









Resveratrol, Reactive Oxygen Species, and the Science of Aging: A Mini Review



ABSTRACT
Aging is an inevitable biological process that affects all organs, including the skin. It is influenced by both intrinsic (genetic, hormonal, and metabolic changes) and extrinsic factors (environmental exposure, pollution, and UV radiation). A key contributor to aging is oxidative stress, driven by reactive oxygen species (ROS), which can damage cellular structures, including DNA, lipids, and proteins. The accumulation of ROS leads to skin aging by degrading collagen and elastin, disrupting cellular function, and triggering inflammatory responses.
Resveratrol, a polyphenolic compound found in grapes, has been recognized for its strong antioxidant and anti-aging properties. It neutralizes ROS, enhances endogenous antioxidant enzyme activity, and modulates cellular signaling pathways involved in oxidative stress and inflammation. By reducing oxidative damage, resveratrol helps maintain skin health and slows the aging process.
This review highlights the mechanisms of skin aging, the role of ROS, and the protective effects of resveratrol. Resveratrol presents a promising natural intervention for preventing and mitigating age-related skin deterioration.
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1. INTRODUCTION
“Aging is an unavoidable physiological condition that affects all humans. This process is irreversible and affects all organs in the body, including the skin. The aging process is separated into two stages. The first is the intrinsic process, which is a physiological aging process that occurs spontaneously as a result of different elements within the body, such as heredity, chronic disease, and hormones”. [Putro 1997; Anggowarsito 2014]

Second, extrinsic aging is influenced by environmental factors such as excessive sunshine, pollution, smoking habits, vitamin deficiency, and an imbalanced diet. Pollution, high UV intensity, temperature, toxins, and dietary inadequacies can all expose the human body to free radicals. Free radicals are molecules with one or more unpaired or free electrons in unstable outer orbits. This molecule is particularly reactive, hunting for electron pairs to achieve stability, which is why it is also known as Reactive Oxygen Species (ROS).

“If free radicals are present in excess, an imbalance will occur between free radical molecules and endogenous antioxidants. When the number of free radicals exceeds the body's ability to neutralize them, oxidative stress develops, which can damage the structure of cells, tissues, and organs”. [Wahyuningsih 2011; Fadiyah et al. 2018; Inggrid et al. 2014]

2. Mechanism of ROS
“Reactive oxygen species (ROS) can be classified into two main categories: oxygen molecules possessing an unpaired electron and those existing in an excited state. The first category encompasses superoxide anion radicals (O2−•), hydroxyl radicals (•OH), lipid peroxyl radicals (LOO•), and nitric oxide radicals (•NO). The second category is represented by singlet oxygen (O2). Notably, O2−• is produced through various enzymatic processes, including those involving NADPH oxidase and xanthine oxidase, as well as being a byproduct of the respiratory chain reaction”. [Masaki 2010]
3. Reasons for Aging	
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Fig. 1. Schematic representation of the factors that modulate the aging processes

3.1. Endogenous Factors

Genetic and Cellular Metabolism:
The aging process is shaped by genetic influences and the metabolic activities within the body’s cells.

Hormonal and Metabolic Changes:
Variations in hormone levels and metabolic functions significantly contribute to the aging experience.

Antioxidant Production:
The body generates its own antioxidants, such as superoxide dismutase and glutathione, which serve to combat oxidative stress and protect against cellular harm.

Telomeres and Telomerase Activity:
Telomeres, which are protective structures at the ends of chromosomes, gradually shorten as we age, while the enzyme telomerase, responsible for maintaining telomere length, diminishes over time.

Oxidative Stress:
Endogenous production of reactive oxygen species (ROS) can result in oxidative stress, leading to cellular damage and accelerating the aging process.

Chronic Inflammation:
Persistent inflammation is a key characteristic of aging and can be affected by internal factors [Hermosaningtyas et al. 2024].


3.2. Exogenous Factors 

Reactive oxygen species (ROS) can be triggered by various external factors, including pollutants, heavy metals, tobacco smoke, pharmaceuticals, xenobiotic, micro plastics, and radiation. Ionizing radiation can produce harmful intermediates by interacting with water, a phenomenon known as radiolysis. Given that water constitutes 55–60% of the human body, the likelihood of radiolysis occurring in the presence of ionizing radiation is significant. During this process, water loses an electron, becoming highly reactive. This initiates a three-step chain reaction, transforming water into hydroxyl radicals (•OH), hydrogen peroxide (H2O2), superoxide radicals (•O−2), and ultimately oxygen (O2). 

