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ARTICLE INFO ABSTRACT

Keywords: Aging is a major cause of many degenerative diseases. The most intuitive consequence of aging is mainly

Skin aging manifested on the skin, resulting in cumulative changes in skin structure, function and appearance, such as

UV radiation increased wrinkles, laxity, elastosis, telangiectasia, and aberrant pigmentation of the skin. Unlike other organs of

Biomarkers the human body, skin is not only inevitably affected by the intrinsic aging process, but also affected by various

Oxidative stress s . . . . L . L .

Autonh extrinsic environmental factors to accelerate aging, especially ultraviolet (UV) radiation. Skin aging is a highly
utophagy

complex and not fully understood process, and the lack of universal biomarkers for the definitive detection and
evaluation of aging is also a major research challenge. Oxidative stress induced by the accumulation of reactive
oxygen species (ROS) can lead to lipid, protein, nucleic acid and organelle damage, thus leading to the occur-
rence of cellular senescence, which is one of the core mechanisms mediating skin aging. Autophagy can maintain
cellular homeostasis when faced with different stress conditions and is one of the survival mechanisms of cell
resistance to intrinsic and extrinsic stress. Autophagy and aging have many features in common and may be
associated with skin aging mediated by different factors. Here, we summarize the changes and biomarkers of

skin aging, and discuss the effects of oxidative stress and autophagy on skin aging.

1. Introduction

Everyone experiences aging from birth, and skin aging has both
intrinsic and extrinsic factors (Tobin, 2017). Intrinsic aging occurs not
only on the skin, but also on all tissues (Makrantonaki et al., 2013). At
the same time, as the outermost organ of the human body, the skin
suffers from environmental damage to agents such as air pollution and
cigarette smoking, the resulting skin aging is called extrinsic aging,
which is also known as photoaging or the exposure to sunlight via UV
radiation. (Koohgoli et al., 2017; Rittié and Fisher, 2015). Skin that
only undergoes intrinsic aging is usually present in unexposed areas to
sunlight, and photoaging can be thought of as a superposition of
chronological skin aging by UV radiation. Both intrinsic and extrinsic
aging can lead to a decrease in the structural integrity of the skin and
loss of physiological function (Durai et al., 2012). Aging skin becomes
dry, dysfunctional and increases the risk of skin diseases. Another
health deficiency is the increased risk of skin malignancy (Kammeyer
and Luiten, 2015). Skin can be used as a model organ to study en-
dogenous and exogenous aging.

Reactive oxygen species (ROS) induce and accelerate the aging
process including skin aging, although the presence of small amounts of
ROS has been proved to play a beneficial role in maintaining the health
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of the body or cells, such as activating cyclooxygenase and lipox-
ygenase, regulating inflammatory process and so on (Birch-Machin and
Bowman, 2016; Lephart, 2016). ROS is continuously produced as a by-
product of the mitochondrial aerobic metabolism electron transport
chain and considered to be the main cause of intrinsic aging in addition
to genetic factors. In the skin, approximately 1.5~ 5% of oxygen con-
sumption is converted to ROS by the intrinsic process (Poljsak et al.,
2012). Similarly, the occurrence of photoaging is also associated with
the production of ROS. As the most dangerous component of the sun,
UV can cause an increase in ROS, damage the structure and function of
cells, and mediate inflammatory responses (Petruk et al., 2018; Sajo
et al., 2017). ROS activate a myriad of signaling pathways that result in
reduced collagen production, synthesis and activation of matrix me-
talloproteinases (MMPs) responsible for degrading connective tissue,
secretion of senescence-associated secretory phenotype (SASP) which
ultimately promote aging of skin (Kammeyer and Luiten, 2015).
Autophagy can remove damaged proteins, lipids and other cyto-
plasmic substances, and act as a protective response in conditions of
starvation or nutritional deficiency, and autophagy-lysosome pathway
is the only way to clear entire organelles such as mitochondria
(Mizushima, 2007). Autophagy is closely related to aging and has many
common characteristics, indicating that both may play similar functions
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and roles in cells (Leidal et al., 2018). Activation of autophagy can
delay aging, but many studies hold the opposite view at the same time.
Therefore, more and further studies are needed on the relationship
between autophagy and aging.

In recent years, with the continuous improvement of material life,
and the amount of UV radiation has been increasing along with the
deterioration of the ecological environment, how to prevent or delay
skin aging, especially photoaging, has attracted great attention.
Understanding the process and mechanism of skin aging is necessary for
developing skin care products and reducing the risk of skin aging. Here,
we describe the changes, mechanisms and biomarkers of skin aging.
Oxidative stress, aging and autophagy are inextricably linked, and this
review discusses the interrelationships between each other.

2. Skin aging
2.1. Skin structure and function

The skin is the largest organ in the human body, accounting for
about 10~15 % of the body weight (Jabtoniska-Trypuc et al., 2018). It
is the first barrier between human body and extrinsic environment, and
plays a role in protection, regulation of body temperature, sensation,
secretion, excretion and immunity (Blume-Peytavi et al., 2016). The
skin is also the most complex organ, mainly divided into three areas:
epidermis layer, dermis layer and subcutaneous tissue, as well as skin
appendages such as hairs, sebaceous glands, sweat glands and nails
(Campbell and Lichtensteiger, 2004). The outermost epidermis includes
cornified, granular, spinous and basal layer, and keratinocyte is the
most common cell type (approximately 95 % of all epidermal cells)
(Eckhart and Zeeuwen, 2018). The pigment-producing melanocytes are
scattered in the basal layer, which determine the color of the skin and
have a photoprotective function. Langerhans cells as the farthest an-
tigen presenting cells are also scattered in the epidermis (Arda et al.,
2014).

