiation (Figure 2B). These results suggest that UPF is 
capable of reducing UV-induced ROS production.

UPF ameliorated the extent of mROS caused by UV 
irradiation in HaCaT and HFF-1 cells

One of the major sources of ROS is mitochondria [referred 
to as mitochondrial ROS (mROS)], which are instrumental 
for the initiation and maintenance of cellular senescence 
(28,29). mROS are generated as byproducts of the electron 
transport chain (ETC) in the mitochondrial matrix 
or intermembrane space. In this study, MitoSOX was 
employed to determine the levels of mROS, and the effect 
of UPF on mROS generation was demonstrated. In HaCaT 
cells subjected to UVB radiation, a significant increase 
in the amount of mROS was detected when compared 
to the untreated control cells. This effect was efficiently 
counteracted by pretreatment with UPF (20 and 50 μg/mL; 
Figure 3A). The results in Figure 3B demonstrate that UVA 
irradiation led to a significant elevation in mROS levels 
compared to the untreated HFF-1 cells and that UPF  
(50 μg/mL) reduced the UVA-induced production of 
mROS. These data are in line with the results that 
demonstrated the overproduction of ROS induced by UV 
radiation to be inhibited by pretreatment with UPF.

UPF ameliorated mitochondrial dysfunction caused by UV 
irradiation in HaCaT and HFF-1 cells

During the aging process, mitochondria lose their function, 
leading to a decline in mitochondrial biogenesis and 
adenosine trisphosphate production (ATP) production, 
which halts the activities of enzymes in the ETC and 
results in the generation of ROS (30). To determine the 
effect of UPF on mitochondrial function, the MMP and 
mitochondrial mass of HaCaT and HFF-1 cells were 
detected following UV exposure. Compared with the 
nonirradiated control sample, the mitochondrial mass of 
HaCaT and HFF-1 cells was significantly reduced after 
UVB and UVA irradiation, respectively. The mitochondrial 
mass was significantly increased when the cells were 
treated with UPF (20 and 50 μg/mL) before UVB or UVA 
irradiation (Figure 4A,B). With UV irradiation, the HaCaT 
and HFF-1 cells showed a reduction in MMP, whereas 
pretreatment with UPF resulted in an elevated level of 
MMP (Figure 4C,D). Thus, UPF can prevent mitochondrial 
dysfunction in HaCaT and HFF-1 cells. 
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Figure 1 Effect of UPF on UV-induced HaCaT cells and HFF-1 cells senescence. (A) Fluorescence staining of SA-β-gal-positive HaCaT 
cells was quantified after incubation for 12 hours following UVB irradiation. Scale bar =20 μm. (B) The mRNA expression of IL-6 and 
IL-8 in HaCaT cells after 6-hour incubation following UVB irradiation. (C) Fluorescence staining of senescent HFF-1 cells was quantified 
after 12-hour incubation following UVA irradiation. Scale bar =20 μm. (D) The mRNA expression of MMP-1 and MMP-3 in HFF-1 cells 
after 6-hour incubation following UVA irradiation. All data are expressed as the mean ± SD of 3 independent experiments; ##P<0.01 versus 
non-irradiated group; while *P<0.05 and **P<0.01 versus UV group. UPF, Undaria pinnatifida; UV, ultraviolet; UVB, ultraviolet B; UVA, 
ultraviolet A; IL-6, interleukin-6; IL-8, interleukin-8; MMP-1, matrix metalloproteinase-1; MMP-3, matrix metalloproteinase-3; SD, 
standard deviation.
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Figure 2 Effect of UPF on the ROS production induced by UV irradiation. (A) Intracellular ROS generation in HaCaT cells was detected 
and quantified by flow cytometry after 4-hour incubation following UVB irradiation. (B) Intracellular ROS generation in HFF-1 cells was 
detected and quantified by flow cytometry after 4-hour incubation following UVA irradiation. All data are expressed as the mean ± SD of 
3 independent experiments; ##P<0.01 versus non-irradiated group; *P<0.05 and **P<0.01 versus UV group. UPF, Undaria pinnatifida; ROS, 
reactive oxygen species; UV, ultraviolet; UVB, ultraviolet B; UVA, ultraviolet A; SD, standard deviation.
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Figure 3 Effect of UPF on UV irradiation-induced mROS overproduction. (A) Fluorescence staining of mROS in HaCaT cells was 
quantified after incubation for 2 hours following UVB irradiation. (B) Fluorescence staining of mROS in HFF-1 cells was quantified after 
incubation for 2 hours following UVA irradiation. Scale bar =20 μm. All data are expressed as the mean ± SD of 3 independent experiments; 
##P<0.01 versus non-irradiated group; **P<0.01 versus UV group. UPF, Undaria pinnatifida; mROS, mitochondrial reactive oxygen species; 
UV, ultraviolet; UVB, ultraviolet B; UVA, ultraviolet A; SD, standard deviation.

