Heliyon 9 (2023) e13580

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Review article :.) |

Check for

Molecular basis of skin photoaging and therapeutic interventions ="
by plant-derived natural product ingredients: A
comprehensive review

Malik A. Tanveer ", Haroon Rashid ¢, Sheikh A. Tasduq®""

@ PK-PD and Toxicology Division, CSIR-Indian Institute of Integrative Medicine, Canal Road, Jammu, Jammu and Kashmir, India
b Academy of Scientific and Innovative Research (AcSIR) Ghaziabad, Uttar Pradesh, 201002, India
¢ Sher-e-Kashmir Institute of Medical Sciences (SKIMS), Soura, Srinagar, 190011, Jammu and Kashmir, India

ARTICLE INFO ABSTRACT

Keywords: Skin areas exposed to ultraviolet radiation (UV) from sunlight are more prone to photoaging than
Ultraviolet radiations unexposed areas evidenced by several signs which include skin dryness, irregular pigmentation,
Skin

lentigines, hyperpigmentation, wrinkling, and decreased elasticity. Plant-based natural product
ingredients with therapeutic potential against skin photoaging are gaining more attention. This
article aims the reviewing the research work done in exploring the cellular and molecular
mechanisms involved in UV-induced skin photoaging, followed by summarizing the mechanistic
insights involved in its therapeutics by natural product-based ingredients. In the mechanistic
section of the convoluted procedure of photoaging, we described the effect of UV radiation (UVR)
on different cellular macromolecules (direct damage) and subsequently, the deleterious conse-
quences of UVR-generated reactive oxygen species (indirect damage) and signaling pathways
activated or inhibited by UV induced ROS generation in various cellular pathologies of skin
photoaging like inflammation, extracellular matrix degradation, apoptosis, mitochondrial
dysfunction, and immune suppression. We also discussed the effect of UV radiation on the adipose
tissue, and transient receptor potential cation channel V of photoaging skin. In the past few de-
cades, mechanistic studies performed in this area have deciphered various therapeutic targets,
opening avenues for different available therapeutic options against this pathological condition. So
the remaining portion of the review deals with various natural product-based therapeutic agents
available against skin photodamage.

Photoaging
Molecular mechanism
Natural products

1. Introduction

-Irradiation of Ultraviolet (UV) radiations to human skin over some time leads to a pathological condition characterized by various
changes at morphological, histological, biochemical, and molecular levels and is termed photoageing [1]. The term photoaging was
coined in 1986 by Kligman and Kligman and was interchangeably used with the term dermatoheliosis [2]. For the pathogenesis of
photoaging, UV radiations (photons) need to be absorbed by chromophores (First law of photochemistry) in the skin followed by a
series of photochemical events to bring about the clinical signs of photoaging and photo carcinogenesis [3]. UV radiations mainly
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Table 1
Summarizes the therapeutic agents and their mechanism of action against skin photoaging.
S. Ingredients Name of Plant Mechanism of action Experimental Model References
No
1. Ginsenoside Ginseng Suppression of UV -induced apoptosis by inducing HacCaT cells,Xpc™ [17]
DNA repair knockout mouse
keratinocytess
2. Aucubin Eucommia ulmoides Protection against UV-B -induced oxidative stress Human skin fibroblaststs [18]
3. Vanillin and Vanillic acid ~ Origanum vulgare Antioxidative characteristics and inhibition of «-MSH B16F0 melanoma [19]
stimulated melanogenesis
4. Xanthorrhizol Curcuma Protection against photoaging Human skin fibroblasts [20]
xanthorrhiza Roxb.
5. Parthenolide Feverfew (Tanacetum  Prevention of UV-B mediated skin photoaging via HacCaT cell line, [21]
parthenium) NFKkB inhibition Normal epidermal
melanocytes,
Human normal fibroblast
6. Acteoside Clerodendron Inhibition of a-MSH -induced melanin production via B16 melanoma [22]
trichotomum inactivation of adenyl cyclase
Thunberg
7. Proanthocyanidins Grape Seed Inhibition of UV -induced oxidative stress via MAPK Epidermal keratinocytes [23]
and NF-kB
8. Flavanone glycosides Citrus hassaku Inhibition of melanogenesis B16 melanoma [24]
9. Xanthorrhizol Curcuma Protection against photoaging Human skin fibroblasts [20]
xanthorrhiza Roxb.
10. Amla extract Emblica officinalis Effect against UV-B -induced photoaging Human skin fibroblasts [25]
11. Naringenin Grape fruit Protection against UV-B -induced apoptosis by removal ~ HaCaT cells [26]
of cyclobutane pyrimidine dimers
12. Chloroform extract Moricandia arvensis Inhibition of growth of melanoma cells and promoting ~ B16 FO melanoma cells [27]
differentiation
13. Xanthohumol Humulus lupulus Inhibition of melanogenesis B16 F10 melanoma cells [28]
14. Epigallocatechin gallate Green tea Protection against photoaging via interfering with Human dermal [29]
MAPK responsive pathways fibroblasts
15. Polypodium leucotomos Polypodium Photoprotection by inhibition of ROS production Hairless rat model [30]
extract leucotomos and prevention of DNA damage
16. Labisia pumila extract Labisia pumila Anti-photoaging effects Normal Human dermal [31]
fibroblasts
17. Delphinidin, an Pigmented Protection against UV-B- mediated oxidative stressand ~ Human HaCaT [32]
Anthocyanidin Fruits and Vegetables  apoptosis Keratinocytes and SKH-1
hairless mouse
18. Artocarpanone Artocarpus Inhibition of melanin biosynthesis B16 melanoma [33]
heterophyllus
19. Dichloromethane fraction ~ Cimicifuga Inhibition of melanin synthesis by activating the ERK B16 F10 melanoma [34]
heracleifolia or AKT signaling pathway
20. S. lycopersicum fruit Solanum Anticarcinogenic Effects Swiss Albino and C57 Bl [35]
extract lycopersicum Mice
21. Silymarin, a flavonoid Silybum marianum Inhibitio of UV -induced apoptosis Human malignant [36]
melanoma A375-S2 cells
22. Galloylated Tannins Witch Hazel Antioxidant, cytotoxic, & antiproliferative HacCat, SK-Mel 28 [37]
(Hamamelis melanoma
virginiana)
23. PCF, a Chlamys farreri Inhibitory effect on UV-B-induced apoptosis and DNA ~ Normal human dermal [38]
Polypeptide damage fibroblasts
24. Root Extract Pothomorphe Inhibition of Skin Matrix Metalloproteinases Albino hairless mice, [39]
umbellata
25. Punica granatum extract Punica granatum Protection against photoaging Human skin fibroblasts [40]
26. Galloylated Tannins, (Hamamelis antioxidant, cytotoxic, & anti proliferative properties HaCaT and SK-Mel 28 [34]
virginiana) melanoma cell lines
27. catechins and Coca ROS scavenging ability Fibroblasts and [39]
proanthacyanidin Keratinocytes
flavinols
28. Sulphoaphane (SFN) Broccoli Skin erythema HacCaT Keratinocytes [41]
29. Glycyrrhizic acid mitogen-activated protein kinases, nuclear factor HacCaT Keratinocytes [42]
kappa B and mitochondrial apoptotic pathway Primary dermal [43]
oxidative stress mediated DNA damage fibroblasts (HDF)
30. Trigonalline Funigreek seeds relieving the UV-B -induced endoplasmic reticulum HaCaT and HDF [44,45]
(ER) oxidative stress HDF cells and BALB/c [46]