The epidermis and dermis are connected by dermal-epidermal
junction (Briggaman and Wheeler, 1975). The dermis is mainly com-
posed of extracellular matrix (ECM) secreted by fibroblasts, including
connective tissue composed of glycosaminoglycans, proteoglycans,
structural proteins such as collagen and elastin and some special mac-
romolecules such as fibrin and hyaluronic acid provide strong me-
chanical resistance and elasticity to the skin (Campbell and
Lichtensteiger, 2004). Blood vessels and lymphatics are embedded in
the dermis, providing oxygen and nutrition, regulating temperature,
and acting as highways to transport immune cells. A huge network of
dermal nerve endings extends down to the epidermis and transmits
sensory sensations such as temperature, touch, and pain (McGlone and
Reilly, 2010). Subcutaneous tissue is composed of adipocytes that re-
inforce the connective tissue framework, which can resist temperature
fluctuation and also be used as energy storage (Shimizu, 2016). Ex-
cretion through sweat and sebum is another important skin function.

2.2. Intrinsic aging

Intrinsic aging regulated by genetic factors affects all areas of the
skin. As shown in Table 1, intrinsic aging has obvious characteristics,
such as thinning, dryness, fine wrinkles, insufficient sweating, and in-
creased sensitivity to temperature. The thinning of the epidermis leads
to a decrease in skin barrier function, in part due to a decrease in the
proliferation and renewal ability of keratinocytes and a reduction in the
number of epidermal stem cells (Giangreco et al., 2008; Lavker et al.,
1989; Rittié and Fisher, 2015).

During the intrinsic aging process, the number of dermal fibroblasts
is reduced, and the synthesis ability of collagen and elastin in ECM is
decreased, especially for type I and III collagen, which is thought to
cause the thinning of dermis, the increase of wrinkles and the loss of
elasticity, making the skin fragile. The production of sebum decreases
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with age, especially in postmenopausal women (Man et al., 2009). In
addition, chronic itching is very common in aging skin, suggesting that
the loss of age-related Merkel cells causes the sense of touch to turn to
itching (Feng et al., 2018).

The ability of all normal dividing cells to replicate decreases over
time, a process known as cellular senescence (Yeh, 2016). Senescent
cells have a higher proportion in aging skin. Telomere is a special
structure consisting of a short, multi-repeat, non-transcribed sequence
(TTAGGG) and some binding proteins, which is a prerequisite for the
sustained division of cells and is essential for cell replication (Collado
et al., 2007; Turner et al., 2019). Telomere protects chromosomes from
degradation by nucleases and prevents terminal connections between
chromosomes, thereby maintaining the stability of chromosome struc-
ture. Each time the cell divides, the telomere at the end of the chro-
mosome is lost by about 30~200 bp. After multiple cell divisions,
telomere becomes very short, and important DNA fragments are lost
during subsequent division, leading to loss of cellular function.

MMPs expression increased is another factor associated with skin
aging. MMPs are involved in cell communication and are responsible
for cell-matrix signaling events. As a class of proteolytic enzymes, the
main physiological role is to degrade various protein components in
ECM. MMPs expression is increased in senescent fibroblasts, while the
expression of tissue inhibitor of metalloproteinases (TIMPs) is de-
creased. Their expression can be activated by oxidative stress and can
therefore be reduced by antioxidants such as isoorientin, resveratrol,
equol and other polyphenolic compounds (Afaq and Katiyar, 2011;
Lephart et al., 2014; Lephart, 2016; Sardy, 2009; Zheng et al., 2019). In
fact, skin aging which is only mediated by intrinsic factors does not
exist. Those who have lived strictly indoors for a lifetime may have
similar skin condition.

2.3. Photoaging

Photoaging accounts for more than 80 % of facial aging (Friedman,
2005). Long-term exposure to cigarette smoke and UV radiation are
independent causes of accelerated skin aging (Morita, 2007; Panich
et al., 2016). They exacerbate the intrinsic aging and can be mitigated
by behavioral changes in most cases. Among them, UV radiation is the
main cause of photoaging (Cavinato and Jansen-Diirr, 2017; Han et al.,
2014). UV in sunlight mainly includes three types according to its
wavelength, long-wave UV (UVA, 320 ~400 nm), medium-wave UV
(UVB, 280 ~ 320 nm), and short-wave UV (UVC, 200 ~ 280 nm) (Parisi
and Turner, 2006). UVC has the strongest mutagenicity, but will be
blocked by the ozone layer from reaching the earth's surface. UVA is a
weak mutagen, but it has a strong penetrating ability that can affect the
dermis and even the subcutaneous tissue area. UVB mutagenesis is
strong, can directly interact with DNA to produce thymine dimer
photoproduct, resulting in DNA damage (Cavinato and Jansen-Diirr,
2017; Makrantonaki et al., 2013).

UV radiation produces ROS that cause destructive oxidative stress,
activate the arachidonic acid pathway, and mediate inflammatory re-
sponses (Baumann, 2018). Acute UV radiation can also cause sunburn,
abnormal pigmentation, and long-term exposure can lead to malignant
tumors (Rittié and Fisher, 2015). The degree of photoaging depends on
many factors including the season, altitude, frequency, duration and
intensity of the sun's rays. In addition, it is also associated with the
natural protection of skin pigmentation (Alexis and Obioha, 2017;
Fisher et al., 2002).

Photoaging skin becomes rough, laxity, wrinkled, and the capillaries
under the skin surface expand, which is very different from the skin that
is mainly intrinsic aging (Farage et al., 2008; Wlaschek et al., 2001).
The keratinocyte activity decreases, renewal slows down, barrier
function is abated in epidermis layer, bring about skin dryness and
desquamate. The number of fibroblasts in the dermis is gradually re-
duced, collagen and elastin synthesis are slowed down and decom-
position is accelerated, usually more severe than intrinsic aging (Farage
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Table 1

The different changes between intrinsic and extrinsic aging skin.
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intrinsic aging skin

extrinsic aging skin

Clinical manifestation

Histology manifestation

Dryness, laxity, fine wrinkles
Elasticity decrease, brittleness increase
Benign tumor (hemangioma, fibroma mole, seborrheic keratosis)

The epidermis and dermis become thinner, the epidermal-dermal junction is

flattened, and the adhesion between the epidermis and the dermis is reduced.

