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ABSTRACT
Psychological stress (or simply “stress”) is a major contributor to chronic disease worldwide, affecting 35% of the global popula-
tion, including younger generations. Furthermore, it plays a significant role in human premature aging; hence, its detrimental 
effects on people's health compel us to comprehend and control the ways in which psychological stress impacts our bodies, 
including our skin. For example, flavonoids, a class of polyphenolic phytochemicals, are an important group of plant secondary 
metabolites and appear as a promising solution. These compounds exhibit a number of general biological activities, such as anti-
inflammatory and antioxidant properties, as well as certain skin-specific ones, like wound healing, photoprotection, and the 
treatment of inflammatory and cancerous disorders associated with the skin. For this reason alone, flavonoids could be regarded 
as a promising solution. Further, these substances have demonstrated beneficial effects on the different hallmarks of aging, 
demonstrating their potential as anti-aging agents. They also have the ability to influence hormones linked to stress, which, con-
sidering their effects on skin health and aging mechanisms, seems to suggest that flavonoids may be effective ways to mitigate 
the negative effects of stress on premature skin aging. Therefore, this review seeks to demonstrate the potential of flavonoids as 
potential anti-aging agents for the skin, either by improving the so-called hallmarks of aging or by directly protecting the skin 
from external aggressors like UV radiation while reducing the negative effects of psychological stress and its known mediators.

1   |   Introduction

The skin is the largest human organ (including the hypoder-
mis) and has numerous functions, such as protecting against 
trauma, solar radiation, toxins, and infections, preserving 
water and electrolytes, regulating temperature, and storing 
water, vitamin D, and fat. Moreover, the skin plays a role in 

blood pressure regulation and excretory physiological func-
tions (Castro et  al.  2023; Gilaberte et  al.  2016; Walters and 
Roberts 2002). The skin suffers changes throughout time, pro-
gressively losing its ability to adapt to its surroundings, by a 
process we know as “aging”. This process is characterized by a 
decrease in structural integrity and physiological function, and 
it is mainly caused by extrinsic (environmental) factors (e.g., 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2026 The Author(s). Phytotherapy Research published by John Wiley & Sons Ltd.

Abbreviations: 8-OHdG, 8-hydroxy-2′-deoxyguanosine; AD, Alzheimer's disease; Akt/PKB, protein kinase B; ALP, alkaline phosphatase; AMPK, AMP-activated 
protein kinase; ATG, autophagy-related protein; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; BMP2, bone morphogenetic protein 2; COX, 
cyclooxygenase; CXCL, chemokine (C-X-C motif) ligand; EGCG, epigallocatechin-3-gallate; ERK, extracellular signal-regulated kinase; H2O2, hydrogen peroxide; 
HPA, hypothalamic–pituitary–adrenal; IL, interleukin; iNOS, inducible nitric oxide synthase; JNK, c-Jun N-terminal kinase; LC3, microtubule-associated protein 
light chain 3; MAPK, mitogen-activated protein kinases; MIC, minimum inhibitory concentration; MMP, matrix metalloproteinase; MRSA, methicillin-resistant 
Staphylococcus aureus; mTOR, mammalian target of rapamycin; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; OCN, osteocalcin; PGE2, prostaglandin 
E2; pSTAT, phosphorylated signal transducer and activator of transcription; ROS, reactive oxygen species; Runx2, runt-related transcription factor 2; SASP, 
senescence-associated secretory phenotype; SA-β-gal, senescence-associated β-galactosidase; TGF, transforming growth factor; TNF, tumor necrosis factor.

https://doi.org/10.1002/ptr.70239
https://doi.org/10.1002/ptr.70239
https://orcid.org/0009-0003-0878-8752
https://orcid.org/0000-0002-2055-8031
https://orcid.org/0000-0001-6596-1927
mailto:rmadureira@ucp.pt
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fptr.70239&domain=pdf&date_stamp=2026-02-04


1971Phytotherapy Research, 2026

UV radiation), but also by intrinsic (chronological) ones (Castro 
et  al.  2023), being psychological stress an important accelera-
tor of the aging process. For instance, Duarte et al. (2024) thor-
oughly describe the effects of stress and its mediators on skin 
physiology and cellular aging. Psychological stress is recognized 
as a major cause of long-term illness worldwide, resulting in mil-
lions of workdays lost (O'Connor et al. 2021; Health and Safety 
Executive 2025). The repeated activation of stress responses, 
along with prolonged exposure to cortisol and other stress hor-
mones, increases the risk of various health conditions, including 
anxiety, depression, heart disease, stroke, and sleep (American 
Psychological Association  2024). According to the American 
Institute of Stress, approximately 35% of the global population 
experiences stress, particularly younger generations facing 
heightened levels. Stress operates through neuroendocrine path-
ways, mainly by activating the hypothalamic–pituitary–adrenal 
(HPA) axis, culminating in the adrenal cortex with the release of 
glucocorticoids, notably cortisol, the so-called “stress hormone” 
(O'Connor et  al.  2021; The American Institute of Stress  n.d.). 
In addition to the HPA axis and cortisol, catecholamines (epi-
nephrine and norepinephrine) via adrenergic stimulation sig-
nificantly contribute to the stress response (Radek 2010). Other 
minor stress mediators are, for example, Substance P, serotonin 
and melatonin (Duarte et al. 2024). Taking all this into consid-
eration, it is safe to say that psychological stress affects the phys-
ical health of our bodies, with the skin being no exception (Lee, 
Watson, and Kleyn 2020).

In line with this, a new interdisciplinary research field known 
as Geroscience has appeared recently, aiming to develop novel 
biologically-driven therapeutic and preventive approaches to 
manage key aging mechanisms (Costa et al. 2025), which, im-
portantly, have been reported to be modulated by psychological 
stress (Duarte et al. 2024). Indeed, nowadays there is a demand 
to understand how the skin-related effects of psychological 
stress, especially aging, can be managed. Market forecasts report 
that the global anti-aging cosmetics market is rapidly growing. 
For instance, according to Precedence Research, this market ac-
counted for USD 56.71 billion in 2024, increased to USD 60.11 
billion in 2025, and is predicted to be worth around USD 101.46 
billion by 2034, with a solid CAGR of 5.99% between 2024 and 
2034 (Precedence Research 2024). According to Fortune Business 
Insights, this growth is strictly related to the consumers' prefer-
ences. In fact, people examine not only the use and advantages 
of cosmetic items, but also the ingredients in them. Synthetic 
substances might cause adverse effects and allergic responses on 
the skin. Consumers' interest in non-toxic anti-aging cosmetic 
products has grown as they become more aware of the benefits 
of natural components. For example, according to a 2019 survey 
titled “Green Consumer Behaviour in the Cosmetics Market” 
conducted by Molecular Diversity Preservation International 
(MDPI), nearly 70% of 196 respondents in Hungary prefer to 
buy natural cosmetic products and are willing to pay more for 
this type of product (Fortune Business Insights  2025). For in-
stance, a quick search through the website of Sephora Portugal 
is symptomatic of this. From 425 products categorized as “anti-
wrinkle and anti-aging treatment”, nearly 31% (131) fall into 
the category of “responsible beauty,” which comprises products 
with certain sustainable features (e.g., vegan, refillable). In na-
ture, we can find a vast selection of natural compounds that 
could be useful for these purposes. For instance, flavonoids are 

a major example. These are a class of polyphenolic phytochemi-
cals, representing an important group of secondary metabolites 
in plants. In nature, they can be sourced from fruits, vegetables, 
herbs, stems, cereals, nuts, flowers, beverages, and seeds. To 
date, over 10,000 flavonoid compounds have been isolated and 
identified. In general, flavonoids consist of a 15-carbon skele-
ton (C6–C3–C6) arranged in two benzene rings (C6; labelled A 
and B, Figure 1) and a 3-carbon linking chain (C3, labelled C). 
Depending on their chemical structure, they can be divided into 
several subclasses, including flavonols, flavan-3-ols (flavanols 
or catechins), anthocyanidins, chalcones, flavones, isoflavones, 
and flavanones (Chen et al. 2023; Li, Qian, et al. 2023; Panche 
et al.  2016; Zulkefli et al.  2023). A review paper by our group 
thoroughly describes the biological potential of flavonoids, com-
prising activities such as antioxidant, anti-inflammatory, anti-
microbial, anticancer, antidiabetic, anti-obesity, osteoprotective, 
hepatoprotective, neuroprotective, cardioprotective, gastrointes-
tinal protection, and antinociceptive (Duarte et al. 2025).

The PubMed database was searched to find the number of pa-
pers published since 2003 that contained the following entry 
words: (1) “(flavonoids) AND (aging)”; (2) “(flavonoids) AND 
(skin aging)”; (3) “(flavonoids) AND (aging) AND (psycholog-
ical stress)”; (4) “(flavonoids) AND (skin aging) AND (psycho-
logical stress)”. Figure 1 displays the search results. According 
to the findings, flavonoids' link to aging has drawn more atten-
tion recently. Yet, the number of papers is noticeably reduced 
when it comes to skin aging in particular. Importantly, it is clear 
that we are entering unknown terrain when we go further and 
include psychological stress in the equation, particularly if we 
limit the aging process to the skin. Actuality, any study was 
found comprising all three components, which is symptomatic 
of the novelty of the field. The year 2025 was left out due to its 
incompleteness.

In this paper, we aim to provide the readers with an insight-
ful and complete review on the relationship of flavonoids with 
three separate topics: skin health, cellular aging and psycholog-
ical stress. Nonetheless, our main objective is to highlight the 
gaps that exist in the exploration of these concepts (“flavonoids”, 
“skin aging”, “psychological stress”) together. As mentioned in 
the previous paragraph, no articles were found with the three 
words simultaneously and, therefore, it is crucial to make it clear 
that, from our perspective, this is the way to affirm flavonoids as 
real solutions to combat premature skin aging, in which psycho-
logical stress plays a prominent role.

2   |   Search Methodology

The search was carried out using Google Scholar and PubMed 
databases, with no time range restrictions. Nevertheless, the au-
thors were careful to present the most recent cases possible. The 
search strings relied on cross-referencing a flavonoid's name 
(e.g., apigenin, epicatechin, genistein) with the respective skin-
related topic (e.g., wound healing, melanoma), hallmark of aging 
(e.g., DNA damage, autophagy), or stress mediator (e.g., cortisol, 
epinephrine). For instance, “apigenin (AND) wound healing”, 
“kaempferol (AND) DNA damage”, or “genistein (AND) cor-
tisol” could be examples of used search strings. Only studies 
exploring individual flavonoids, where the intended biological 
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activity was clearly identified and studied, were considered. On 
the other hand, papers that exclusively reported the benefits of 
flavonoid-enriched extracts were excluded from the search.

