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Flavonoids are a diverse family of natural phenolic compounds commonly found in fruits, vegetables, tea, wine, and

Chinese herbal medicine. Flavonoids have a basic C6–C3–C6 15 carbon skeleton composed of two aromatic rings and

one pyran ring. Flavonoid compounds are divided into six subclasses based on their carbon structure and level of

oxidation, which are flavones, flavonols, flavanones, isoflavones, flavanol, and anthocyanins.
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1. Cellular Senescence Is Driven by Unrepaired Damage
1.1. DNA Damage and Repair

DNA damage has been thought to be a strong candidate as the primary cause of aging . DNA damage includes

oxidative modifications, single- and double-strand breaks (DSBs), and mutations, both in vitro and in vivo . Many

studies have indicated that DNA damage accumulation is associated with aging . A complete DNA repair system is

also established to repair DNA damage in cells. Prominent DNA repair pathways in mammalian cells are base excision

repair (BER), mismatch repair (MMR), nucleotide excision repair (NER), and double-strand break repair (DSBR). It has

been observed that the ability to repair DNA damage decreases with aging . Thus, unrepaired DNA damage further

accumulates during aging. Unrepaired DNA damage can cause genome instability and induce a signal cascade that leads

to cell senescence or death and related cell aging phenotypes . More than 50 DNA repair disorders have been

described as having varying degrees of overlapping phenotypes with aging, such as neurodegeneration, cancer, and

cardiovascular disease .

1.2. Protein Damage

Various internal and external factors constantly damage intracellular proteins. Damage to proteins, in turn, may affect

myriad intracellular pathways given their abundance. Protein quality control (PQC) is critical to maintaining a functioning

proteome. The quality of the protein is guaranteed by the translation mechanism and the activity of auxiliary proteins

(including molecular chaperones), while degradation is controlled by autophagy and proteasome functions. The

accumulation of protein damage in the aging process is mainly due to (i) decreased translation fidelity , (ii)

downregulation of protein chaperones , and (iii) decreased proteasome activity  and other factors in protein

synthesis and quality control. Damaged proteins contribute to proteostatic stress, the accumulation of

misfolded/aggregated proteins, and protein toxicity, which further aggravate the senescence of cells.

1.3. Lipid Damage

Lipid damage is mainly due to lipofuscin, a nondegradable protein and lipid oxidation product, which accumulates in

senescent cells . Lipofuscin is an autofluorescent lipopigment formed by lipids, metals, and misfolded proteins, which is

especially abundant in nerve cells, cardiac muscle cells, and skin . Lipofuscin is emerging as another indicator of

senescent cells in culture and in vivo . Recent research results indicate that lipofuscin can actively change cell

metabolism, cell death, and apoptosis at different levels by inhibiting proteasomes, weakening autophagy and lysosomal

degradation, and acting as a metal ion pool to cause ROS generation . In addition, the dispersive nature of the deposits

distributed throughout the tissue may support the mechanism of lipofuscin diffusion and seeding of new lipofuscin

aggregates . It should be noted that damage accumulation continues even when cell division ceases and can continue

for months or even years.

2. Flavonoid Compounds Serve as Anti-Aging Agents

Over the last two decades, flavonoids have drawn attention as promising natural dietary molecules to prevent aging and

aging-related diseases. According to their different ways of interfering with aging, anti-aging flavonoids are divided into
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senolytic flavonoids, senomorphic flavonoids, and antisenescence activit.

2.1. Senolytic Flavonoids

Senescent cells and the senescence-related secretion phenotypes (SASPs) secreted by them are essential factors

leading to the aging of tissues and organs . Therefore, therapeutic approaches to specifically kill senescent cells can

extend health span and lifespan. “Senolytic” compounds can kill senescent cells . Quercetin is effective against

senescent human endothelial cells in combination with dasatinib, which is more effective in eliminating senescent MEFs

, reducing the expression of SASP factors . Moreover, quercetin plus dasatinib has been proven to enhance health

span and lifespan in old mice  and improve age-related diseases such as cardiovascular disease and

temporomandibular joint degeneration . Furthermore, in an open-label clinical trial, within three weeks, oral quercetin

and dasatinib improved the 6-min walking distance, walking speed, and ability to stand up from a chair and shortened the

body function battery five days after the last dose .

