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Abstract

:

Skin photoaging is mainly induced by ultraviolet (UV) irradiation and its manifestations include dry skin, coarse wrinkle, irregular pigmentation, and loss of skin elasticity. Dietary supplementation of nutraceuticals with therapeutic and preventive effects against skin photoaging has recently received increasing attention. This article aims to review the research progress in the cellular and molecular mechanisms of UV-induced skin photoaging. Subsequently, the beneficial effects of dietary components on skin photoaging are discussed. The photoaging process and the underlying mechanisms are complex. Matrix metalloproteinases, transforming growth factors, skin adipose tissue, inflammation, oxidative stress, nuclear and mitochondrial DNA, telomeres, microRNA, advanced glycation end products, the hypothalamic–pituitary–adrenal axis, and transient receptor potential cation channel V are key regulators that drive the photoaging-associated changes in skin. Meanwhile, mounting evidence from animal models and clinical trials suggests that various food-derived components attenuate the development and symptoms of skin photoaging. The major mechanisms of these dietary components to alleviate skin photoaging include the maintenance of skin moisture and extracellular matrix content, regulation of specific signaling pathways involved in the synthesis and degradation of the extracellular matrix, and antioxidant capacity. Taken together, the ingestion of food-derived functional components could be an attractive strategy to prevent skin photoaging damage.
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1. Introduction


The skin is the largest organ of the body, and skin aging is one of the main manifestations of body aging [1]. Skin aging includes natural aging, heat aging, and photoaging [2]. Among them, photoaging is the most crucial factor causing skin aging damage. Skin photoaging is caused by long-term exposure to ultraviolet (UV) [3] and manifests as rough, dry, and sagging skin, deeper skin wrinkles, excessive skin pigmentation, or angiotelectasis [4], even leading to various benign or malignant tumors, such as solar keratosis, squamous cell carcinoma, and malignant melanoma [5]. UV activates or inhibits various signal pathways in the dermis and epidermis, leading to a decrease in the content of the extracellular matrix (ECM) and causing uneven structure or even skin collapse [6]. Methods to prevent or treat skin photoaging mainly include physical means of photoprotection (sunglasses, window films, clothing, etc.), topical treatment of active ingredients, and medical cosmetology [7]. Recently, there has been a growing awareness of the role of nutrition in skin health and specific dietary components have emerged as an effective alternative strategy to prevent and alleviate the symptoms of photoaging.



Eating well could be the best defense for our skin. There is increasing animal and clinical evidence that dietary supplementation of functional components can protect skin from photoaging damage. Phytochemicals [8], functional proteins [9] and peptides [10], functional sugars [11,12], functional oils [13], probiotics [14,15], vitamins [16,17], and minerals [18,19] are well-known to improve the photoaging-associated morphological abnormalities and functional decline.



In this review, we will summarize the advanced understanding of the molecular and cellular mechanisms of skin photoaging. Then, we furthermore intend to provide insight into the preventive and therapeutic potential of various food-derived active ingredients in skin photoaging and their underlying mechanisms.




2. Materials and Methods


Research articles that focused on mechanisms of UV-induced skin photoaging and nutraceutical intervention for skin photoaging were collected from various search engines such as Pubmed, Google Scholar, Scopus, and Science Direct using keywords including skin, photoaging, extracellular matrix, fibroblast, nutraceuticals, etc. The studies identified were reviewed and relevant citations within these studies were also reviewed.




3. Skin Architecture


The skin is the first defense barrier of organisms, covering the whole body, and it is the largest organ, accounting for around 16% of body weight. The area of an adult’s skin is around 1.2–2.0 m2. Skin is in direct contact with the external environment and has the functions of feeling external stimuli, regulating body temperature, excreting skin metabolites, and protecting the body from physical, mechanical, and chemical damage and invasion by pathogenic microorganisms. Skin consists of three parts: stratified epidermis, dermis, and subcutaneous tissue [20]. The epidermis is composed of keratinocytes (90–95% of skin cells), Langerhans cells (2%), melanocytes (3%), and Merkel cells (0.5%) [21]. The epidermis contains the stratum corneum, hyaline layer, granular layer, and germinal layer, from the shallowest to the deepest. The stratum corneum is the key to maintaining optimal skin hydration. Cells in the germinal layer continue to proliferate and migrate to the upper layer to supply the constantly shedding stratum corneum. The germinal layer contains melanocytes that can produce melanin [22] and the content of melanin is one of the factors that determines skin color.



The dermis is made up of connective tissue and also contains appendages including sweat glands, sebaceous glands, blood vessels, and nerves [23]. The dermis is divided into the papillary layer and reticular layer, and there is no obvious boundary between the two layers. The thickness of the dermis is around 0.07–0.12 mm; the dermis of the palms and soles is thicker (~1.4 mm); the eyelids and tympanic membrane are thinner (~0.05 mm). The papillary layer is connected to the germinal layer of the epidermis, and the reticular layer is combined with the subcutaneous tissue [24].



One of the main cell types in the dermis is fibroblasts, which play a vital role in skin aging [25]. Fibroblasts synthesize and secrete ECM, including collagen, hyaluronic acid (HA), and elastin [26,27]. Collagen is the most important ECM in the dermis of the skin. Loss of collagen will directly lead to skin sagging, aging, and decreased elasticity. HA is synthesized at the plasma membrane by HA synthases 1–3 and is known to play a key role in wound healing and tissue repair processes due to its ability to maintain a humid environment [28]. In the dermal fibroblasts, HA synthase 2 seems to be the major isoform [29]. Elastin is the main component of elastic fibers in matrix tissue and provides resilience and elasticity to tissues and organs. The reticular layer contains collagen fibers, elastic fibers, and reticular fibers, which interweave into a net to create elasticity and toughness in the skin [9]. Existing evidence suggests that damage to macromolecules present in the dermal ECM is indeed associated with skin aging [30].



The subcutaneous tissue is composed of loose connective tissue and fat lobules, and it connects the dermis with the fascia, aponeurosis, or periosteum. It can buffer mechanical pressure, store energy, and maintain body temperature [31].




4. UV-Induced Skin Photoaging


Sunlight is primarily composed of 53% infrared light, 44% visible light, and 3% UV light. UV is electromagnetic radiation with a wavelength of 100–400 nm. According to the different radiation wavelength, UV can be divided into long-wave UV (UVA, with a wavelength of 315–400 nm), medium-wave UV (UVB, with a wavelength of 280–315 nm), and short-wave UV (UVC, the wavelength is 200–280 nm).



A moderate amount of UV radiation can kill microorganisms, regulate the nerves, endocrine, digestion, breathing, immune system, and promote the synthesis of vitamin D. However, exposure to chronic low-dose or instant high-dose UV radiation causes harm to the eyes, skin, and immune system and is associated with the clinical hallmarks of skin aging. Photoaging is mainly caused by UVA and UVB. UVA has a strong ability to induce free radicals and lipid peroxidation in cells and undermines collagen fibers and elastic fibers in the dermal tissue. The impact of UVA can reach the deep layer of the dermis due to its greater penetration ability. Although UVA has no direct effect on DNA damage, it can generate reactive oxygen species (ROS), leading to DNA oxidative damage indirectly. In contrast, UVB chiefly leads to lesions in the epidermis and superficial dermis and could be absorbed by proteins and DNA in cells, causing cell damage and mutation.



Studies have shown that more than 80% of facial skin aging is caused by exposure to UV [4]. The macroscopic characteristics of skin photoaging include wrinkle formation, rough texture, pigmentation, and loss of skin elasticity. Histological and ultrastructural studies have shown epidermal hyperplasia, damage, and disorder of collagen fibers, and a large accumulation of abnormal elastic substances in connective tissue in photoaged skin [32,33]. These effects are less pronounced in the epidermis owing to high turnover. In contrast, the dermal region is more susceptible to photodamage, which results in loss of skin resilience [34].



Experimental models used for photoaging research mainly contain animal models, cell models, and 3D skin models. In addition to SKH-1 or HR-1 hairless mice, BALB/c mutant hairless mice and normal mice with shaved backs are also suitable for skin research. Epidermal HaCaT cells, dermal Hs68 cells, and dermal CDL-986sk cells are the most commonly applied cell models, while 3D skin models are not widely used in research due to their high price and complicated operation.




5. Mechanisms of Skin Photoaging


Skin photoaging is a complex process. In recent years, the mechanisms underlying skin photoaging have been intensively studied. Multifaceted signaling pathways and molecules are found to play important regulatory roles in this process. In the following section, we summarize the current knowledge about mechanisms of photoaging.



5.1. Matrix Metalloproteinases (MMPs)


MMPs are a group of endopeptidases that depend on metal ions such as Ca2+ or Zn2+, and they are secreted by keratinocytes and dermal fibroblasts under various stimuli such as oxidative stress and UV radiation [35]. MMPs is critical in skin photoaging and can degrade almost all ECMs, such as collagen, fibronectin, elastin, and proteoglycan [36]. MMPs have a similar structure and are generally composed of five structural domains, including a hydrophobic signal peptide sequence, a propeptide region that keeps the zymogen stable, a catalytically active region containing a binding site, a proline-rich hinge region, and a carboxy-terminal region related to the substrate specificity of enzymes. Among them, the catalytically active region and propeptide region are highly conserved. Different MMPs have their own characteristics. One MMP can degrade multiple ECMs, and one ECM can be broken by various MMPs.



Twenty-eight members of the human MMP family have been isolated and identified [36]. They can be divided into five subgroups: (1) Collagenase (MMP-1, MMP-8, and MMP-13) recognizes the substrate through the hemophilia protein-like domain and degrades collagen; (2) Gelatinase (MMP-2 and MMP-9) can digest a variety of ECMs, such as type I collagen and type IV collagen; (3) Stromelysins (MMP-3, MMP-10, and MMP-11) are similar to collagenase, but cannot cut type I collagen; (4) Stromelysins (MMP-7 and MMP-26) lack hemophilin-like domains and degrade type IV collagen but not type I collagen; (5) The membrane-type MMPs (MMP-14, MMP-15, and MMP-16) break down type I collagen. MMPs in mice are similar to humans, and studies also found the high expression and significant role of MMPs in mouse skin [37].



Studies have shown that UV radiation activates MMPs and induces their expression in skin [38]. Among MMPs, MMP-1, MMP-3, and MMP-9 play major roles in skin photoaging. MMP-1 can degrade type I and type III collagen, almost destroying collagen completely; MMP-3 extensively cuts type IV collagen, proteoglycans, and fibronectin; MMP-9 further degrades the collagen fragments produced by MMP-1 [36]. MMPs reduce ECMs, resulting in skin aging.



Fibroblasts contribute to MMP production by UV-induced activating protein-1 (AP-1) activation (Figure 1). Briefly, UV radiation induces excessive production of ROS, and ROS excite the mitogen-activated protein kinase (MAPK) family. MAPK is composed of extracellular signal-regulated kinase, p38, and c-Jun N-terminal kinase. c-Jun combines with c-Fos to form transcription factor AP-1, which is critical in the regulation of MMP-1, MMP-3, and MMP-9 [39]. Studies have shown that cAMP (cyclic adenosine monophosphate), the important “second messenger”, regulates MMP expression by affecting the MAPK/AP-1 pathway, leading to collagen degradation [40]. In addition to AP-1, nuclear factor-κB (NF-κB) is another vital transcription factor in photoaging. The generation of ROS induces the activation of NF-κB, which is related to the upregulation of MMP-1 and MMP-3 in dermal fibroblasts [39].




5.2. TGF (Transforming Growth Factor)-β


TGF-β is a type of cytokine that regulates cell growth and differentiation and performs a central role in the inflammatory response, tissue repair, embryonic development, and the immune response. In canonical TGF-β signaling, TGF-β binds to two types of serine and/or threonine kinase receptors, TGF-βR (TGF-β receptor) I and TGF-βRII, triggering intracellular signaling cascades. When TGF-β binds to the TGF-βRII/TGF-βRI complex, drosophila mothers against decapentaplegic protein (Smad) 2 and Smad3 are phosphorylated by TGF-βRI, followed by binding with Smad4 to form a heteromeric complex, and translocate to the nucleus, where they exert transcriptional regulation of TGF-β target genes including multiple collagens through Smad-binding elements [41]. Moreover, TGF-β is known to downregulate ECM-degrading MMPs and to upregulate plasminogen activator inhibitor 1 and tissue inhibitor of metalloproteases, which inhibit MMP activation [42]. UV radiation decreases type I procollagen production mainly by inhibiting the TGF-β/Smad signaling pathway [43]. UVB light transcriptionally downregulates the TGF-β receptor and disrupts the downstream TGF-β–Smad signaling required to biosynthesize procollagen (Figure 1).



Crosstalk of the TGF-β/Smad pathway with several other pathways has been reported, although experimental evidence to explain such crosstalk is limited. The UV radiation activates the MAPK/AP-1 pathway, and AP-1 is known to inhibit procollagen gene expression by blocking TGF-β type II receptor–Smad signaling [42,44]. The TGF-β/Smad pathway is also affected by the cAMP/protein kinase A pathway, causing changes in collagen content [45]. In addition, the activation of the TGF-β pathway potently stimulates hyaluronan synthesis via upregulation of HA synthase 2 (Figure 1). This stimulatory effect requires the kinase active TGF-β1 receptor and is dependent on Smad signaling and activation of the p38 [46].