3   |   Psychological Stress, Skin Cellular Aging, and 
Flavonoids—Building a Connection

As stated before, there is not a significant amount of research di-
rectly establishing a relationship between these topics. Despite 
the lack of studies, which is a strong indicator of the huge novelty 
of the field, we consider that the possibility for this connection to 
exist is promising and exciting, representing an innovative and 
disruptive development proposal. This review features research 
using different experimental models (humans, animals, in vitro), 
allowing us to examine how flavonoids affect skin health and bio-
logical aging systems, while simultaneously exploring their impact 
on neuroendocrine mediators of psychological stress (e.g., norepi-
nephrine, epinephrine, cortisol, Substance P) that may contribute 
to these effects. At first sight, all these topics may seem discon-
nected. However, evidence has shown that psychological stress 
is transversely related both with skin health and the hallmarks 
of aging. For instance, a higher chance of developing age-related 
diseases early in life and, more recently, an older biological age 
have been linked to exposure to long-term stressful events and 
the subsequent activation of physiological responses, like the 
HPA axis. In fact, the impact of stress and/or its mediators over 
these molecular mechanisms has been studied and reported be-
fore, although mainly using tissue models other than skin (Duarte 
et al. 2024; Polsky et al. 2022). Further, the molecular significance 

of psychological stress in skin conditions such as atopic dermatitis 
and psoriasis has been studied, emphasizing the roles of cortisol 
levels in both diseases, corticotropin-releasing hormone (CRH) 
and brain derived neurotrophic factor (BDNF) in psoriasis, and the 
HPA axis and interleukin (IL)-18 in atopic dermatitis (Jamerson 
et al. 2022). While the former three are easily associated with neu-
robehavioral aspects, the relationship of IL-18 with this topic is not 
as clear. Therefore, it is important to clarify the high relevance of 
this cytokine within this context given that it has been associated 
with psychiatric conditions such as depression and cognitive im-
pairment. Also, IL-18 deficiency might induce hippocampus dam-
age, leading to depression-like behavioral alterations. However, 
the potential significance of IL-18 in stressful situations remains 
unclear (Yamanishi et  al.  2022). To date, what we know is that 
flavonoids separately impact skin health, the hallmarks of aging, 
and psychological stress mediators, and that the latter can also im-
pact the former two. However, from our point of view, the current 
knowledge on these topics falls short, as no evidence supports the 
possibility that flavonoids' downstream effects on skin health and 
the hallmarks of aging could be due to their prior upstream effects 
over the stress mediators. Pointing to highlight the importance of 
studying this relationship and developing models that allow us to 
do so, this review aims to open doors to future research pushing 
forward to advance the field, allowing us to “cut corners” and, 
therefore, establishing a direct link between flavonoids and stress-
induced skin cellular aging. A schematic illustration of the sug-
gested link between flavonoids, psychological stress mediators, 
and skin molecular aging is shown in Figure 2, which provides 
a simple overview of how flavonoids may potentially prevent psy-
chological stress-induced skin aging.

FIGURE 1    |    Number of papers in PubMed database, from 2003 to 2024, accordingly to the specified search strings. The scheme provides an over-
view of the amount of research conducted concerning the indicated topics over the years. The used search strings were:  “(flavonoids) AND (aging)”; 
 “(flavonoids) AND (skin aging)”;  “(flavonoids) AND (aging) AND (psychological stress)”;  “(flavonoids) AND (skin aging) AND (psychological 

stress)”. The first two entries (  and  ) are relative to the left axis, while the last two (  and  ) are relative to the right axis.
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3.1   |   Impact of Flavonoids on Skin Health

Flavonoids are found to exert specific health benefits on the skin, 
such as wound healing, photoprotection, skin cancer treatment, 
and common inflammatory diseases, among others. In fact, fla-
vonoids are already used as active ingredients in many cosmetics, 
mostly for their antioxidant and soothing properties. Furthermore, 
the incorporation of flavonoid-enriched extracts in skin care 
products is well-known within the cosmetic industry for allow-
ing topical formulations with skin-protective qualities (Andrabi 
et al. 2024). Nonetheless, flavonoids' potential for cosmetic use is 
far from totally explored, as these compounds comprise a vast va-
riety of relevant biological activities, including skin-specific ones, 
as described in the next subsections and summarized in Table 1.

3.1.1   |   Wound Healing

Flavonoids have shown relevant wound healing capacity 
through several mechanisms. For instance, quercetin and 
puerarin respectively improved the proliferation and migra-
tion of both fibroblasts and keratinocytes in  vitro. In  vivo 
research corroborates these effects, with flavonoids like luteo-
lin, naringin, genistein, epigallocatechin-3-gallate (EGCG), or 
phlorizin being able to promote wound healing via improved 
re-epithelization, angiogenesis, endothelial progenitor cells 
mobilization, or even increased collagen deposition at the 
wound sites. These findings highlight the potential of flavo-
noids as therapeutic agents in skin wounds.

Puerarin has been reported to promote keratinocyte prolifera-
tion and migration in dexamethasone-treated HaCaT cells by 
activating the extracellular signal-regulated kinases (ERK) and 
protein kinase B (Akt/PKB) pathways in  vitro. Additionally, 

using an in vivo dexamethasone-induced impaired wound heal-
ing BALB/c mouse model, topical application of puerarin al-
lowed for the acceleration of wound closure rate, increased the 
density of the capillaries, and upregulated the level of collagen fi-
bers and transforming growth factor (TGF)-β in the wound sites 
(Nguyen et al. 2021). In another study, quercetin enhanced both 
the proliferation and migration of fibroblasts in vitro, as well as 
improved wound healing capacity in mice through the inhibition 
of inflammation and increase of growth factors expression (Mi 
et al. 2022). Moreover, using an in vivo streptozotocin-induced 
impaired wound healing Wistar rat model, luteolin ameliorates 
impaired healing and accelerates skin re-epithelization. Also, it 
decreased the expression of inflammatory factors (e.g., tumor 
necrosis factor [TNF]-α, interleukin [IL]-6) and increased anti-
oxidant enzymes (e.g., superoxide dismutase [SOD], glutathione 
peroxidase [GSH-Px]) (Chen et al. 2021). Furthermore, using an 
in  vivo biopsy punch-induced wound C57BL/6 mouse model, 
naringin was reported to help recover the wound site signifi-
cantly. Also, it was found to activate HaCaT migration in vitro 
(Yen et al. 2022). In another study, Peng et al.  (2023) reported 
that genistein was able to promote skin wound healing in an 
in  vivo hemorrhagic shock-induced impaired wound healing 
Sprague–Dawley rat model by enabling the mobilization of 
endothelial progenitor cells to the wound site through angio-
tensin II (Ang-II), stromal cell-derived factor-1alpha (SDF-1α), 
and TGF-β signaling (Peng et al. 2023). In addition, EGCG was 
shown to increase the efficiency of mesenchymal stem cells 
(MSC)-induced skin wound closure, as the flavonoid-treated 
group presented the best results on several features such as epi-
dermal thickness and neovascularization-related growth factors 
expression while being associated with a strong anti-scarring 
effect during the healing stages. Also, several pro-inflammatory 
cytokines were downregulated, exacerbated by flavonoid treat-
ment (Li et  al.  2016). Lastly, phlorizin, loaded into chitosan 

FIGURE 2    |    Schematic representation of the proposed relationship between flavonoids, psychological stress mediators, and skin aging.
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nanofibers, was able to increase HaCaT viability in vitro while 
promoting re-epithelialization and angiogenesis at the wound 
site and reducing the inflammatory response, using an in vivo 
burn wound ICR mouse model (Yang et al. 2024).

3.1.2   |   Photoprotection

By controlling oxidative and inflammatory processes, as well 
as apoptosis and DNA damage, flavonoids demonstrate strong 
photoprotective effects. According to in  vitro research, fla-
vonoids shield skin cells from UV radiation by lowering pro-
inflammatory cytokines like cyclooxygenase (COX)-2, IL-1, and 
chemokine (C-X-C motif) ligand 1 (CXCL1) as well as oxidative 
markers like reactive oxygen species (ROS) and H2O2. These 
results are further supported by in  vivo studies, showing that 
flavonoids improve skin structure (by boosting collagen and 
filaggrin) and features (wrinkles and hydration) when exposed 
to UV radiation. Additionally, certain flavonoids reduce DNA 
damage and cellular death caused by UV rays in both in vitro 
and in  vivo models. These results imply that flavonoids may 
function as skin photoprotective agents.

