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Skin photoaging, which is a kind of exogenous aging, refers to skin elasticity degradation, skin roughening, and wrinkle
formation processes because of cascading reactions of a series of kinases after growth factor receptors and cytokine
receptors are activated on a cell surface under the UV effect. An extensively recognized skin photoaging mechanism
is free radical-oxidative stress concept, proposed by Sohal who represents the authority of the US aging studies. Over
the past decade, many new developments in the oxidative stress mechanism have been achieved in terms of the oc-
currence, development, prevention, and treatment of photodamage.
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Introduction

Skin aging, a complicated process and the most intui-
tive external presentation of the aging of the organism, is
generally divided into endogenous aging and exogenous
aging [1]. The former belongs to natural aging, which re-
fers to procedural aging caused by irresistible factors in
the body, and the degree of aging is slow. Conversely, the
latter is mostly caused by environmental factors, such as
solar radiation, cigarette smoke or other environmental
pollution factors [2]. These factors increase endogenous
aging. The major factor of exogenous skin aging, also
known as photoaging, is exposure to UV radiation [3-5].
[ts main clinical manifestations are dry and rough skin on
the exposed part, with deepened wrinkles, cutis laxa, an-
giotelectasis, and hyperpigmentation [6]. Epidemiologi-
cal surveys and studies have verified that the genesis of
many skin diseases and skin tumours is related to skin
photoaging. Skin photoaging not only affects people’s
pursuit of beauty but also endangers health, which has
gradually drawn concerns from people in recent years.

UV and photoaging

UV from sunlight is divided into short-wave UV (UVC,
100-290 nm), medium-wave UV (UVB, 290-320 nm), and
long-wave UV (UVA, 320-400 nm) (Figure 1). With the
ozone layer in the atmosphere, UVC is nearly completely
absorbed, and UV reaching the ground is mainly UVA and

UVB [7]. A high amount of UVB radiation reaches our skin
direct sunshine, just at noon, when the sun is seemingly
positioned at the top of the beting down. However, UVA
radiation is almost never absorbed when it passes through
the Earth’s atmosphere, so it is abundantly present in solar
radiation all day long. Therefore, the degree of UVA expo-
sure of the skin is much larger than that of UVB exposure
under normal conditions [5]. Even though 95% and < 5%
of UV in sunlight radiation are UVA and UVB, respectively,
the bioactivity of UVA is much weaker than that of UVB,
that is 1/1,000 of UVB. Therefore, UV, which causes skin
erythema, DNA damage, and skin cancer, is mainly UVB,
whereas UVA almost does not harm the human body.
Similar to UVB, intense UVA irradiation can generate ery-
thema and vascular damage, and it even induces more se-
rious changes than UVB does. The amount of UVA needed
to generate this effect is 1,000 times greater than that of
UVB. The skin penetrating power of UVA is higher than
that of UVB, so UVA1 (340-400 nm) can penetrate the co-
rium layer more deeply, thus causing damage to collagens
and elastic fibres in dermal tissues. Therefore, the effect
of UVA on the pathogenesis of skin photoaging has been
intensively investigated [8-10].

Oxidative stress and photoaging

In daily life, humans are constantly exposed to oxi-
dants either from endogenous metabolic processes or
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Figure 1. Mechanism of skin photoaging caused by UVA and

UVB. UVA (315-400 nm): UVA penetrates the corium layer

more deeply, with the strongest ability of generating reactive oxygen species (ROS) and lipid peroxidases, thereby causing
damage to collagens and elastic fibres in dermal tissues. UVB (280-315 nm): UVB acts on the epidermis and causes skin