Protecting the skin cells and BALB/c mice against UV-B
induced odidative DNA damage via modulation of
PI3K-AKT-Nrf2 Pathway.

mice
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consist of three components UV-A (320-400 nm), UV-B (280-320 nm), and UV-C (100-280 nm) [4]. UVC radiations are also called
shortwave or ionizing radiations and are highly energetic [5]. These radiations do not reach the earth’s surface, as atmospheric gases
like Ozone absorb these, thereby protecting the life forms from the ionizing effect of this component of UV radiations [6]. UV-A and
UV-B radiations pass through the ozone layer and reach the earth’s surface [7]. However, these radiations lack ionization potential due
to their less energy. Still, these can alter the chemical bonding of various macro and micro molecules hence disturbing their structure
and normal functioning [8]. Niels Ryberg Finsen, a Danish physician and scientist, for the first time in his study “Om Lysates
Indvirkninger paa Huden” (“On the effects of light on the skin™), and “Om Anvendelse i Medicine af koncentrerede kemiske Lysstraaler
(“The use of concentrated chemical light rays in medicine™) showed that light could be beneficial and harmful to the skin. This study
served as a model for the research of photoaging and photodamage for the next fifty years [9]. The photoaging process occurs due to
repetitive exposure to chronic ultraviolet radiation to the skin and involves mainly three types of skin cells, i.e., fibroblasts, kerati-
nocytes, and infiltrating neutrophils [10]. The main symptoms of photoaged skin involve laxity, deep wrinkles, increased fragility, and
dryness [11]. Microscopic observations have revealed that photoaged skin has increased epidermal thickness and shows the accu-
mulation of dystrophic elastin and disorganized collagen in the deeper epidermal layer [12]. At cellular levels, photoaged skin has
changed the morphology of keratinocytes with irregular morphology and loss of polarity [10]. The changes -induced by UV -irradiation
are similar to that of the chronological changes [13]. The degree of photoaging may vary; depending on skin type, ethnicity, and
geographic location [14]. Susceptibility of skin to the UV induced damage depends upon the content of melanin a particular skin type,
of Fitzpatrick scale, contains. According to which, skin types L, II, and III are more susceptible to photoaging than type IV, Vand VI [15,
16] (see Table 1).

Here, we describe the advanced knowledge about the mechanistic insights involved in the various pathologies associated with skin
photoaging. The summarizing of the mechanistic signaling pathways in this review can help the researchers to find the various
therapeutic targets for the treatment of the disease and disease management. Finally, we also highlighted various plant based natural
product ingredients as therapeutics for ultraviolet radiation induced premature skin ageing. The reason for incorporating the natural
product based therapeutic agents for skin photoageing is that, in topical drug delivery system the demand for the incorporation of
natural product based ingredients in sunscreen formulations is increasing nowadays because of their photoprotective, antioxidant and
risk free properties to prophylate UV induced skin photodamage and skin cancers.

2. Materials and methods

Various search engines such as Google Scholar, PubMed, Science Direct and Scopus were used to search the research articles related
to the mechanisms of UV-induced skin photoaging and phytochemicals involved in its therapeutics, with the help of some key words
like skin, photoaging, ultraviolet radiation, extracellular matrix, fibroblast, phytochemicals etc. The reviewed research articles were
cited properly by using endnote 20 software.

3. The pathological mechanisms of skin photoaging
3.1. Interaction of UV radiations with skin

Dermal extracellular matrix of skin comprises of a complicated network of several macromolecules, which include collagen and
elastic fibers, glycoproteins, and glycosaminoglycans and provide strength and flexibility to the skin [47]. The primary effect of
chronic UV radiations in skin is the reduction of dermal extracellular matrix by the degradation of most abundant type I and type III
collagen, and is considered to be primarily responsible for the wrinkled appearance of photoaged skin [48].