Chrysin was shown to attenuate apoptosis, ROS production, 
and COX2 expression induced by both UVB and UVA in 
HaCaT cells. Also, it reversed UVB-induced downregulation 
of aquaporin 3, reduced c-Jun N-terminal kinase (JNK) acti-
vation, and inhibited UVA- and UVB-triggered p38 activation 
(Wu et al. 2011). Moreover, eriodictyol significantly reduced 
UVA-mediated ROS production while lowering matrix metal-
loproteinase (MMP)-1 and levels of inflammatory cytokines. 
Additionally, it upregulated tissue inhibitory metalloprotein-
ase (TIMP)-1 and collagen-1. Similarly to chrysin, eriodictyol 
was also able to reduce JNK and p38, thus allowing the inhi-
bition of MMP-1 expression (Nisar et al. 2022). Furthermore, 
(+)-catechin was reported to protect HaCaT cells from UVB-
induced death while inhibiting UVB-mediated generation of 
intracellular hydrogen peroxide (H2O2) and JNK activation 
(Wu et al. 2006). In another study, genistein was found to re-
duce the UVB-induced expression of proinflammatory cyto-
kines (CXCL1, IL-1, macrophage migration inhibitory factor 
(MIF), and plasminogen activator inhibitor-1 (PLANH1)) in 
HaCaT cells. Using an in vivo UVB-treated Sprague–Dawley 
rat model, it reduced the severity of UVB-induced wrinkling. 
Also, in a 2-year study conducted with human participants by 
the Department of Dermatology, Hualien Tzu Chi Hospital, 
Taiwan, skin features like elasticity and hydration were found 
to be improved by genistein (Tang et al. 2022). Furthermore, 
in  vitro studies showed that delphinidin protected HaCaT 
cells against UVB-induced decrease in cell viability, induc-
tion of apoptosis, increase in lipid peroxidation, formation of 
8-hydroxy-20-deoxyguanosine (8-OHdG), decrease in prolif-
erating cell nuclear antigen expression, increase in poly(ADP-
ribose) polymerase cleavage, activation of caspases, decrease 
in B-cell lymphoma (Bcl)-2, increase in Bcl-2-asspcoated 
X protein (Bax), upregulation of BH3 interacting domain 
death agonist (Bid) and Bcl-2 homologous antagonist/killer 
1 (Bak), and downregulation of Bcl-xL (extra-large). On the 
other hand, in vivo experiments in UVB-treated SKH-1 hair-
less mice showed that topical administration of delphinidin 
resulted in decreased apoptosis and DNA damage markers, A
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such as cyclobutane pyrimidine dimers and 8-OHdG (Afaq 
et al. 2007). Finally, using an in vivo UVB-induced skin dam-
age hairless mouse model, Wu et  al.'s study results revealed 
that the topical application of fisetin reduced UVB-induced 
erythema and wrinkle development. Furthermore, fisetin 
reduced epidermal hyperplasia and increased collagen con-
centration in the dermis. Also, it inhibited MMP-1, MMP-2, 
and COX-2 expression while boosting nuclear factor eryth-
roid 2-related factor 2 (Nrf2) expression, resulting in photo-
protection. Lastly, fisetin boosted the expression of filaggrin, 
preventing UVB-induced barrier function impairment (Wu 
et al. 2017).

3.1.3   |   Skin Cancer

Numerous authors have reported on flavonoids' preventive ef-
fect against several kinds of skin cancer. For instance, by in-
creasing apoptosis and decreasing the ability of skin cells to 
migrate and invade in  vitro, apigenin, kaempferol, genistein, 
and isoliquiritigenin prevented the growth of melanoma. This is 
supported by studies showing that flavonoids can lower the vol-
ume of melanoma tumors and lung metastases in vivo. Further, 
naringenin and EGCG decrease cell viability and increase cell 
death in human epidermoid carcinoma due to DNA fragmenta-
tion and oxidative stress. These findings highlight the potential 
of flavonoids as anti-skin cancer agents.

Apigenin was shown to induce apoptosis of human melanoma 
cells (A375P and A375SM) by modulating the expression levels 
of apoptosis-related proteins, decreasing Bcl-2, and increasing 
Bax, cleaved poly ADP-ribose polymerase, cleaved caspase-9, 
and p53. In vivo experiments showed that apigenin was also 
able to reduce the A375SM-based tumor volume in mice (Woo 
et  al.  2020). Genistein significantly inhibited the prolifera-
tion and induced apoptosis of murine melanoma B16F10 cells 
while reducing p-p38, p-ERK, and p-JNK levels, and the gene 
expression of focal adhesion kinase (FAK), paxillin, vimentin, 
and epithelial-to-mesenchymal transition-related transcrip-
tion factor SNAIL (Cui et al. 2017). Additionally, kaempferol 
was reported to inhibit migration and invasion of A375 and 
B16F10 cells in  vitro and to reduce A375-based lung metas-
tasis in an in  vivo mouse model. In this study, the effect of 
kaempferol on aerobic glycolysis of melanoma cells was ex-
plored, and the results revealed that kaempferol significantly 
reduced extracellular acidification rates (ECAR) and glu-
cose intake, as well as the synthesis of ATP, pyruvate, and 
lactate. Also, it inhibited hexokinase, the first key kinase in 
aerobic glycolysis, and reduced the binding of hexokinase II 
and voltage-dependent anion channel (VDAC) 1 to mitochon-
dria via the AKT/glycogen synthase kinase (GSK)-3β signal 
pathway. However, overall hexokinase II protein expression 
remained unchanged (Zheng et  al.  2022). In another study, 
isoliquiritigenin was found to suppress the proliferation and 
migration of melanoma cells by downregulating miR-27a ex-
pression. Also, it inhibited the growth of B16-based lung me-
tastasis in mice (Xiang et al. 2021). Moreover, delphinidin was 
able to significantly reduce 12-O-tetradecanoylphorbol13-ac
etate (TPA)-induced neoplastic cell transformation in mouse 
epidermal JB6 P+ cells, suggesting its potential role as a skin 
cancer chemopreventive agent (Kuo et al. 2019). In addition, 

a study by Singh and Katiyar  (2013) revealed that EGCG 
treatment of A431 and SCC13 human epidermoid carcinoma 
(squamous cell carcinoma of the skin) cell lines led to reduced 
cell viability and increased cell death, which were linked to 
β-catenin signaling inactivation. Lastly, using human epider-
moid carcinoma A431 cells, naringenin was shown to reduce 
cell viability with concomitant increase in nuclear condensa-
tion and DNA fragmentation while increasing ROS produc-
tion, inducing apoptosis via mitochondrial depolarization 
and caspase-3 upregulation, and arresting cell cycle in G0/G1 
phase (Ahamad et al. 2014).

3.1.4   |   Skin Inflammatory Diseases

Skin is prone to inflammatory processes and diseases, and fla-
vonoids have been reported as potential therapeutic agents for 
several of them, including psoriasis, atopic dermatitis, and acne 
vulgaris. In most cases, especially concerning psoriasis and 
atopic dermatitis, flavonoids exert therapeutic effects mainly 
through the downregulation of pro-inflammatory cytokines, 
resulting in improved tissue features such as reduced erythema, 
scaling, skin thickness, and lesions. In acne vulgaris' case, most 
flavonoids' beneficial effects come from the impairment of 
Cutibacterium acnes growth and induced inflammation, leading 
to similar tissue outcomes like decreased thickness or swelling, 
but also reduced whiteheads, blackheads, papules, sebum secre-
tion, and porphyrin. These findings reveal flavonoids as potent 
inhibitors of the most common skin inflammatory conditions.

Regarding psoriasis, in vivo imiquimod-induced psoriasis ani-
mal models have been used to study flavonoids effects in this 
skin condition. For instance, kaempferol ameliorated psoriasis-
like skin lesions in mice while reducing the populations of den-
dritic and γδT17 cells and downregulating the expression of 
pro-inflammatory cytokines (IL-23, IL-17A, TNF-α, IL-6, and 
IL-1β) and pathways (Janus kinase (JAK)-signal transducer 
and activator of transcription (STAT)) (Li, Cui, et  al.  2023). 
Moreover, topical application of pinocembrin significantly im-
proved the skin psoriasis area and severity index score, epider-
mal thickness, inflammation, hyperplasia, hyperkeratosis, and 
CD4+ T-cell infiltration. The pinocembrin-treated group also 
reduced the expression of inflammatory cytokines and keratino-
cyte proliferation markers in dorsal skin. Meanwhile, phosphor-
ylated STAT (pSTAT) 3 levels decreased (Huang et  al.  2022). 
Furthermore, formononetin was reported to improve psoriatic 
pathological features (erythema, scale, thickness of skin le-
sions), while reducing interferon (IFN)-α, IFN-β, and IFN-γ 
expression, as well as TNF-α and IL-17 inflammatory factors. 
It also suppressed the production of IFN-related chemokines 
CXCL9, CXCL10, CXCL11, and chemokine (C-X-C motif) recep-
tor (CXCR) 3, and transcription factors p-STAT1, p-STAT3, and 
IFN regulatory factor 1 (Xu et al. 2024).

Regarding atopic dermatitis, an in  vivo 2,4-dinitrochlorobenz
ene-induced atopic dermatitis BALB/c mouse model has been 
used to demonstrate that luteolin reduces immunoglobulin E 
(IgE) serum levels while improving the architecture of injured 
skin tissue. Also, it reduces oxidative stress and inflammation, 
as well as the number of white blood cells (Wang et al. 2021). 
Additionally, myricetin was capable of reducing serum IgE and 
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histamine, inhibited the infiltration of CD 4+ T-cells, and mod-
ulated the expression of cytokines and pro-inflammatory factors 
in an in  vivo dinitrofluorobenzene-induced atopic dermatitis 
KM mouse model. Meanwhile, it restored impaired barrier func-
tion via the upregulation of filaggrin's mRNA and protein ex-
pression (Gao, Tang, et al. 2023). Finally, another study reported 
that hesperidin was able to reduce skin lesions and serum IgE 
levels, as well as the expression of the inflammatory markers 
IL-17 and IFN-γ, in NC/Nga mice, a human-like mouse model of 
atopic dermatitis (Nagashio et al. 2013).

Regarding acne vulgaris, in C. acnes-stimulated HaCaT cells, 
phloretin effectively inhibited the growth of C. acnes and re-
duced the C. acnes-induced TLR 2-mediated inflammation. 
Also, phloretin was capable of binding to C. acnes β-ketoacyl-
acyl carrier protein (ACP) synthase III (KAS III), leading to 
reduced fatty acid synthesis and consequently impairing bac-
terial survivability (Cheon et al.  2019). The antibacterial ac-
tivity of phloretin against C. acnes and its protective role over 
C. acnes-induced HaCaT cells has also been documented by 
Kum et al., whose results revealed that phloretin inhibited C. 
acnes growth and prevented bacterial-induced inflammation 
in HaCaT cells by reducing COX2 promoter and prostaglan-
din E2 (PGE2) expression. Moreover, in 1 month of placebo-
controlled trials, phloretin reduced comedo counts and sebum 
output with both clinical and statistical significance. Also, 
after 4 weeks of treatment, the phloretin-treated group ex-
perienced significant reductions in whiteheads, blackheads, 
papules, sebum secretion, and porphyrin levels compared to 
before treatment (Kum et al. 2016). In another study, Lim et al. 
reported that quercetin ameliorated C. acnes-induced inflam-
mation in HaCaT, THP-1, and RAW 264.7 cells. Additionally, 
using an in vivo C. acnes intradermal injection BALB/c mouse 
model, quercetin was able to reverse some C. acnes-injection 
effects by markedly reducing ear thickness and swelling (Lim 
et al. 2021).