5.3. Reduction of Skin Adipose Tissue


Skin-associated adipose tissue includes dermal and subcutaneous adipocytes. Both dermal white adipose tissue (DWAT) [47] and subcutaneous white adipose tissue (SWAT) [48] play crucial roles in skin photoaging.



DWAT is a unique layer of adipocytes within the reticular dermis of the skin [47]. Human dermal adipose cells can protrude into the upper dermis and create a “fat bridge” between the skin surface and the subcutaneous fat, connecting the area directly irradiated by UV with the deeper fat layer [49]. The replacement rate of dermal adipose cells is much higher than that in SWAT. Long-term excessive exposure to UV leads to DWAT depletion and skin fibrosis at the same time. The reason for this phenomenon may be adipocyte–myofibroblast transition [50]. Substituting fibrosis for DWAT volume results in uneven skin structure and causes skin folds.



UV radiation also has a significant effect on SWAT metabolism. The amounts of free fatty acid and triglycerides in the SWAT of the photoaged forearm (sun-exposed skin) were significantly less than those in the buttocks (sun-protected skin) of the same elderly individuals [48]. Chronic UV radiation dramatically inhibits the differentiation of preadipocytes and the expression of peroxisome proliferator activated receptor γ, reducing the accumulation of triglycerides in mature adipocytes [51]. The reason might be that some soluble factors, such as IL-6, IL-8, and monocyte chemotactic protein-3, diffuse into SWAT under UV radiation and transform the metabolism of SWAT [52]. The reduction of SWAT leads to the thinning and collapse of connective tissue, which is manifested as skin atrophy and wrinkle formation.




5.4. Inflammation and Immune Disorders


Under UV radiation, AP-1 and NF-κB are activated, leading to the synthesis of nitric oxide synthase and cyclooxygenase. These inflammatory enzymes cause the secretion of pro-inflammatory cytokines, including IL-1β, IL-6, IL-8, and tumor necrosis factor-α, in normal human dermal fibroblast cells [53]. IL-1 could activate the MAPK pathway under UV irradiation, eventually increasing MMP-1 in human skin fibroblasts [54]. Furthermore, UV radiation induces keratinocytes to release various cytokines that influence the immune balance in skin. Three cytokines, IL-10, IL-12, and interferon-γ, have been widely studied. IL-10 appears to have an immunosuppressive function, such as inhibiting the antigen-presentation ability of the Langerhans cells and suppressing the contact hypersensitivity response [55]. On the other hand, IL-12 and interferon-γ have immunopotentiating effects that promote and enhance T helper cell 1 activity [56].




5.5. Oxidative Stress


ROS, such as superoxide ions, H2O2, and hydroxyl radicals, are chemically active and oxidize unsaturated fatty acids from cell phospholipid molecules to malondialdehyde, directly hurting functional macromolecules such as biofilms and proteins [57]. UV radiation induces the production of ROS, which breaks the dynamic balance between oxidation and antioxidant systems in the skin [58] and reduces its ability to remove ROS. Under this condition, ROS increase and accumulate in the body, causing the abnormal activation of signaling pathways such as NF-κB, affecting mitochondrial membrane potential, and inducing mitochondrial DNA (mtDNA) damage and cell apoptosis. Furthermore, ROS can also activate the MAPK/AP-1 pathway and stimulate the expression of MMPs, promoting the degradation of collagen and resulting in skin photoaging [59].



Iron-catalyzed ROS generation has been intensively studied in numerous pathological conditions, including skin photoaging. Under normal conditions, the iron is sequestered by iron-binding proteins, such as transferrin and ferritin, and it does not participate in ROS generation [60]. Nevertheless, UV irradiation induces an increase in the level of iron in the skin tissues. For example, Bissett et al. demonstrated the deposition of free iron in the dermis in a histological study of UVB-irradiated hairless mouse skin [61]. Smith et al. reported that UVA irradiation causes immediate increases in cytosolic and mitochondrial Fe2+ in human dermal fibroblasts [62]. Through the Fenton and Haber Weiss reactions, the free iron potentiates the generation of highly reactive oxygen free radicals such as hydroxyl radical, thus resulting in oxidative damage and skin photoaging [63]. Moreover, the released iron also induces direct oxidation of the biomolecules via an equilibrium between the ferrous ions and ferric [64].




5.6. Nuclear DNA and mtDNA Damage


UV radiation can directly or indirectly hurt DNA [65]. UVA radiation forms a large amount of ROS and causes nuclear DNA damage indirectly; this type of damage is mainly repaired by base-excision repair. UVB can directly injure cell DNA and generate mutation, and this DNA damage is restored by the nucleotide excision repair system. When UV radiation breaks the balance of DNA repair, it will arouse cell apoptosis, skin aging, wrinkles, and even cancer. In addition, DNA damage-driven epigenetic change is also a reason for skin aging [66].



Mitochondrion is the main organelle involved in skin photoaging [67]. The loss and mutation of mtDNA are common phenomena in skin aging [68]. As there is a plethora of evidence to support the close connection between mitochondria and skin health, the strategy of focusing on mitochondria as a therapeutic target to boost skin health has attracted the attention of clinicians and estheticians. A great quantity of bioactive compounds have been confirmed to ameliorate mitochondrial function and have positive effects on aging and diseased skin [69].




5.7. Telomere Shortening


Telomeres are critical structures at the end of eukaryotic chromosomes made up of numerous copies of G-rich repeats. Without telomeres, chromosomes will fuse and genetic instability will occur [70]. Telomerase, the tightly regulated enzyme complex that maintains telomere length in rapidly proliferating cells such as germline and cancer cells, has been found to play a key role in the maintenance of skin cell function and proliferation [71]. UV radiation is known to induce excessive ROS production, resulting in telomere mutations and further cell death [72]. While some initial findings point to the likely possibility that telomerase dysfunction and/or telomere shortening in skin fibroblasts and keratinocytes are important for the aging process in skin [73], further studies are clearly required.




5.8. MicroRNA (miRNA)


In the natural aging process, miRNA 217 regulates the senescence of human skin fibroblasts by directly targeting DNA methyltransferase 1 [74]. MiR–23a–3p controls cellular senescence by targeting enzymes to control HA synthesis in human fibroblasts [75]. Moreover, UVB alters miR-34 family expression in mouse dorsal skin, in addition to dysregulating collagen structure, with subsequent reductions in strength and elasticity [76]. These results suggest that miRNAs may play a pivotal role in regulating ECM deposition and skin biomechanics following chronic UVB exposure, and thus may be a possible target for therapeutic development. Further in vivo and in vitro investigations are warranted to decipher the exact role of these miRNA in the photoaging process.




5.9. Accumulation of Advanced Glycation End Products (AGEs)


A prominent feature of aging at the molecular level is the gradual accumulation of proteins that have undergone non-enzymatic modification, one of the commonest of which is glycation. Reducing sugars react with free amino groups on proteins (and other molecules), leading to the reversible production of reactive intermediates and ultimately to irreversible AGEs. Long-lived proteins in the dermal matrix and cytoskeleton are particularly susceptible to glycation, resulting in tissue stiffening and reduced elasticity [77]. Among extracellular proteins, glycated elastin fibers abnormally aggregate and unusually interact with lysozymes in the skin of the solar elastosis but not sun-protected sites, indicating that glycation is involved in photoaging [78].




5.10. Gut Microbes


The gut and skin, densely vascularized and richly innervated organs with crucial immune and neuroendocrine roles, are uniquely related in purpose and function [79]. As our primary interface with the external environment, both organs are essential to the maintenance of physiologic homeostasis.



The gut microbiome is the major regulator of the gut–skin axis. Oral probiotics may counteract UV damage [80] and relieve inflammatory dermatoses [81] by regulating immune-related signal pathways. Gut dysbiosis has been observed in conditions such as atopic dermatitis [82]. The mechanisms by which intestinal microbiota exert their influence on skin homeostasis appear to be related to the modulatory effect of gut microbes on systemic immunity [79]. Further mechanistic studies will be required to understand the role of gut microbes in the process of skin photoaging.




5.11. Activation of Hypothalamic–Pituitary–Adrenal (HPA) Axis


The HPA axis is associated with the activation of a wide range of responses involving the endocrine, nervous, and immune systems, collectively known as the stress responses [83]. Skin has neuroendocrine capabilities that also encompass all elements of the HPA axis [84]. Mechanistic studies of mouse skin in vivo demonstrate that UVB can upregulate the expression of all the elements of the HPA axis, including corticotrophin-releasing hormone, proopiomelanocortin, β-endorphin, melanocortin receptor 2, steroidogenic enzymes, and glucocorticoid (corticosterone) [85].



The primary actions of glucocorticoids are mediated by the glucocorticoid receptor, a transcription factor that regulates many complex signaling pathways. Long-term topical and systemic use of glucocorticoids is associated with skin atrophy, disruption to cutaneous barrier function, and dermatitis [86]. Although it is unclear how glucocorticoid application results in these phenotype changes, potential mechanisms may involve the inhibition of the TGF-β signal. For instance, methylprednisolone ameliorates early cardiac dysfunction after coronary microembolization and suppresses TGF-β1/Smad3 expression [87]; cortisol inhibits the activity of TGF-β1 in osteoblasts from fetal rats [88]; in the tissue repair of the dermis, dexamethsone restrains the TGF-β signal and collagen synthesis [89].




5.12. Transient Receptor Potential Cation Channel V (TRPV)


The TRP ion channel is a type of channel protein widely distributed in the peripheral and central nervous system. TRP allows cations to pass through the cell membrane non-selectively and is responsible for various sensory responses, including heat, cold, pain, stress, vision, and taste. The TRP family now includes more than 30 cation channels [2], and TRPV is one of the main subfamilies of TRP. The TRPV family plays vital roles in the process of skin photoaging. The opening of TRPV triggers Ca2+ influx, activates different signaling pathways, causes ECM changes and inflammatory reactions, and results in skin photoaging eventually.



In human dermal fibroblasts, UVB irradiation causes a Ca2+ increase via TRPV1, induces nuclear factor-E2-related factor 2 (Nrf2) degradation, leads to an imbalance of intracellular redox homeostasis, and brings about skin photoaging finally [90] (Figure 1). In HaCaT cells, UV irradiation activates Src kinase, which induces TRPV1 trafficking from intracellular vesicles to the cell membrane [91]. Moreover, activation of TRPV1 also mediates the expression of MMP-1 in natural-aging and heat-aging skin [2]. The activation of the TRPV3 channels regulates the dermal structure by reducing ECM production via the TRPV3/Thymic stromal lymphopoietin/Smad2/3 pathways in dermal fibroblasts [92]. In the process of photoaging, it is worth exploring whether the TGF-β pathway regulates TRPV3. Inhibiting the expression of TRPV4 can attenuate photoaging damage of epidermal cells and mouse skin, indicating the potential of TRPV4 as a therapeutic target for photoaging [93]. However, some research reports that the activation of TRPV4 has a positive effect on the formation and recovery of the epidermal barrier [94]. Furthermore, TRPV4 can activate the TGF-β1/AKT signal and enhance the differentiation of dermal myofibroblasts and the increase in collagen content induced by TGF-β1 [95] (Figure 1). Nevertheless, the lack of animal tests raises questions about the true effectiveness of these TRPVs in vivo, highlighting the need for more studies in living systems to examine the exact role of TRPVs in the process of photoaging.





6. Efficacy and Mechanisms of Dietary Components in Mitigating Skin Photoaging: Animal and Human Evidence


Nowadays, with the improvement of living standards and the deepening of health concepts, boosting photoaged skin through diet has attracted more and more attention. In this section, we will summarize the existing scientific evidence from mouse (Table 1) and human in vivo studies (Table 2) that supports the beneficial impacts of oral administration of dietary components on skin photoaging.



6.1. Phytochemicals


6.1.1. Carotenoids


Astaxanthin has diverse functions in skin biology, including photoprotective, antioxidant, and anti-inflammatory effects [96]. Oral administration of astaxanthin is protective against UV-induced skin deterioration and is helpful to maintain healthy skin. In a 10-week, double-blind, placebo-controlled study, there was reduced loss of back skin moisture and the back skin texture was significantly improved in participants who were supplemented with astaxanthin, compared with a placebo group [97,98].



Lycopene is a tetraterpene compound abundantly found in tomato and tomato-based products and is recognized as a potent antioxidant. Lycopene has been found to be efficient in skin photoaging. Participants ingested 55 g tomato paste (16 mg lycopene) in olive oil or olive oil alone daily in a 12-week, randomized controlled trial. The tomato paste group showed reduced expression of MMP-1 and mtDNA damage in the upper buttock skin, suggesting that oral administration of tomato paste containing lycopene provides protection against photodamage [99].



The combined consumption of lycopene and other carotenoids also attenuates skin photoaging. For example, oral supplementation with lycopene and lutein promotes human skin health. In a 12-week, double-blinded, placebo-controlled, crossover study, the capacity of lycopene-rich tomato nutrient complex and lutein was examined at a molecular level. The experimental results showed that oral supplementation of lycopene and lutein completely inhibited the upregulation of heme oxygenase-1, intercellular adhesion molecule 1, and MMP-1 mRNA in arm skin [100].