After absorption of UV radiations by the skin, various pathologies associated with skin photoaging appear due to their direct and
indirect interactions with the biomolecules of the epidermis and dermis [49]. UV radiation is not absorbed by terrestrial molecular
oxygen; hence it is safe for inhalation [50]. UV-B radiations do not penetrate deeply to the skin. Various cellular biomolecules like
DNA, amino acids of proteins with aromatic rings, NADH, NADPH, flavins, quinones, porphyrins, carotenoids, urocanic acid, eu-or
pheomelanin, and lipids of the epidermis of the skin [51] and is responsible mainly for producing the sun [52]. Studies have
shown that UV-A radiations are 1000 times less effective than UV-B radiations and do not produce sun burns [53]. However, the UV-A
portion of the UV radiation spectrum is also involved in the pathogenesis of skin photodamage and photoaging, possibly because it
penetrates both epidermis and dermis [49] and degrades the extracellular matrix material, which is the most important factor for
maintaining the proper skin health. Melanin, one of the important chromophores of skin, can convert the energy of UV radiations into
other forms like heat, thereby protecting the skin from UV -induced skin damage [54]. The extent of protection by melanin depends
upon the distribution and density of melanin secreted by melanocytes between keratinocytes [55]. For this reason, studies have shown
that people with darker skin are 500 times more protected than people with fair skin phenotype against the risk of UV -induced
non-melanoma type of skin cancer [56].

3.2. Effect of UV radiations on DNA, RNA, and proteins

UVR can damage the various cellular components by direct and indirect mechanisms [57]. Alteration of DNA, RNA, and protein
structure and their function accelerates the process of photoageing [58]. UV-B is that component of the ultraviolet spectrum that can
damage the skin by direct mechanisms. Although the stratum corneum of the epidermis absorbs a significant portion of UV-B radiation,
the attenuated UV-B radiation intensity reaches the viable cells of the epidermis, causing their biological damage (mainly DNA
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damage). UV-B absorption leads to the formation of cyclobutane-pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) pho-
toproducts by the appearance of bonds between pyrimidine bases and their adjacent counterparts at sites rich in methylated cytosines
(mC) of DNA [59]. Methylation of cytosines mainly occurs at 5’-CG-3'(CpG) sequences, and mutations at methylated CpG sites by solar
UV radiations are referred to as “solar-UV signature” [60,61]. Already unstable 6-4 pyrimidine-pyrimidone or 6-4 pyr-
imidine-pyrimidinone (6-4 PP), when -irradiated with UV radiations of wavelength around 320 nm are converted to a more unstable
form called Dewar valence isomers [62]. These three types of pre-mutagenic lesions; CPD, (6-4)-PP and Dewar valence isomers, give
rise to UV-specific mutations if not appropriately repaired by nucleotide excision repair (NER) mechanism [63]. UV -irradiation give
rise to most oncogenic CPDs (Thymine-cytosine (T = C) and cytosine-cytosine (C—C) dimmers); since the same type of CPDs are found
in tumor suppressor P53 gene of UV -irradiated cancer cells [64]. CPD, (6-4)-PP, and Dewar isomers lead to the apoptosis of healthy
keratinocytes by inhibiting polymerase transcription, causing replication arrest. However, other types of mutations can lead to the
tumor formation of keratinocytes by inducing their uncontrolled growth. Besides DNA, absorption of UVR by mRNA and other types of
RNA at transient stages of transcription and translation can lead to the synthesis of dysfunctional proteins Epidermal proteins rich in
aromatic amino acids such as tryptophan (Trp), tyrosine (Tyr) cystine, and disulfide-bonded cysteine; predominantly absorb UV-B
radiations and undergo photoionization to give rise excited state species or direct radical formation (type I photo-oxidation) [65].
Studies have shown that long-lived triplet states of Trp and Tyr reduce the disulfide bonds, and the resultant disulfide radical anions
(RSSR-.) formed can react with oxygen to form superoxide anions (02-.) [66]. Excited Trp and Tyr can also respond in various other
ways leading to the degradation and inducing oxidative stress of various cellular components of skin [57]. In Type II, photo-oxidation
modification in protein structures is caused by their interaction with singlet oxygen, which is generated through natural and artificial
UV excited photosensitizers. Both types of photo-oxidation can affect proteins rich in Trp and cysteine. Modified proteins by UV show
altered function, whether it is an enzymatic protein or any structural component. Modified proteins are very harmful to the cell when
they form aggregates and are responsible for many diseases, including skin aging. Cells have their internal defense mechanism to
counteract the UV damaged proteins, which comprise either an anti-oxidative defense system or degrade damaged proteins by
ubiquitin [64].