erythema, skin tumours, and immunosuppression. UVC (100
layer in the atmosphere

-280 nm): UVC is nearly completely absorbed by the ozone

exogenous environmental pollutants. A strong antioxi-
dant system has gradually formed in the human body to
maintain redox homeostasis. Oxidative stress occurs when
the oxidant/antioxidant balance is destroyed [11, 12]. It is
generally believed that oxidative stress has a significant
effect on extrinsic skin aging, and studies point out that
reactive oxygen species (ROS) is one of the major contribu-
tors (Figure 2) [1]. In the mitochondria, ROS is continuously
produced as a side product in the electron transport chain
of aerobic metabolism, and regarded as the main factor
of endogenous aging. Keratinocytes and fibroblasts are
the main cells that produce ROS in the skin. A ROS is pre-
dominantly formed by adding an electron to each oxygen
molecule (Oz) in the mitochondria, from a ground state
oxygen to the reactive superoxide anion radical (0,). Ex-
cessive solar radiation on the skin induces the production
of large amounts of ROS and reduces the production of
peroxidase and glutathione reductase. Many studies have
shown that ROS produced by keratinocytes and fibroblasts
exhibit a dose-dependent effect on the amount of UV ra-
diation [13-18]. Excessive UV radiation can cause direct
skin tissue damage by attacking proteins, lipids, and DNA,;
it can also oxidize macromolecular substances, especially
lipids and DNA, and influence a series of signal pathways
to cause indirect skin damage through ROS-mediated oxi-
dative stress reactions [12, 13, 15, 19].
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Protein oxidation

ROS-induced oxidative damage to elastin and colla-
gen in the dermis can lead to changes in protein confor-
mation, thereby affecting the mechanical properties of
the skin. In particular, histidine and lysine residues are
the main targets of oxidative modification and can be
converted to 2-oxo histidine and aminoadipate semial-
dehyde, respectively. Oxidative modifications of the rel-
evant side chains of proteins or enzymes can result in
a change in their properties and functions. Correspond-
ingly, the metabolic function of the skin is affected, and
photoaging is promoted [5, 20].

Lipid oxidation

An acyl double-bond reaction between ROS and un-
saturated fatty acids can generate lipid peroxidases [14,
15, 21, 22]. Marionnet et al. [15] detected 8-IsoPs, a lipid
peroxidase marker, in a skin model culture medium re-
built in vitro after UVAl irradiation and found that dos-
age dependence is significantly enhanced. This process
has been verified through studies on the photosensitive
reaction of lipids through large monolayer vesicles. Lipid
peroxidase can form a hydrophilic pore canal on biologi-
cal membranes to cause damage. The permeability of the
damaged cell membrane or mitochondrial membrane in-
creases, and the damage of oxidative stress to cells or

Advances in Dermatology and Allergology 6, December / 2021



Research progress on skin photoaging and oxidative stress

adjacent cells aggravates. At the same time, inflamma-
tory reactions also exacerbate, resulting in angiotelecta-
sis [23]. The inflammatory response of the skin manifests
as erythema. Water in blood vessels diffuses between
tissues to cause swelling or accumulates in the skin to
form vesicles. All these phenomena provide conditions
for the genesis of photodamage-related diseases, such
as sunburn, photoaging, and polymorphic light eruption
[14, 21].

DNA damage

UV can directly damage DNA and generate a pyrimi-
dine dimer and a 6-4 photoproduct [13, 24, 25]. A large
amount of UV radiation-generated ROS can cause oxida-
tive damage to nuclear DNA and produce a large amount
of thymine glycol and 8-hydroxyl guanine through single
base or purine modification, inter-chain crosslinking,
DNA-protein crosslinking, and depurination or pyrimi-
dine site formation [13, 24, 26]. ROS is mainly generated
through aerobic metabolism or enzymatic reaction in
mitochondria. Mitochondrial DNA (mtDNA), an extranu-
clear genetic material that is close to the ROS-producing
part, lacks protective histones, and has poor reparabil-
ity. Consequently, mtDNA can experience mutation more
easily than nuclear DNA. This damage in mtDNA leads
to defects in the electron transport chain and oxidative
phosphorylation, ultimately resulting in reduced ATP

production. Impaired oxidative phosphorylation also in-
creases singlet oxygen generation, which in turn leads
to more mtDNA mutations [27]. Mutated mtDNA repli-
cation is obviously enhanced in the photodamaged skin
entering an oxidative stress state [28], indicating that
mtDNA can also be damaged by ROS generated via UV
irradiation. Under normal circumstances, the cancer sup-
pressor gene p53 arrests the cell cycle in the G1 phase
and repairs the mutated gene by DNA repairase in time
before replication. If the gene damage is so severe that
it cannot be adequately repaired, p53 can mediate the
apoptosis of damaged cells by regulating the transcrip-
tion of the apoptotic genes Bax and Bcl-2. This process
is important in DNA damage repair. However, long-term
UV exposure can cause p53 gene mutations in epider-
mal keratinocytes, cells exhibit tolerance to apoptosis,
the mitochondria experience dysfunction, and DNA car-
rying mutant genes enter the cell division cycle under
an unrepaired circumstance, thereby causing malignant
cell proliferation and metabolic disorders and promoting
the genesis of photo-related skin tumours, such as squa-
mous cell carcinoma (SCC), basal cell carcinoma (BCC),
and melanoma [24, 28, 29]. Langerhans cells are impor-
tant antigen-presenting cells in the epidermis. UV can
reduce the number and antigen-presenting function of
Langerhans cells, which induce immunosuppression and
cause skin tumours to escape the immune surveillance
of the body [30].
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Figure 2. Series of changes caused by ROS and inflammation. ROS and inflammation can cause pigmentation and changes
in matrix metalloproteinase activity, extracellular matrix components, skin immunity, and barrier function
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Influences of skin photodamage and oxidative
stress on signal pathways