Oral administration of a nutritional supplement containing lycopene, β-carotene, and Lactobacillus johnsonii prevents skin damage from polymorphic light eruption. In a 12-week, randomized, placebo-controlled, double-blinded study, intake of the supplement significantly reduced the polymorphic light eruption score after UVA exposure as compared with patients taking a placebo. At a molecular level, the development of skin lesions was associated with increased expression of intercellular adhesion molecule 1 mRNA [101].



Protection from UV radiation seems more effective upon treatment with combined tomato antioxidant compounds, compared to the effects of lycopene treatment alone. For example, a study showed that the protective effect of a tomato extract containing lycopene, phytofluene, and phytoene against UV-induced erythema formation was more pronounced compared with lycopene alone [102]. This could be associated with the fact that the interaction between structurally different antioxidant molecules may provide more comprehensive protection against oxidative injury [103].




6.1.2. Polyphenols


Immature Citrus unshiu is known to contain high concentrations of flavonoids such as hesperidin and narirutin. Oral administration of immature Citrus unshiu powder improves UVB-induced loss of skin hydration, the increase in transepidermal water loss, and the overgrowth of epidermal cells, while suppressing epidermal cell mortality and basement membrane destruction, in hairless mice [104].



Oral supplementation with hydrangenol mitigated wrinkle formation, dorsal thickness, dehydration, and collagen degradation in HR-1 hairless mice. Hydrangenol increased the expression of Pro-COL1A1 and HA and upregulated the expression of Nrf2, oxygenase-1, NAD(P)H quinone dehydrogenase 1, glutamate cysteine ligase modifier subunit, and glutamate cysteine ligase catalysis subunit in mouse dorsal skin. Hydrangenol attenuated the phosphorylation of MAPKs and reduced the expression of MMP-1/-3, cyclooxygenase-2, and IL-6 in mouse dorsal skin [105].



Dihydromyricetin, a flavonoid, and ellagic acid, a polyphenol dilactone, both found in fruits and vegetables, are used for anti-photoaging treatment. Oral supplementation with a combination of dihydromyricetin and ellagic acid had a synergistically protective action against UVB damage in the dorsal skin tissue of mice, manifested as significantly ameliorated erythema, and markedly reduced the expression of pro-inflammatory cytokines and MMP-1, compared with the separate treatment of dihydromyricetin and ellagic acid. Their beneficial effects may be associated with the activation of both TGF-β1 and wnt signaling [106].



Chang et al. showed that oral administration of hawthorn polyphenol extract protects against UVB-induced facial skin photoaging in female Balb/c mice. Hawthorn polyphenol extract reversed epidermal thickening and dermal damage and promoted the production of type I procollagen in the dorsal skin of UVB-irradiated mice through the inactivation of NF-κB and the phosphorylation of MAPK. In addition, dietary supplementation with hawthorn polyphenol extract decreased the production of ROS and increased the antioxidant enzyme activity in mouse dorsal skin [107]. This group later demonstrated that oral treatment with hawthorn polyphenol extract also inhibits skin photoaging through the p53 mitochondrial pathway [108].



Resveratrol is a naturally occurring polyphenolic phytoalexin found in grapes, red wine, peanuts, mulberries, and fruits [109]. In a placebo-controlled, double-blind clinical study, facial skin moisturization and elasticity were enhanced, while facial skin roughness and depth of wrinkles were reduced, in subjects who were orally supplied with a resveratrol–procyanidin blend. Additionally, plasmatic antioxidant capacity and skin antioxidant power increased significantly [110]. Similarly, a clinical trial demonstrated the protective effect of curcumin, a polyphenol compound isolated from turmeric, on skin photoaging and inflammation. In this randomized, double-blind, placebo-controlled trial, oral supplementation with curcumin improved the moisture content of facial skin and inhibited increases in UVB-induced tumor necrosis factor-α and IL-1 in skin [111]. Given the reported anti-photoaging effect of curcumin and the fact that curcumin acts as an iron chelator [112], it is likely that curcumin may eventually improve skin photoaging by removing iron ions in the skin and reducing skin oxidative damage; nevertheless, future confirmatory studies are needed.



Green tea catechin, a natural iron chelator and antioxidant [113], might scavenge hydroxyl radicals and provide protection against UV-induced skin damage. Indeed, oral supplementation with green tea polyphenols containing catechin, epicatechin, epigallocatechingallate, epicatechingallate, epigallocatechin, and glucuronidase/sulfatase protects against the UV-induced sunburn response, immunosuppression, and photoaging of the skin. In a 12-week, double-blind, placebo-controlled study, supplementation with green tea polyphenols significantly reduced the UV-induced erythema in facial skin, improved skin elasticity, roughness, density, and water homeostasis, and increased the blood flow and oxygen delivery to the skin [114].



A study investigated the efficacy of a combination of rosemary (Rosmarinus officinalis) and grapefruit (Citrus paradisi) polyphenols in decreasing the individual susceptibility to UV exposure. This randomized, parallel-group study showed that oral administration of dietary polyphenols reduced the UV-induced facial skin redness and lipoperoxides and improved facial skin wrinkles and elasticity [115].




6.1.3. Plant Extracts and Fermentation


Cacao beans are known to contain a variety of bioactive compounds and their consumption is associated with skin health. Oral administration of cacao powder was able to attenuate UVB-induced mouse dorsal skin wrinkling by the reduction of MMP-1 via the MAPK pathway and the downregulation of the gene expression of cathepsin G in SKH-1 mice and a 3D skin model [116].



Oral administration of mycosporine-like amino acids extracted from Porphyra tenera had a protective effect against UV irradiation-induced photoaging by activating the NF-kB pathway in mouse skin. Mycosporine-like amino acids significantly inhibited the decrease in hydroxyproline and collagen content, improved pathological damage to collagen fibers, and reduced the expression of MMP-1, MMP-3, and tumor necrosis factor-α in mouse dorsal skin [117].



Garlic has been reported to exert positive effects on the skin structure and to protect the skin from the damages arising from UV exposure. Oral administration of garlic diminished UV-induced coarse wrinkle formation and ameliorated mouse dorsal skin and epidermal thickness. The expression of procollagen mRNA was increased in the dorsal skin of the garlic-supplied mice, while MMP-1 and MMP-2 protein and mRNA levels were reduced. In addition, oral supplementation of garlic significantly decreased ROS generation and mouse dorsal skin and serum malondialdehyde levels, and upregulated superoxide dismutase and catalase activities in mouse dorsal skin tissue [118].



Oral supplementation with dietary Foeniculum vulgare Mill extract attenuated UVB irradiation-induced skin photoaging by activating Nrf2 and inhibiting MAPK pathways in HR-1 mice. This extract dramatically improved the production of collagen, elastin, and TGF-β1 in mouse dorsal skin, while reducing skin MMP levels under UVB irradiation [119].



Wheat extract oil supplementation improved UVB-induced losses in skin moisture, elasticity, and damage of skin barrier function, and inhibited the decreases in procollagen type I, HA, and ceramide, in mouse dorsal skin tissue [120].



Oral supplementation with a fermentation of blackberry with L. plantarum JBMI F5 protects the skin from UVB-induced photoaging through regulation of MAPK/NF-κB signaling. Fermented blackberry diminished wrinkle formation and epidermal thickening in mouse dorsal skin, maintained ECM density, and reversed type-1 procollagen reduction and antioxidant enzyme inactivation [121].





6.2. Proteins and Peptides, Carbohydrates, and Fattty Acids


6.2.1. Proteins and Peptides


The application of collagen and its hydrolysate in skin aging has received growing attention [9]. Oral administration of collagen hydrolysate from silver carp (Hypophthalmichthys molitrix) skin ameliorated skin photoaging in mice. The ingestion of collagen hydrolysate led to a dose-dependent increase in the skin content of hydroxyproline, HA, and moisture. Moreover, ingesting collagen hydrolysate with lower (200–1000 Da, 65%) and higher molecular weight (>1000 Da, 72%) markedly improved the antioxidative enzyme activities in both serum and skin of Kunming mice [10].



In a double-blind, placebo-controlled study, the effectiveness of an oral supplement of the specific bioactive collagen peptide VERISOL® on eye skin was assessed. Eye wrinkle formation was reduced, and biosynthesis of procollagen I, elastin, and fibrillin in the skin was significantly increased in the bioactive collagen peptide-treated group [122].



Asserin et al. evaluated the effect of oral administration of collagen peptide supplementation on facial skin moisture and the dermal collagen network. Oral administration of collagen peptide (a specific mixture of collagen peptides of fish origin or porcine origin) significantly increased skin hydration and collagen density in facial skin and upregulated glycosaminoglycan production in ex vivo experiments [123].



Another study showed that oral supplementation with collagen hydrolysate and antioxidant-containing nutraceuticals significantly decreased wrinkle width, open pores, skin roughness, and the color of hyperpigmented blemishes, and enhanced skin hydration, firmness, elasticity, and barrier function, in female participants’ eye skin [124].




6.2.2. Carbohydrates


Plant polysaccharides have attracted increasing attention for their anti-photoaging effects. For example, both Tremella fuciformis and Sargassum fusiforme polysaccharides enhance the activity of antioxidant enzymes, such as superoxide dismutase and catalase, reduce oxidative stress, and ultimately improve skin damage. Oral supplementation with Tremella fuciformis polysaccharides reduced UV-induced water and collagen losses in skin, repaired collagen breakdown, maintained a stable type I/III collagen ratio, and increased the levels of glycosaminoglycans in the dorsal skin of Sprague-Dawley rats. Furthermore, after treatment with Tremella fuciformis polysaccharides, the activities of superoxide dismutase, catalase, and glutathione peroxidase were improved in dorsal skin [11]. Oral administration of Sargassum fusiforme polysaccharide protected hairless Kunming mice from UVB radiation by inhibiting MMP-1 and MMP-9 in skin. Moreover, Sargassum fusiforme polysaccharide enhanced superoxide dismutase and catalase activities, and decreased ROS and malondialdehyde levels, in mouse dorsal skin, resulting in the reduction of UVB-induced oxidative stress [12].



Galacto-oligosaccharide is a non-artificially synthesized oligosaccharide derived from animal milk and is an excellent prebiotic with bifidobacteria proliferation activity. In a randomized, double-blind clinical trial, oral treatment with galacto-oligosaccharides reduced the transepidermal water loss and facial wrinkle area [125].



HA is a widely available polysaccharide and plays a vital role in skin structure [126]. Clinical studies have proven that oral supplementation with HA could improve skin moisture and elasticity and relieve wrinkles and roughness in eye skin [127].




6.2.3. Fatty Acids


Oral supplementation with 7-MEGATM 500, an unsaturated fatty acid, could alleviate UVB-induced photoaging in hairless mouse skin. Oral treatment with 7-MEGA™ 500 improved skin thickness, skin barrier function, and wrinkle indicators, and reduced the expression of MMP-3 and c-Jun, in mouse dorsal skin [128].



Supplementation with dietary suberic acid, a dibasic fatty acid, protected against UVB-induced skin photoaging in hairless mice. Oral administration of suberic acid restrained UVB-induced skin dryness, wrinkle formation, and epidermal thickness. Mechanistically, suberic acid upregulates the expression of molecules in the TGF-β/Smad pathway and inactivates the MAPK/AP-1 pathway. Oral suberic acid downregulated the expression of MMP-1, MMP-3, and MMP-9 and enhanced the expression of collagen and HA in the back skin of mice [129].



Administration of olive oil promoted collagen synthesis, decreased catecholamine synthesis, and inhibited ROS production, lipid peroxidation, protein carbonylation, and MMP-8 levels in stressed mouse dorsal skin [13]. Squalene, a polyunsaturated aliphatic hydrocarbon found in shark liver oil and olive oil, is an important intermediate in the endogenous synthesis of cholesterol [130]. In a clinical study, oral supplementation with squalene substantially increased procollagen levels and reduced facial wrinkles and erythema, keratinocytic apoptosis, and thymine dimer levels in facial skin [131].



Oral administration of fish oil may offer a protective effect against skin photoaging. Research suggests that fish oil supplementation (containing eicosapentaenoic acid and docosahexaenoic acid) increases minimal erythema dose significantly and decreases erythema and p53 induction in human skin [132]. Although fish oil intake reduces UV-induced damage, the lipid peroxidation of skin increases due to the unstable nature of n-3 fatty acids [133].



Oral supplementation with argan oil leads to a significant improvement in skin health. In a clinical research, oral administration of argan oil increased the gross elasticity, net elasticity, and biological elasticity in volar forearm skin, and decreased resonance running time markedly, in postmenopausal women [134].



Tanaka et al. demonstrated that oral intake of plant sterols of aloe vera gel (Aloe sterol) improved the skin condition in the photoaged skin of both men and women. In a 12-week, randomized, double-blind, placebo-controlled study, oral supplementation with aloe sterol increased skin elasticity in the photodamaged skin of men in the inner side of the forearm [135]. The group later demonstrated that oral supplementation with aloe sterol also significantly increased skin elasticity, hydration, and the collagen score in women’s inner forearm skin [136].




6.2.4. Other Animal-Derived Active Substances


There is accumulating evidence that insect consumption can alleviate photoaging and improve skin health. Oral supplementation with four insect extracts including Allomyrina dichotoma larva, Protaetia brevitarsis seulensis, Tenebrio molitor Linnaeus, and Gryllus bimaculatus De Geer relieved skin winkles, epidermal thickening, barrier dysfunction, loss of transepidermal water, and collagen breakdown and inhibited the expression of MMPs, phosphorylation of MAPK, and relief of pro-inflammatory cytokines. Furthermore, the level of skin hydration-related markers including HA, TGF-β, and procollagen was upregulated markedly through treatment with insect extracts after UVB exposure [137].