3.3. UV radiation generated reactive oxygen species (ROS) and skin photoaging

Besides direct skin damage, UV -irradiation also indirectly damages the skin by generating Reactive Oxygen Species (ROS) [51].
ROS produced by various endogenous photo-sensitizers is regarded as one of the primary responses of UV -induced damage to the skin
[67]. ROS is generated as a byproduct during various cellular metabolic reactions, especially in mitochondria, and is categorized as -
superoxide anion (O3), hydroxyl radical (OH"), peroxyl radical (ROO"), hydrogen peroxide (H203). Accumulation of excessive ROS in
cells is very harmful and can lead to the pathogenesis of various diseases and conditions like cancer, aging, atherosclerosis, neuro-
degenerative diseases etc [68]. Cells have an internal defense system in the form of enzymatic and non-enzymatic antioxidants that
maintain ROS equilibrium. Any change favoring the increase in cellular ROS due to disturbed balance between available cellular
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Fig. 1. Potential mechanism of skin photoageing. UV -irradiation affect the Skin fibroblasts and keratinocytes by various different mechanisms.
(1) Direct DNA damage (2) Reactive Oxygen Species (ROS) generation (3) Direct protein damage.
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antioxidants and generated cellular ROS creates a pathological condition in the cells termed “Oxidative stress,” damaging cellular
macromolecules like DNA, proteins lipids, etc. [69]. One of the endogenous antioxidant enzymes, Superoxide dismutase, can convert
superoxide anion (Oz) into hydrogen peroxide (H202). HoO5 readily crosses the cell membrane and causes local damage [70] by the
generation of highly reactive hydrogen radical (OH™) when it comes in combination with transitional Fe (II) [71]. Hydrogen peroxide
generated in the cells can also be decomposed into the water by the next available endogenous antioxidant enzyme Catalase [72].

UV -induced Oxidative stress of the skin by impairing internal antioxidant defense mechanism followed by the consequent increase
of reactive oxygen species in both epidermis and dermis result in initiating and prolonging the pathologies associated with photoaging.
The skin’s epidermis contains various photosensitizers like DNA, aromatic amino acids, NADH, NADPH, flavins, quinones, porphyrins,
carotenoids, urocanic acid, eu- or pheomelanin, and lipids, which absorb most of the portion of UV-B radiations [73]. Melanin and
Uroconic acid may act as photoprotective shields by absorbing most of the UV-B radiations but may also prove harmful to skin cells
when urocanic acid is photo-isomerized to its cis isomer upon excessive UV-B absorption and initiate the ROS production. Further,
human skin keratinocytes contain nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which catalyzes the conversion of
molecular oxygen to superoxide anion upon UV-B -irradiation. UV -irradiation exposure to the skin results in skin tanning due to
enhanced melanin synthesis, and this synthetic process of melanin is followed by ROS generation [74]. UV -irradiation of skin cells also
results in photoionization of aromatic amino acids like tryptophan, tyrosine, and cysteine, causing further accumulation of ROS. UV
-induced ROS in skin cells contributes to the etiology of photoaging by causing local inflammation, initiating signaling pathways of cell
growth and proliferation, and deteriorating the structure of connective tissue of extracellular matrix (ECM) [75] (Fig. 1).

Fig. 1 summarizes the potential mechanism of skin photoageing.

3.3.1. Various signaling pathways activated by UV-B generated ROS

Studies have revealed that UV-B -induced photoaging progression is due to the ROS -induced activation of various signaling
pathways of skin cells [75]. Activated signaling pathways may cause the initiation and appearance of various histological, cytological,
and molecular pathologies like connective tissue degradation, persistent inflammation, apoptosis, DNA damage (keratinocytes, fi-
broblasts, and infiltrating neutrophils) by induction of their respective transcription factors. Various ROS -induced signaling pathways
and their initiated events of photoaging etiology are described below.

3.3.1.1. UV-B generated ROS activates MAPK pathway in skin cells. Signaling proteins of MAPK pathway mainly belong to the family of
serine/threonine protein kinases. These are sub-classified into various types like extracellular signal-regulated kinases (ERK), p38
MAPK (p38 kinase), and c-Jun NH2-terminal kinases (JNK) and are activated by different stimuli [76,77]. ERK pathway is stimulated
by mitogenic stimuli, whereas p38 and JNK MAPKs are activated by stress stimuli, including UV-B radiations [78]. Studies have shown
that oxidative stress plays a key role in triggering the MAPK pathway responses; this has been confirmed by using various antioxidant
agents, which showed that their application results in the inactivation of MAPK sub-pathways [79]. ROS results in the phosphorylation
of cytokine receptors, EGFR and Ras, resulting in the phosphorylation of various upstream proteins of MAPK sub-pathways. Different
upstream proteins of p38 MAPKs like MEK3 and MEK®6) are phosphorylated by already phosphorylated cytokine receptors, ultimately
resulting in the activation of the p38 MAPK sub pathway. Upstream proteins of JNK and ERK sub pathways are MEK4 and MEK7 and
MEK1 and MEK2, respectively. Activated MAPK proteins enter the nucleus where they activate various transcription factors like AP-1,
NF-kB, COX-2, c-Myc and finally induce MAPK pathway-induced Photodamage [80-82].

3.3.1.2. MAPK pathway, as a mechanistic link for UV-B -induced inflammation. Inflammation is among the primary responses of UV
-induced skin photodamage, where the UV-B generated ROS plays a critical role by activating the MAPK pathway, causing increased
infiltration of inflammatory mediators and epidermal hyperplasia [83]. Keratinocytes are considered as the main skin cell types
responsible for the secretion of cytokines by activating the p38/JNK pathway after UV-B -irradiation [84]. UV-B -irradiated kerati-
nocytes mainly secrete pro-inflammatory cytokines like IL-1, TNF-a, IL-6, and mediators like ICAM-land COX-2. UV-B -induced
inflammation is initiated by the interaction of different components of IL1 complex like IL-1a and IL-1p with their receptors [85].
Severe sun burning also results in the secretion of one more pro-inflammatory cytokine (IL6), and its level in serum reaches its peak by
about 12 h after UV-B —irradiation [86]. Cytokines, besides their role in UV-B -induced inflammation, are also involved in the pro-
duction of different types of matrix metalloproteinases (MMPs) by stimulating fibroblasts [87]. Increased production of IL-6 after UV-B
irradiation leads to the increased expression of MMP1 and MMP9, thus contributing in the degradation of extracellular matrix [88].