The hydroxyl radical is highly reactive and quickly extracts electrons from any nearby molecules, converting them into free radicals and perpetuating a chain reaction. In contrast, hydrogen peroxide is more detrimental to DNA than the hydroxyl radical, as its lower reactivity allows it to penetrate the cell nucleus and interact with essential macromolecules like DNA. 

Dietary Intake: Certain foods and supplements, particularly those rich in antioxidants and polyphenols, can aid in mitigating the effects of aging.  Environmental Factors: Exposure to ultraviolet radiation, pollution, and smoking can hasten the aging process.  

Lifestyle Choices: Factors such as diet, physical activity, stress management, and sleep patterns can significantly affect aging.  

Exogenous Antioxidants: Incorporating antioxidants through diet or supplements can help alleviate oxidative stress.

Bioactive Peptides: Some external bioactive peptides have demonstrated potential anti-aging benefits.
Glycation: Exogenous glycation products, commonly found in processed foods, may contribute to the aging process [wang et al. 2022].

4. How skin aging takes place due to ROS?

“Skin cells are constantly exposed to the harmful effects of free radicals that are generated by both endogenous and exogenous factors” [Godic et al. 2014]. Although “the skin has natural defense mechanisms against free radicals, it is susceptible to their effects when they are produced in excessive amounts” [Masaki 2010; Nichols and Katiyar 2010]. “ROS affect the epidermis and dermis. Free radicals may damage the skin by destroying lipid components of sebum and ceramides of the intercellular cement of the stratum corneum or by oxidation of polyunsaturated fatty acids of cell membrane phospholipids”.[Wolfle et al. 2014; Ndiaye et al. 2014] “Free radicals, including O2, directly damage the DNA and lipids of epidermal keratinocytes”.[Nakai and Tsuruta 2021]  “High ROS levels induce a complex cellular response in keratinocytes, with activation of the NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) pathway. NF-κB is a kappa light-chain synthesis promoter in B cells associated with cellular longevity (regulating the expression of telomerase genes, inflammation, angiogenic and anti-apoptotic factors, and cellular proliferation) and is involved in the development of skin diseases (psoriasis vulgaris, allergic dermatitis, and skin cancer)”.[ Nakai and Tsuruta 2021; Son et al. 2011] “In human keratinocytes, oxidative stress caused by ROS can also lead to the activation of mitogen-activated protein kinase (MAPK) pathways. Increased ROS production in a cell activates extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), or p38 MAPK. Activated MAPKs phosphorylate various substrate proteins (e.g., transcription factors), resulting in regulation of various cellular activities (e.g., proliferation, differentiation, inflammatory responses, and apoptosis)” [Son et al. 2011]. Moreover, “ROS contribute to OxS-induced degradation of melanocytes and compromise the function of cellular proteins, such as tyrosine-related protein 1 (TRP1), involved in melanogenesis” [Chen et al. 2021]. “ROS are also capable of inducing the expression of proteinases responsible for remodeling the extracellular matrix (ECM), such as serine proteases and matrix metalloproteinase (MMPs), mainly collagenase 1 (MMP-1). This enzyme is responsible for the degradation of collagen, which is the main building component of the skin. Moreover, oxidized lipids, such as linoleic acid hydroperoxide, enhance the expression of MMP-1 and MMP-3” [Wolfle et al. 2014; Pai et al. 2014; Zillich et al. 2015]. “Free radicals also damage elastin fibres and cause depolymerization of hyaluronic acid” [Wolfle et al. 2014]

“Free radical reactions lead to skin lesions, which are characterized by a disruption of defence and restoration mechanisms in the skin [Wolfle et al. 2014; Jadoon et al. 2015]. Free radicals adversely affect the condition and functioning of the skin, and OxS is one of the major mechanisms of skin aging” [Pai et al. 2014].