3.1.5   |   Other Activities

Besides the aforementioned effects of flavonoids on the skin, 
some others are less commonly explored. For instance, pinocem-
brin has been reported to ameliorate skin fibrosis by inhibiting 
the proliferation, migration, and invasion of keloid fibroblasts 
and mouse primary dermal fibroblasts. Furthermore, in  vivo 
experiments demonstrated that pinocembrin effectively alle-
viated bleomycin-induced skin fibrosis and reduced the gross 
weight and fibrosis-related protein expression in keloid tissues 
of mice. This study suggested that the therapeutic effects were 
due to the suppression of TGF-β1/Smad (small mother against 
decapentaplegic) signaling and attenuation of TGF-β1-induced 
activation of skin fibroblasts (Li, Zhai, et al. 2021). In another 
study, using an in vivo hydroquinone-treated mouse model, api-
genin was shown to ameliorate vitiligo, “a chronic autoimmune 
disease characterized by depigmented white patches on the skin 
caused by the depletion of melanocytes” (Akl et al. 2024), by re-
ducing depigmentation, inflammatory markers, and oxidative 
stress, and increasing tyrosinase (important for melanogenesis 
process). Also, it increased melanin-containing hair follicles and 
decreased the expression of non-phosphorylated p38 mitogen-
activated protein kinases (MAPK) (Chauhan et al. 2024).

3.2   |   Impact of Flavonoids on the Molecular 
Mechanisms (“Hallmarks”) of Aging

The mechanisms that affect skin aging are yet poorly under-
stood. It is known that aging is dependent on several molecular 
mechanisms, known as “hallmarks”, which are the core under-
lying machinery for how our bodies age (López-Otín et al. 2013; 
López-Otín, Blasco, et  al.  2023; López-Otín, Pietrocola, 
et al. 2023). López-Otín et al.  (2013) listed and described nine 
tentative hallmarks of aging, representing common denom-
inators of aging in distinct organisms, especially mammals. 
These hallmarks were genomic instability, telomere attrition, 
epigenetic alterations, loss of proteostasis, deregulated nutri-
ent sensing, mitochondrial dysfunction, cellular senescence, 
stem cell exhaustion, and altered intercellular communication. 
Nonetheless, 10 years later, López-Otín, Blasco, et  al.  (2023) 
updated their notion of these mechanisms and described three 
new hallmarks: disabled macro-autophagy, chronic inflam-
mation, and dysbiosis. As shown in Figure 2, altogether, these 
12 hallmarks are usually categorized under 3 groups: primary 
(genomic instability, loss of proteostasis, epigenetic alterations, 
telomere attrition, disabled macroautophagy), antagonistic (de-
regulated nutrient-sensing, mitochondrial dysfunction, cellu-
lar senescence), and integrative (stem cell exhaustion, altered 
intercellular communication, chronic inflammation, dysbio-
sis) (López-Otín, Blasco, et  al.  2023; Baechle et  al.  2023; Biga 
et  al.  2025; Tartiere et  al.  2024). Although these mechanisms 
may seem independent at first glance, it would be a mistake to 
assume this with certainty. In fact, it is precisely on their inter-
dependence that the classification first proposed by López-Otín 
et al. (2013) is founded: primary causes of age-related damage, 
antagonistic responses to damage, and integrative phenotypic 
causes (Costa et al. 2025). As an example, telomere attrition is a 
fundamental cause of cellular senescence, potentially leading to 
chronic inflammation (Zhu et al. 2019).

In this section, we aim to describe the impact of flavonoids 
on cellular aging by examining their effects on specific aging 
mechanisms, including genomic instability (DNA damage), telo-
mere attrition, mitochondrial dysfunction, cellular senescence, 
chronic inflammation, disabled macro-autophagy, and skin mi-
crobiota dysbiosis. A summary of these effects is presented in 
Figure 3 and Table 2.

3.2.1   |   Genomic Instability or DNA Damage

The generation of damaging substances is one of the first steps 
in the biological aging process. The most common type of cell 
damage is mediated by the production of ROS, a mechanism 
all respiratory organisms share (Polsky et al. 2022; Aschbacher 
et al. 2013). In this line, genomic instability could be character-
ized as a wide range of genetic lesions driven by extrinsic (ex-
ogenous chemical, physical, and biological agents) or intrinsic 
(DNA replication errors, chromosome segregation abnormali-
ties, oxidative processes, and spontaneous hydrolytic reactions) 
and includes point mutations, deletions, translocations, telo-
mere shortening, single- and double-strand breaks, chromo-
somal rearrangements, problems in nuclear architecture, and 
gene disruption caused by the integration of viruses or trans-
posons (López-Otín et al. 2013; López-Otín, Blasco, et al. 2023).
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Flavonoids, like apigenin, quercetin, myricetin, hesperidin, 
naringenin, EGCG, cyanidin, and phlorizin, exhibit protector 
effects against DNA damage, both in vitro and in vivo, via re-
storing DNA repair capacity, reducing oxidative stress, either by 
ROS neutralization or innate antioxidants enhancement, and at-
tenuating specific DNA damage markers such as 8-OHdG, endo-
nuclease III sensitive sites, and strand breaks. These outcomes 

suggest that flavonoids have potential therapeutic applications 
in combating DNA damage.

Apigenin has been reported to attenuate oxidative stress, DNA 
damage, and apoptosis induced by edifenphos in human periph-
eral blood lymphocytes (Ahmad et al. 2019). Furthermore, using 
a bleomycin-induced DNA damage model of human peripheral 

FIGURE 3    |    Categorization of the hallmarks of aging and brief description of the flavonoids' impact on them. The schematic representation com-
bines the 12 hallmarks of aging proposed in the literature: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, disabled 
macroautophagy, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, altered intercellular com-
munication, chronic inflammation, and (skin microbiota) dysbiosis. These mechanisms are classified into three groups: Primary, antagonistic, and 
integrative. Additionally, a summary of the effects of flavonoids on several of these hallmarks is provided.
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leukocytes, EGCG was found to attenuate the damage by re-
ducing DNA breaks and endonuclease III-sensitive sites (Glei 
and Pool-Zobel 2006). Moreover, cyanidin attenuated cisplatin-
induced apoptosis on HK-2 proximal tubular cells by reducing 
DNA damage while ameliorating ROS generation and DNA 
strand breaks (Gao et al. 2013). In another study, phlorizin was 
reported to inhibit the H2O2-induced DNA damage on HepG2 
cells via reducing apoptosis and ROS production, as well as pre-
venting DNA migration (Wang et al. 2019).

The effect of flavonoids on genomic instability has also been 
explored using in  vivo models. For example, using an in  vivo 
1,2-dimethylhydrazine (DMH)-induced colorectal cancer rat 
model, quercetin was capable of significantly suppressing 
DNA damage (↓ 8-OHdG) and promoting DNA repair, while 
enhancing non-enzymatic antioxidant activity and expression 
levels, and consequently inhibiting ROS production (Darband 
et al. 2020). In another study, myricetin was shown to protect 
the natural killer cells of mice exposed to arsenite, thereby al-
leviating the decrease in cell population and reducing DNA 
damage. The flavonoid was capable of reducing oxidative stress 
while preserving the poly(ADP-ribose) polymerase 1 (PARP-1) 
activity (Ma et al. 2021). Moreover, in an in vivo streptozotocin-
induced diabetes mellitus rat model with testicular DNA dam-
age, hesperidin allowed to decrease DNA damage levels (↓ 
8-OHdG) while reducing ROS production and enhancing the 
non-enzymatic antioxidant activity and expression levels (Aksu 
et  al.  2021). Lastly, naringenin has been reported to decrease 
DNA damage (↓ 8-OHdG) while decreasing caspase-3 and in-
ducing GPX levels in the liver tissue of potassium oxonate-
induced rats (Calis et al. 2022).

3.2.2   |   Telomere Attrition

DNA damage at the ends of chromosomes (telomeres) is linked 
to aging and age-related diseases (Blackburn et  al.  2015). 
Replicative DNA polymerases cannot finish the copy of eu-
karyotic DNA telomere regions. As a result, after multiple 
rounds of cell division, telomeres shorten dramatically, lead-
ing to genomic instability and, ultimately, apoptosis or cell 
senescence. Telomerase, an active ribonucleoprotein that 
elongates telomeres to maintain their appropriate length, has 
a reverse-transcriptase activity that can prevent these dele-
terious repercussions (Blasco 2005; Chakravarti et al.  2021). 
Nonetheless, telomere attrition is a normal part of human 
aging (López-Otín et al. 2013; López-Otín, Blasco, et al. 2023; 
Blasco 2007).

In terms of how flavonoids affect it, this mechanism may be the 
least studied. Nonetheless, some research has demonstrated that 
quercetin and EGCG inhibit telomere attrition through a vari-
ety of mechanisms, such as the preservation of telomere repeat-
binding factor 2 (TRF2) or improved telomerase activity. These 
brief findings highlight the potential telomere-protective role of 
flavonoids.

In a randomized controlled before-and-after study with type 
2 diabetic patients, quercetin intake significantly increased 
the mean telomere length of human whole-blood samples 
(Mantadaki et  al.  2024). Furthermore, in an in  vivo study Fl
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where heart failure was induced by heart/muscle-specific de-
letion of MnSOD (manganese superoxide dismutase) in mice, 
Oyama et  al.  (2017) reported that EGCG was able to prevent 
the shortening of telomeres and the decrease of telomerase ac-
tivity. Moreover, telomere attrition was induced in mice using 
an in vivo abdominal aortic constriction-induced cardiac hyper-
trophy model, which was prevented by EGCG, along with the 
preservation of TRF2 (Sheng et al. 2013).

3.2.3   |   Mitochondrial Dysfunction

Mitochondrial function deteriorates with age due to several 
linked factors, including the accumulation of mtDNA muta-
tions and impaired proteostasis, which leads to the instability 
of respiratory chain complexes, decreased organelle turnover, 
and alterations in mitochondrial dynamics, thereby increas-
ing electron leakage and reducing ATP synthesis. This state 
disrupts mitochondrial bioenergetics, generates ROS, and 
can cause membrane permeability, leading to inflammation 
and cell death (López-Otín et  al.  2013; López-Otín, Blasco, 
et al. 2023; Amorim et al. 2022; Green et al. 2011). Logically, 
mitochondrial activity is essential for maintaining health, and 
its steady decline contributes to the aging phenotype (López-
Otín, Blasco, et al. 2023).