Besides the proinflammatory cytokines, prostaglandins and thromboxanes also play an essential role in UV-B -induced inflam-
mation. In epidermal cells irradiated with UV-B radiations, activation of p38/JNK MAPKs results in the upregulation of COX-2 isoform
of cyclooxygenase (COX) gene, which is responsible for the production of prostaglandin 2 (PGE-2) [89,90].

3.3.1.3. UV-B -irradiation of skin and extracellular matrix. Skin Extracellular Matrix, comprising collagen, elastin, and fibrillin, help
clinicians and researchers to get comparative knowledge about the degree of photoageing, as the amount of extracellular matrix is
inversely proportional to the rate of photoageing when exposed to UV-B radiations [91]. UV-B radiations decrease the extracellular
matrix content of skin either due to altered collagen synthesis or degradation of collagen [88].

Activation of the TGF-§ gene is responsible for dermal collagen synthesis [92]. The mechanism behind dermal collagen synthesis
involves the interaction of TGF-f with TGF-p cell-surface receptor complexes (TPR I-III). Interaction of TGF-p with T@R II results in
activation of serine/threonine kinase activity of TPRI, resulting in phosphorylation and activation of Smad2 and Smad3 (transcription
factors). Smad4, another transcription factor, combined with the phosphrorylated Smad2 and Smad3, forms a complex that
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translocates to the nucleus. It activates the TGF-§ gene by binding its promoter region and inducing collagen synthesis. UV-B -irra-
diation results in the activation of another transcription factor, Smad 7, which synergizes the action of TGF-p, thus inhibiting
TGF-p/Smad 2-3 signaling pathway and blocking collagen synthesis [93-95], thereby increasing the resultant skin collagen and loss of
skin integrity.

It is well established that UV-B -irradiation leads to the degradation of collagen by activating different types of MMPs [96].
Mechanistic studies have shown that the UV-B activated MAPK pathway causes the stimulation of some downstream transcription
factors like c-Jun and activating transcription factor-2 (ATF-2). Homodimerization or heterodimerization of stimulated c-Jun with
another transcription factor c-fos, results in functional activator protein (AP-1) complex formation. Functional activator protein (AP-1)
binds to its response element, resulting in activation of various MMPs, including collagenase, stromelysin, and gelatinase [96,97].
These MMPs collectively affect the skin’s structural integrity by degrading collagen content. Functional AP-1 transcription factor plays
a vital role in the degradation of skin collagen and is very sensitive to UV-B radiations, even at sub erythemogenic dose of UV-B (~0.1
minimal erythema dose, MED) can stimulate it [98].

3.3.1.4. UV-B -irradiation and nuclear factor NF-xB pathway. NF-kB is a family of transcription factors and its members are classified
into five “Rel” proteins including RelA (p65), c-Bel, RelB, NF-kB1 (p50/p105) and NF-kB2 (p52/p100) [99]. The most important
function of these transcription factors is to regulate UV-B -induced inflammation, immune response, cell proliferation, and differen-
tiation [100]. Members of the NF-kB family members remain inactive by binding to an inhibitory protein, IkB, in the cellular cyto-
plasm. This inhibitory effect of IkB gets eliminated by the phosphorylation of a kinase protein, IkB kinase (IKK), causing ubiquitination
and proteasomal degradation of IkB [101]. Various factors cause the activation of NF-kB in cellular cytoplasm; ROS generated by UV-B
-irradiation is the most prominent, suggesting ROS plays a critical role in activating IkB kinase (IKK). Activated members of NF-xB
enter the nucleus, where they initiate their transcription processes by binding to their respective DNA regulatory sequences [102,103].

3.3.1.5. UV-B -irradiation and apoptosis. UV-B -irradiation results in the appearance of Sunburn Cells (SC) in the epidermis of the skin.
SCs are skin keratinocytes undergoing apoptosis showing distinct morphological features like pyknotic nuclei with eosinophilic
cytoplasm, mitochondrial swelling, and rupture [104]. Molecular mechanisms underlying the SCs formation involve the initiation of
various downstream pathways from UV-B -induced DNA damage, UV-B activated TNF-a, Fas and UV-B generated ROS [105]. It has
been reported that UV-B-generated ROS results in the apoptosis of keratinocytes by the activation of the intrinsic or mitochondrial
apoptotic pathway [106]. In the intrinsic apoptotic pathway, disruption of the outer mitochondrial membrane results in the release of
cytochrome C to the cytosol, where it activates the apoptosome complex. The Activated apoptosome complex results in recruiting and
activating procaspase 9 to Caspase 9, which activates the effector protein Caspase 3. Caspase 3 acts as a cutting knife leading to the
cleavage of various cellular components, including DNA [107]. This pathway is controlled by multiple pro-apoptotic and
anti-apoptotic members of the B-cell lymphoma (Bcl2) family, including Bax, Bim, Bak and Bcl2, Bcl-x) Mcl-1, respectively [108].
Megastore formation is stimulated by the p38 MAPK pathway, which helps redistribute Bax protein from cytosol to mitochondria.
Cytochrome c, in turn, is released from mitochondria into the cytosol and triggers the execution phase of apoptosis [109].