5. Generation of ROS in the skin

UV radiation serves as a significant trigger for the generation of reactive oxygen species (ROS) in the skin. The specific types of ROS produced are influenced by the wavelength of the UV light. UVB radiation primarily promotes the formation of the superoxide radical (O2−) by activating NADPH oxidase and respiratory chain processes [Chung 1996; buechner 2008]. In contrast, UVA radiation generates singlet oxygen (O2) through photosensitizing interactions with internal chromophores, including riboflavin and porphyrin. Additionally, UVA contributes to the production of superoxide radicals via NADPH oxidase activation [Obayashi 2006] and the photosensitization of advanced glycation end products.

6. Source of polyphenol from grapes
Grapes (Vitis vinifera) are abundant in the phytochemical resveratrol, a type of polyphenol compound. Vitis vinifera (family Vitaceae) has been shown to be useful in treating the clinical signs of aging skin. Because of the high antioxidant content of V. vinifera, cream may have anti-aging and antioxidant benefits [Somavanshi et al. 2021]. Resveratrol is recognized for its strong antioxidant properties. Specifically, “resveratrol (3,5,4′-trihydroxy-trans-stilbene) is classified within the stilbenoids group of polyphenols, characterized by two phenolic rings connected by an ethylene bridge. This natural polyphenol has been identified in over 70 plant species, with significant concentrations found in the skin and seeds of grapes, as well as in varying amounts in red wines and a range of human food products” [Fadiyah et al. 2018].
7. Resveratrol (polyphenol, stilbenes)
A stilbene-structured polyphenol, phytoestrogen, and phytoalexin, resveratrol (3,4,5-trihydroxystilbene) is present in grapes [Majidinia et al 2019], particularly their skin, as well as berries, mulberries, raspberries, tomatoes, strawberries, and almonds [Fremont 2000; Berman et al. 2017]. Wines, particularly red wines, are a rich source of polyphenols [Fremont 2000]. Its activity is quite diverse, as evidenced by its demonstrated neuroprotective, anticancer, antioxidant, anti-inflammatory, and antiproliferative properties. It lowers the risk of cardiovascular events by lowering cholesterol levels and preventing thrombocyte aggregation [Fremont 2000; Wicinski et al. 2018]. Consequently, resveratrol is thought to be the cause of the so-called "French paradox," which is a phenomenon in which the morbidity of cardiovascular disease is relatively low despite the French diet's high animal fat content [Berman et al. 2017; Wicinski et al. 2018].
8. Structure
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Fig. 2. Structure of Resveratrol
(a)cis-Resveratrol (b)Trans-Resveratrol

Resveratrol is a stilbenoid polyphenol characterized by two phenolic rings connected by an ethylene bridge. The chemical composition of resveratrol, known as trans-3,5,4′-trihydroxystilbene, exists in two isomeric forms: cis-resveratrol and trans-resveratrol.

Formal chemical name (IUPAC name) of resveratrol is E-5-(4-hydroxystyryl) benzene-1,3-diol.

9. Mechanisms of Resveratrol on Aging
“Resveratrol's anti-aging mechanisms. Resveratrol has the potential to regulate oxidative stress by increasing the activity of nuclear factor erythroid-2 related factor 2 (Nrf2) and antioxidant enzymes such as catalase (CAT) and superoxide dismutase (SOD), which prevent the generation of reactive oxygen species (ROS). In order to reduce ROS in mitochondria and enhance mitochondrial biogenesis and function, resveratrol may downregulate the Akt/mTOR pathway and activate the antiaging factor sirtuin1 (Sirt1). In order to reduce the levels of inflammatory indicators such as interleukin-1ẞ (IL-1ẞ), tumor necrosis factor-a (TNF-a), and monocyte chemoattractant protein-1 (MCP-1), resveratrol may increase the activities of nuclear-factor kappa B (NF-kB) and Sirt1. Resveratrol may inhibit p53, enhance forkhead box protein 01 (Foxo1)” [Vaiserman et al. 2017; Reiter et al. 2018].

10. Effect of Resveratrol

The mechanism of action of resveratrol with respect to its anti-aging properties is complex, acting on a variety of pathways involved in nutrient sensing and energy metabolism as well as epigenetic modulation, including the insulin/IGF-1, AMPK, mTORC1, and SIRT pathways. Resveratrol can slow down the aging process and is helpful in the treatment of several diseases, including obesity, type 2 diabetes, cancer, cardiovascular diseases, and neurodegenerative diseases. It also acts as an immune system regulator, though there have been conflicting findings regarding its effects on human energy metabolism.