The activity and the ability of proliferation of keratinocytes and fibroblasts
decreased, the number of Langerhans cells and melanocytes decreased

Pachulosis, thickness, laxity, deep and thick wrinkles
Hyperpigmentation, telangiectasis

Benign or malignant tumor (solar keratosis, squamous-cell
carcinoma, malignant melanoma)

The epidermis and dermis become thicken, the epidermal-
dermal junction is flattened

Dermal fibroblast activity increased, the number of Langerhans
cells and melanocytes decreased

Elastic fibers become thinner and less numerous
Collagen fibers straighten and loose in structure
Reduced proteoglycan content

Vascular reduction between tissues

Hair follicles and glands reduced

Elastic fibers degeneration and abnormal deposition
Collagen fibers degradation

Increased proteoglycan content

The vessels dilate and flex, and the walls thicken
Hair follicles dilate and sebaceous glands atrophy

et al., 2013). At the same time, Langerhans cells are reduced, resulting
in decreased immunity (Watson et al., 2013). An important histological
feature of skin photoaging is the accumulation of amorphous elastic
fibers, accompanied by disruption and disorder of collagen (Varani
et al., 2004; Watson et al., 2013). In addition, UV can stimulate mela-
nocytes to accelerate the synthesis and transfer of melanin to form age
spots. Skin appendages also undergo significant changes during pho-
toaging, such as atrophy of the sebaceous glands, reduced sweating and
insufficient secretion of emulsion on the surface of the skin (Gilchrest,
2013; Scharffetter-Kochanek et al., 2000) (Table 1).

3. Biomarkers of cellular senescence and skin aging

As schematically proposed in Fig. 1, senescent cells have some
common features that allow them to be recognized in vitro and in vivo,
although it is induced by different stimuli. Biomarkers of skin aging are
increasingly used in clinical practice to evaluate physiological changes
in aging skin and aging-related diseases, and to effectively identify the
effects of interventions. Therefore, studying the biomarkers is con-
ducive to an in-depth understanding of the phenomenon and me-
chanism of skin aging.
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3.1. Senescence-associated f-galactosidase(SA-3-Gal)

In general, senescent cells appear abnormal morphology, such as a
large volume, flattening, and increased particles (Hayflick, 1965). One
of the earliest and most widely used senescence biomarkers is SA-p-Gal,
which remains the gold standard for identifying senescent cells in vitro
and tissues (Dimri et al., 1995; Lee et al., 2006; Tang et al., 2018). But
SA-B-Gal has certain limitations, and it can only accurately detect se-
nescence phenomenon at pH 6.0, otherwise it will lead to false positive
staining of non-senescent cells. The activity of SA-B-Gal is also in-
creased in quiescent cells or in response to various forms of stress. At
the same time, the activity of SA-B-Gal is often lost in fixed or cryo-
preserved tissues, leading to false negative results (Pati et al., 2014;
Wang and Dreesen, 2018; Yang and Hu, 2005). In addition, not all
senescent cells express SA-B-Gal. SA-B-Gal is expressed in senescent
fibroblasts and keratinocytes, but is absent in quiescent fibroblasts and
terminally differentiated keratinocytes (Dimri et al., 1995). And it is
also absent from immortal cells, When H,0, is used to induce cellular
senescence, SA-B-Gal appeared in normal human epidermal keratino-
cytes (NHEKs) instead of immortalized keratinocytes (HaCaT) cells (Liu
et al., 2012).

Fig. 1. Presenescent versus senescent cells.
Compared to presenescent cells, senescent cells
arecharacterized by expanded, flattened cell
morphology; increased SA-B-Gal activity; re-
duced Lamin B1 expression; shorter telomere;
occurrence of SAHF; secretion of SASP factors,
such as MMPs and inflammatory cytokines;
upregulation of p53, p21, pl6; and transloca-
tion of HMGB1 from nucleus to cytoplasm and
extracellular space (improved from Wang and
Dreesen, 2018).

Senescent cell
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3.2. Cell cycle regulators

As a stress response, cellular senescence can force cells out of the
cell cycle and loss the ability to cope with growth factors or mitogens
(Bhatia-Dey et al., 2016). Cycle arrest is a typical phenomenon of cel-
lular senescence, p53, p21 and p16 as a class of cell cycle regulators are
commonly used to detect senescent cells. Human dermal fibroblasts
(HDFs) after UV irradiation showed up-regulation of p53, p21 and p16
(Chen et al., 2008). In addition, Mouse embryonic fibroblasts (MEFs)
and human melanoma cells also showed the same results (Li et al.,
2018).

As an important tumor suppressor gene, p53 maintains genome
stability in a variety of cellular damage stress responses. The phos-
phorylation of p53 at serine 15 is an important change at the molecular
level of senescent cells and has been observed in normal HDFs that
undergo replicative senescence (RS), oncogene-induced senescence
(OIS) and other forms of senescence (Ghosh et al., 2008; Rufini et al.,
2013; Webley et al., 2000). p21 is the most classical target gene of p53,
and activated p21 specifically binds to the cyclin/cyclin kinase complex
of G1 phase and inhibits its kinase activity (Pines, 1994; Qian and Chen,
2013). Knockout p21 in MEFs were unable to complete p53-dependent
G1 arrest after DNA damage (Attardi et al., 2004). p21 is significantly
up-regulated in RS cells, and knockout of the p21 in human vascular
endothelial cells completely blocked rat sarcoma (Ras)-induced cellular
senescence (Borgdorff et al., 2010). However, the mechanism of cell
senescence induced by p21 is not fully understood. pl6 blocks the
phosphorylation of retinoblastoma (Rb), forming the E2F complex that
blocks cells in the G1 phase, where most senescent cells stop (Nevins,
2001). Overexpression of pl6 in young cells showed senescence phe-
notypes, and the aging delayed after knocking out p16 in mice (Liu
et al., 2019). p16 is considered to be one of the universal biomarkers of
cellular senescence due to its obvious changes, convenient detection,
and its ability to be found in various senescent cells (Baker et al., 2011;
Krishnamurthy et al., 2004). pl6 can increase the stability of p21
protein, and p21 activates the gene expression of pl6 through the
transcription factor Spl. The two pathways synergistically inhibit cell
cycle and induce senescence.