In a panel of 10 polyphenols examined, fisetin was potently senolytic in cultured senescent murine and human fibroblasts,

while luteolin had a weak effect on clearing senescent cells. Fisetin increased the median and maximum lifespans of aged

mice . Notably, fisetin treatment significantly reduced mortality, cellular senescence, and inflammatory markers and

increased antiviral antibodies when the SARS-CoV-2-related mouse β-coronavirus was exposed to old mouse pathogens

. As fisetin has a good effect against inflammatory factors, it has been used in clinical research to alleviate the

dysfunction of COVID-19 and the excessive inflammatory response in the elderly (NCT04537299). Burton et al. showed

that luteolin significantly reduced the proportion of microglia stained for IL-1β and IL-6 in LPS-treated adult mice .

2.2. Senomorphic Flavonoids

Senomorphics refer to compounds and dietary supplements that can restrain senescence-associated phenotypes by

explicitly suppressing the SASP or proinflammatory secretome. Recent research results also show that the flavonoids

apigenin, kaempferol, and 4,4′dimethoxychalcone also have such “senomorphic” effects. Apigenin belongs to the flavone

subclass of flavonoids and can delay the aging process by activating the Nrf2 pathway . Apigenin partially inhibits

SASP by inhibiting IL-1α signaling in human fibroblast cell lines through IRAK1 and IRAK4, p38-MAPK, and NF-κB .

Kaempferol is a flavonol, and it significantly inhibited IL-6, IL-8, and IL-1b expression but did not considerably affect

senescence itself in bleomycin-induced senescent BJ cells. A cellular mechanism study showed that kaempferol in

senescent BJ cells might be mediated, at least in part, by interfering with IRAK1/IkBa/NF-kB p65 signaling .

2.3. Another Antisenescence Activity of Flavonoids

In addition, an increasing number of flavonoids have been proven to delay the aging process. These compounds include

various subsets of flavonoids. The flavonoid 4,4′-dimethoxychalcone (DMC) is derived from Angelica keiskei koidzumi, a
plant with longevity- and health-promoting effects in traditional Chinese medicine. DMC extends the lifespan of yeast,

worms, and flies and decelerates the senescence of human cell cultures via GATA transcription factors to induce

autophagy .

Naringenin and nobiletin are widely found in the fruits of Citrus L. plants in the Rutaceae family. Both of them have

antioxidant effects and can reduce ROS in senescent cells. In addition, naringenin has a significant impact on reducing

cardiovascular markers of damage caused by aging . The lifespan analysis experiment in Drosophila showed that

treatment with 400 µm/L of naringenin could prolong lifespan by up to 22.62% . However, nobiletin’s role is mainly in

regulating abnormal energy metabolism. Nobiletin targets retinoid acid receptor-related orphan receptors (RORs) to

remodel circadian and metabolic gene expression, enhancing the circadian rhythm and preventing metabolic syndrome

. Furthermore, nobiletin-RORs have been reported to optimize skeletal muscle mitochondrial respiration and promote

healthy aging in high-fat diet mice .

Genistein is an isoflavone derived from soy products. Genistein induces autophagy to reduce cell senescence in vascular

smooth muscle cells . Genistein reduced age-related increases in NF-κB activity and NF-κB-dependent

proinflammatory gene expression in vivo in rats; thus, it can be used as an anti-inflammatory compound .

Antisenescence effects have also been reported for epicatechin. Epicatechin induces the reversal of endothelial cell

senescence and improves vascular function in rats . Supplementation with epicatechin has been observed to improve

the survival rate of elderly mice and age-related phenotypes such as skeletal muscle degeneration  and brain

dysfunction .

Myricetin and dihydromyricetin are produced in several plants, particularly in some commonly consumed fruits and

vegetables (strawberries, grapes). They have been approved as food supplements in Europe and the United States.
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Survival experiments show that both compounds prolong lifespan . Interestingly, myricetin and dihydromyricetin

have been reported to have anti-AD effects .