3.3.2. UV-A generated ROS and skin photoaging

The longest UV-A wavelengths have relatively deeper penetration properties and effect the all cutaneous layers. The damaging
effects of UV-A irradiation is primarily initiated by the generation of ROS, mediated by numerous endogenous chromophores and the
subsequent oxidative stress is majorly responsible for the numerous cellular and molecular alterations like lipid peroxidation, DNA
lesions, protein carbonylation and activation subsequent intracellular signaling pathways. These cellular and molecular alterations
induce mutations, apoptosis, dermis remodeling, inflammatory reactions and abnormal immune responses [110,111]. Further evi-
dences have shown that various external stimulators, such as pollutants and visible light (Vis), were shown to synergistic effects with
UVA rays. Studies at gene expression level have shown that UV-A radiation induce the alteration of several genes approving the fact
that dermal fibroblasts are highly sensitive to UVA radiation [112-114]. UVA radiation also appears to induce the pigmentary changes
of skin which are the major signs of skin photoaging in Asians [115].

3.3.3. UV -irradiation and mitochondrial dysfunction

Evidences support that normal functioning of the mitochondria is closely connected to the skin health. UVR -induced mitochondrial
dysfunction plays a vital role in skin photoaging, which can be explained by the “Defective Powerhouse Model of Premature Skin
Ageing’. According to this model, accumulation of UV -induced mitochondrial DNA (mDNA) mutations leads to disturbed flow of
electrons across the mitochondrial electron transport chain, which causes decreased oxygen consumption and, consequently, fewer
ATPs are produced in dermal fibroblasts [116]. Because of reduced energy production, there are interrelated steps of Caspase acti-
vation, membrane depolarization, and cytochrome C release from mitochondria. These processes affect various cellular processes such
as cell migration and cell division, also lead to increased mitochondrial oxidative stress levels because of a many-fold increase in ROS
production at mitochondrial complexes [117,118]. Enzyme Endogenous antioxidant system of mitochondria, including
glucose-6-phosphate dehydrogenase, thioredoxin reductase, glutathione-S-transferases, and peroxidase, is their best defense system
against increased levels of ROS. This defense system is disturbed by UV radiations as it targets nrf2, which is the master regulator of this
endogenous defense system [119]. It is for this reason, clinicians and estheticians are focusing on mitochondria as therapeutic target to
treat skin photoaging disorder.
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3.4. Immunosuppression in skin photoaging

Studies have shown that UV radiations induce immune-suppression in skin cells and patients with immune-suppressed cells are
more susceptible to developing tumors because of poor local immune surveillance [120]. Mechanistic study of UVR -induced immune
suppression shows that UV -irradiation affects both cellular and humoral immune responses. UV radiations decrease the number of
epidermal Langerhans cells (LC) and affect their functions like cellular migration and antigen presentation in lymph nodes, thereby
affecting their crucial role in local immune surveillance [121]. UV radiations induce the isomerization of trans urocanic acid to cis
urocanic acid in LC cells which is probably responsible for their impaired migration and antigen presentation [122]. Besides, studies
have also shown that UV radiation leads to the loss of co-stimulatory molecule (B7), which is also responsible for its impaired activity
[123]. It has also been established that UV -irradiation triggers the release of IL-10, an immunosuppressive cytokine from keratinocytes
in response to cis-UCA [124]. UV -induced depletion of LC and release of pro-inflammatory cytokines also cause the activation of
regulatory T cells (TREG), which cause the polarization of Th1/Th2 balance toward Th2. Predominant Th2 level further induces
another immunosuppressive cytokine, IL-12, from epidermal LC (Fig. 2) [125].

Fig. 2: Describes the signaling pathways responsible for UV-A/B induc n ed skin photoageing.

3.5. UV irradiation and skin adipose tissue

Skin adipose tissue consists of dermal white adipose tissue (DWAT) and subcutaneous white adipose tissue (SWAT), both playing an
influential role in skin photoaging. DWAT, lying in the reticular dermis of the skin, connect the skin surface and the subcutaneous fat,
by forming a “fat bridge” between them, thus connecting the skin surface which i directly exposed to the UV with the deeper fat layer
[126,127].

Frequent and excessive irradiation of skin to UV radiation leads to reduction in DWAT layer thickness and simultaneous formation
of skin fibrosis, probably by a mechanism of adipocyte-myofibroblast transition [126, 128]. Replacement of DWAT layer by skin
fibrosis result in coarse skin structure which ultimately leads to wrinkling of skin [126, 128]. Besides DWAT, UV radiation also
modifies the SWAT metabolism as well, where there is significantly reduced accumulation of free fatty acid and triglycerides than the
unexposed skin of the same individual [126, 128]. The possible reason might be that UV irradiation trigger the release of some soluble
factors IL-6, IL-8, and monocyte chemotactic protein-3 which diffuse into SWAT and alter its metabolism [126,129]. Reduction in the
accumulation of the free fatty acid and triglycerides of SWAT result in the thinning and sagging of connective tissue, which ultimately
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Fig. 2. Describes the signaling pathways responsible for UV-A/B response in skin cells. This figure describes the various signaling pathways
and their important protein markers responsible for UV-A/B -induced pathologies in skin cells like inflammation, Extracellular matrix degradation
and apoptosis.
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lead to the skin atrophy and wrinkle formation [126,130].
3.6. Role of MicroRNA (miRNA) and advanced glycation end products (AGEs) in skin photoaging

Evidences revealed that after DNA replication, the primary role of DNA methyltransferase 1 (DNMT1), is to conserve the
methylation state of the daughter strands to make certain that the methylated strand was passed on to the offspring cells [131].
However, highly efficient analysis has shown that methylation levels and patterns of global genome are changed during skin aging
[131]. Further studies confirmed that miRNA 217 and MiR-23a-3p regulate the senescence of human skin fibroblasts by directly
targeting the DNA methyltransferasel and enzymes related to Hyaluronic acid (HA), a major component of the dermal matrix, syn-
thesis in human fibroblasts, respectively suggesting that miRNA play a vital role in skin photoageing [132,133]. This was further
supported by the evidence that UV-B irradiation modify the expression of miR-34 family in the dorsal skin of mouse simultaneous with
the imperfect regulation of collagen structure, which results in loss of skin strength and elasticity [134]. Thus miRNA can act as
potential target for therapeutics of skin photoageing.