However, these genes are not absolute senescence biomarkers. For
example, p53 is involved in apoptosis, and mutations may also alter the
pattern of p53 activity. Furthermore, the reversible growth arrest state
of quiescent cells is also dependent on the cell cycle regulators de-
scribed above. Thus, analysis based solely on p53 levels can't distin-
guish between senescent and apoptotic cells (Matjusaitis et al., 2016).

3.3. Senescence-associated heterochromatin foci (SAHF)

Senescent cells often present with punctate heterochromatin struc-
tures, a characteristic phenomenon known as SAHF. SAHF is rich in
heterochromatin protein 1y (HP1y), anti-silencing function 1 (ASF1),
histone H3 lysine9 trimethylation (H3K9me3) and Phosphorylated
histone H2AX (yH2AX), which isolate cell cycle regulatory genes and
potentiate age-related growth stagnation (Swanson et al., 2013). Not
only are senescent cells in healthy people, but Hutchinson-Gilford
progeria syndrome (HGPS) cells also show severe SAHF. (Chojnowski
et al., 2015; Goldman et al., 2004).

Overexpression of pl6 can promote the SAHF formation by acti-
vating Rb, indicating that the p16/Rb pathway plays an important role
in the formation of SAHF. In cells that induced senescence with Ras and
inhibit p16 or Rb, the formation of SAHF was significantly attenuated,
although the cells still entered the senescence state (Narita et al., 2006).
High-mobility group A (HMGA) protein is a non-histone enriched in
chromatin, when the expression of HMGA protein is increased, the
activity of SA-B-Gal is increased, the formation of SAHF is enhanced,
and the growth of cells is obviously inhibited. When HMGA protein is
inhibited in senescent cells, the formation of SAHF is weakened, and
other signs of aging are also decreased, suggesting that HMGA protein is
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essential for SAHF formation (Narita et al., 2006). p16 and HMGA can
jointly promote SAHF formation in a synergistic manner. MEFs could
not form SAHF in response to activation of oncogene Ras (OS) and
shorten telomere relative to human embryonic lung fibroblasts IMR90
cells when detected and compared SAHF between them, namely cannot
use SAHF marks senescence phenomenon of MEFs (Kennedy et al.,
2010). And SAHF cannot be detected in senescent cells of all species. So
SAHF has limitations as a senescence biomarker.

3.4. Nuclear lamin B1 (Lamin B1)

Nuclear lamins are the major components of nuclear lamina, which
maintain the shape and size of the nucleus and are involved in reg-
ulating genomic stability. Defects in nuclear lamins can lead to HGPS,
Néstor-Guillermo progeria syndrome (NGPS). Among them, Lamin B1 is
closely related to aging(Liu et al., 2011; Shimi et al., 2011). In vitro,
Lamin B1 expression decreased in RS and premature senescent cells
caused by different factors such as DNA-damaging drugs, UV radiation,
and oncogene (Dreesen et al., 2013; Freund et al., 2012; Shimi et al.,
2011). In vivo, Lamin Bl is also down-regulated in intrinsic human
aging skin, showing the same result in mouse photoaging skin (Freund
et al., 2012; Wang et al., 2017).

Meanwhile, Lamin B1 is closely related to autophagy (Jiang and Ji,
2018). During cellular senescence, nuclear autophagy is aberrantly
activated, leading to decrease the expression of Lamin B1 (Shimi et al.,
2011). Lamin B1 is transported from the nucleus to the cytoplasm by
means of vesicles after binding to the autophagy-related protein LC3,
and then degraded by lysosomes. Studies have found that inhibiting the
interaction between LC3 and Lamin B1 by blocking peptide (Lamin B1
analogue) can slow down cellular senescence (Dou et al., 2015). It
should be noted that change in Lamin B1 mRNA level cannot be used as
a senescence biomarker.

In addition to Lamin B1, the Lamin B receptor (LBR) and Lamina-
associated poly-peptide 2a (LAP2a) were also showed down-regulation
(Dreesen et al., 2013; Lukasova et al., 2017). However, the expression
of LBR was different in different epidermal layers which may limit the
use of LBR as an appropriate biomarker of skin aging (Solovei et al.,
2013). The expression of Lamin B1 was found to be stable in quiescent
cells, and LAP2a loss occurred not only in senescent cells, but also in
quiescent cells. Therefore, the common detection of Lamin Bl and
LAP2a can distinguish senescent cells from quiescent cells (Dreesen
et al., 2013).

3.5. Telomere

Telomere is considered to be one of the biomarkers of aging (Kanaki
et al., 2016; Zietzer and Hillmeister, 2014). The shortening of telomere
length was observed in both extrinsic and intrinsic skin aging. DNA
double-strand damage is an important factor in triggering cellular se-
nescence. Although DNA damage is not a senescence biomarker, the
resulting telomere dysfunction-induced foci (TIF) is often used to detect
and quantify senescent cells in vivo and in vitro (Alder et al., 2015;
Opresko and Shay, 2017; Zhang et al., 2016). TIF is increased with age
in primate dermal fibroblasts (Herbig et al., 2006). Telomerase is ac-
tivated to add sequences at the ends of telomeres, maintaining the
ability to divide continuously. Telomerase activity was not detected in
normal skin cells in vivo or in vitro. Therefore, it should be noted that
as a biomarker to judge senescence, telomerase detection is only ap-
plicable to the research on germ, stem and most cancer cells, and is not
suitable in normal cells.