6.3. Probiotics


Probiotics are defined as viable microorganisms that exert a beneficial effect on the health of the host when they are ingested in sufficient quantity. Mounting evidence suggests that probiotics may play a significant role in skin health via regulating intestinal microbiota and metabolites and improving systemic immunity [79,138,139,140]. This section introduces several probiotics that are beneficial to skin and their mechanisms.



Oral supplementation with bifidobacterium breve B-3 improved skin photoaging induced by chronic UV irradiation in mice. B. breve B-3 markedly relieved transepidermal water loss and epidermal thickening, suppressed the damage to the tight junction structure and basement membrane, and attenuated the production of IL-1β in skin [15].



Administration of tyndalized Lactobacillus acidophilus can significantly enhance the recovery ability of photoaged skin. Mice administered with tyndalized Lactobacillus acidophilus displayed a significant reduction in wrinkle formation and transepidermal water loss, and an increase in skin hydration. Oral administration of tyndalized Lactobacillus acidophilus suppressed the expression levels of MMP-1 and MMP-9 in skin [141].



Lactic acid bacteria play an essential role in the food industry in the manufacture of many fermented products, and the application of lactic acid bacteria is now being extended to the area of health improvement. Oral supplementation with lactococcus lactis H61 improves the status of inner forearm and cheek skin in Japanese women by adjusting the balance of intestinal microbes, exerting antioxidant activity, and regulating the immune response [14].



Oral supplementation with lactobacillus paracasei NCC 2461 promotes the recovery of skin health. A randomized, double-blind, placebo-controlled clinical trial showed that lactobacillus paracasei NCC 2461 decreased skin sensitivity through inhibition of the release of the neuromediators involved in sensitivity reaction, and improved skin barrier function in leg and cheek skin [142].



Compared with the above-mentioned phytochemicals, collagen peptides, and plant polysaccharides, knowledge of the mechanisms of probiotics is lacking and unclear, although probiotics show promising photoprotective effects. It will be of great interest to delineate the underlying anti-photoaging mechanisms of probiotics in further studies.




6.4. Vitamins and Minerals


Vitamins are crucial to delay skin aging and improve skin appearance. Vitamin A is a fat-soluble vitamin and was the first vitamin approved by the US Food and Drug Administration as an anti-wrinkle agent. Vitamin A and its derivatives are some of the most effective substances to relieve aging [143]. Clinical studies have shown that oral supplementation with vitamin A and its derivatives can alleviate skin photoaging. Histological and immunohistochemical analysis revealed elastosis reduction, epidermal thickness increase, corneal layer diminution, dermal collagen 1 increase, and epidermal p53 reduction in the facial and forearm skin of 50- to 75-year-old men and women [17].



Vitamin C is a strongly water-soluble antioxidant. The skin contains a high concentration of vitamin C, which is much higher than the plasma concentration [141]. Vitamin C is the key to collagen biosynthesis and can directly promote the expression of collagen genes [144]. It also protects against photoaging by removing ROS generated by UV radiation. Vitamin C acts as a cofactor for the proline and lysine hydroxylases, and proline and lysine hydroxylase are essential in the process of micelle formation and in stabilizing the collagen molecule tertiary structure [145]. The dependence of collagen hydroxylase on vitamin C has been confirmed in many in vitro studies [144,146]. Oral supplementation with vitamin C could prevent dry skin, reduce wrinkle formation, and promote wound healing [147].



Vitamin E is a fat-soluble vitamin and a strong antioxidant. In the last century, clinical studies have shown that oral vitamin C and E can relieve sunburn on human back skin. A double-blind, placebo-controlled study demonstrated that supplementation with a combination of vitamins C (2 g/day) and E (1000 IU/day) reduced the sunburn reaction [148]. Similarly, Fuchs and Kern demonstrated that dietary supplementation with megadoses of vitamin E (2 g/day) combined with vitamin C (3 g/day) protected participants from the sunburn reaction [149]. The reason might be that the combination of vitamin C and E can efficaciously eliminate water-soluble and fat-soluble free radicals at the same time, preventing free radicals from causing oxidative damage to the cell membrane. The doses of vitamin C and E used in the above-mentioned trials are higher than the corresponding recommended dietary allowance. The adverse effects of vitamin C, even at doses of 10 to 20 g/day, have not been convincingly demonstrated [150]. Few side effects from vitamin E have been reported. Doses up to 400 mg can be considered absolutely safe, and vitamin E doses between 400 and 2000 mg also seem to cause no side effects [151,152].



In addition, minerals such as copper, zinc, and selenium also play important roles in skin health [19,153,154]. They are cofactors in enzymatic reactions during collagen crosslinking and necessary elements for epidermal proliferation and keratinocyte differentiation [154,155].





7. Conclusions and Perspectives


Skin photoaging has gradually become an injury that cannot be underestimated. Significant progress has been made in the understanding of mechanisms of skin photoaging. MMPs, TGFs, reduction in skin adipose tissue, inflammation and immune disorders, oxidative stress, nuclear DNA and mtDNA damage, telomere shortening, miRNA, accumulation of AGEs, gut microbes, activation of the HPA axis, and TRPV are the main mechanisms causing photoaging. UV radiation reaches skin and triggers multiple mechanisms and pathways at the same time. These mechanisms seem not to be independent of each other and can connect through intermediate signaling molecules. In the future, it is necessary to identify new target molecules of skin photoaging and explore the mutual regulation among existing mechanisms.



Diet is key to skin health. A number of clinical and preclinical studies have demonstrated that dietary supplementation of phytochemicals, collagen, functional sugars, functional oils, probiotics, and vitamins plays an essential role in anti-photoaging efficacy. These functional ingredients have been reported to promote skin health and prevent skin photoaging through the activation of different signaling pathways. Future research is needed to (i) examine the anti-photoaging action and dose of these dietary components in clinical trials and identify the most promising functional ingredient candidates for humans, as the potentiality of most dietary components has been examined only in preclinical trials, either in vitro or in vivo; (ii) explore more active ingredients with protective ability against photoaging, through animal models, 3D skin models, and cell models; (iii) identify metabolite products of the dietary intake of functional ingredients through novel methods including skin metabolomics, as metabolites might be effective to relieve skin photoaging; and (iv) study the bioavailability of functional ingredients and their effects on whole body metabolism. These will contribute to a more detailed comprehension of the photoaging-preventive effects of dietary components, boosting the development of functional ingredients as a tool to counteract skin photoaging.







Author Contributions


R.G. and T.T. wrote the manuscript; R.G., S.-G.K., K.H. and T.T. reviewed the manuscript; all authors approved the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported by the National Key R&D Program of China (2017YFC1600901) and the 2115 Talent Development Program of China Agricultural University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Farage, M.A.; Miller, K.W.; Elsner, P.; Maibach, H.I. Intrinsic and extrinsic factors in skin ageing: A review. Int. J. Cosmet. Sci. 2008, 30, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.M.; Kang, S.M.; Chung, J.H. The role of TRPV1 channel in aged human skin. J. Dermatol. Sci. 2012, 65, 81–85. [Google Scholar] [CrossRef] [PubMed]

	



Debacq-Chainiaux, F.; Leduc, C.; Verbeke, A.; Toussaint, O. UV, stress and aging. Dermato Endocrinol. 2012, 4, 236–240. [Google Scholar] [CrossRef] [PubMed]

	



Young, A.R. Acute effects of UVR on human eyes and skin. Prog. Biophys. Mol. Biol. 2006, 92, 80–85. [Google Scholar] [CrossRef]

	



Huang, A.H.; Chien, A.L. Photoaging: A review of current literature. Curr. Dermatol. Rep. 2020, 9, 22–29. [Google Scholar] [CrossRef]

	



Poon, F.; Kang, S.; Chien, A.L. Mechanisms and treatments of photoaging. Photodermatol. Photoimmunol. Photomed. 2015, 31, 65–74. [Google Scholar] [CrossRef]

	



Khavkin, J.; Ellis, D.A. Aging skin: Histology, physiology, and pathology. Facial Plast. Surg. Clin. North Am. 2011, 19, 229–234. [Google Scholar] [CrossRef] [PubMed]

	



Tong, T.; Park, J.; Moon, Y.; Kang, W.; Park, T. Alpha-ionone Protects Against UVB-Induced Photoaging in Human Dermal Fibroblasts. Molecules 2019, 24, 1804. [Google Scholar] [CrossRef] [PubMed]

	



Figueres, J.T.; Bases, P.E. An overview of the beneficial effects of hydrolysed collagen intake on joint and bone health and on skin ageing. Nutr. Hosp. 2015, 32 (Suppl. S1), 62–66. [Google Scholar]

	



Song, H.; Meng, M.; Cheng, X.; Li, B.; Wang, C. The effect of collagen hydrolysates from silver carp (Hypophthalmichthys molitrix) skin on UV-induced photoaging in mice: Molecular weight affects skin repair. Food Funct. 2017, 8, 1538–1546. [Google Scholar] [CrossRef] [PubMed]

	



Lingrong, W.; Qing, G.; Chung-wah, M.; Yazhong, G.; Lijun, Y.; Rui, H.L.; Xiong, F.; Dong, L. Effect of polysaccharides from Tremella fuciformis on UV-induced photoaging. J. Funct. Foods 2016, 20, 400–410. [Google Scholar]

	



Ye, Y.; Ji, D.; You, L.; Zhou, L.; Zhao, Z.; Brennan, C. Structural properties and protective effect of Sargassum fusiforme polysaccharides against ultraviolet B radiation in hairless Kun Ming mice. J. Funct. Foods 2018, 43, 8–16. [Google Scholar] [CrossRef]

	



Bruna, R.; Andréa, M. Olive oil reduces chronic psychological stress-induced skin aging in mice through the NF-κB and NRF2 pathways. J. Funct. Foods 2019, 54, 310–319. [Google Scholar]

	



Kimoto-Nira, H. New lactic acid bacteria for skin health via oral intake of heat-killed or live cells. Anim. Sci. J. 2018, 89, 835–842. [Google Scholar] [CrossRef]

	



Satoh, T.; Murata, M.; Iwabuchi, N.; Odamaki, T.; Wakabayashi, H.; Yamauchi, K.; Abe, F.; Xiao, J.Z. Effect of Bifidobacterium breve B-3 on skin photoaging induced by chronic UV irradiation in mice. Benef. Microbes 2015, 6, 497–504. [Google Scholar] [CrossRef] [PubMed]

	



Pullar, J.M.; Carr, A.C.; Vissers, M. The roles of vitamin C in skin health. Nutrients 2017, 9, 866. [Google Scholar] [CrossRef] [PubMed]

	



Bagatin, E.; Guadanhim, L.R.; Enokihara, M.M.; Sanudo, A.; Talarico, S.; Miot, H.A.; Gibson, L. Low-dose oral isotretinoin versus topical retinoic acid for photoaging: A randomized, comparative study. Int. J. Dermatol. 2014, 53, 114–122. [Google Scholar] [CrossRef]

	



Driscoll, M.S.; Kwon, E.K.; Skupsky, H.; Kwon, S.Y.; Grant-Kels, J.M. Nutrition and the deleterious side effects of nutritional supplements. Clin. Dermatol. 2010, 28, 371–379. [Google Scholar] [CrossRef]

	



Kim, P. Nutraceuticals and skin health: Key benefits and protective properties. J. Aesthetic Nurs. 2018, 7, 35–40. [Google Scholar]

	



Richard, W.; Stefan, G.; Wolfgang, W.; Jean, C.G.; Jason, K.W. The dynamic anatomy and patterning of skin. Exp. Dermatol. 2016, 25, 92–98. [Google Scholar]

	



Stalder, J.F.; Tennstedt, D.; Deleuran, M.; Fabbrocini, G.; de Lucas, R.; Haftek, M.; Taieb, C.; Coustou, D.; Mandeau, A.; Fabre, B.; et al. Fragility of epidermis and its consequence in dermatology. J. Eur. Acad. Dermatol. Venereol. 2014, 28 (Suppl. S4), 1–18. [Google Scholar] [CrossRef]

	



D’Orazio, J.; Jarrett, S.; Amaro-Ortiz, A.; Scott, T. UV radiation and the skin. Int. J. Mol. Sci. 2013, 14, 12222–12248. [Google Scholar] [CrossRef] [PubMed]

	



Rippa, A.L.; Kalabusheva, E.P.; Vorotelyak, E.A. Regeneration of dermis: Scarring and cells involved. Cells 2019, 8, 607. [Google Scholar] [CrossRef] [PubMed]

	



William, D.L. Anatomy of the skin and the pathogenesis of nonmelanoma skin cancer. Facial Plast. Surg. Clin. 2017, 25, 283–289. [Google Scholar]

	



Varani, J. Fibroblast aging: Intrinsic and extrinsic factors. Drug Discov. Today Ther. Strateg. 2010, 7, 65–70. [Google Scholar] [CrossRef]

	