Glycation of proteins, which is done by reaction of reducing sugars with free amino groups on proteins and other molecules
resulting in the reversible generation of reactive intermediates which ultimately convert to irreversible AGEs, is one of distinguished
marker of aged skin. Dermal matrix and cytoskeleton proteins are more vulnerable to glycation, resulting in tissue stiffening and loss of
skin elasticity [134]. Studies have revealed that glycated elastin fibres among the extracellular proteins aggregate abnormally and
interact with lysozymes in the solar elastosis skin, indicating that glycation is involved in skin photoaging [135].

3.7. Role of transient receptor potential cation channel V (TRPV) in skin photoaging

TRP ion channel, responsible for various sensory responses like heat, cold, pain, stress, vision, and taste are widely distributed in
the peripheral and central nervous system. They function by allowing the cations to pass through the cell membrane non-selectively.
TRP ion channel consists of more than 30 subfamilies, among which TRPV subfamily plays crucial roles in the process of skin pho-
toaging [136] Mechanistic links involved in the TRPV ion channel subfamily and skin photoageing varies according to the type of cell
line used.

Irradiation of human dermal fibroblasts with UV-B results in the increase of ca®" ion concentration via TRPV1, which leads to the
degradation of nuclear factor-E2-related factor 2 (Nrf2) disturbing the intracellular redox homeostasis which produces the oxidative
stress of the cell and ultimately results in skin photoaging [137,138]. When HaCaT cells are irradiated with UV radiation, it activates
the Src kinase which in turn induces the trafficking of TRPV1 from intracellular vesicles to the cell membrane [126,139]. It has also
been observed that TRPV1 activation results in the upregulation of MMP-1 thus contributing in natural-aging and photo aging of skin
[129]. Role of TGF-f pathway in regulating the TRPV3 is a matter of concern, however, it has been observed that TRPV3 channels
contribute in maintaining the normal skin health by reducing ECM production by the activation of the TRPV3/Thymic stromal
lymphopoietin/Smad2/3 pathways in dermal fibroblasts [126]. Role of TRPVs in the regulation of skin photoaging demands more
concern especially by carrying the animal tests to check their true effectiveness.

4. Therapeutic Approaches for the amelioration of UV -induced photoaging by plant-based natural products; An emerging
therapy

Considering the harmful effects of UV radiation on skin health, especially Photodamage (a spectrum of skin disorders ranging from
sunburns, premature aging to carcinogenesis), it becomes imperative to develop suitable therapeutic options [140]. Photodamage has
assumed tremendous significance in the beauty care industry and the clinic in recent times. The past few decades have witnessed
significant progress in establishing various therapeutic targets of Photodamage, which can develop proper therapeutic regimens with
satisfactory outcomes. Currently, different therapeutic options are available; however, patients discontinue their use because of their
undesired effects. For example; drugs of the first line therapy which include mainly topical retinoids (tretinoin, tazarotene, adapalene,
etc), besides their antiphotoageing effects are associated with several side effects like skin irritation, redness, scaling, dryness, burning,
stinging and peeling [141]. Use of chemical peels as antiphotoageing drugs harm the patient by inducing the hypo- or hyperpig-
mentation, infection, and scarring of the skin [142]. Although Photodynamic photorejuvenation therapy (PDT) has the reversal effects
on skin photoaging but the patient experiences pain during illumination [2,143,144]. So, the researchers and industry mainly focus on
treatments with more benefits and no side effects. This has diverted their attention towards ‘Plant based Natural Products [145,146].
Natural product-based ingredients are added on a large scale to cosmetic items to increase their beatification potential [147]. These
natural products are rich in polyphenols, flavonoids, and antioxidants which have UV-generated free radical scavenging ability and
relieve the skin from various harmful effects of UVR [148].