Rutin, a natural flavonoid glycoside compound, has revealed an extensive anti-aging effect. Rutin can induce autophagy

to extend the lifespan of Drosophila treated with HDF  and can also effectively improve the metabolic dysfunction

associated with aging by regulating the IIS signaling pathway . Moreover, the administration of rutin reduces the

expression of ROS and proinflammatory cytokines (TNF-α and IL-1β) in neuronal cells, which can prevent the

development of AD and protect the aging brain or slow the neurodegenerative process .

Hesperidin is a flavanone glycoside derived from citrus that has been found to possess various pharmacological

properties including antioxidant, cholesterol-lowering, and anti-inflammatory ones. Topical application of hesperidin can

improve functional abnormalities of the aging epidermis including abnormal epidermal permeability barrier function,

epidermal differentiation, lipid production, and stratum corneum acidification . Hesperidin upregulated Nrf2 and reduced

ROS, significantly prolonging the replicative lifespan of yeast . Hesperidin treatment also effectively protected the

hearts of aged rats by upregulating the protein level of Nrf2 and increasing the activity of enzymatic antioxidants . In

addition, some other citrus flavonoids such as naringin, hesperitin, and neohesperidin have also maintained ROS

scavenging and potential anti-aging activities in yeast .

Theaflavins are derived from the conversion of catechins by endogenous polyphenol oxidase and peroxidase during the

production of black tea . Studies have shown that theaflavin can delay the excessive proliferation of intestinal stem

cells, prevent intestinal dysbiosis, and inhibit the activation of the Imd signaling pathway, thereby prolonging the lifespan

of Drosophila. At the same time, theaflavin is effective in preventing DSS-induced colitis in mice . Moreover, theaflavin

can protect against oxidative stress-induced cellular senescence by activating Nrf2 in a mouse osteoarthritis model .

Furthermore, treatment of middle-aged mice with theaflavin 3-gallate reduced senescence in hypothalamic neural stem

cells while improving senescence-related pathology .

In short, flavonoids with anti-aging effects are diverse in both their types and their modes of action. Molecules of the same

subclass also have anti-aging targets, showing that more detailed research is needed to reveal their respective regulatory

mechanisms.

3. Benefits of Flavonoids in Attenuating Aging Damage

Due to the important impact of damage on cellular and systemic aging, the removal or repair of damage will help re-

establish the equilibrium state of damage repair and, thus, slow down the aging rate. Many findings suggest that

flavonoids play an essential role in reducing damage and rebuilding tissue homeostasis, as shown in Figure 1.
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Figure 1. Flavonoids work on each type of damage-dependent trigger of cellular senescence. Cells induced to senesce

by damaging insults exhibit higher basal levels of damage than healthy cells and generate damage at a higher rate.

Flavonoids can reduce cellular damage caused by a variety of damage insults. Quercetin protects red blood cells from

oxidative stress and genotoxicity in vitro . Quercetin can also protect cells from the stress of misfolded proteins in the

endoplasmic reticulum . Genistein may significantly reverse the misfolding of the N-CoR protein induced by PML-RAR

by inhibiting the selective phosphorylation-dependent binding of N-CoR and PML-RAR . Kaempferol  and apigenin

 may alter the protein associated with the internal ribosome entry site (IRES) to limit viral infection and inhibit viral

IRES-driven translation activities. In this way, flavonoids can reduce cell damage from the source.

Many flavonoids can act on DNA damage in a variety of ways. The flavonoids luteolin, naringenin, and rutin effectively

attenuate UVB-induced DNA damage in vitro  and in vivo . Quercetin has been reported to effectively reverse 1,2-

dimethylhydrazine-mediated oxidative stress and DNA damage by targeting the NRF2/Keap1 signaling pathway in rats

. Recently, nanocapsules containing dihydromyricetin were reported to have a 50% sun protection factor (SPF-DNA)

against DNA damage caused by UVB radiation and 99.9% protection against DNA damage induction . It was also

found that epicatechin protects against DNA damage induced by N-nitrosodibutylamine (NDBA) and N-nitrosopiperidine

(NPIP) in human hepatocarcinoma cells . The epicatechin myricetin activates nonhomologous end-joining DNA double-

strand break repair in human small intestinal cells . Therefore, flavonoids can reduce DNA damage and enhance the

DNA repair ability of cells, thereby reducing the accumulation of unrepaired damage.