Bukhari, S.; Roswandi, N.L.; Waqas, M.; Habib, H.; Hussain, F.; Khan, S.; Sohail, M.; Ramli, N.A.; Thu, H.E.; Hussain, Z. Hyaluronic acid, a promising skin rejuvenating biomedicine: A review of recent updates and pre-clinical and clinical investigations on cosmetic and nutricosmetic effects. Int. J. Biol. Macromol. 2018, 120, 1682–1695. [Google Scholar] [CrossRef] [PubMed]

	



Aziz, J.; Shezali, H.; Radzi, Z.; Yahya, N.A.; Abu, K.N.; Czernuszka, J.; Rahman, M.T. Molecular mechanisms of Stress-Responsive changes in collagen and elastin networks in skin. Skin Pharmacol. Physiol. 2016, 29, 190–203. [Google Scholar] [CrossRef] [PubMed]

	



Keen, M.A. Hyaluronic acid in dermatology. Skinmed 2017, 15, 441–448. [Google Scholar]

	



Rock, K.; Grandoch, M.; Majora, M.; Krutmann, J.; Fischer, J.W. Collagen fragments inhibit hyaluronan synthesis in skin fibroblasts in response to ultraviolet B (UVB): New insights into mechanisms of matrix remodeling. J. Biol. Chem. 2011, 286, 18268–18276. [Google Scholar] [CrossRef]

	



Krutmann, J.; Schikowski, T.; Morita, A.; Berneburg, M. Environmentally-induced (extrinsic) skin aging: Exposomal factors and underlying mechanisms. J. Investig. Dermatol. 2021, 141, 1096–1103. [Google Scholar] [CrossRef]

	



Farage, M.A.; Miller, K.W.; Elsner, P.; Maibach, H.I. Structural characteristics of the aging skin: A review. Cutan. Ocul. Toxicol. 2007, 26, 343–357. [Google Scholar] [CrossRef]

	



Cannarozzo, G.; Fazia, G.; Bennardo, L.; Tamburi, F.; Amoruso, G.F.; Del, D.E.; Nistico, S.P. A new 675 nm laser device in the treatment of facial aging: A prospective observational study. Photobiomodulation Photomed. Laser Surg. 2021, 39, 118–122. [Google Scholar] [CrossRef]

	



Nistico, S.P.; Silvestri, M.; Zingoni, T.; Tamburi, F.; Bennardo, L.; Cannarozzo, G. Combination of fractional CO2 laser and rhodamine-intense pulsed light in facial rejuvenation: A randomized controlled trial. Photobiomodulation Photomed. Laser Surg. 2021, 39, 113–117. [Google Scholar] [CrossRef] [PubMed]

	



Wlaschek, M.; Maity, P.; Makrantonaki, E.; Scharffetter-Kochanek, K. Connective tissue and fibroblast senescence in skin aging. J. Investig. Dermatol. 2021, 141, 985–992. [Google Scholar] [CrossRef] [PubMed]

	



Ham, S.A.; Yoo, T.; Hwang, J.S.; Kang, E.S.; Paek, K.S.; Park, C.; Kim, J.H.; Do, J.T.; Seo, H.G. Peroxisome proliferator-activated receptor delta modulates MMP-2 secretion and elastin expression in human dermal fibroblasts exposed to ultraviolet B radiation. J. Dermatol. Sci. 2014, 76, 44–50. [Google Scholar] [CrossRef]

	



Quan, T.; Qin, Z.; Xia, W.; Shao, Y.; Voorhees, J.J.; Fisher, G.J. Matrix-degrading metalloproteinases in photoaging. J. Investig. Dermatol. Symp. Proc. 2009, 14, 20–24. [Google Scholar] [CrossRef]

	



Illman, S.A.; Keski-Oja, J.; Lohi, J. Promoter characterization of the human and mouse epilysin (MMP-28) genes. Gene 2001, 275, 185–194. [Google Scholar] [CrossRef]

	



Lu, J.; Guo, J.H.; Tu, X.L.; Zhang, C.; Zhao, M.; Zhang, Q.W.; Gao, F.H. Tiron inhibits UVB-Induced AP-1 binding sites transcriptional activation on MMP-1 and MMP-3 promoters by MAPK signaling pathway in human dermal fibroblasts. PLoS ONE 2016, 11, e159998. [Google Scholar] [CrossRef]

	



Park, J.E.; Pyun, H.B.; Woo, S.W.; Jeong, J.H.; Hwang, J.K. The protective effect of Kaempferia parviflora extract on UVB-induced skin photoaging in hairless mice. Photodermatol. Photoimmunol. Photomed. 2014, 30, 237–245. [Google Scholar] [CrossRef]

	



Kang, W.; Choi, D.; Park, T. Decanal Protects against UVB-Induced Photoaging in Human Dermal Fibroblasts via the cAMP Pathway. Nutrients 2020, 12, 1214. [Google Scholar] [CrossRef]

	



Massague, J.; Seoane, J.; Wotton, D. Smad transcription factors. Genes Dev. 2005, 19, 2783–2810. [Google Scholar] [CrossRef]

	



Quan, T.; Fisher, G.J. Role of Age-Associated alterations of the dermal extracellular matrix microenvironment in human skin aging: A Mini-Review. Gerontology 2015, 61, 427–434. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.K.; Kim, E.J.; Cheng, Y.; Shin, M.H.; Oh, J.H.; Lee, D.H.; Chung, J.H. Inhibition of DNA methylation in the COL1A2 promoter by anacardic acid prevents UV-Induced decrease of type i procollagen expression. J. Investig. Dermatol. 2017, 137, 1343–1352. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, K.A.; Yi, B.R.; Choi, K.C. Molecular mechanisms and in vivo mouse models of skin aging associated with dermal matrix alterations. Lab. Anim. Res. 2011, 27, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Weng, L.; Wang, W.; Su, X.; Huang, Y.; Su, L.; Liu, M.; Sun, Y.; Yang, B.; Zhou, H. The effect of cAMP-PKA activation on TGF-beta1-induced profibrotic signaling. Cell. Physiol. Biochem. 2015, 36, 1911–1927. [Google Scholar] [CrossRef]

	



Porsch, H.; Bernert, B.; Mehic, M.; Theocharis, A.D.; Heldin, C.H.; Heldin, P. Efficient TGFbeta-induced epithelial-mesenchymal transition depends on hyaluronan synthase HAS2. Oncogene 2013, 32, 4355–4365. [Google Scholar] [CrossRef]

	



Chen, S.X.; Zhang, L.J.; Gallo, R.L. Dermal white adipose tissue: A newly recognized layer of skin innate defense. J. Investig. Dermatol. 2019, 139, 1002–1009. [Google Scholar] [CrossRef]

	



Kim, E.J.; Kim, Y.K.; Kim, J.E.; Kim, S.; Kim, M.K.; Park, C.H.; Chung, J.H. UV modulation of subcutaneous fat metabolism. J. Investig. Dermatol. 2011, 131, 1720–1726. [Google Scholar] [CrossRef]

	



Kruglikov, I.L.; Scherer, P.E. Dermal adipocytes and hair cycling: Is spatial heterogeneity a characteristic feature of the dermal adipose tissue depot? Exp. Dermatol. 2016, 25, 258–262. [Google Scholar] [CrossRef]

	



Martins, V.; Gonzalez, D.L.S.F.; Wu, Z.; Capelozzi, V.; Phan, S.H.; Liu, T. FIZZ1-induced myofibroblast transdifferentiation from adipocytes and its potential role in dermal fibrosis and lipoatrophy. Am. J. Pathol. 2015, 185, 2768–2776. [Google Scholar] [CrossRef]

	



Lee, J.; Lee, J.; Jung, E.; Kim, Y.S.; Roh, K.; Jung, K.H.; Park, D. Ultraviolet a regulates adipogenic differentiation of human adipose tissue-derived mesenchymal stem cells via up-regulation of Kruppel-like factor 2. J. Biol. Chem. 2010, 285, 32647–32656. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.H.; Pappas, A.; Zhang, L.; Ruvolo, E.; Cavender, D. IL-11, IL-1alpha, IL-6, and TNF-alpha are induced by solar radiation in vitro and may be involved in facial subcutaneous fat loss in vivo. J. Dermatol. Sci. 2013, 71, 58–66. [Google Scholar] [CrossRef] [PubMed]

	



Subedi, L.; Lee, T.H.; Wahedi, H.M.; Baek, S.H.; Kim, S.Y. Resveratrol-enriched rice attenuates UVB-ROS-induced skin aging via downregulation of inflammatory cascades. Oxid. Med. Cell. Longev. 2017, 2017, 8379539. [Google Scholar] [CrossRef]

	



Wang, X.; Bi, Z.; Chu, W.; Wan, Y. IL-1 receptor antagonist attenuates MAP kinase/AP-1 activation and MMP1 expression in UVA-irradiated human fibroblasts induced by culture medium from UVB-irradiated human skin keratinocytes. Int. J. Mol. Med. 2005, 16, 1117–1124. [Google Scholar] [CrossRef] [PubMed]

	



Rivas, J.M.; Ullrich, S.E. Systemic suppression of delayed-type hypersensitivity by supernatants from UV-irradiated keratinocytes. An essential role for keratinocyte-derived IL-10. J. Immunol. 1992, 149, 3865–3871. [Google Scholar] [PubMed]

	



Steven, Q.W.; Richard, S.; Marianne, B.; David, P.; Ashfaq, A.M.; Alfred, W.K.; Robert, S.B. Ultraviolet a and melanoma: A review. J. Am. Acad. Dermatol. 2001, 44, 837–846. [Google Scholar]

	



Gu, Y.; Han, J.; Jiang, C.; Zhang, Y. Biomarkers, oxidative stress and autophagy in skin aging. Ageing Res. Rev. 2020, 59, 101036. [Google Scholar] [CrossRef]

	



Tobin, D.J. Introduction to skin aging. J. Tissue Viability 2017, 26, 37–46. [Google Scholar] [CrossRef]

	



Park, W.H. Effects of antioxidants and MAPK inhibitors on cell death and reactive oxygen species levels in H2O2-treated human pulmonary fibroblasts. Oncol. Lett. 2013, 5, 1633–1638. [Google Scholar] [CrossRef] [PubMed]

	



Kitazawa, M.; Iwasaki, K.; Sakamoto, K. Iron chelators may help prevent photoaging. J. Cosmet. Dermatol. 2006, 5, 210–217. [Google Scholar] [CrossRef]

	



Bissett, D.L.; Chatterjee, R.; Hannon, D.P. Chronic ultraviolet radiation-induced increase in skin iron and the photoprotective effect of topically applied iron chelators. Photochem. Photobiol. 1991, 54, 215–223. [Google Scholar] [CrossRef] [PubMed]

	



Smith, M.J.; Fowler, M.; Naftalin, R.J.; Siow, R. UVA irradiation increases ferrous iron release from human skin fibroblast and endothelial cell ferritin: Consequences for cell senescence and aging. Free Radic. Biol. Med. 2020, 155, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Ollinger, K.; Brunk, U.T. Cellular injury induced by oxidative stress is mediated through lysosomal damage. Free Radic. Biol. Med. 1995, 19, 565–574. [Google Scholar] [CrossRef]

	



Miller, D.M.; Buettner, G.R.; Aust, S.D. Transition metals as catalysts of “autoxidation” reactions. Free Radic. Biol. Med. 1990, 8, 95–108. [Google Scholar] [CrossRef]

	



Cadet, J.; Douki, T. Formation of UV-induced DNA damage contributing to skin cancer development. Photochem. Photobiol. Sci. 2018, 17, 1816–1841. [Google Scholar] [CrossRef] [PubMed]

	



Siametis, A.; Niotis, G.; Garinis, G.A. DNA damage and the aging epigenome. J. Investig. Dermatol. 2021, 141, 961–967. [Google Scholar] [CrossRef] [PubMed]

	



Sreedhar, A.; Aguilera-Aguirre, L.; Singh, K.K. Mitochondria in skin health, aging, and disease. Cell Death Dis. 2020, 11, 444. [Google Scholar] [CrossRef] [PubMed]

	



Berneburg, M.; Plettenberg, H.; Medve-Konig, K.; Pfahlberg, A.; Gers-Barlag, H.; Gefeller, O.; Krutmann, J. Induction of the photoaging-associated mitochondrial common deletion in vivo in normal human skin. J. Investig. Dermatol. 2004, 122, 1277–1283. [Google Scholar] [CrossRef]

	



Ungvari, Z.; Sonntag, W.E.; de Cabo, R.; Baur, J.A.; Csiszar, A. Mitochondrial protection by resveratrol. Exerc. Sport Sci. Rev. 2011, 39, 128–132. [Google Scholar] [CrossRef]

	



O’Sullivan, R.J.; Karlseder, J. Telomeres: Protecting chromosomes against genome instability. Nat. Rev. Mol. Cell Biol. 2010, 11, 171–181. [Google Scholar] [CrossRef]

	



Collins, K.; Mitchell, J.R. Telomerase in the human organism. Oncogene 2002, 21, 564–579. [Google Scholar] [CrossRef] [PubMed]

	



Buckingham, E.M.; Klingelhutz, A.J. The role of telomeres in the ageing of human skin. Exp. Dermatol. 2011, 20, 297–302. [Google Scholar] [CrossRef]

	