UPF activated the AMPK/ SIRT-1/ PGC-1α signaling 
pathway 

It is known that AMPK and SIRT-1 promote mitochondrial 
biogenesis and oxidative capacity by regulating PGC-1α 
and preventing mitochondrial dysfunction (31,32). In the 
present study, the cultured HaCaT and HFF-1 cells were 
treated with UPF (20 and 50 μg/mL) prior to UVB or 
UVA irradiation, respectively. UVB irradiation decreased 
the phosphorylation of AMPK and expression of SIRT-1 
and PGC-1α as compared to the nonirradiated control 
cells. Furthermore, treatment with UPF stimulated AMPK 
activity and increased the expression of SIRT-1 and PGC-1α 
in the HaCaT cells (Figure 5A). Furthermore, treatment 
with UPF increased the phosphorylation of AMPK, and 
the expression of SIRT-1 and PGC-1α in the HFF-1 cells 
(Figure 5B). These data indicate that UPF could activate 
the AMPK/SIRT-1/PGC-1α signaling pathway to promote 
mitochondrial biogenesis.

Discussion

Aging is a biological process that occurs in every individual 
from the moment of birth, and, as the most voluminous 
organ of the body, the skin shows visible signs of aging 
as one becomes older (33). The dramatic increase in the 
aging population and the psychosocial impact of aged skin 
has created a demand for preventing or reversing skin  
aging (34). UV radiation in sunlight is the most well-known 
extrinsic factor that induces skin aging. Fucoidans have 
been demonstrated to exert antiphotoaging effects against 
UV irradiation. We found that the fucoidan from UPF can 
ameliorate epidermal barrier disruption (25). In the present 
study, we explored the effect of UPF on UV-induced 
epidermis and dermis aging. Our results indicate that UPF 
could inhibit ROS production by alleviating mitochondrial 
dysfunction and reducing the number of senescent HaCaT 
and HFF-1 cells.

In aged skin, senescent keratinocytes have been 
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Figure 4 Effect of UPF on the mitochondrial dysfunction caused by UV irradiation. (A) Fluorescence staining of mitochondrial mass in 
HaCaT cells was quantified after incubation for 2 hours following UVB irradiation. (B) Fluorescence staining of mitochondrial mass in 
HFF-1 cells was quantified after incubation for 2 hours following UVA irradiation. (C) Fluorescence staining of MMP in HaCaT cells 
was quantified after incubation for 2 hours following UVB irradiation. (D) Fluorescence staining of MMP in HFF-1 cells was obtained 
and quantified after incubation for 2 hours following UVA irradiation. Scale bar =20 μm. All data are expressed as the mean ± SD of 3 
independent experiments; ##P<0.01 versus non-irradiated group; *P<0.05 and **P<0.01 versus the UV group. UPF, Undaria pinnatifida; UV, 
ultraviolet; UVB, ultraviolet B; UVA, ultraviolet A; MMP, mitochondrial membrane potential; SD, standard deviation.

observed in the epidermis and senescent fibroblasts in the  
epidermis (9). Keratinocytes are the major cell type of 
the epidermis and provide an efficient and continuously 
renewing barrier to the environment (35). UV irradiation, by 
impairing the cellular redox status, can lead to the excessive 
generation of ROS, which are the main contributors to 
skin aging (15). In our observations, HaCaT cells exposed 
to UVB exhibited elevated ROS production and an 
increase in the number of senescent HaCaT cells. This 
was accompanied by the secretion of SASPs, such as IL-6 
and IL-8, which play a critical role in immunosuppression. 
However, treatment of HaCaT cells with UPF before 
UVB irradiation reduced the production of ROS, resulting 
in marked protection against UVB-induced HaCaT cells 
senescence. Fibroblasts are the most abundant and most 
studied senescence-related cell type of the dermis. Once 
these cells are exposed to UVA irradiation, elevated ROS 
activate signaling cascades that promote the synthesis of 

matrix metalloproteinases, which are important contributors 
to the degradation of collagen and other extracellular matrix 
components in the dermis, resulting in skin wrinkling 
and loss of elasticity (36-38). We found that HFF-1 cells 
irradiated with UVA exhibited ROS overproduction and 
increased expression of MMP-1 and MMP-3, leading 
to senescence. These effects can be suppressed by UPF, 
providing preliminary evidence that UPF may be crucial for 
antiphotoaging.