3.6. SASP
Cellular senescence is often accompanied by the production of SASP

(Hari and Acosta, 2017; Ito and Igaki, 2016). SASP consist of pro-in-
flammatory cytokines (IL-1, IL-6 and IL-8, etc.), growth factors (HGF,
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Anti-oxidative systems in the skin

» Glutathione (GSH)
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Fig. 2. ROS sources and antioxidant system in skin.

GRO and TGF-j, etc.), insulin-like growth factor binding protein 7
(IGFBP-7), and chemokines (such as CXCL-1/3, CXCR2) and MMPs
(Waldera Lupa et al., 2015). SASP can change the microenvironment of
cells, on the one hand, it can promote the malignant transformation of
adjacent recipient cells, leading to the occur of inflammation and dis-
eases. On the other hand, it can activate the immune system to clear
senescent cells (Borodkina et al., 2018; Campisi et al., 2011). Nuclear
factor kappa-B (NF-xB) is the core regulatory pathway for the secretion
of SASP by senescent cells (Ghosh and Capell, 2016).

IL-6 is associated with the senescence of keratinocytes, melanocytes
and fibroblasts caused by DNA damage (Ghosh and Capell, 2016;
Green, 2008; Lu et al., 2006). IL-1 expression is increased in senescent
fibroblasts, epithelial and chemotherapy-induced senescent tumor cells,
and it can bind to IL-1 receptor/Toll-like receptors to activate NF-kB,
thereby increasing SASP expression (Chang et al., 2002). Ectopic ex-
pression of IL-1a regulates the high expression of SASP, leading to the
senescence of IMR90 cells, while inhibiting senescence by genetically
and pharmacologically inhibiting IL-1 receptor or inflammatory com-
plex, indicating IL-la can mediate the senescence of surrounding
normal cells (Acosta et al., 2013). High expression of MMPs was de-
tected in chronological aging and photoaging skin, and accelerated the
degradation of ECM (Quan et al., 2009; Quan and Fisher, 2015).
However, SASP may be different due to different cell types and aging
degree. IL-6 and IL-8 are also involved in various physiological pro-
cesses including inflammatory reactions, so SASP as a biomarker of skin
aging has certain limitations (Coppé et al., 2010; Rodier et al., 2009).
However, other biomarkers can be combined to judge the occurrence of
aging in actual research, especially when correlating the effects of aging
on the microenvironment of cells or tissues, the study of SASP has
important biological significance.

3.7. Other biomarkers of skin aging

Skin aging is accompanied by decreased collagen, hydroxyproline is
the highest in collagen, while hydroxyproline is mainly found in skin
collagen, and almost no hydroxyproline in other tissues. Therefore, it
can be used as an indicator for evaluating skin aging (Kong et al., 2018;
Miller et al., 1964). Hyaluronic acid is an acidic mucopolysaccharide
which has important water-holding effects secreted by fibroblasts in
skin. Hyaluronic acid can improve nutrient metabolism, increase elas-
ticity and prevent skin aging, and its content gradually decreases with
the increase of age (Kerscher et al., 2008; Manuskiatti and Maibach,
1996). Halogenated tyrosine increases with age in both photo-exposed
and photo-protected skin, suggesting that it may be a useful biomarker

of skin aging (Ishitsuka et al., 2012). In senescent cells, high mobility
group box-1 (HMGBL1) transfers from the nucleus to the cytoplasmic
and extracellular spaces, promoting the release of SASP such as IL-1f,
IL-6 and MMP-3 (Biran et al., 2017; Davalos et al., 2013). Human
keratinocytes release HMGBI1, IL-1 and IL-6, and reduce the nuclear
expression of HMGB1 in mouse epidermis after UVB irradiation
(Johnson et al., 2013).

A useful biomarker can be quantified using existing techniques and
must be closely related to specific conditions, although it may not be
able to identify all senescent cells and aging skin (Matjusaitis et al.,
2016). The ability to accurately detect senescent cells by a single bio-
marker, especially in vivo, remains challenging. Currently, the identi-
fication of aging should be determined by analyzing multiple in-
dicators.

4. Oxidative stress and skin aging
4.1. ROS metabolism

ROS are a class of substances that are composed of oxygen or con-
tain oxygen and are active in nature. Common ROS in the body include
superoxide anion (*O»-), hydrogen peroxide(H>0-), highly active hy-
droxyl radical (*OH), singlet oxygen (*O,), lipid peroxides, and nitrogen
oxides. Molecular oxygen gets unpaired single electron to form 'O —.
O, — is the first ROS produced in the cell, O;— forms H,O, under the
catalysis of antioxidant enzymes. Under stress conditions, O>— can
release ferrous ion from the iron-sulfur center of the protein, participate
in the Fenton reaction, and convert H,O, into O'H (Bains and Hall,
2012; Krivoruchko and Storey, 2010). "OH reacts easily with sur-
rounding molecules in the body, with a half-life of only10~° s (Ames
et al., 1993).

As shown in Fig. 2, sources of ROS include a wide variety of enzy-
matic and non-enzymatic substances such as mitochondrial electron
transport chain, cyclooxygenase, peroxisome oxidase, NADPH oxidase,
and lipoxygenase. Under normal circumstances, ROS production and
clearance are in a delicate dynamic balance, in which antioxidant
system plays an important role (Mittler, 2002; Obrador et al., 2019). In
general, most antioxidants have a higher concentration in epidermal
layer than in dermal layer (Rinnerthaler et al., 2015).