10.1 Apoptosis 

RES's antioxidant activity reduces oxidative stress, which in turn reduces apoptosis and cell death, giving it antiapoptotic and cardioprotective properties. Additionally, RES has positive effects on a variety of signalling pathways that play significant roles in inflammation, apoptosis, and I/R injury. It can also activate the components of the endogenous antioxidant system, including GSH, SOD, and CAT. The PI3K/AKT axis, NF-kB and p53 signalling, and the reduction of IL-1, IL-6, TNF-a, and IL-18 expression in vivo are the mechanisms by which RES has this beneficial effect. By activating sirtuins, RES shields cardiomyocytes against H2O2-induced apoptosis, according to the results of in vitro tests. Histone deacetylases known as sirtuins have a wide range of impacts on cellular homeostasis, cell survival, the antioxidant system, inflammatory processes (Foxo3a, p53, NF-kB), and energetics (SOD2, PGC-1alpha). By triggering NF-kB, SIRT3 shields cells from oxidative stress-induced cell death.

10.2 Effect on Neurological disorders

As a natural remedy to prevent inflammatory and neurological disorders, resveratrol is becoming more and more significant. Additionally, RV's antioxidant qualities, which activate SIRT1 and SIRT, contribute to brain development. According to recent findings, antioxidant assets are the source of RV's therapeutic benefits. It has been discovered that RV significantly inhibits the polymerization of β-amyloid peptide, which encourages β-amyloid peptide protease breakdown. Additionally, via increasing glutathione (GSH) and lowering malondialdehyde (MDA) levels, RV exhibits neuroprotective effects against AD. Moreover, RV reduces NF-kB signalling by activating SIRT1. Resveratrol's antioxidant activity was thought to be responsible for the action of Huntington's disease (HD) and amyotrophic lateral sclerosis (AMS), whereas SIRT activation [Zhang et al. 2021].

10.3 R-Cu treatment retards ageing 

The available research on the use of antioxidant therapy to slow down aging in humans and animals has produced inconsistent and unsatisfactory outcomes. Nonetheless, strong new data suggests that cfChPs' lifetime detrimental effects on healthy cells cause aging, which can be lessened by ROS produced by R-Cu injection. According to a recent study, long-term oral R-Cu administration can suppress a number of biological indicators of aging in C57Bl/6 mice's brain cells, including telomere shortening, amyloid buildup, apoptosis, inflammation, mitochondrial dysfunction, DNA damage, senescence, and aneuploidy [Mittra 2024].

10.4 Mechanisms of Resveratrol's Anti-Cancer Effects

[bookmark: _GoBack]Numerous research have assessed “the effects of resveratrol in combination with chemotherapeutic drugs, and several review articles have emphasized the anti-cancer action of resveratrol. Resveratrol inhibits the initiation, development, and progression of cancer through a variety of anti-cancer pathways. The induction of apoptosis to eliminate damaged cells, enhanced antioxidant and detoxifying capacity (phase II enzymes), induction of cell cycle arrest, disabling angiogenic switches, lowering the blood and nutrition supply to tumorigenic sites, decreased invasion and metastasis, and sensitizing tumor cells when combined with another anti-cancer agent during chemotherapy are some of the ways that resveratrol inhibits cancer. Resveratrol causes leukemia, colon, breast, and prostate cancer cell lines to undergo apoptosis” [Pyo et al 2020].

11. Biomolecules having antiaging activity

Table 1. Biomolecules source and mechanism [Bjorklund et al. 2022]

	Biomolecules
	Source
	Mechanism

	Vit C (L-ascorbic acid)
	Fresh fruits and vegetables
	Stimulate collagen synthesis in the dermal layer and contribute to the protection against UV induced damage 

	Vit-E(tocopherol)
	Nuts, grains & extra virgin oils of olive, corn
	Preventing and reducing injury induced by ROS, also prevent UV lipid peroxidation and exhibit a very positive impact on dermal protection.