Flavonoids show significant potential in protecting mitochon-
dria health against external aggressors. In  vitro research has 
shown that these compounds protect mitochondria through sev-
eral mechanisms like ROS attenuation, enzyme activation, pres-
ervation of mitochondria membrane potential, and prevention of 
Ca2+ overflow, concomitant with increased ATP and mitochon-
dria biogenesis, and decreased swelling. In vivo studies further 
support this as flavonoids, like pelargonidin, formononetin, and 
phloretin, promote mitochondrial health by modulating cellular 
mechanisms such as complex I activation, aldehyde dehydroge-
nase 2 (ALDH2), 3-hydroxyacyl-CoA dehydrogenase (HADH), 
and monoamine oxidase B (MAOB) regulation, and augmented 
fatty acid β-oxidation. These results feature flavonoids as strong 
mitochondria protective phytochemicals.

Concerning in  vitro research, pinocembrin has been reported 
to alleviate mitochondrial dysfunction induced by H2O2 in SH-
SY5Y cells by preventing mitochondrial depolarization and 
ATP decrease, attenuating redox impairment in mitochondrial 
membranes, and enhancing tricarboxylic acid (TCA) cycle en-
zymes, such as aconitase, α-ketoglutarate dehydrogenase, and 
succinate dehydrogenase (de Oliveira et  al.  2018). In another 
study, eriodictyol improved mitochondrial health, thereby 
preventing hypoxia/reoxygenation-induced damage in H9c2 
cardiomyocytes. This study revealed that the tested flavonoid 
suppressed the overload of intracellular Ca2+, prevented ROS 
overproduction, blocked mitochondrial permeability transition 
pore opening, increased mitochondrial membrane potential, 
and decreased ATP depletion (Xie et  al.  2019). Additionally, 
H2O2 effects on HUVECs, like intracellular Ca2+ rise and sub-
sequent mitochondrial membrane potential collapse and cyto-
chrome c release from mitochondria, were markedly prevented 
by pretreatment with luteolin (Chen et al. 2020). Moreover, kae-
mpferol was also able to reverse the negative effects of H2O2 on 
mitochondria by preventing mitochondrial membrane potential 

collapse and reducing ROS production in porcine oocytes (Yao 
et al. 2019). Furthermore, (+)-catechin was reported to alleviate 
methylglyoxal-induced mitochondrial dysfunction in EA.hy926 
cells by preventing mitochondrial membrane potential collapse 
and inhibiting mitochondrial swelling (Zhang et al. 2017). In ad-
dition, using two models: (1) in vitro palmitic acid (PA)-induced 
HepG2 cell model and (2) in vivo high fat diet-induced hepatic 
steatosis C57BL/6J mouse model, phloretin was shown to ame-
liorate hepatic steatosis by promoting fatty acid β-oxidation, 
which was closely related to its ability to improve mitochondrial 
health through the promotion of mitochondrial biosynthesis 
and inhibition of mitochondrial swelling (Han et al. 2021).

Other in vivo studies have also described the impact of flavo-
noids on mitochondria. For instance, using an in vivo reserpine-
induced neuronal mitochondrial dysfunction Wistar rat model, 
pelargonidin ameliorated mitochondrial function by elevating 
the activity of complex 1, which is associated with a low ADP/
ATP ratio (Rashed et al. 2023). Moreover, formononetin was hy-
pothesized as being able to improve mitochondrial dysfunction 
in mice/rats with isoproterenol-induced cardiac fibrosis by reg-
ulating the expressions of ALDH2 (↑), HADH (↑), and MAOB (↓) 
while reducing ROS production and preserving mitochondrial 
membrane potential in cardiomyocytes (Qian et al. 2024).

3.2.4   |   Cellular Senescence

Cellular senescence is a state of permanent cell growth/cycle ar-
rest caused by acute or chronic damage (Gorgoulis et al. 2019). 
It is characterized by stereotyped phenotypic changes and in-
ability to proliferate (López-Otín et al. 2013; López-Otín, Blasco, 
et  al.  2023; Campisi and d'Adda di Fagagna  2007; Collado 
et al. 2007; Hayflick and Moorhead 1961; Kuilman et al. 2010). 
Senescent cells grow at varying rates in people, ranging from 2 
to 20-fold when comparing young (35 years) and old (> 65 years) 
healthy donors (Tuttle et al. 2020), mainly affecting fibroblasts, 
endothelial cells, and immune cells. Nonetheless, all cell types 
can experience senescence as they age (Xu et al. 2022), which 
is at least partially caused by telomere shortening with age 
(Blasco 2005). The most compelling evidence for cellular senes-
cence's role in aging is that sustained eradication of senescent 
cells extended the health span and lifespan of normally aged 
mice (Xu et al. 2018).

Flavonoids, like fisetin, malvidin, apigenin, hesperetin, 
genistein and (−)-epicatechin, exhibit strong anti-senescence 
effects either by reducing specific molecular markers such as 
SA-β-gal, p21, p16, and p53, or by exerting senolytic activity, 
thus selectively eliminating senescent cells in vitro. Also, fise-
tin was shown to attenuate the senescence-associated secretory 
phenotype (SASP) in vivo, further supporting the previous re-
sults. These outcomes reveal flavonoids as potential therapeutic 
agents against cellular senescence.

Fisetin was shown to exert potent senolytic activity in multi-
ple tissues and cell types, leading to restored tissue homeo-
stasis, reduced age-related pathology, and extended lifespan 
(Yousefzadeh et al. 2018). Using an in vitro H2O2-induced pre-
mature senescence human normal embryonic lung-derived 
diploid fibroblasts (WI-38) cell model, malvidin was able to 
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extend the cellular lifespan while reducing senescence mark-
ers such as p53 and p21 (Seo et al. 2016). Furthermore, using 
a similar model but also testing doxorubicin as an oxidative 
stress (senescence) inducer on WI-38 cells, apigenin was 
shown to reduce SA-β-gal activity and promote cell prolifer-
ation while decreasing the levels of several senescence mark-
ers like acetyl (ac)-p53, p21, and p16 (Li, Zhu, et  al.  2021). 
Additionally, in a study where senescence was induced in 
neuronal cells (SH-SY5Y) by exposure to D-galactose in vitro, 
hesperetin was found to ameliorate the cellular aging pheno-
type by reducing the number of SA-β-gal stained cells, as well 
as downregulating the expression of p16 and p21 (Lee, Kim, 
et  al.  2020). Moreover, genistein was reported to ameliorate 
senescence on ox-LDL-treated HUVECs, reducing the activity 
of SA-β-gal and the expression levels of p16 and p21 proteins 
(Zhang, Yang, et al. 2019). In a slightly different study, since 
the senescence model relied on naturally aged (high passage) 
cells, that is, replicative senescence, (−)-epicatechin had the 
capacity to alleviate the senescent state of bovine coronary 
artery endothelial cells, with decreased activity of SA-β-gal 
(Ramirez-Sanchez et  al.  2018). In another study, senescence 
was induced in human dermal fibroblasts by either high pas-
saging (replicative senescence), ionizing radiation exposure, 
or doxorubicin treatment. In all three cases, fisetin could se-
lectively eliminate senescent fibroblasts while attenuating the 
SASP by decreasing IL-1α, IL-6, MMP-3, and MMP-9 levels. In 
addition, fisetin also reduced the amount of SA-β-gal positive 
cells and the expression of senescence-associated proteins p16 
and p53. Furthermore, the authors also used an in vivo aged 
human skin xenograft mouse model. The results revealed that 
fisetin was once again capable of reducing senescent cells, 
concomitant with fewer SA-β-gal activity and p16 expression, 
while reducing SASP (IL-1α, IL-6, TNF-α, MMP-3, MMP-9), 
and improving aged skin phenotype by increasing collagen 
density and alleviating inflammatory cell infiltrates in the 
dermis (Takaya et al. 2024).

3.2.5   |   Chronic Inflammation

Inflammation worsens with age (“inflammaging”), causing 
systemic symptoms and abnormal local phenotypes. As peo-
ple age, their circulation levels of inflammatory cytokines and 
biomarkers (such as C-reactive protein—CRP) increase (López-
Otín et al. 2013; López-Otín, Blasco, et al. 2023; Franceschi and 
Campisi  2014). For example, higher IL-6 levels in plasma are 
an accurate biomarker of all-cause mortality in aging human 
populations (Hirata et  al.  2020). Furthermore, higher inflam-
mation is associated with a decrease in immunological function 
(Mogilenko et al. 2021). Importantly, inflammation is a major 
cause of cellular damage, which is thought to accelerate aging 
(Franceschi and Campisi 2014).

Flavonoids exhibit significant anti-inflammatory activity by 
modulating key inflammatory pathways. In vitro studies have 
shown that compounds such as isoliquiritigenin and daidzein re-
duce pro-inflammatory cytokines and suppress NF-kB (nuclear 
factor-kappa B), MAPK, and NLRP3 (NOD-, LRR- and pyrin 
domain-containing protein 3) signaling. In  vivo, research fur-
ther confirms these effects, with chrysin, fisetin, naringin, and 
(−)-epicatechin alleviating kidney inflammation by inhibiting 

the expression of inflammatory markers, while delphinidin 
exhibits similar outcomes for spinal cord inflammation. These 
findings highlight the potential of flavonoids as therapeutic 
agents for chronic inflammation.

Isoliquiritigenin was able to attenuate the Mycobacterium 
tuberculosis-induced inflammation on Raw 264.7 and mu-
rine primary peritoneal macrophage cells by inhibiting the 
Notch1/NF-κB and MAPK signaling pathways, concomitant 
with decreased gasdermin D and IL-1β levels via suppression of 
NLRP3 inflammasome, as well as decreased IL-6, TNF-α, in-
ducible nitric oxide synthase (iNOS), and COX2 expression (Sun 
et al. 2022). Moreover, using an in vitro LPS-induced inflamma-
tion primary mouse hepatocyte cell model, daidzein was shown 
to alleviate inflammation by reducing the expression of inflam-
matory factors such as IL-1β, IL-6, and TNF-α (Yu et al. 2020).