4.2. ROS mediate the occurrence of skin aging

The morphological and histological features of chronological skin
and photoaged skin are distinct, they involve similar signaling
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Fig. 3. The schematic diagram of ROS-medi-
ated skin aging. ROS can be generated by mi-
tochondria and external factors such as UV
radiation. Excessive ROS activate the MAPK
and the NF-kB signaling pathway, leading to
the activation of AP-1 and NF-xB. They can
increase the expression of proinflammatory
cytokines such as IL-1f, TNF-a, IL-6 and COX-2
to regulate the inflammatory response, and

(INK. ERK. p38)

DNA A make the ratio of MMPs/TIMPs unbalanced by
lipid - Damage activating MMPs and reducing the expression
profein:” of TIMPs, thus decompressing ECM.
Meanwhile, they can regulate the TGF-3/Smad
signaling pathway to reduce collagen produc-
MAPK pathway tion and ultimately accelerate skin aging.
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pathways to some extent although induced in a different way
(Gilchrest, 1989; Kohl et al., 2011; Rittié and Fisher, 2002). As shown in
Fig. 3, ROS mainly derived from cellular oxidative metabolism and UV
radiation, play a major role in skin aging according to the free radical
aging theory (Rinnerthaler et al., 2015). Excessive ROS can directly
cause damage to cells, such as mitochondrial DNA damage, singlet
oxygen oxidizes guanine to 8-oxoguanine (8-0xoG), protein carbony-
lation and 4-hydroxynoncnal production, leading to skin aging
(Kammeyer and Luiten, 2015; Marnett, 1999).

ROS can induce the synthesis of MMPs by stimulating mitogen-ac-
tivated protein kinase (MAPK) and activating the heterodimer activator
protein 1 (AP-1) composed of c-Fos and c-Jun (Chen et al., 2016).
MMPs can degrade collagen and elastin in the ECM, playing a complex
role in skin aging (Pittayapruek et al., 2016). Among them, Collagenase
(MMP-1) is the only MMP capable of decomposing intact fibrillar col-
lagen, while other MMP types, such as 92 kDa gelatinase (MMP-2),
matrix lysing enzyme (MMP-3) and 72 kDa gelatinase (MMP-9) can
further decompose degraded collagen fragments (Krieg et al., 1988). In
addition, ROS and activated MAPK signaling pathway can activate NF-
kB, which affects the expression of multiple cytokines that mediate
inflammation (Bell et al., 2003; Wang et al., 2019). In addition, the
activated NF-kB regulates the expression of heme oxygenase-1 (HO-1)
indirectly increasing the level of free iron in cells, thereby promoting
the further production of ROS through the Fenton reaction (Kammeyer
and Luiten, 2015; Whitmarsh and Davis, 1996).

Moreover, NF-xB and AP-1 can reduce the transcription level of
TIMPs, activate MMPs better than TIMPs, then further degrade collagen
and elastin (Hall et al., 2003). NF-xB also releases MMP-8 to accelerate
the degradation of ECM (Sardy, 2009). AP-1 can down-regulate the
expression of transforming growth factor-p (TGF-B) type II receptor,
leading to impaired downstream Smad/TGF-p signaling pathway and

COL1A1, COL3Al ‘

reduced the transcription of COL3A1 and COL1A1 genes encoding type
III and type I collagen precursors, indirectly reducing the biosynthesis
of collagen (Kim et al., 2012; Quan et al., 2004; Talwar et al., 1995)
(Figure 3). More importantly, AP-1 and NF-kB are involved in the skin
carcinogenesis in the elderly by regulating the balance between cell
proliferation and apoptosis (Bickers and Athar, 2006; Calcinotto et al.,
2019).

5. Autophagy and skin aging
5.1. Autophagy process and function

Autophagy is an evolutionarily conserved decomposition process
found in eukaryotes from yeast to mammals (Ravanan et al., 2017; Wen
and Klionsky, 2016). Depending on the difference of physiological
functions and transport methods, the main types of autophagy include
chaperon-mediated autophagy (CMA), micro-autophagy, and macro-
autophagy (commonly referred to as autophagy) (Yang and Klionsky,
2010). Autophagy can be divided into three steps: initiation, formation,
and degradation. Start-up stage: under the action of stress or some in-
ducing factors, cells begin to undergo autophagy. The key proteins in
the initiation phase are serine-threonine protein kinases represented by
mammalian target of rapamycin (mTOR). Formation stage: this process
requires the coordinated participation of a variety of proteins encoded
by autophagy related genes (Atg), including the formation of phago-
phore, phagophore encapsulating dysfunctional organelles or misfolded
proteins, phagophore extension and edge gradual fusion to form au-
tophagosome. Degradation stage: the autophagosome and lysosome
fuse to form autolysosome through the transmission of cytoskeletal
microtubule network system. The hydrolase in autolysosome degrades
the endomembrane of autophagosome and substances encapsulated by
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it, the degradation products are released into the cytoplasm by per-
meases and reused (Abada and Elazar, 2014; Devkota, 2017; Legakis
et al., 2007; Mizushima and Komatsu, 2011). Most mammals maintain a
basal level of autophagy for normal circulation of intracellular proteins
and organelles.

Through autophagy, cells remove unwanted or damaged proteins,
lipids or other cellular components, so it is an important mechanism for
maintaining organelle stability (Mizushima and Komatsu, 2011). Mi-
tochondria are the energy factories of cells. The ubiquitin Ser65 phos-
phorylation reaction mediated by PINK1 kinase and E3 ligase Parkin
were used to mark the damaged mitochondria with ubiquitin of mi-
tochondrial membrane proteins. Through these markers, autophagy can
distinguish between healthy and damaged mitochondria, and recruit
mitochondrial autophagy receptors NDP52, P62/SQSTM1, etc., to
promote the binding of damaged mitochondria to phagophore (Tang
et al., 2011; Song et al., 2016; Yamano et al., 2016). In addition, au-
tophagy can degrade readily aggregated cytoplasmic proteins asso-
ciated with neurodegenerative diseases, such as a-synuclein associated
with Parkinson's disease (PD) (Rubinsztein et al., 2011). In the state of
oxidative stress, autophagy plays a role in protecting by degrading
oxidized proteins and lipids, alleviating the oxidative damage of cells.
Autophagy can also promote the degradation of many bacteria and
viruses, and protects against many infectious diseases (Huang and
Klionsky, 2007). When cells experience starvation, autophagy provides
them with nutrients that maintain their vitality by degrading their own
non-essential components. In addition, autophagy affects many phy-
siological and pathological activities of organisms, such as organism
development, tumor suppression, antigen presentation, survival, death,
and aging (Dikic and Elazar, 2018; Levine and Kroemer, 2019).