Miyata, Y.; Okada, K.; Fujimoto, A.; Hata, K.; Kagami, H.; Tomita, Y.; Ueda, M. The effect of the long-term cultivation on telomere length and morphology of cultured epidermis. J. Dermatol. Sci. 2004, 34, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Du, R.; Xiao, X.; Deng, Z.L.; Jian, D.; Xie, H.F.; Li, J. Microrna-217 modulates human skin fibroblast senescence by directly targeting DNA methyltransferase 1. Oncotarget 2017, 8, 33475–33486. [Google Scholar] [CrossRef] [PubMed]

	



Rock, K.; Tigges, J.; Sass, S.; Schutze, A.; Florea, A.M.; Fender, A.C.; Theis, F.J.; Krutmann, J.; Boege, F.; Fritsche, E.; et al. MiR-23a-3p causes cellular senescence by targeting hyaluronan synthase 2: Possible implication for skin aging. J. Investig. Dermatol. 2015, 135, 369–377. [Google Scholar] [CrossRef]

	



Blackstone, B.N.; Wilgus, T.A.; Roy, S.; Wulff, B.C.; Powell, H.M. Skin biomechanics and miRNA expression following chronic UVB irradiation. Adv. Wound Care 2020, 9, 79–89. [Google Scholar] [CrossRef] [PubMed]

	



Farrar, M.D. Advanced glycation end products in skin ageing and photoageing: What are the implications for epidermal function? Exp. Dermatol. 2016, 25, 947–948. [Google Scholar] [CrossRef]

	



Zhang, S.; Duan, E. Fighting against skin aging: The way from bench to bedside. Cell Transplant. 2018, 27, 729–738. [Google Scholar] [CrossRef] [PubMed]

	



O’Neill, C.A.; Monteleone, G.; McLaughlin, J.T.; Paus, R. The gut-skin axis in health and disease: A paradigm with therapeutic implications. Bioessays 2016, 38, 1167–1176. [Google Scholar] [CrossRef]

	



Kim, H.M.; Lee, D.E.; Park, S.D.; Kim, Y.T.; Kim, Y.J.; Jeong, J.W.; Jang, S.S.; Ahn, Y.T.; Sim, J.H.; Huh, C.S.; et al. Oral administration of Lactobacillus plantarum HY7714 protects hairless mouse against ultraviolet B-induced photoaging. J. Microbiol. Biotechnol. 2014, 24, 1583–1591. [Google Scholar] [CrossRef]

	



Huang, Y.J.; Marsland, B.J.; Bunyavanich, S.; O’Mahony, L.; Leung, D.Y.; Muraro, A.; Fleisher, T.A. The microbiome in allergic disease: Current understanding and future opportunities-2017 PRACTALL document of the American Academy of Allergy, Asthma & Immunology and the European Academy of Allergy and Clinical Immunology. J. Allergy Clin. Immunol. 2017, 139, 1099–1110. [Google Scholar]

	



Song, H.; Yoo, Y.; Hwang, J.; Na, Y.C.; Kim, H.S. Faecalibacterium prausnitzii subspecies-level dysbiosis in the human gut microbiome underlying atopic dermatitis. J. Allergy Clin. Immunol. 2016, 137, 852–860. [Google Scholar] [CrossRef]

	



Chrousos, G.P. Stress and disorders of the stress system. Nat. Rev. Endocrinol. 2009, 5, 374–381. [Google Scholar] [CrossRef] [PubMed]

	



Slominski, A.; Wortsman, J.; Tuckey, R.C.; Paus, R. Differential expression of HPA axis homolog in the skin. Mol. Cell. Endocrinol. 2007, 265–266, 143–149. [Google Scholar] [CrossRef] [PubMed]

	



Skobowiat, C.; Slominski, A.T. UVB activates hypothalamic-pituitary-adrenal axis in C57BL/6 mice. J. Investig. Dermatol. 2015, 135, 1638–1648. [Google Scholar] [CrossRef] [PubMed]

	



Schacke, H.; Docke, W.D.; Asadullah, K. Mechanisms involved in the side effects of glucocorticoids. Pharmacol. Ther. 2002, 96, 23–43. [Google Scholar] [CrossRef]

	



Chen, Z.; Qian, J.; Ma, J.; Chang, S.; Yun, H.; Jin, H.; Sun, A.; Zou, Y.; Ge, J. Glucocorticoid ameliorates early cardiac dysfunction after coronary microembolization and suppresses TGF-beta1/Smad3 and CTGF expression. Int. J. Cardiol. 2013, 167, 2278–2284. [Google Scholar] [CrossRef] [PubMed]

	



Centrella, M.; McCarthy, T.L.; Canalis, E. Glucocorticoid regulation of transforming growth factor beta 1 activity and binding in osteoblast-enriched cultures from fetal rat bone. Mol. Cell. Biol. 1991, 11, 4490–4496. [Google Scholar] [CrossRef] [PubMed]

	



Cutroneo, K.R. Relationship between glucocorticoid-mediated early decrease of protein synthesis and the steady state decreases of glucocorticoid receptor and TGF-beta activator protein. Int. J. Biochem. Cell Biol. 2002, 34, 194–203. [Google Scholar] [CrossRef]

	



Huang, K.F.; Ma, K.H.; Jhap, T.Y.; Liu, P.S.; Chueh, S.H. Ultraviolet B irradiation induced Nrf2 degradation occurs via activation of TRPV1 channels in human dermal fibroblasts. Free Radic. Biol. Med. 2019, 141, 220–232. [Google Scholar] [CrossRef]

	



Han, S.; Kang, S.M.; Oh, J.H.; Lee, D.H.; Chung, J.H. Src kinase mediates UV-induced TRPV1 trafficking into cell membrane in HaCaT keratinocytes. Photodermatol. Photoimmunol. Photomed. 2018, 34, 214–216. [Google Scholar] [CrossRef] [PubMed]

	



Um, J.Y.; Kang, S.Y.; Kim, H.J.; Chung, B.Y.; Park, C.W.; Kim, H.O. Transient receptor potential vanilloid-3 (TRPV3) channel induces dermal fibrosis via the TRPV3/TSLP/Smad2/3 pathways in dermal fibroblasts. J. Dermatol. Sci. 2020, 97, 117–124. [Google Scholar] [CrossRef] [PubMed]

	



Moore, C.; Cevikbas, F.; Pasolli, H.A.; Chen, Y.; Kong, W.; Kempkes, C.; Parekh, P.; Lee, S.H.; Kontchou, N.A.; Yeh, I.; et al. UVB radiation generates sunburn pain and affects skin by activating epidermal TRPV4 ion channels and triggering endothelin-1 signaling. Proc. Natl. Acad. Sci. USA 2013, 110, E3225–E3234. [Google Scholar] [CrossRef]

	



Kida, N.; Sokabe, T.; Kashio, M.; Haruna, K.; Mizuno, Y.; Suga, Y.; Nishikawa, K.; Kanamaru, A.; Hongo, M.; Oba, A.; et al. Importance of transient receptor potential vanilloid 4 (TRPV4) in epidermal barrier function in human skin keratinocytes. Pflug. Arch. 2012, 463, 715–725. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, S.; Goswami, R.; Merth, M.; Cohen, J.; Lei, K.Y.; Zhang, D.X.; Rahaman, S.O. TRPV4 ion channel is a novel regulator of dermal myofibroblast differentiation. Am. J. Physiol. Cell Physiol. 2017, 312, C562–C572. [Google Scholar] [CrossRef] [PubMed]

	



Davinelli, S.; Nielsen, M.E.; Scapagnini, G. Astaxanthin in skin health, repair, and disease: A comprehensive review. Nutrients 2018, 10, 522. [Google Scholar] [CrossRef]

	



Ito, N.; Seki, S.; Ueda, F. The protective role of astaxanthin for UV-induced skin deterioration in healthy people-a randomized, double-blind, placebo-controlled trial. Nutrients 2018, 10, 817. [Google Scholar] [CrossRef]

	



Ng, Q.X.; De Deyn, M.; Loke, W.; Foo, N.X.; Chan, H.W.; Yeo, W.S. Effects of astaxanthin supplementation on skin health: A systematic review of clinical studies. J. Diet. Suppl. 2020, 18, 169–182. [Google Scholar] [CrossRef]

	



Rizwan, M.; Rodriguez-Blanco, I.; Harbottle, A.; Birch-Machin, M.A.; Watson, R.E.; Rhodes, L.E. Tomato paste rich in lycopene protects against cutaneous photodamage in humans in vivo: A randomized controlled trial. Br. J. Dermatol. 2011, 164, 154–162. [Google Scholar] [CrossRef]

	



Grether-Beck, S.; Marini, A.; Jaenicke, T.; Stahl, W.; Krutmann, J. Molecular evidence that oral supplementation with lycopene or lutein protects human skin against ultraviolet radiation: Results from a double-blinded, placebo-controlled, crossover study. Br. J. Dermatol. 2017, 176, 1231–1240. [Google Scholar] [CrossRef]

	



Marini, A.; Jaenicke, T.; Grether-Beck, S.; Le Floc’H, C.; Cheniti, A.; Piccardi, N.; Krutmann, J. Prevention of polymorphic light eruption by oral administration of a nutritional supplement containing lycopene, beta-carotene, and Lactobacillus johnsonii: Results from a randomized, placebo-controlled, double-blinded study. Photodermatol. Photoimmunol. Photomed. 2014, 30, 189–194. [Google Scholar] [CrossRef] [PubMed]

	



Aust, O.; Stahl, W.; Sies, H.; Tronnier, H.; Heinrich, U. Supplementation with tomato-based products increases lycopene, phytofluene, and phytoene levels in human serum and protects against UV-light-induced erythema. Int. J. Vitam. Nutr. Res. 2005, 75, 54–60. [Google Scholar] [CrossRef] [PubMed]

	



Petruk, G.; Del, G.R.; Rigano, M.M.; Monti, D.M. Antioxidants from Plants Protect against Skin Photoaging. Oxid. Med. Cell. Longev. 2018, 2018, 1454936. [Google Scholar] [CrossRef]

	



Tamaru, E.; Watanabe, M.; Nomura, Y. Dietary immature Citrus unshiu alleviates UVB- induced photoaging by suppressing degradation of basement membrane in hairless mice. Heliyon 2020, 6, e4218. [Google Scholar] [CrossRef] [PubMed]

	



Myung, D.B.; Han, H.S.; Shin, J.S.; Park, J.Y.; Hwang, H.J.; Kim, H.J.; Ahn, H.S.; Lee, S.H.; Lee, K.T. Hydrangenol isolated from the leaves of hydrangea serrata attenuates wrinkle formation and repairs skin moisture in UVB-irradiated hairless mice. Nutrients 2019, 11, 2354. [Google Scholar] [CrossRef]

	



Moon, N.R.; Kang, S.; Park, S. Consumption of ellagic acid and dihydromyricetin synergistically protects against UV-B induced photoaging, possibly by activating both TGF-beta1 and wnt signaling pathways. J. Photochem. Photobiol. B 2018, 178, 92–100. [Google Scholar] [CrossRef]

	



Liu, S.; You, L.; Zhao, Y.; Chang, X. Hawthorn polyphenol extract inhibits UVB-induced skin photoaging by regulating MMP expression and type i procollagen production in mice. J. Agric. Food Chem. 2018, 66, 8537–8546. [Google Scholar] [CrossRef]

	



Liu, S.; Sui, Q.; Zou, J.; Zhao, Y.; Chang, X. Protective effects of hawthorn (Crataegus pinnatifida) polyphenol extract against UVB-induced skin damage by modulating the p53 mitochondrial pathway in vitro and in vivo. J. Food Biochem. 2019, 43, e12708. [Google Scholar] [CrossRef]

	



Afaq, F.; Adhami, V.M.; Ahmad, N. Prevention of short-term ultraviolet B radiation-mediated damages by resveratrol in SKH-1 hairless mice. Toxicol Appl. Pharmacol. 2003, 186, 28–37. [Google Scholar] [CrossRef]

	



Buonocore, D.; Lazzeretti, A.; Tocabens, P.; Nobile, V.; Cestone, E.; Santin, G.; Bottone, M.G.; Marzatico, F. Resveratrol-procyanidin blend: Nutraceutical and antiaging efficacy evaluated in a placebocontrolled, double-blind study. Clin. Cosmet. Investig. Dermatol. 2012, 5, 159–165. [Google Scholar] [CrossRef]

	



Asada, K.; Ohara, T.; Muroyama, K.; Yamamoto, Y.; Murosaki, S. Effects of hot water extract of Curcuma longa on human epidermal keratinocytes in vitro and skin conditions in healthy participants: A randomized, double-blind, placebo-controlled trial. J. Cosmet. Dermatol. 2019, 18, 1866–1874. [Google Scholar] [CrossRef]

	



Messner, D.J.; Surrago, C.; Fiordalisi, C.; Chung, W.Y.; Kowdley, K.V. Isolation and characterization of iron chelators from turmeric (Curcuma longa): Selective metal binding by curcuminoids. Biometals 2017, 30, 699–708. [Google Scholar] [CrossRef]

	



Mandel, S.; Amit, T.; Reznichenko, L.; Weinreb, O.; Youdim, M.B. Green tea catechins as brain-permeable, natural iron chelators-antioxidants for the treatment of neurodegenerative disorders. Mol. Nutr. Food Res. 2006, 50, 229–234. [Google Scholar] [CrossRef] [PubMed]

	



Heinrich, U.; Moore, C.E.; De Spirt, S.; Tronnier, H.; Stahl, W. Green tea polyphenols provide photoprotection, increase microcirculation, and modulate skin properties of women. J. Nutr. 2011, 141, 1202–1208. [Google Scholar] [CrossRef] [PubMed]