Studies have shown that various natural products can lower the risk of UV-B -induced skin photodamage by acting upon the various
therapeutic targets. Fucoidan is a sulfated polysaccharide obtained from Brown algae and can inhibit the UV-B activated ERK path-
ways, thus preventing the cells from expressing MMP1 [149]. Studies show that the various cellular and molecular pathologies of UV-B
-irradiated skin cells like generation of ROS, inflammation, and DNA damage can be prevented by luteolin, a flavonoid, by targeting the
MAPK pathway [150]. UV-B -irradiation also leads to the generation of singlet molecular oxygen, which has severe cellular metabolic
consequences and can be prevented by using a flavinoid, p-carotene [151]. Pathologies associated with skin photoaging are prevented
by Parthenolide treatment, a sesquiterpene, by inhibiting the NF-kB pathway [152]. Experiments on immortalized HaCaT keratino-
cytes have shown that pomegranate polyphenol extract has shown satisfactory results in preventing UV-B -induced oxidative stress and
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has inhibitory effects on the markers of skin photodamage [153]. Manteeena and Katyar have established that proanthocyanidins
obtained from grape seeds have an inhibitory effect on UV -induced oxidative stress via MAPK and NF-kB in epidermal keratinocytes
[154]. Anthocyanins largely extracted from Bog blueberry (Vaccinium ulginosum L.) have also been shown to have anti photoaging
effects in the human dermal fibroblast cell line. In vitro studies on various skin cell lines like HaCaT cell line, Normal epidermal
melanocytes, and Human normal fibroblasts have shown that parthenolide extracted from Feverfew (Tanacetum parthenium) prevents
the UV-B mediated skin photoaging by blocking the NF-kB pathway [21]. Liang et al., in 2013 carried out both In vitro and In vivo
studies on HaCaT cells and Xpc~ knockout mouse respectively and showed that Ginsenoside obtained from Ginseng has
anti-photoaging properties by suppressing UV -induced apoptosis [17]. Studies on Human dermal fibroblasts have shown that Aucubin
obtained from Eucommia ulmoides has protective effects against UV-B -induced oxidative stress [18]. Xanthorrhizol, another natural
product obtained from Curcuma xanthorrhiza Roxb, also showed photoprotective effects in Human skin fibroblasts [155]. In vitro
studies on Human dermal fibroblasts shows that UV-B activated MAPK activation pathways can also be blocked by using a green tea
obtained flavinoid, Epigallocatechin gallate. Studies on a hairless rat model have shown that Polypodium leucotomos extract prevents
UV-generated ROS and DNA damage. Delphinidin, an anthocyanidin, obtained from pigmented fruits and vegetables, provides pro-
tection against UV-B- mediated oxidative stress and apoptosis as shown in both in vitro and in vivo studies by using Human HaCaT
Keratinocytes and SKH-1 hairless mouse as experimental models, respectively [32]. Silybum marianum, a source of a very potent
flavonoid, Silymarin, inhibits UV-induced apoptosis in Human malignant melanoma [36]. Experiments on UV -irradiated HaCaT and
SK-Mel 28 melanoma cell lines have revealed that Galloylated Tannins, obtained from Witch Hazel (Hamamelis virginiana), have
antioxidant, cytotoxic & anti-proliferative properties [37]. PCF, a polypeptide obtained from Chlamys farreri, has been reported to
show an inhibitory effect on UV-B -induced apoptosis and DNA damage in normal human dermal fibroblasts [38]. Extract from roots of
Pothomorphe umbellate inhibits the expression of skin matrix metalloproteinases in UV-B -irradiated Albino hairless mice [39]. Punica
granatum extract also protects photoaging as explored in Human skin fibroblast cells [40]. Genistein, a well-known isoflavone, derived
from soybean, exerts a photoprotective effect and is also a very potent agent against photocarcinogenesis [83]. Another isoflavone,
Silymarin, and its most active principle, silibinin derived from milk thistle (Silybum marianum), show photoprotective properties by
preventing ROS generation and decreasing the infiltration of CD11b + lymphocytes to UV -irradiated areas [156]. An extract of grape
seeds presents a group of substances called proanthocyanidins, also known as condensed tannins; it has antitumor activity in response
to UV -irradiation due to its antioxidant and anti-inflammatory properties in mice [23]. The ingredients of Coca extract mainly include
various polyphenols like catechins and proanthocyanidin flavanols and have ROS scavenging ability in UV -irradiated skin [157].
Broccoli is mainly enriched with Sulphoaphane (SFN), which decreases the UV -induced skin erythema [41]. Glycyrrhizic acid (GA), a
marker compound of licorice and triterpene, prevents ultraviolet-B-induced Photodamage by interacting with various signaling
pathways like mitogen-activated protein kinases, NF-kB, and mitochondrial apoptotic pathway [42]. Umar SA et al., in 2019 further
showed that oxidative stress-mediated the application of GA can prevent DNA damage through modulating autophagy in UV-B
-irradiated Human primary dermal fibroblasts (HDF) [158]. Trigonelline, a marker compound of Fenugreek seeds, also acts as an
anti photoaging agent by relieving the UV-B -induced endoplasmic reticulum (ER) oxidative stress as studied in Immortalized Human
Keratinocyte cell line (HaCaT) and BALB/C mice [159]. Recently, Tanveer et al. (2022), showed the genoprotective role of trigonelline
in skin cells and BALB/c mice against UV-B irradiation via modulation of PI3K-AKT-Nrf2 Pathway [46].

5. Conclusions and future perspectives

Skin is cosmetically and aesthetically a vital organ, so the injury of skin photoaging is a great concern which cannot be ignored
[160]. It is for this reason that researchers are more focused on understanding the mechanisms involved in skin photoaging for its
applicability in aesthetics and clinic. So far, we have discussed the available research related to the mechanisms of skin photoaging,
which involve alteration of cellular macromolecules by UV irradiation, oxidative stress and signaling pathways activated by oxidative
stress in photoaged skin, mechanisms involved in UV induced inflammation, apoptosis, immune suppression, mitochondrial
dysfunction, reduction of adipose tissue, accumulation of AGEs and activation of TRPV ion channels. In future, it is the need of the hour
to explore more about the mechanisms involved in skin photoaging and find the interaction of the target molecules with the existing
signaling pathways because all the signaling mechanisms triggered by UV irradiation do not work independently, instead they are cross
talked. This will add more opportunities to find additional therapeutics targets of skin photoaging.

By utilizing the available therapeutic targets of skin photoaging, all attempts are being made to prevent skin photoaging either by
ingestion or topical application of plant based natural product ingredients because of their very less or no side effects, their easy
availability, instead of the synthetic ones available [161-163]. They are encouraged for the application in pharmaceutical and
cosmetic industries as natural sunscreens, anti-cancer agents, activators of cell proliferation and anti-photoaging molecules. It is
pertinent to mention that the aforementioned anti photoaging natural products are based on experimental studies only (In vitro and In
vivo), so there is a need for future research in clinical trials to have knowledge about their dosage, safety, and efficacy and select the
most efficient ingredient lead for humans by utilizing the high throughput analysis.
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