Mitochondria also play a critical role in aging. Mitochondria 
are the major source of ROS, and overproduction of mROS 
cause DNA damage and activation of CDK1N1 (p21). 
Subsequently, p21 induces mitochondrial dysfunction and 
permanent cell cycle arrest, which is instrumental in the 
initiation and maintenance of cellular senescence (29,39,40). 
Mitochondrial dysfunction has been considered a driver 
of aging (30,41). mROS-derived mitochondrial DNA 
damage results in decreased MMP and mitochondrial  
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Figure 5 Effect of UPF on the AMPK/SIRT-1/PGC-1α signaling pathway following UV irradiation. (A) HaCaT cells were pretreated 
with UPF for 4 hours, exposed to UVB, and incubated for a further 30 minutes; the protein levels of phospho-AMPK, AMPK, SIRT-1, 
and PGC-1α were assessed by western blot. The graphs show a quantitative analysis of protein expression. (B) HFF-1 cells were pretreated 
with UPF for 4 hours, exposed to UVA, and incubated for a further 30 minutes; the protein levels of phospho-AMPK, AMPK, SIRT-1, 
and PGC-1α were assessed by western blot. The graphs show a quantitative analysis of protein expression. All data are expressed as the 
mean ± SD of 3 independent experiments; ##P<0.01 versus non-irradiated group; *P<0.05 and **P<0.01 versus the UV group. UPF, Undaria 
pinnatifida; mROS, mitochondrial reactive oxygen species; UV, ultraviolet; UVB, ultraviolet B; UVA, ultraviolet A; phospho-AMPK, 
phosphorylated AMP-activated protein kinase; AMPK, AMP-activated protein kinase; SIRT-1, silent information regulator-1; PGC-1α, 
peroxisome proliferator-activated receptor γ coactivator 1 α; SD, standard deviation.
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biogenesis (42). In addition, mitochondrial dysfunction leads 
to ROS production, which further disrupts mitochondrial and 
cellular homeostasis (43). In this study, we found that UPF 
reduced the elevation of mROS and attenuated the reduction 
of mitochondrial mass and the loss of MMP induced by UV 
irradiation, which may explain the inhibitory effect of UPF on 
the generation of ROS induced by UV irradiation.

With aging, mitochondrial biogenesis is reduced. 
Mitochondrial biogenesis can produce new and healthy 
mitochondria and is dependent on different signaling 
cascades (42). In general, PGC-1α is thought to act as a 
central hub in mitochondrial biogenesis by interacting with 
downstream factors including peroxisome proliferator-
activated receptors  (PPARβ ) ,  nuclear respiratory 
factors (NRFs), estrogen-related receptors (ERRs), and 
mitochondrial transcription factor A (Tfam). This in turn 
activates the expression of nuclear and mitochondrial genes 
that encode mitochondrial proteins (44,45). A decline in 
mitochondrial biogenesis may result from an age-dependent 
reduction in PGC-1α  (46), and the overexpression 
of PGC-1α in skeletal muscles has been found to be 
associated with an improvement in mitochondrial function 
in aged mice (47). AMPK and SIRT-1 could promote 
mitochondrial biogenesis by regulating PGC-1α activity 
via phosphorylation and deacetylation, respectively 
(31,32,48). AMPK deficiency can lead to age-associated 
ROS generation; meanwhile, SIRT-1-deficient primary 
myoblasts can decrease mitochondrial DNA content and 
MMP, and SIRT-1 deletion promotes the production 
of mROS and alters mitochondrial properties (49). We 
found that HaCaT cells irradiated with UVB showed 
decreased phosphorylation of AMPK and significant 
downregulation of SIRT-1 and PGC-1α compared to 
nonirradiated cells. However, the HaCaT cells displayed 
a marked increase in AMPK phosphorylation and SIRT-1  
and PGC-1α expression when pretreated with UPF. In 
agreement with the results of HaCaT cells, UPF also 
significantly elevated the expression of SIRT-1 and 
PGC-1α. These data suggest that the effects of UPF in 
promoting mitochondrial biogenesis and the amelioration 
of mitochondrial dysfunction are related to the activation 
of the AMPK/SIRT-1/PGC-1α  signaling pathway. 
Consequently, these results demonstrate, for the first time, 
that UPF may protect UVB-irradiated keratinocytes and 
UVA-irradiated fibroblasts from ROS overproduction by 
attenuating mitochondrial dysfunction and inhibiting UV-
induced photoaging. However, the precise mechanism of 

the observed UPF effect requires further investigation.

Conclusions

In summary, we have demonstrated that UPF can attenuate 
UV-induced photoaging by protecting UVB-irradiated 
HaCaT cells and UVA-irradiated HFF-1 cells from 
ROS overproduction via the alleviation of mitochondrial 
dysfunction. Our observations show that UPF can stimulate 
the activation of the AMPK/SIRT-1/PGC-1α pathway 
to increase mitochondrial biogenesis in HaCaT cells and 
HFF-1 cells. These findings suggest that UPF has great 
potential in the application of antiphotoaging.
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