	



Nobile, V.; Michelotti, A.; Cestone, E.; Caturla, N.; Castillo, J.; Benavente-Garcia, O.; Perez-Sanchez, A.; Micol, V. Skin photoprotective and antiageing effects of a combination of rosemary (Rosmarinus officinalis) and grapefruit (Citrus paradisi) polyphenols. Food Nutr. Res. 2016, 60, 31871. [Google Scholar] [CrossRef]

	



Kim, J.E.; Song, D.; Kim, J.; Choi, J.; Kim, J.R.; Yoon, H.S.; Bae, J.S.; Han, M.; Lee, S.; Hong, J.S.; et al. Oral supplementation with cocoa extract reduces UVB-Induced wrinkles in hairless mouse skin. J. Investig. Dermatol. 2016, 136, 1012–1021. [Google Scholar] [CrossRef]

	



Ying, R.; Zhang, Z.; Song, W.; Li, B.; Hou, H. Protective effect of MAAs extracted from Porphyra tenera against UV irradiation-induced photoaging in mouse skin. J. Photochem. Photobiol. B 2019, 192, 26–33. [Google Scholar]

	



Kim, H.K. Garlic supplementation ameliorates UV-Induced photoaging in hairless mice by regulating antioxidative activity and MMPs expression. Molecules 2016, 21, 70. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Z.; Park, S.Y.; Hwang, E.; Park, B.; Seo, S.A.; Cho, J.G.; Zhang, M.; Yi, T.H. Dietary Foeniculum vulgare Mill extract attenuated UVB irradiation-induced skin photoaging by activating of Nrf2 and inhibiting MAPK pathways. Phytomedicine 2016, 23, 1273–1284. [Google Scholar] [CrossRef]

	



Son, D.J.; Jung, J.C.; Choi, Y.M.; Ryu, H.Y.; Lee, S.; Davis, B.A. Wheat extract oil (WEO) attenuates UVB-induced photoaging via collagen synthesis in human keratinocytes and hairless mice. Nutrients 2020, 12, 300. [Google Scholar] [CrossRef]

	



Kim, H.R.; Jeong, D.H.; Kim, S.; Lee, S.W.; Sin, H.S.; Yu, K.Y.; Jeong, S.I.; Kim, S.Y. Fermentation of blackberry with l. Plantarum JBMI f5 enhance the protection effect on UVB-mediated photoaging in human foreskin fibroblast and hairless mice through regulation of MAPK/NF-kappaB signaling. Nutrients 2019, 11, 2429. [Google Scholar] [CrossRef]

	



Proksch, E.; Schunck, M.; Zague, V.; Segger, D.; Degwert, J.; Oesser, S. Oral intake of specific bioactive collagen peptides reduces skin wrinkles and increases dermal matrix synthesis. Skin Pharmacol. Physiol. 2014, 27, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Asserin, J.; Lati, E.; Shioya, T.; Prawitt, J. The effect of oral collagen peptide supplementation on skin moisture and the dermal collagen network: Evidence from an ex vivo model and randomized, placebo-controlled clinical trials. J. Cosmet. Dermatol. 2015, 14, 291–301. [Google Scholar] [CrossRef] [PubMed]

	



Motwani, M.S.; Khan, K.; Pai, A.; Joshi, R. Efficacy of a collagen hydrolysate and antioxidants-containing nutraceutical on metrics of skin health in Indian women. J. Cosmet. Dermatol. 2020, 19, 3371–3382. [Google Scholar] [CrossRef]

	



Hong, Y.H.; Chang, U.J.; Kim, Y.S.; Jung, E.Y.; Suh, H.J. Dietary galacto-oligosaccharides improve skin health: A randomized double blind clinical trial. Asia Pac. J. Clin. Nutr. 2017, 26, 613–618. [Google Scholar] [PubMed]

	



Stern, R.; Maibach, H.I. Hyaluronan in skin: Aspects of aging and its pharmacologic modulation. Clin. Dermatol. 2008, 26, 106–122. [Google Scholar] [CrossRef]

	



Gollner, I.; Voss, W.; von Hehn, U.; Kammerer, S. Ingestion of an oral hyaluronan solution improves skin hydration, wrinkle reduction, elasticity, and skin roughness: Results of a clinical study. J. Evid. Based Complementary Altern. Med. 2017, 22, 816–823. [Google Scholar] [CrossRef]

	



Park, K.H.; Kim, J.; Jung, S.; Sung, K.H.; Son, Y.K.; Bae, J.M.; Kim, B.H. Alleviation of ultraviolet b-induced photoaging by 7-MEGA™500 in hairless mouse skin. Toxicol. Res. 2019, 35, 353–359. [Google Scholar] [CrossRef]

	



Kang, W.; Choi, D.; Park, T. Dietary suberic acid protects against UVB-induced skin photoaging in hairless mice. Nutrients 2019, 11, 2948. [Google Scholar] [CrossRef]

	



Liu, G.C.; Ahrens, E.J.; Schreibman, P.H.; Crouse, J.R. Measurement of squalene in human tissues and plasma: Validation and application. J. Lipid Res. 1976, 17, 38–45. [Google Scholar] [CrossRef]

	



Cho, S.; Choi, C.W.; Lee, D.H.; Won, C.H.; Kim, S.M.; Lee, S.; Lee, M.J.; Chung, J.H. High-dose squalene ingestion increases type I procollagen and decreases ultraviolet-induced DNA damage in human skin in vivo but is associated with transient adverse effects. Clin. Exp. Dermatol. 2009, 34, 500–508. [Google Scholar] [CrossRef]

	



Orengo, I.F.; Black, H.S.; Wolf, J.J. Influence of fish oil supplementation on the minimal erythema dose in humans. Arch. Dermatol. Res. 1992, 284, 219–221. [Google Scholar] [CrossRef]

	



Rhodes, L.E.; O’Farrell, S.; Jackson, M.J.; Friedmann, P.S. Dietary fish-oil supplementation in humans reduces UVB-erythemal sensitivity but increases epidermal lipid peroxidation. J. Investig. Dermatol. 1994, 103, 151–154. [Google Scholar] [CrossRef] [PubMed]

	



Boucetta, K.Q.; Charrouf, Z.; Aguenaou, H.; Derouiche, A.; Bensouda, Y. The effect of dietary and/or cosmetic argan oil on postmenopausal skin elasticity. Clin. Interv. Aging 2015, 10, 339–349. [Google Scholar]

	



Tanaka, M.; Yamamoto, Y.; Misawa, E.; Nabeshima, K.; Saito, M.; Yamauchi, K.; Abe, F.; Furukawa, F. Aloe sterol supplementation improves skin elasticity in Japanese men with sunlight-exposed skin: A 12-week double-blind, randomized controlled trial. Clin. Cosmet. Investig. Dermatol. 2016, 9, 435–442. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, M.; Yamamoto, Y.; Misawa, E.; Nabeshima, K.; Saito, M.; Yamauchi, K.; Abe, F.; Furukawa, F. Effects of aloe sterol supplementation on skin elasticity, hydration, and collagen score: A 12-week double-blind, randomized, controlled trial. Skin Pharmacol. Physiol. 2016, 29, 309–317. [Google Scholar] [CrossRef]

	



Im, A.R.; Ji, K.Y.; Park, I.; Lee, J.Y.; Kim, K.M.; Na, M.; Chae, S. Anti-Photoaging effects of four insect extracts by downregulating matrix metalloproteinase expression via Mitogen-Activated protein kinase-dependent signaling. Nutrients 2019, 11, 1159. [Google Scholar] [CrossRef]

	



Collins, S.; Reid, G. Distant site effects of ingested prebiotics. Nutrients 2016, 8, 532. [Google Scholar] [CrossRef]

	



Roudsari, M.R.; Karimi, R.; Sohrabvandi, S.; Mortazavian, A.M. Health effects of probiotics on the skin. Crit. Rev. Food Sci. Nutr. 2015, 55, 1219–1240. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.H.; Verma, N.K.; Thanabalu, T. Prebiotics in atopic dermatitis prevention and management. J. Funct. Foods 2021, 78, 104352. [Google Scholar] [CrossRef]

	



Im, A.R.; Kim, H.S.; Hyun, J.W.; Chae, S. Potential for tyndalized Lactobacillus acidophilus as an effective component in moisturizing skin and anti-wrinkle products. Exp. Ther. Med. 2016, 12, 759–764. [Google Scholar] [CrossRef]

	



Gueniche, A.; Philippe, D.; Bastien, P.; Reuteler, G.; Blum, S.; Castiel-Higounenc, I.; Breton, L.; Benyacoub, J. Randomised double-blind placebo-controlled study of the effect of Lactobacillus paracasei NCC 2461 on skin reactivity. Benef. Microbes 2014, 5, 137–145. [Google Scholar] [CrossRef] [PubMed]

	



Gallo, N.; Nasser, H.; Salvatore, L.; Natali, M.L.; Campa, L.; Mahmoud, M.; Capobianco, L.; Sannino, A.; Madaghiele, M. Hyaluronic acid for advanced therapies: Promises and challenges. Eur. Polym. J. 2019, 117, 134–147. [Google Scholar] [CrossRef]

	



Hinek, A.; Kim, H.J.; Wang, Y.; Wang, A.; Mitts, T.F. Sodium L-ascorbate enhances elastic fibers deposition by fibroblasts from normal and pathologic human skin. J. Dermatol. Sci. 2014, 75, 173–182. [Google Scholar] [CrossRef] [PubMed]

	



Pinnell, S.R. Regulation of collagen biosynthesis by ascorbic acid: A review. Yale J. Biol. Med. 1985, 58, 553–559. [Google Scholar]

	



Kishimoto, Y.; Saito, N.; Kurita, K.; Shimokado, K.; Maruyama, N.; Ishigami, A. Ascorbic acid enhances the expression of type 1 and type 4 collagen and SVCT2 in cultured human skin fibroblasts. Biochem. Biophys. Res. Commun. 2013, 430, 579–584. [Google Scholar] [CrossRef]

	



Boyce, S.T.; Supp, A.P.; Swope, V.B.; Warden, G.D. Vitamin C regulates keratinocyte viability, epidermal barrier, and basement membrane in vitro, and reduces wound contraction after grafting of cultured skin substitutes. J. Investig. Dermatol. 2002, 118, 565–572. [Google Scholar] [CrossRef] [PubMed]

	



Eberlein-Konig, B.; Placzek, M.; Przybilla, B. Protective effect against sunburn of combined systemic ascorbic acid (vitamin C) and d-alpha-tocopherol (vitamin E). J. Am. Acad. Dermatol. 1998, 38, 45–48. [Google Scholar] [CrossRef]

	



Fuchs, J.; Kern, H. Modulation of UV-light-induced skin inflammation by D-alpha-tocopherol and L-ascorbic acid: A clinical study using solar simulated radiation. Free Radic. Biol. Med. 1998, 25, 1006–1012. [Google Scholar] [CrossRef]

	



Bendich, A.; Langseth, L. The health effects of vitamin C supplementation: A review. J. Am. Coll. Nutr. 1995, 14, 124–136. [Google Scholar] [CrossRef] [PubMed]

	



Kappus, H.; Diplock, A.T. Tolerance and safety of vitamin E: A toxicological position report. Free Radic. Biol. Med. 1992, 13, 55–74. [Google Scholar] [CrossRef]

	



Meydani, M. Vitamin E. Lancet 1995, 345, 170–175. [Google Scholar] [CrossRef]

	



Ogawa, Y.; Kinoshita, M.; Shimada, S.; Kawamura, T. Zinc and skin disorders. Nutrients 2018, 10, 199. [Google Scholar] [CrossRef] [PubMed]

	



Michalak, M.; Pierzak, M.; Kr, C.B.; Suliga, E. Bioactive compounds for skin health: A review. Nutrients 2021, 13, 203. [Google Scholar] [CrossRef] [PubMed]

	



Faria-Silva, C.; Ascenso, A.; Costa, A.M.; Marto, J.; Carvalheiro, M.; Ribeiro, H.M.; Simões, S. Feeding the skin: A new trend in food and cosmetics convergence. Trends Food Sci. Technol. 2020, 95, 21–32. [Google Scholar] [CrossRef]








[image: Nutrients 13 01691 g001 550] 





Figure 1. The mechanisms by which UV irradiation regulates collagen and hyaluronic acid content in dermal fibroblasts. Adcy: adenylyl cyclase; AGEs: advanced glycation end products; AP-1: activating protein-1; ERK: extracellular signal-regulated kinase; GC: glucocorticoid; HA: hyaluronic acid; HAS2: hyaluronic acid synthase 2; HO-1: heme oxygenase 1; IL: interleukin; JNK: Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; MMP: matrix metalloproteinase; NF-κB: nuclear factor-κB; Nrf2: nuclear factor-E2-related factor 2; TGF: transforming growth factor; TRPV: transient receptor potential cation channel V. 
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Table 1. Summary of dietary components to boost photoaged skin in animal experiments.
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Ingredients

	
Model

	
Dose

	
Duration

	
Main Results

	
Reference






	
Phytochemicals




	
Immature Citrus unshiu

	
HR-1 hairless mice, male, 6 weeks old

	
200 mg/kg body weight/day

	
7 weeks

	
skin hydration ↑

transepidermal water loss ↓

overgrowth of epidermal cell ↓

epidermal cell mortality ↓

basement membrane destruction ↓

	
[104]