5.2. Autophagy participates in the regulation of skin aging

A higher autophagy activity was found in longer-lived species (Pride
et al., 2015). Activation of autophagy has been shown to significantly
prolong the replication life of cells and inhibit stress-induced cellular
senescence in many human and animal cell models, while inhibition of
autophagy leads to premature aging. Treatment of primary bronchial
epithelial cells with the cigarette smoke extract while adding the au-
tophagy inhibitor 3-MA or knocking down LC-3 and ATGS5 results in
increased number of senescent cells and SASP accumulation. Con-
versely, using rapamycin (mTOR inhibitor) to activate autophagy sig-
nificantly inhibited cigarette smoke extract -induced cellular senes-
cence (Fujii et al., 2012). In addition, inhibition of the autophagy
negative regulator TORC1 complex can also prolong the lifespan of
yeast and delay the appearance of aging pathology (Rallis et al., 2013).
Caloric restriction has a significant anti-aging and life-prolonging effect
which is also the most effective physiological autophagy inducer, the
anti-aging effect of caloric restriction was blocked after inhibiting au-
tophagy (Levine and Kroemer, 2008). Changes in skin cells can in-
directly reflect age-related neurodegenerative diseases (Akerman et al.,
2019), HDFs from patients with PD show significant changes in redox
balance, mitochondrial function and autophagy (Teves et al., 2018).

However, the potential relationship between autophagy and skin
aging is still difficult to determine. Unc-51 like kinase 3 overexpression
promotes autophagy but leads to premature aging of HDFs. A sig-
nificant increase in autophagy vesicles was observed in senescent fi-
broblasts (Gerland et al., 2003), and which was also evident in senes-
cent keratinocytes induced by ROS (Gosselin et al., 2009). Young et al.
showed that oncogene-induced fibroblast senescence is likely to be
dependent on previous autophagy, and the occurrence of senescence
can be suppressed by using pharmacological and genetic methods to
reduce the expression level of autophagy (Young et al., 2009). We need
to note that inhibiting autophagy only delays but does not eliminate the
occurrence of aging. Some studies support a similar conclusion that
although autophagy accelerates aging, aging and autophagy are in-
dependent processes (Gewirtz, 2013; Goehe et al., 2012).
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Overexpression of ATG5 reduced the proliferation of melanoma cells
and induced senescence, inhibition of autophagy could delay the oc-
currence of senescence induced by oncogene (Liu et al., 2013).

At the same time, many studies in recent years hold the opposite
view that activation of autophagy delays the occurrence of aging.
Human primary fibroblasts prematurely aging in a ROS and p53-de-
pendent manner after knocking out ATG7, ATG12 or lysosomal-asso-
ciated membrane protein (Lamp2), suggesting that inhibition of au-
tophagy is actually a connivance of aging (Kang et al., 2011). When
autophagy-deficient keratinocytes are subjected to oxidative stress,
DNA damage and aging are abnormally increased (Song et al., 2017).
Overexpression of ATG5 inhibits senescence of MEFs induced by RAS,
while ATG5 or ATG3 deficiency is prone to aging (Wang et al., 2012).
These studies provide compelling data and inconsistent with the con-
clusion of Young et al. Activation of autophagy by rapamycin prevents
UVB-induced photoaging of MDFs by reducing the production of ROS
(Qin et al., 2018). Long-term low-dose UVA exposure results in im-
paired lysosomal function of dermal fibroblasts, thereby blocking au-
tophagic flux (Lamore and Wondrak, 2013). Therefore, autophagy may
be necessary for UV-mediated aging (Cavinato and Jansen-Diirr, 2017),
but this assumption requires further validation, such as different UV
exposure conditions and different cell types.

Autophagy-deficient melanocytes show significant SASP (Ni et al.,
2016). Melanocytes lacking Atg7 undergo premature senescence and
exhibit maladjusted antioxidant system (Zhang et al., 2015). In addi-
tion, autophagy activation can limit the accumulation of transferred
melanin (Katsuyama et al., 2018; Murase et al., 2016). Compared with
normal skin, the expression of p62 negatively correlated with autop-
hagy level was up-regulated in human nevus, malignant melanoma and
metastatic melanoma, while the incidence of melanoma and nevus
formation were generally related to aging (Sample et al., 2018). Fi-
broblasts from premature aging patients with Cockayne syndrome B
protein (CSB) deficiency showed autophagy impaired, restoring au-
tophagy could alleviate premature senescence and photosensitive phe-
notype in CSB mouse (Majora et al., 2018).

6. MAPK signaling pathway is a potential junction between skin
aging and autophagy

MAPK is a highly conserved serine-threonine protein kinase that is
activated by a variety of factors including cytokines, neurotransmitters,
hormones and cellular stress (Gaestel, 2016). Its signal transduction
through mitogen-activated protein 3 kinase (MAPKKK), mitogen-acti-
vated protein 2 kinase (MAPKK) and MAPK continuous phosphoryla-
tion, together with regulation of cell growth, differentiation, apoptosis,
inflammation and other important cellular physiology/pathological
process (Burotto et al., 2014; Cuadrado and Nebreda, 2010). Among the
pathways of MAPK family, p38 mitogen-activated protein kinase (p38
MAPK), extracellular regulated protein kinase (ERK) and c-Jun N-
terminal kinase (JNK) are the most widely studied.