Regarding in vivo research, chrysin had the capacity to amelio-
rate kidney inflammation induced by lead acetate in rats, allow-
ing a decrease in the levels of several inflammatory markers, 
which included NF-κB, IL-33, PGE2, and TNF-α, while reducing 
COX2 and iNOS activities (Kucukler et al. 2021). Additionally, 
and also focusing on kidney inflammation, Ren et  al.  (2020) 
reported that fisetin was able to alleviate LPS-induced inflam-
matory symptoms in mice by inhibiting the renal expression 
of IL-6, IL-1β, TNF-α, High Mobility Group Box  1 (HMGB1), 
iNOS, and COX2, thus improving the inflammatory response. 
Sticking with kidney research and using an in vivo acrylamide-
induced nephrotoxicity Sprague–Dawley rat model, naringin 
was reported to allow the reduction of inflammatory markers 
such as TNF-α, IL-1β, IL-6, NF-κB, IL-33, and COX2, in kidney 
tissue (Gelen et al. 2022). Furthermore, (−)-epicatechin also re-
duced kidney inflammation induced by LPS treatment in rats 
by decreasing the expression of TNF-α, iNOS, and IL-6 (Prince 
et al. 2017). Lastly, using an in vivo spinal cord injury-induced 
inflammation Sprague–Dawley rat model, delphinidin was able 
to counteract the adverse effects by reducing the levels of TNF-α, 
IL-6, NF-κB, COX2, and PGE2 (Wang et al. 2017).

3.2.6   |   Disabled Macro-Autophagy

Macro-autophagy (abbreviated “autophagy”) is the sequestra-
tion of cytoplasmic material in two-membrane vesicles known 
as autophagosomes, which eventually fuse with lysosomes 
to destroy luminal substance (Levine and Kroemer  2019). 
Autophagy declines with age and is one of the most fundamental 
processes of decreasing organelle turnover, prompting its rec-
ognition as a new aging marker. Nonetheless, autophagy genes 
and proteins are also involved in additional degradation pro-
cesses, such as LC3 (microtubule-associated protein light chain 
3)-associated phagocytosis of extracellular material (Galluzzi 
and Green 2019), and the ejection of intracellular trash (e.g., de-
fective mitochondria) in the form of exospheres for subsequent 
clearance by macrophages (Nicolás-Ávila et al. 2020). Even so, 
strong evidence has been found that autophagy plays a crucial 
role in aging (López-Otín, Blasco, et al. 2023).

Flavonoids, like apigenin, kaempferol, pinocembrin, genistein, 
EGCG, and isoliquiritigenin, have shown capacity to prevent 
autophagy impairment mainly by activating relevant markers 
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such as LC3-II/I ratio, beclin-1, and autophagy-related proteins 
(ATGs), and decreasing p62 and mTOR (mammalian target of 
rapamycin) expression, while enhancing AMPK (AMP-activated 
protein kinase) signaling, both in vitro and in vivo. According to 
these findings, flavonoids can be considered as potential auto-
phagy activators.

Pinocembrin was able to increase Beclin-1 and LC3B-II levels, 
and decrease p62 expression, thus indicating autophagy activa-
tion in an in vitro glucocorticoid-induced apoptosis osteocyte-
like MLO-Y4 cell model (Wang et al. 2020). Furthermore, EGCG 
was found to upregulate the levels of ATG5, ATG7, LC3-II/I, 
and the ATG5-ATG12 complex while knocking down mTOR, 
thereby inducing autophagy after H2O2 treatment in HUVECs 
(Meng et  al.  2020). In another study, the effect of isoliquiriti-
genin on the autophagy process in vitro in H9c2 cells and in vivo 
in Sprague–Dawley rats, following hypoxia/re-oxygenation-
induced and left anterior descending coronary artery ligation-
induced myocardial injury, respectively, was explored. The 
study's results revealed that the tested flavonoid was capable 
of inducing autophagy by enhancing Beclin-1, LC3-II/I, and 
p-AMPK/AMPK levels, concomitant with the inhibition of p62 
and p-mTOR/mTOR protein expression, in both used models 
(Shen et al. 2024). Moreover, using an in vivo chronic restraint-
induced depression BALB/c mouse model, apigenin was shown 
to allow the induction of autophagy in the hippocampus by in-
creasing the levels of LC3-II/I and the expression of AMPK and 
Unc-51 like autophagy activating kinase-1, while decreasing p62 
levels, and inhibiting mTOR expression (Zhang, Bu, et al. 2019). 
Furthermore, genistein was reported to ameliorate behavioral 
and biochemical defects in a streptozotocin-induced sporadic 
Alzheimer's disease (AD) rat model, and the authors suggest 
that the observed therapeutic effects were autophagy-dependent 
as genistein was able to increase LC3-II/I level and to enhance 
lysosomal biogenesis, which was corroborated by the increased 
levels of transcription factor EB (TFEB) while reducing the lev-
els of AD-related pathogenic proteins APP (amyloid precursor 
protein) and βA (beta-amyloid) (Pierzynowska et  al.  2019). In 
addition, kaempferol was able to activate autophagy in a ce-
rebral ischemia/reperfusion (I/R)-induced injury rat model, 
as confirmed by an increased LC3-II/I ratio, Beclin-1, ATG4, 
ATG5 and ATG7 levels, and decreased p62 expression (Yuan 
et al. 2022).

3.2.7   |   Skin Microbiota Dysbiosis

Skin microbiota is predicted to play an essential part in and be 
affected by the hallmarks of aging since it is responsible for the 
host skin's homeostasis and protection (Baldwin et  al.  2017; 
Chen et  al.  2022). However, López-Otín, Blasco, et  al.  (2023) 
exclusively examine gut microbiota, ignoring the potential 
impact of skin microbial flora on aging. Research has linked 
changes in skin microbiota composition to aging skin (Abadías-
Granado et al. 2021; Boxberger et al. 2021; Boyajian et al. 2021; 
Ratanapokasatit et  al.  2022). However, there is a lack of stud-
ies linking these findings to skin aging mechanisms, which 
requires further investigation. Besides that, skin microbiota 
changes are influenced by a variety of factors other than age, 
including skin site, ethnicity, gender, skin illnesses, lifestyle 
(UV exposure, smoking), and pollution (Lee, Watson, and 

Kleyn  2020; Boxberger et  al.  2021; Wu et  al.  2020). To these 
factors, we can add the use of cosmetics, whose active ingredi-
ents, such as flavonoids, may have an impact on skin microbiota 
balance. In this line of thought, it is important to understand 
the kind of effect these polyphenolic compounds may exert over 
skin-related microorganisms.

Flavonoids have been shown to exhibit strong antimicrobial 
properties against skin-related bacteria and fungi through 
mechanisms like oxidative stress, mitochondrial dysfunction, 
membrane disruption, and biofilm inhibition. Quercetin and 
phloretin target Staphylococcus epidermidis, while isoliquir-
itigenin exhibits strong inhibition over methicillin-resistant 
Staphylococcus aureus (MRSA) in vitro and in vivo. Quercetin 
also exerts inhibitory effects over C. acnes, while apigenin, hes-
peretin laurate, and (+)-catechin show broad antifungal effects 
against Candida albicans and Malassezia furfur strains.

Beginning with Staphylococcus epidermidis and using the 
ATCC35984 strain, quercetin reduced cell surface hydropho-
bicity, which supported the flavonoid's anti-biofilm effect, 
as well as inhibited cell adhesion to glass slides, downregu-
lated the intercellular adhesion (ica) locus and reduced the 
production of polysaccharide intercellular adhesin (PIA) 
(Mu et  al.  2021). Also, phloretin has been reported to exert 
antimicrobial activity over S. epidermidis ATCC12228 and to 
inhibit its growth, with a minimum inhibitory concentration 
(MIC) of 0.25 mg mL−1 (Kum et al. 2016). Regarding C. acnes, 
the same study also revealed a MIC of 0.5 mg mL−1 over the 
ATCC11827 strain by the flavonoid phloretin, which was ca-
pable of attenuating C. acnes-induced production of COX2 pro-
moter and PGE2 (inflammation) on HaCaT cells. Moreover, 
quercetin was shown to inhibit C. acnes KCTC3314 prolif-
eration, presenting a MIC of 31.25 μg mL−1 (Joo et  al.  2022). 
Concerning the Malassezia fungal genus, both (+)-catechin 
and hesperetin laurate (a hesperetin derivative) showed anti-
fungal activity over M. furfur (over several strains in the first 
case and over KCTC7545 strain in the latter), with MIC val-
ues of 16–64 μg mL−1 and 1 mg mL−1, respectively (Aoshima 
et al. 2009; Lee et al. 2024). Furthermore, also Candida albi-
cans has been reported to be affected by flavonoid (apigenin) 
treatment. For instance, apigenin had the capacity to induce 
mitochondrial dysfunction (↑ increased Ca2+ uptake and ROS) 
in the ATCC90028 strain, thereby triggering cellular apop-
tosis, as observed through DNA fragmentation and caspase 
activation (Lee et  al.  2019). Apigenin could also impact the 
same C. albicans strain by inducing membrane dysfunction 
(↑ cell shrinkage and ↑ leakage of intracellular content), re-
ducing biofilm formation, and exerting strong antifungal ac-
tivity, presenting a MIC value of 5 μg mL−1 (Lee et al. 2018). 
About Staphylococcus aureus, isoliquiritigenin inhibited bac-
terial growth over methicillin-resistant Staphylococcus aureus 
(MRSA) and exhibited antibacterial activity with MIC values 
ranging from 50 to 100 μg mL−1. Moreover, it was able to en-
hance the efficacy of β-lactam antibiotics by reducing the MIC 
values up to 16-fold. In this study, the authors further tested 
the efficacy of isoliquiritigenin in  vivo on MRSA-infected 
mice, and the results revealed that oxacillin efficacy was en-
hanced by flavonoid treatment, as evidenced by a reduction 
in microbial burden in blood, liver, kidney, lung, and spleen 
tissues (Gaur et al. 2016).
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Having said that, can we be sure that flavonoids slow down 
the skin aging process? The answer is “we don't know” if we 
only consider the distinct viewpoint of the molecular mech-
anisms underlying (skin) cellular aging, since most study 
cases do not explore skin cells and/or tissue. In fact, only one 
skin-related study has been presented (Takaya et  al.  2024), 
which does not imply that no additional skin-related works 
have been previously conducted, but it is a strong indicator of 
the scarcity of research in this field. Nevertheless, some flavo-
noids have been shown to impact different cells and tissues, 
which could hold the promise of a potential sustained transfer 
of these benefits towards the skin. Additionally, the majority 
of the phenomena described in Section 3.1 have a tight con-
nection to skin aging. For example, it has been estimated that 
up to 80% of the visible signs of skin aging are caused by UV 
radiation (Zargaran et al. 2022). Changes in the characteris-
tics of aging skin have also been connected to a higher risk of 
developing skin cancer, according to researchers at the Johns 
Hopkins Kimmel Cancer Center (Weeraratna 2024). From our 
point of view, these findings make it clear that flavonoids may 
be a promising new approach to attenuate the early signs of 
skin aging. However, can these positive effects be extended 
to the mitigation of psychological stress effects, thus helping 
flavonoids to take the next step on becoming a real alternative 
to stress-related skin aging? In the next section, the authors 
seek to explore the relationship between these phytochemi-
cals and the major psychological stress-related hormones and 
mediators.