In oxidative stress, as a second messenger, ROS can
activate relevant signal transduction pathways partici-
pating in inflammatory damage and tumorigenesis to
further regulate the expression of downstream genes
and stimulate various processes, such as skin damage,
aging, and photo-induced cancer. Photodamage is mainly
related to the following signal pathways.

Activation of the signal pathways of mitogen-
activated protein kinase

UV-induced ROS can promote the phosphoryla-
tion of an epidermal growth factor receptor to trigger
the cascading reaction of mitogen-activated protein
kinases (MAPKs). MAPKs include three main protein
phosphorylation cascades, namely, extracellular signal-
regulated kinase (ERK), C-Jun N-terminal kinase (JNKs),
and p38MAPK. A large amount of ROS can be generated
after the skin is exposed to UV irradiation, thereby ac-
tivating JNK and p38MAPK pathways and transferring
ERK1/2, INK and p38MAPK to the nucleus. It can trigger
protein-1 (AP-1) activation and upregulate cyclooxygen-
ase-2 (COX-2) gene expression [31, 32]. As a result, the se-
cretion of cytokines, such as interleukin(IL)-10, IL-8, vas-
cular endothelial factor, and prostaglandin G2, increases
to further promote processes, such as immunosuppres-
sion, inflammatory reaction, proliferation, differentia-
tion and angiogenesis [23, 33, 34]. This process not only
accelerates photoaging progression but also facilitates
tumour cell infiltration and results in the invasion and
metastasis of skin tumours, such as SCC[17, 35, 36]. ROS
generated by UV are also indirectly responsible for the
release of ceramides and arachidonic acid because of an
increasing cell membranes permeability. An increase in
the ceramide pool in the epidermis can trigger further
AP-1 activation and is directly responsible for the initia-
tion of keratinocyte apoptosis. In turn, arachidonic acid is
converted by cyclooxygenase into prostaglandins, which
are responsible for attracting lymphocytes to the area of
damaged membranes. AP-1 induces matrix metallopro-
teinase (MMP) and cathepsin K via transcriptional upreg-
ulation, thereby increasing the degradation of dermal col-
lagens, elastin, and matrix and aggravating photoaging
(17,18, 21, 24-26, 37, 38]. As a result, the skin grows deep
wrinkles, loses its elasticity, becomes dry, sag, and rough
[39]. Furthermore, increased ROS levels can promote the
upregulation of the expression of the apoptins Bax and
p53 and facilitate the phosphorylation of p38MAPK. Con-
versely, the expression of the anti-apoptotic protein Blc-2
is downregulated [28]. A pro-apoptotic protein is trans-
ferred from the cytoplasm to the mitochondria so that
cytochrome C is released to activate the downstream
effector cysteine aspartic protease and induce cell apop-
tosis. What is more, UV-induced ROS can directly release

934

cytochrome C from the mitochondria to the cytoplasm in
the early stage of apoptosis. In addition, the inflamma-
tory reaction is enhanced, and the skin exhibits acute
photodamage manifestations, such as erythema, vesicle
formation, and swelling, within a short period. Continu-
ous exposure to UV contributes to the genesis of chronic
actinic dermatitis, actinic keratosis, and SCC [24-26].