As mentioned earlier, MAPK is important in the process of skin
aging. Siegesbeckia glabrescens extract attenuated photoaging of hair-
less mice and fibroblasts by inhibiting MAPK/NF-xB signaling pathway
by increasing collagen synthesis genes (COL1A1, COL3A1l, COL4Al,
COL7A1) and weakening the expression of MMPs (Kim et al., 2017).
Thymus vulgaris can alleviate the damage of UVB-radiated hairless
mice and HDFs by activating the antioxidant system and inhibiting the
MAPK/AP-1 pathway, thereby reducing the expression of MMPs and
increasing collagen synthesis (Sun et al., 2017). Kong et al. demon-
strated that icariin inhibited TNF-a/IFN-y-induced inflammatory re-
sponse in HaCaT cells by inhibiting p38MAPK rather than ERK or JNK
signaling pathway (Kong et al., 2015). Activation of the MAPK signaling
pathway promotes senescence of human skin cancer HS-1 cells by af-
fecting the expression of the aging marker p53/p21 (Zhao et al., 2018).
Moreover, the MAPK signaling pathway is involved in the regulation of
melanin production (Hu et al., 2019). Approximately 60 % of
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melanomas have mutation of BRAF that result in abnormal activation of
the MAPK signaling pathway (Zhang et al., 2019).

Meanwhile, the MAPK signaling pathway is closely related to au-
tophagy. Chinese poplar propolis exerts anti-inflammatory effects by
inhibiting autophagy and MAPK/NF-kB pathway (Xuan et al., 2019).
Astragaloside protects rat primary dermal fibroblasts from photoaging
induced by UVB radiation, not only by inhibiting ERK and p38 MAPK,
but also by activating autophagy (Wen et al., 2018). However, un-
fortunately these studies did not elaborate the relationship between
MAPK signaling pathway and autophagy. The occurrence of mitophagy
in mammalian cells requires the regulation of the MAPK1 and MAPK14
(Hirota et al., 2015). JNK can regulate the expression of c-Jun and c-Fos
after activated through phosphorylation, thus enhancing the tran-
scriptional activity of Beclinl which is the first mammalian autophagy
protein identified (Dilley et al., 2013; Park et al., 2009; Oberstein et al.,
2007). In addition, JNK also can induce nuclear localization of FoxOs
and increase its activity to regulate the expression of other ATGs such as
Atg7 to affect autophagy (Wong et al., 2010; Zhou et al., 2015). ROS
accumulation induced by UVB radiation can mediate the activation of
JNK and ERK MAPK in keratinocytes, which in turn regulates the up-
regulation of adenovirus E1B 19-kDa interacting protein 3 to induce
autophagy (Moriyama et al., 2017).

The p38 MAPK pathway is also involved in autophagy regulation. In
particular, sustained p38a MAPK activation increases mitochondrial
ROS production and further promotes autophagosome formation and
enhanced basal autophagic flux (Shen et al., 2019; Slobodnyuk et al.,
2019). Inhibition of p38 MAPK expression by SB203580 can reduce
autophagy flux and promote inflammatory response by phosphor-
ylating ULK1 (He et al., 2018). As a natural antioxidant and autophagy
inducer, resveratrol has a good anti-aging effect, and the induced au-
tophagy by it is associated with the activation of p38 MAPK pathway
(Wang et al., 2018). Liu et al. demonstrated that microRNA-181a reg-
ulates autophagy of PD by inhibiting the p38/JNK MAPK pathway (Liu
et al., 2017). Endoplasmic reticulum stress leads to MKK4 activation
and aggregation on lysosomes, which activates the p38 MAPK on ly-
sosomes, and upregulates p38 MAPK induces CMA through direct
phosphorylation of the T211 and T213 sites of LAMP2A (CMA receptor)
(Li et al., 2017).

In summary, the MAPK signaling pathway may be the potential
junction of oxidative stress-induced skin aging and autophagy, but we
should note that the above studies did not focus in the field of skin
aging when discussing the relationship between MAPK and autophagy,
while some studies have reported their interrelationships, further re-
search is urgently needed in this area.

7. Conclusions and prospects

Skin aging is a direct manifestation of the body's aging, which is the
result of the joint action of genetic and environmental factors, and
delaying skin aging is important in maintaining people's mental health
and normal physiological functions of the skin. Chronological aging and
photoaging skin show great differences in clinical indicators but involve
similar cellular characteristics and regulatory pathways. Thanks to the
monitoring of aging biomarkers, it is possible to make qualitative or
quantitative analysis of senescent cells in vitro or in vivo, and the
functional research of cellular senescence in aging tissue and body has
made great progress. At the same time, we should clearly recognize that
there are many limitations in current biomarkers, and there is no bio-
marker that can accurately and stably detect senescence cells.
Therefore, it is essential to select appropriate biomarkers for combi-
nation in different situations. Improving and discovering new bio-
markers and methods to detect skin aging will allow us to better un-
derstand the physiological and biochemical changes of aging skin,
including wound healing, skin cancer and vascular disease.

Oxidative stress mediates the occurrence of skin aging. The ultimate
decline of skin cells or tissues, whether caused by external or internal
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factors, seems to be caused by endogenous or exogenous ROS. Aging
skin has chronic inflammation, and its cell proliferation and waste
disposal rate are slow, which are all related to autophagy. Although
autophagy can alleviate the oxidative damage of photoaging skin in-
duced by UV radiation, it is unclear whether autophagy activation can
effectively prevent photoaging, and the role of autophagy in skin aging
remains to be clarified. MAPK signaling pathway is an important sig-
naling pathway in skin aging, especially photoaging, and many studies
have shown that MAPK is involved in the regulation of autophagy.
Therefore, in the future, it is necessary to study whether the autophagy
in aging skin is related to the MAPK pathway and whether it can ef-
fectively regulate the inflammatory response, collagen synthesis and
decomposition.
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