Oxidative damage is believed to play a key role in pathological processes related to aging and age-related diseases, and

its underlying biochemical mechanisms have been elucidated in detail . Antioxidant capacity is an important activity

of flavonoids. In APRE-19 cells, the solid dispersion of apigenin upregulates the expression of antioxidant enzymes and

upregulates autophagy through the Nrf2 pathway, thereby inhibiting retinal oxidative damage . In a rat natural aging

model, fisetin significantly reduces pro-oxidants and increases the level of antioxidants to combat oxidative stress induced

by aging . Dihydromyricetin can reduce the oxidative damage of human umbilical vein endothelial cells induced by

sodium nitroprusside by activating the PI3K/Akt/FoxO3a signaling pathway . Nobiletin attenuates palmitate-induced

ROS and mitochondrial dysfunction in cultured alpha mouse liver 12 cells . In addition, naringenin , luteolin ,

genistein , kaempferol , and quercetin  have all been observed to inhibit oxidative damage in a variety of ways.

Therefore, flavonoids may eliminate oxidative damage in senescent cells and help cells to overcome aging and aging-

related diseases.

Flavonoids are also involved in the process of reducing and removing protein damage. Epicatechin upregulates eukaryotic

translation elongation Factor 1A (eEF1A) through the 67 kDa laminin receptor . Fisetin treatment of preadipocytes

reduced the phosphorylation of the 70 kDa ribosomal protein S6 kinase 1 (S6K1). Nobiletin significantly blocked the

activation of Akt/mTOR signaling and significantly inhibited the phosphorylation of S6K1 and eukaryotic translation

initiation factor 4E-binding protein 1 (4EBP1) . Phosphorylated S6K targets eIF4B and ribosomal protein S6 (RPS6). At

the same time, 4EBP binds to eukaryotic initiation factor 4E (eIF4E) at the eIF4E–eIF4G interaction interface to prevent it

from forming the translation initiation complex , thereby affecting translation fidelity.

Quercetin can specifically silence the expression level of HSP70. Previous studies have shown that HSP90 inhibitors

have senolytic activity . Luteolin can alleviate psoriasis’s pathological changes and symptoms by reversing the effects

of IFN-γ and HSP90 expression and exosomal secretion, regulating the proportion of immune cells and inhibiting

psoriasis. Myricetin interferes with the binding of HSP90β and TGF-β receptor II, thereby preventing fibroblast activation.

This indicates that flavonoids can also regulate the activity of chaperone molecules. Proteasome activity and autophagy

are important parts of protein quality control and a meaningful way to eliminate damaged proteins. Myricetin is reported to

eliminate neurodegenerative protein aggregation by upregulating the proteasome degradation mechanism . Quercetin

and rutin are positive regulators of the Nrf2 transcription factor, which enhances the expression of proteasome catalytic

subunits in neurons . Fisetin promotes the survival of nerve cells by enhancing the activity of the proteasome when

trophic factors are withdrawn .

The removal of lipofuscin in cells results in reduced lipid damage, which is often accompanied by improved aging-related

pathology. Anti-aging studies on flavonoids have shown that they also can minimize lipofuscin in cells. Several studies

have shown that kaempferol, myricetin, naringin, and quercetin can significantly reduce lipofuscin accumulation in C.
elegans, a marker of aging . However, rutin and fisetin, which also prolong the lifespan of nematodes, cannot

delay the accumulation of lipofuscin in cells . Quercetin can also inhibit the development of lipofuscin-related

autofluorescence in senescent cells . In addition, the accumulation of lipofuscin is closely related to mitochondrial

function and lipid metabolism . Flavonoids regulate mitochondrial function; for example, luteolin increases
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mitochondrial respiration in primary neurons . Flavonoids can reduce lipofuscin in cells and affect the related processes

of lipofuscin production.

Collectively, flavonoids effectively reduce the damage of DNA, protein, and lipid macromolecules by reducing the insults of

damage. At the same time, they can improve the ability of damage repair or clearance, thereby significantly reducing the

rate of unrepaired damage accumulating in cells. Due to the important role of unrepaired damage in inducing cell

senescence, cells or tissues can benefit from the anti-damage effects of flavonoids.
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