Activation of the pathways of nuclear transcription
factors

Nuclear transcription factor-xB/p65 (NF-kB/p65) is the
major transcription factor that plays a regulatory role in
immune responses and inflammatory processes [40]. In
normal cells, NF-kB combines with inhibitive kB (IxB) to
form a compound restricted in the cytoplasm. After UV
irradiation, a large amount of ROS is produced in cells,
thereby activating IkB kinase to phosphorylate and de-
grade IkB protein. NF-kB is then activated and transferred
to the nucleus and combines encoding genes related to
inflammation, proliferation, and tumorigenesis so that
the expression of pro-inflammatory factors such as IL-8
and COX-2 and the transcription of cyclin D1 and MMP
are upregulated. Cell proliferation and angiogenesis sub-
sequently increase [11, 41]. MMPs degrade collagen fibres
and elastic fibres, causing sagging and wrinkles in the skin.
MMPs can also degrade the extracellular matrix (ECM) to
cause cell migration, which is related to tumour metasta-
sis [42]. The NF-kB/p65 pathway is the downstream target
location of the MAPK signal transduction pathway. The NF-
kB/p65 pathway and the MAPK pathway present recip-
rocal chiasma and collaboration and jointly participate in
photoaging and photo-induced cancer [17, 24, 28, 29].

Inhibition of nuclear transcriptional
factor E2-related factor 2 signal pathway

Nuclear transcriptional factor E2-related factor 2
(Nrf2), which is an important intracellular transcriptional
factor regulating antioxidant stress, can protect the skin
from oxidative stress damage caused by UV. Under nor-
mal physiological conditions, Nrf2 combines its profiling
Drosophila actin binding protein (Keap) 1to form a com-
pound in the cytoplasm. Keapl interacts with other pro-
teins and plays a key role in regulating Nrf2 localization
and degradation. Keapl acts as an adaptor of the ubiqui-
tin ligase E3 complex, resulting in the proteasomal deg-
radation of Nrf2. In the cysteine-rich intervening region,
some cysteine residues, especially Cys 151, Cys 273 and
Cys288, are extremely sensitive to oxidation, they are
also required for Nrf2 binding [43]. When low-dosage UV
induces ROS to generate and incur oxidative stress, these
cysteine residues are modified, and Keapl loses its ability
to bind to Nrf2, thereby allowing Nrf2 to escape degrada-
tion. After being dissociated from Keapl, Nrf2 transfers to
the nucleus from the cytoplasm. Then, Nrf2 identifies and
combines with an antioxidant response element (ARE)
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in the ll-phase genetic promoter region to activate the
Nrf2/ARE signal pathway, promote the expression of in-
tracellular antioxidant protective genes and upregulate
the transcriptional levels of ll-phase detoxifying enzymes
and antioxidase [44, 45]. Cellular protection-related
antioxidant enzymes induced by Nrf2, mainly include
glutathione S-transferase (GST), nicotinamide quinone
oxidoreductase (NQO1), UDP-glucuronosyltransferases
(UGT), y-glutamyl glutamate cysteine ligase (GCL), heme
oxygenase-1 (HO-1), glutathione reductase (GR), catalase
(CAT) and superoxide dismutase (SOD) [46, 47]. How-
ever, after high-dosage UV irradiation, ROS increases
abnormally. Consequently, Nrf2 becomes inactivated
and cannot transfer to the nucleus; the Nrf2-Keapl-ARE
signal pathway is inhibited; the Nrf2 expression level is
reduced; antioxidase or antioxidant levels decline; more
ROS further accumulate; and signal pathways, such as
MAKPs and NF-kB, are activated, resulting in dermal ma-
trix degradation, cancer suppressor gene activation, and
cell apoptosis. Acute photodamage, chronic photoaging,
SCC, and BCC finally occur [22, 48, 49].

Conclusions

Skin aging is a part of the body’s aging and the most
easily identifiable aging type. Single endogenous skin
aging is absent and usually reinforced by exogenous fac-
tors. Skin aging is related to not only the appearance of
the human body, but also health problems. A thorough
understanding of the general aging process is critical to
preventing and managing skin aging. ROS is likely the
main cause of exogenous aging, can induce damage to
biological macromolecules (DNA/proteins/lipids) and can
regulate the transcription of several signalling pathways.
MMP is another important molecule related to ROS in
skin aging, causing damage to ECM homeostasis, which
promotes wrinkle formation. Our summary of the mo-
lecular mechanisms involved in photoaging and oxidative
stress is still limited, and further studies are needed to
provide new ideas for preventing exogenous skin aging,
especially photoaging.
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