3.3   |   Interplay Between Flavonoids and Stress 
Mediators

Given that conventional treatments for mental disorders—
including psychological stress and related conditions—have 
been associated with serious adverse effects such as organ 
damage, miscarriage, drowsiness, and sexual dysfunction, 
and their effectiveness has declined due to practical limita-
tion and restricted treatment accessibility (Noor 2024), there 
is an urgent need to develop novel therapeutic strategies. 
Consequently, targeted interventions to improve psychological 
health are critically required (Currie et al. 2023). Flavonoids 
have emerged as promising candidates for the formulation of 
new phytochemical-based drugs and therapies, owing to their 
extensive range of beneficial biological properties and poten-
tial health-promoting effects. Preclinical studies, mostly, have 
demonstrated that flavonoids can produce multiple positive 
outcomes, including improvements in mood, depression, anx-
iety, cognitive function, and overall psychological well-being 
(Currie et al. 2023; Alizadeh et al. 2024; Jia et al. 2023; Pannu 
et al. 2021). For instance, resveratrol has been shown to alle-
viate depressive-like behaviors induced by both physical and 
psychological stress in a mouse model (Ardianto et al. 2021). 
In addition, Colombage et  al.  (2024) found that a two-week 
flavonoid-enriched diet led to greater positive affect and re-
duced postpartum depression among women in the interven-
tion group.

Accordingly, this section examines whether and how flavo-
noids influence psychological stress by analyzing their capac-
ity to modulate its primary mediators. This exploration aims 

to determine whether these phytochemicals genuinely possess 
therapeutic potential for managing stress-related psycholog-
ical disorders, including those linked with aging. The inter-
actions between flavonoids and key stress mediators—such 
as glucocorticoids (e.g., cortisol), catecholamines, and sub-
stance P—will be discussed, with the summarized findings 
presented in Table 3.

3.3.1   |   Cortisol and Glucocorticoids

Flavonoids exhibit several effects over glucocorticoids' biologi-
cal impact in several cell types/tissues through various mech-
anisms such as restoring their normal levels, modulating their 
production and resistance, or even by directly counteracting 
their action, thus alleviating their effects.

Myricetin was found to inhibit dexamethasone-induced osteo-
porosis in rats by increasing bone mineral density and enhanc-
ing osteocalcin (OCN), bone morphogenetic protein 2 (BMP2), 
runt-related transcription factor 2 (Runx2), and alkaline phos-
phatase (ALP). In vitro, results were similar, with myricetin 
promoting osteoblast differentiation and mineralization in 
dexamethasone-treated MC3T3-E1 cells, concomitant with 
increases in BMP2, Runx2, ALP, OCN, collagen type I alpha 
1, and osteopontin (OPN) levels (Fan et  al.  2018). Moreover, 
butein significantly decreased the levels of corticosterone-
induced ROS in Neuro2A cells, thus preventing cytotoxicity 
in vitro (Ohmoto et al. 2020). Furthermore, using an in vivo 
corticosterone-induced depression mouse model, formonone-
tin was able to reduce serum levels of corticosterone while 
upregulating the levels of glucocorticoid receptor and brain-
derived neurotrophic factor (BDNF) in the hippocampus. 
Also, it inhibited corticosterone-induced neuronal impair-
ment and promoted neurogenesis in the hippocampus (Zhang 
et al. 2022).

Specifically concerning cortisol, several studies explored its 
connection with flavonoid treatment. For instance, Zhang and 
Wang  (1997) reported the capacity of naringenin and fisetin 
to inhibit the activity of the 11 beta-hydroxysteroid dehydro-
genase (HSD-11β) enzyme, which inactivates cortisol to corti-
sone (Vantyghem et al. 1994), in guinea pig kidneys, with IC50 
values of 0.34 and 0.47 mM, respectively. In another study, the 
authors used oxytetracycline to induce a stress response in sil-
ver catfish, leading to increased plasma cortisol levels. The 
results revealed that co-treatment with quercetin allowed for 
the prevention of increased serum levels of cortisol (da Silva 
Pês et al. 2020). Additionally, implementing in vivo immobi-
lization/swimming-induced stress Swiss rat models, kaemp-
ferol was shown to restore cortisol levels (↓) compared to the 
stress control group (Habbu et al. 2010). Moreover, two studies 
have revealed that genistein and daidzein suppress the basal 
and adrenocorticotropic hormone (ACTH)-stimulated in vitro 
secretion of cortisol and corticosterone in porcine adrenocor-
tical cells (Kaminska et al. 2013, 2014). Also, (−)-epicatechin 
reduced cortisol resistance in H2O2-induced oxidative stress 
in human monocytes, that is, preserved its anti-inflammatory 
activity (Ruijters et al. 2014). Lastly, Ohno et al. (2002) reported 
that several flavonoids (apigenin, daidzein, genistein, for-
mononetin) were able to significantly decrease the production 
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of cortisol by human adrenal H295R cells in a dose-dependent 
manner.

3.3.2   |   Catecholamines

Numerous catecholamines, including dopamine, epineph-
rine, norepinephrine, and isoproterenol (a synthetic catechol-
amine), have been studied concerning their interplay with 
flavonoids. In this regard, through a variety of processes, 
including restoring normal levels and modulating their pro-
duction, or even directly counteracting their action to lessen 
their effects, flavonoids demonstrate several impacts on the 
biological effect of catecholamines in a variety of cell types 
and tissues.

For instance, (−)-epicatechin ameliorated isoproterenol-
induced myocardial infarction in rats via inhibition of tachy-
cardia, cardiac hypertrophy, and NF-κB inflammatory 
signaling pathway (Ponnian  2022). Using a similar model, 
malvidin was also able to counteract the negative effects of iso-
proterenol on the cardiac health of rats by restoring defensive 
antioxidants and ameliorating histopathological changes and 
impaired mitochondria in the cardiac necrosis (Wei et al. 2017). 
Furthermore, daidzein restored the impaired dopamine levels 
in mice with MTPT (1-methyl-4-phenyl-1,2,3,6-tetrahydropyri
dine)-induced Parkinson's disease (Wu et al. 2022).

Luteolin has been reported to decrease plasma levels of nor-
epinephrine and epinephrine in spontaneously hypertensive 
rats, as well as to lower the mean arterial pressure and heart 
rate (Gao, Yu, et al. 2023). Furthermore, epinephrine has been 
reported to induce lipolysis in rat adipocytes, and quercetin 
and fisetin were shown to potentiate this effect (Kuppusamy 
and Das  1994), whereas hesperetin and butein could inhibit 
it (Kuppusamy and Das  1992). In addition, pinocembrin ef-
fectively inhibited collagen/epinephrine-induced pulmonary 
thromboembolism in mice while suppressing multiple factors 
of platelet activation, including aggregation, secretion, and 
αIIbβ3-mediated signaling events, in vitro (Li, Liu, et al. 2024). 
(−)-Epicatechin could also decrease the maximal platelet ag-
gregation induced by epinephrine in vitro (Sinegre et al. 2019). 
Furthermore, in a randomized, placebo-controlled, single-
blind, cross-over trial of graded cycling to volitional exhaus-
tion with eight males (22.4 ± 3.3 years, BMI: 25.7 ± 2.4 kg m2), 
EGCG decreased epinephrine and norepinephrine plasma lev-
els, measured at different stages of the trial (Churm et al. 2023). 
Additionally, apigenin ameliorated hypertension in spon-
taneously hypertensive rats while reducing plasma norepi-
nephrine levels (Gao et  al.  2021). Moreover, using an in  vivo 
two-kidney, one-clipped (2K1C) hypertensive Sprague–Dawley 
rat model, genistein was able to alleviate norepinephrine 
plasma levels, concomitant with an array of kidney-protective 
effects, for example, improved renal dysfunction, hypertrophy 
of the non-clipped kidney (NCK) and atrophy of the clipped 
kidney (CK) in 2K1C rats (Poasakate et al. 2022). Lastly, using 
an in  vivo single prolonged stress-induced PTSD-like symp-
toms rat model, myricetin restored norepinephrine levels (↓) in 
the fear circuit regions, medial prefrontal cortex, hippocampus, 
and amygdala (Sur and Lee 2022).

3.3.3   |   Substance P

Similarly to glucocorticoids and catecholamines, Substance P 
is also affected by flavonoids. These phytochemicals show ca-
pacity to impact the biological effect of Substance P on several 
in vivo models, via restoring normal levels and modulating their 
production, as well as directly counteracting their action in 
order to attenuate its effects.

In an in  vivo mechanically-induced hip fracture pain Lewis 
rat model, pinocembrin was reported to downregulate 
Substance P levels in the ipsilateral L5 dorsal horn segment 
(Xing et al. 2022). Moreover, fisetin had the capacity to prevent 
chronic urticaria-like symptoms induced by Substance P in mice 
(Zhang et al. 2023). Additionally, in an in vivo mouse model of 
high-fat diet-induced obesity, apigenin was able to reduce the ex-
pression of Substance P in the myenteric ganglia of mice treated 
with a high-fat diet (Gentile et  al.  2018). Furthermore, narin-
genin was able to ameliorate loperamide-induced constipation 
in mice, concomitant with increased serum levels of Substance P 
(Yin et al. 2018). Interestingly, two more studies with quercetin 
have reported similar results. This flavonoid was also capable of 
enhancing the production levels of Substance P in loperamide- 
or berberine-induced constipation in murine animals (mice or 
rats), thus accelerating intestinal peristaltism and gastric dis-
charge (Cui et al. 2024; Liu and Zhi 2021).