	Copper
	Mushrooms, oysters, nuts, green leafy vegetables, lobster
	Stimulate the maturation of skin collagen as a key component for improving skin elasticity

	Selenium 
	Sea food, meat, cereals, and grains
	Have an antioxidant function by reducing ROS 

	Resveratrol
	Grapes skin, seeds, red wines
	Its shows anti-inflammatory effect which leads to decrease in cyclooxygenase activity

	Curcumin 
	Curcuma longa
	It is used to treat an inflammatory effect

	Terpenoids 
	Marine organisms, mushrooms, etc.
	It shows their valuable antiaging potential in anxiety, dementia and other disorder

	Omega-3(polyunsaturated fatty acids)
	Fish, calanus oils, pumpkin and sunflower seeds
	It improves normal aging 



12. The Suppression of Oxidative Stress

One well-known element of molecular and cellular tissue damage pathways is oxidative stress [Chuku and Chinaka 2020]. Oxidative stress plays a significant role in the aging process and the onset and progression of age-related diseases. The gradual deterioration of cellular structures and functions is driven by lipid peroxidation, protein peroxidation, and a weakened defense system due to elevated levels of reactive oxygen species (ROS). This deterioration ultimately leads to cellular senescence and accelerates aging. [Liguori et al. 2018; Korovila et al. 2017] Numerous studies have indicated that resveratrol can mitigate oxidative stress, thereby providing anti-aging benefits.
13. Polyphenols and their effects on aging 
Table 2. Polyphenols and aging [Arora et al. 2020]
	Polyphenols
	Aging-Related Activity
	Source

	Apigenin
	Antioxidant activity
Behavioural impairment
↓ Organic index
Histopathological changes
Repair of skin dryness
↑ Moisture content
↑ Dermal density
↑ Skin elasticity
anti-apoptotic and pro-apoptotic proteins imbalance
↑ Mitochondrial superoxide levels
	Apigenin is a plant-based flavone with anti-oxidative properties.

	Curcumin (CUR)

	↑ OS
DNA repair mechanisms
Hormesis
Muscle mass function
↑ Anti-oxidative properties
↑ Anti-oxidative properties
	Found in vegetables

	Epigallocatechin-3-Gallate (EGCG)

	↑ Apoptosis
↓ Cellular proliferation
↓ DNMT activity
↓ HDAC activity
Telomerase inhibition
	Found in green tea

	 Genistein (GES)

	↑ DNA repair
↓ UV-radiation exposure
↓Tyrosine kinase activity
↓ Hypermethylation
↓ DNMT1 activity
↓ DNMT3a activity
↑Autophagic flux
	Found in olives, soybeans, fava beans

	Pterostilbene (PTER)

	↓ OS
↓ Mitochondrial morphological disorder
↑ Declarative memory
↑ Working memory
	Found in grapes, berries, peanuts and wine.

	Resveratrol (RES)

	↑ Myocardial performance index
↑ HDAC activity
↓ Inflammatory cytokines
↓ Cognitive defects
Reversal of aging-associated learning and cognitive impairment
↓ Inflammatory cytokines
↓ Cognitive defects
Reversal of aging-associated learning and cognitive impairment
	Found in almonds, blueberries, and grapes

	Quercetin
	↑ Apoptosis
↑ OS
↓ H3K9me3 activity
Delaying down-regulation of SIRT activity
	Found in vegetables, fruits


*↓—decreased, ↑—increased

13. Conclusion
[Aging is a multifactorial biological process influenced by both endogenous factors, such as genetics, hormonal changes, and metabolic activity, and exogenous factors, including UV radiation, pollution, and lifestyle choices. A key contributor to aging is the excessive production of reactive oxygen species (ROS), which leads to oxidative stress and cellular damage, particularly affecting the skin by degrading collagen, elastin, and DNA. Polyphenols—especially resveratrol found in Vitis vinifera (grapes)—have shown great promise in combating oxidative stress. Resveratrol exhibits multiple protective mechanisms: it neutralizes ROS, boosts antioxidant enzyme activity, regulates apoptosis, and provides neuroprotective effects. When combined with copper, its therapeutic potential is enhanced, notably in anticancer applications. In addition to resveratrol, other polyphenols such as curcumin, quercetin, genistein, pterostilbene also contribute to slowing the aging process through their antioxidant and anti-inflammatory properties. Polyphenols, particularly resveratrol, represent a valuable natural approach to reducing age-related cellular damage, preserving skin health, and preventing neurodegenerative and cancerous conditions.].
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