	
Hydrangenol

	
HR-1 hairless mice, male, 5 weeks old

	
5, 10, 20, 40 mg/kg/day

	
7 weeks

	
collagen, HA ↑

Nrf2, HO-1 ↑

wrinkles, dorsal thickness, dehydration ↓

HAS-1/-2 ↓

MAPKs, MMP-1/-3 ↓

COX-2 ↓

IL-6 ↓

	
[105]




	
Dihydromyricetin and ellagic acid

	
ICR mice, male, 6 weeks old

	
0.7% cellulose; 0.7% ellagic acid; 0.7% dihydromyricetin or 0.35% ellagic acid and 0.35% dihydromyricetin

	
3 weeks

	
TGF-β1 ↑

wnt ↑

	
[106]




	
Hawthorn polyphenol

	
BALB/c mice, female, 5–6 weeks old

	
100, 300 mg/kg/day

	
12 weeks

	
antioxidant enzyme activity ↑

type I procollagen ↑

epidermal thickening, dermal damage ↓

ROS ↓

MAPKs ↓

NF-kB ↓

	
[107]




	
Hawthorn polyphenol

	
BALB/c mice, female, 5–6 weeks old

	
100, 300 mg/kg/day

	
12 weeks

	
ROS ↑

DNA damage ↓

p53 activation ↓

caspase activation ↓

	
[108]




	
Cocoa extract

	
SKH-1 hairless mice, female, 6 weeks old

	
39.1, 156.3, 625 mg/kg

	
8 weeks

	
MAPK, MMP-1 ↓

cathepsin G ↓

wrinkles ↓

	
[116]




	
Mycosporine-like amino acids extracted from Porphyra tenera

	
ICR mice, male

	
5, 10, 20 mg/mL

	
30 days

	
NF-kB ↑

hydroxyproline ↑

collagen ↑

MMP-1, MMP-3 ↓

TNF-α ↓

	
[117]




	
Garlic supplementation

	
SKH-1 hairless mice, female, 6 weeks old

	
1%, 2%

	
8 weeks

	
dorsal skin, epidermal thickness ↑

procollagen ↑

SOD, CAT ↑

wrinkles ↓

ROS ↓

MDA ↓

MMP-1, MMP-2 ↓

	
[118]




	
Foeniculum vulgare mill extract

	
HR-1 mice, male, 7 weeks old

	
0.1%, 1%

	
10 weeks

	
collagen ↑

Nrf2 ↑

elastin ↑

TGF-β

1 ↑

MAPK, MMPs ↓

	
[119]




	
Wheat extract oil

	
SKH-1 hairless mice, 6 weeks old

	
30, 60, 120 mg/kg

	
12 weeks

	
moisture, skin elasticity ↑

procollagen type I, HA ↑

ceramide ↑

	
[120]




	
Fermentation of blackberry with L. plantarum JBMI F5

	
SKH-1 hairless mice, female, 6 weeks old

	
158 mg/kg of blackberry and 1 × 1010 CFU of L. plantarum JBMI F5

	
4 weeks

	
type-1 procollagen ↑

antioxidant enzyme ↑

ECM density ↑

MAPK/NF-κ

B signaling ↓

wrinkles ↓

epidermal thickening ↓

	
[121]




	
Functional proteins and peptides, sugars, or oils




	
Collagen hydrolysates from silver carp (Hypophthalmichthys molitrix) skin

	
Kunming mice, female, 5 weeks old

	
50, 100 and 200 mg per kg body weight collagen hydrolysates

	
6 weeks

	
hydroxyproline ↑

HA ↑

moisture contents ↑

antioxidative enzyme activities ↑

	
[10]




	
Tremella 

fuciformis polysaccharides

	
SD rats, female, 6/7 weeks old

	
100, 200, 300 mg/kg/day

	
4 weeks

	
moisture contents ↑

collagen ↑

stability of type I/III collagen ratio ↑

glycosaminoglycans ↑

SOD, CAT ↑

	
[11]




	
Sargassum fusiforme polysaccharide

	
Kunming mice, female, 7 weeks old

	
200, 400, 600 mg/kg/day

	
9 weeks

	
SOD, CAT ↑

MMP-1, MMP-9 ↓

ROS, MDA ↓

oxidative stress ↓

	
[12]




	
7 mega™500

	
HR-1 hairless mice, male, 5 weeks old

	
50, 100, 200 mg/kg

	
12 weeks

	
wrinkles ↓

MMP-3 ↓

c-Jun ↓

	
[128]




	
Dietary suberic acid

	
SKH-1 hairless mice, female, 6 weeks old

	
0.05%, 0.1%, 0.2% suberic acid

	
10 weeks

	
TGF-β/smad pathway ↑

COL1A1, COL1A2, COL3A1 ↑

HAS1, HAS2, HAS3 ↑

skin dryness ↓

wrinkles ↓

epidermal thickness ↓

MAPK/AP-1 pathway ↓

MMP-1a, MMP-1b, MMP-3, MMP-9 ↓

	
[129]




	
Olive oil

	
Swiss mice, male, 8–12 weeks old

	
1.5 g/kg per day, contained 74.7 g of oleic acid cis 9 (C18:1) per 100 g of oil and 0.104 mg/mL of total polyphenols

	
4 weeks

	
collagen ↑

ROS ↑

lipid peroxidation ↓

protein carbonylation ↓

MMP-8 ↓

	
[13]




	
Insect extracts

	
HR-1 hairless mice, male

	
0.1 mL extracts containing 100 mg/kg body weight

	
12 weeks

	
Collagen, HA ↑

TGF-β ↑

winkles ↓

epidermal thickness ↓

barrier dysfunction ↓

loss of transepidermal water ↓

MAPK, MMPs ↓

pro-inflammatory cytokines ↓

	
[137]




	
Probiotics




	
Bifidobacterium breve B-3

	
HR-1 hairless mice, male, 6 weeks old

	
2 × 109 cfu/mouse /day

	
7 weeks

	
tight junction structure, basement membrane ↑

transepidermal water loss ↓

epidermal thickness ↓

IL-1β ↓

	
[15]




	
Tyndalized Lactobacillus acidophilus

	
HR-1 hairless mice, male, 6 weeks old

	
100 mg tyndalized Lactobacillus acidophilus/kg body weight/day

	
12 weeks

	
skin hydration ↑

transepidermal water loss ↓

MMP-1, MMP-9 ↓

wrinkles ↓

	
[141]








Abbreviations: CAT, catalase; COX, cyclooxygenase; ECM, extracellular matrix; HA, hyaluronic acid; HAS, hyaluronic acid synthase; HO-1, heme oxygenase-1; IL, interleukin; MAPK, mitogen-activated protein kinase; MDA, malondialdehyde; MMP, matrix metalloproteinase; NF-kB, nuclear factor-κB; Nrf2, nuclear factor-E2-related factor 2; ROS, reactive oxygen species; SOD, superoxide dismutase; TGF, transforming growth factor; TNF, tumor necrosis factor.
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Table 2. Summary of dietary components to boost photoaged skin health in clinical trials.
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Ingredients

	
Country

	
Sample Subjects and Size

	
Study Design

	
Dose

	
Duration

	
Main Results

	
Reference






	
Phytochemicals




	
Astaxanthin

	
Japan

	
Human, 23

	
a randomized, double-blind, placebo-controlled trial

	
4 mg

	
10 weeks

	
skin moisture ↑

skin texture ↑

	
[97]




	
Lycopene

	
UK

	
Women, 20, mean age 33 years

	
a randomized controlled study

	
55 g tomato paste (16 mg lycopene)

	
12 weeks

	
MED ↑

MMP-1 ↓

mtDNA ↓

	
[99]




	
Lycopene and lutein

	
Germany

	
Human, 65

	
a double-blinded, placebo-controlled, crossover study

	
5 mg lycopene and 10 mg lutein

	
12 weeks

	
HO-1 ↓

intercellular adhesion molecule 1 ↓

MMP-1 ↓

	
[99]




	
Lycopene, β-carotene and Lactobacillus johnsonii

	
France

	
PLE patients, 17 males and 43 females, 60

	
a randomized, placebo-controlled, double-blinded study

	
nutritional supplement containing 2.5 mg lycopene, 4.7 mg of β-carotene and 5 × 108 cfu of the probiotic Lactobacillus johnsonii

	
12 weeks

	
ICAM1 ↑

PLE score ↓

	
[101]




	
Resveratrol–

procyanidin blend

	
Italy

	
Men and women, 50, aged 35–65 years

	
a placebo-controlled, double-blind study

	
8 mg transresveratrol and 14.63 mg procyanidin

	
60 days

	
skin moisturization, elasticity ↑

values for systemic oxidative stress, plasmatic antioxidant capacity, skin antioxidant power ↑

skin roughness, wrinkles ↓

	
[110]




	
Green tea polyphenols

	
Germany

	
Women, 60, aged 40–65 years

	
a double-blind, placebo-controlled study

	
1402 mg green tea polyphenols

	
12 weeks

	
skin elasticity, roughness ↓

water homeostasis ↑

blood flow and oxygen delivery to skin ↑

erythema ↓

	
[114]




	
Curcumin

	
Japan

	
Human, 47

	
a randomized, double-blind, placebo-controlled trial

	
30 mg curcumin

	
8 weeks

	
water content ↑

TNF-α ↓

IL-1 ↓

	
[111]




	
Rosemary (Rosmarinus officinalis) and grapefruit (Citrus paradisi) polyphenols

	
Spain

	
Women, 90

	
a randomized, parallel-group study

	
Long-term: 250 mg/day; Short-term: 100, 250 mg/day

	
Long-term: 2 weeks; Short-term: 24, 48 h

	
skin redness ↓

wrinkles ↓

skin elasticity ↑

	
[115]




	
Functional proteins and peptides, sugars, or oils




	
Bioactive collagen peptide VERISOL®

	
Brazil

	
Women, 114, aged 45–65 years

	
a double-blind, placebo-controlled study

	
2.5 g

	
8 weeks

	
procollagen I, elastin, fibrillin ↑

wrinkles ↓

	
[122]




	
collagen peptide

	
Japan

	
Women, 33, aged 40–59 years

	
an ex vivo model and randomized, placebo-controlled clinical trial

	
10 g specific mixture of collagen peptides of fish origin (Peptan®F) or porcineorigin (Peptan®P)

	
12 weeks

	
skin hydration ↑

collagen density ↑

glycosaminoglycan ↑

	
[123]




	
A collagen hydrolysate and antioxidant-

containing nutraceutical

	
India

	
Women, 34, mean age 39.5 years

	
-

	
Marine collagen peptides (5 g of fish collagen peptides) and antioxidant blend (natural tomato extract, grape seed extract, green tea extract, vitamin C and vitamin E)

	
30 days

	
skin hydration, firmness, elasticity, barrier function ↑

wrinkle width, open pores, skin roughness, the color of hyperpigmented blemishes ↓

	
[124]




	
Galacto-oligosaccharides

	
Korea

	
Women

	
a randomized, double-blind clinical trial

	
1 g twice a day

	
12 weeks

	
TEWL ↓

wrinkles ↓

	
[125]




	
Squalene

	
Korea

	
Women, 40, >50 years

	
-

	
13.5, 27 g/day

	
90 days

	
procollagen ↑

MED ↑

facial erythema ↓

keratinocytic apoptosis ↓

thymine dimer level ↓

wrinkles ↓

	
[131]




	
Fish oil

	
US

	
Human, 10

	
-

	
10 capsules per day of fish oil containing each 280 mg EPA and 120 mg DHA

	
4 weeks

	
MED ↑

	
[132]




	
Argan oil

	
Morocco

	
Postmenopausal women, 60

	
-

	
25 mL/day

	
60 days

	
gross elasticity of skin, net elasticity of skin, biological elasticity ↑

resonance running time ↓

	
[134]




	
Aloe sterol

	
Japan

	
Men, 48

	
a randomized, double-blind, placebo-controlled study

	
40 mg/d

	
12 weeks

	
skin elasticity ↑

	
[135]




	
Aloe sterol

	
Japan

	
Women, 64

	
a randomized, double-blind, placebo-controlled study

	
aloe sterol yogurt contained 40 µg of aloe sterol per 100 g

	
12 weeks

	
skin elasticity ↑

skin hydration ↑

collagen ↑

	
[135]




	
Probiotics




	
Lactococcus H61

	
Japan

	
Women, 30

	
a double-blind, placebo-controlled trial

	
4 × 1010 cfu

	
8 weeks

	
balance of intestinal microbes and intestinal health ↑

antioxidant activity ↑

skin immune response ↑

	
[14]




	
Lactobacillus paracasei NCC 2461

	
France

	
Women, 64, aged 18–40 years

	
a randomized, double-blind, placebo-controlled study

	
1 × 1010 cfu

	
4 weeks

	
barrier function ↑

skin sensitivity ↓

	
[142]








Abbreviations: HO-1, heme oxygenase-1; ICAM, intercellular adhesion molecule; IL, interleukin; MED, minimal erythema dose; MMP, matrix metalloproteinase; mtDNA, mitochondrial DNA; PLE, polymorphic light eruption; TEWL, transepidermal water loss; TGF, transforming growth factor.
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