4   |   Future Perspectives and Challenges

Life expectancy has risen globally over recent decades, mark-
ing one of the greatest achievements of the past century. This 
trend is expected to continue, and when paired with declin-
ing fertility rates, will lead to significant population aging 
(Proshkina et  al.  2020). Between 2015 and 2050, the propor-
tion of people over 60 is projected to nearly double from 12% to 
22% (Costa et al. 2025; WHO 2024). However, healthspan—the 
number of years spent healthy and disease-free—has not in-
creased at the same pace. Since aging is the main risk factor for 
most chronic diseases and frailty, addressing population aging 
has become a major global concern (Proshkina et  al.  2020) 
and discovering new trails to mitigate this has become utterly 
fundamental. Natural compounds show promise in this regard 
(Li, Chen, et  al.  2024), with phenolic compounds, which en-
compass flavonoids, being studied for their geroprotective and 
therapeutic effects on age-related disorders (Costa et al. 2025). 
Hence, understanding the precise molecular pathways through 
which these compounds exert their anti-stress actions is es-
sential for optimizing their therapeutic potential, particularly 
in the context of skin health. From our perspective, future 
research should prioritize the investigation of flavonoids in 
skin models, especially those related to aging, as current ev-
idence (e.g., PubMed records) highlights this as an underex-
plored area requiring further advancement before moving to 
broader applications. Only after establishing this foundation 
should efforts focus on elucidating how flavonoids mitigate 
psychological stress and potentially enhance their anti-aging 
effects on the skin. This includes examining the mechanisms 
by which flavonoids interact with stress-related pathways and 
downregulate molecular markers of skin aging. To strengthen 
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their stress-reducing and anti-aging efficacy, future studies 
could also explore potential synergistic effects among differ-
ent flavonoids, combinations with other natural compounds or 
even conventional therapies, and the design of novel delivery 
systems that enable efficient skin targeting while minimizing 
adverse effects. By integrating these approaches—through the 
development of in vitro, ex vivo, and ultimately in vivo models 
of stress-induced skin aging—it will be possible to validate the 
hypothesis that flavonoids offer a viable strategy for mitigat-
ing psychological stress–accelerated skin aging. Nonetheless, 
despite highly encouraging preclinical outcomes, numerous 
challenges still hinder their translation into clinical applica-
tions. Primarily, flavonoids present low bioavailability, which 
can be influenced by several factors such as interactions with 
other nutrients, hepatic metabolism, and modulation by the 
gut microbiota. Various strategies have been proposed to en-
hance their bioavailability. For example, formulation modifica-
tions—particularly nano-based delivery systems—have been 
investigated and demonstrated promising results. However, 
despite advances in nanotechnology, several barriers persist 
in translating these systems into clinical use, including reg-
ulatory challenges, concerns over long-term nanoparticle 
accumulation, and issues related to large-scale production 
and reproducibility (Pei et  al.  2025). Additionally, structural 
modification of flavonoids has been considered a valuable al-
ternative, involving chemical alterations such as acetylation, 
glycosylation, and acylation, among others (Hu et  al.  2025). 
Yet, such modifications result in novel chemical entities with 
distinct pharmacokinetic and pharmacodynamic profiles that 
remain insufficiently characterized (Yuan et al. 2024). Another 
challenge arises from their interaction with gut microbiota; al-
though this relationship has been explored, extending this un-
derstanding towards the skin introduces further complexities, 
such as elucidating the flavonoid-skin microbiota interplay, 
which remains largely unexplored. A further concern involves 
determining appropriate dosing for human use. In many ani-
mal studies, the doses employed correspond to unrealistically 
high and potentially toxic levels when extrapolated to humans. 
Therefore, establishing standardized dosage parameters in 
preclinical studies is essential to determine whether the con-
centrations of extracts or pure compounds used in animal 
models are both clinically relevant and economically feasible 
for clinical trials and eventual therapeutic application (Magni 
et al. 2022). Regarding psychological stress-related conditions, 
current clinical data remain insufficient to confirm the thera-
peutic efficacy of flavonoid-based formulations, with existing 
knowledge relying primarily on preclinical research. This lack 
of clinical evidence underscores the urgent need for human 
clinical trials. Consequently, future investigations should 
emphasize mechanistic studies in humans to bridge preclin-
ical findings, particularly in populations affected by stress 
stemming from environmental (e.g., occupational (work), life-
style, or social) or genetic factors (Alizadeh et al. 2024; Pannu 
et al. 2021). Additionally, individual differences—such as eth-
nicity, sex, age, and socioeconomic background—which are 
overlooked in preclinical models, may significantly influence 
outcomes, warranting cautious interpretation of existing pre-
clinical data. A deeper understanding of how flavonoids al-
leviate the detrimental effects of psychological stress on skin 
health will, therefore, facilitate the development of innovative 
interventions aimed at enhancing the overall skin well-being.

5   |   Conclusions

Nowadays, the fact that psychological stress has nefarious effects 
on human health is well established, and the negative effects of its 
mediators, specifically on skin physiology and aging, have been 
documented in the literature. In general, cortisol and catechol-
amines, the primary stress mediators, have been related to unfa-
vorable skin outcomes such as reduced collagen and hyaluronic 
acid production, as well as changes in fibroblast and keratinocyte 
proliferation, migration, and morphology. Furthermore, several 
aging mechanisms, including DNA damage, inflammation, cellu-
lar senescence, and mitochondrial dysfunction, have been consis-
tently linked to these hormones, albeit mostly concerning other cell 
types and/or tissues (Duarte et al. 2024). Even though not all case 
studies confirm these findings, many of them do. From here, it's 
clear that we need new strategies and solutions to overcome these 
effects as the cause (stress) appears to be much more challenging to 
mitigate. The reported biological activities of flavonoids turn these 
compounds into promising cosmeceutical ingredients. From all 
identified flavonoids, we could highlight, for example, apigenin, 
EGCG, or genistein, which were heavily explored throughout the 
manuscript due to their multifaceted biological potential and can 
therefore be considered as very promising multifactorial ingredi-
ents. In addition, most studies show positive outcomes of flavonoid 
treatment over the various hallmarks of aging, which could turn 
them into cellular anti-aging agents. Nonetheless, more skin-
specific research seems to be required as most studies use other 
types of cells. On the other hand, flavonoids' positive effects over 
stress mediators have also been reported, which could assign them 
a double upstream/downstream protective role, either by condi-
tioning the action of stress mediators or by ameliorating the stress 
mediators impact in cells, respectively. However, research explor-
ing the potential of these compounds to counteract psychological 
stress–induced skin aging remains limited, as several challenges 
and limitations must still be overcome before flavonoids can be 
fully integrated into clinical practice.

Author Contributions

Conceptualization: Marco Duarte, Sílvia Santos Pedrosa, P. Raaj 
Khusial, Ana Raquel Madureira. Writing – original draft: Marco 
Duarte. Writing – review and editing: Sílvia Santos Pedrosa, P. Raaj 
Khusial, Ana Raquel Madureira. Supervision: Sílvia Santos Pedrosa, P. 
Raaj Khusial, Ana Raquel Madureira.

Acknowledgments

During the preparation of this work the author(s) used Scribbr—free AI 
paraphrasing tool and ChatGPT in order to improve readability. After 
using these tools, the author(s) reviewed and edited the content as 
needed and take full responsibility for the content of the publication. 
Open access publication funding provided by FCT (b-on).

Funding

This work was supported by national funds from FCT—Fundação Para 
a Ciência e a Tecnologia, I.P., under the project with DOI: https://​doi.​
org/​10.​54499/​​2023.​04395.​BDANA​.

Conflicts of Interest

Marco Duarte reports financial support was provided by FCT—
Fundação Para a Ciência e a Tecnologia. Marco Duarte reports a 

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.54499/2023.04395.BDANA
https://doi.org/10.54499/2023.04395.BDANA


1996 Phytotherapy Research, 2026

relationship with Fundação Para a Ciência e a Tecnologia that includes: 
funding grants. The other authors declare no conflicts of interest.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated 
or analysed during the current study.

References

Abadías-Granado, I., J. Sánchez-Bernal, and Y. Gilaberte. 2021. “The 
Microbiome and Aging.” Plastic and Aesthetic Research 8: 27–37. https://​
doi.​org/​10.​20517/​​2347-​9264.​2020.​199.

Afaq, F., D. N. Syed, A. Malik, et  al. 2007. “Delphinidin, an 
Anthocyanidin in Pigmented Fruits and Vegetables, Protects Human 
HaCaT Keratinocytes and Mouse Skin Against UVB-Mediated 
Oxidative Stress and Apoptosis.” Journal of Investigative Dermatology 
127: 222–232. https://​doi.​org/​10.​1038/​sj.​jid.​5700510.

Ahamad, M. S., S. Siddiqui, A. Jafri, S. Ahmad, M. Afzal, and M. 
Arshad. 2014. “Induction of Apoptosis and Antiproliferative Activity 
of Naringenin in Human Epidermoid Carcinoma Cell Through ROS 
Generation and Cell Cycle Arrest.” PLoS One 9: e110003. https://​doi.​
org/​10.​1371/​journ​al.​pone.​0110003.

Ahmad, A., A. Zafar, and M. Ahmad. 2019. “Mitigating Effects of 
Apigenin on Edifenphos-Induced Oxidative Stress, DNA Damage and 
Apoptotic Cell Death in Human Peripheral Blood Lymphocytes.” Food 
and Chemical Toxicology 127: 218–227. https://​doi.​org/​10.​1016/j.​fct.​
2019.​03.​034.

Akl, J., S. Lee, H. J. Ju, et al. 2024. “Estimating the Burden of Vitiligo: 
A Systematic Review and Modelling Study.” Lancet Public Health 9: 
e386–e396. https://​doi.​org/​10.​1016/​S2468​-​2667(24)​00026​-​4.

Aksu, E. H., F. M. Kandemir, and S. Küçükler. 2021. “Ameliorative 
Effect of Hesperidin on Streptozotocin-Diabetes Mellitus-Induced 
Testicular DNA Damage and Sperm Quality Degradation in Sprague–
Dawley Rats.” Journal of Food Biochemistry 45: e13938. https://​doi.​org/​
10.​1111/​jfbc.​13938​.

Alizadeh, A., Y. Pourfallah-Taft, M. Khoshnazar, et al. 2024. “Flavonoids 
Against Depression: A Comprehensive Review of Literature.” Frontiers in 
Pharmacology 15: 1411168. https://​doi.​org/​10.​3389/​fphar.​2024.​1411168.

American Psychological Association. 2024. “How Stress Affects Your 
Health.” https://​www.​apa.​org/​topics/​stress/​healt​h#:​~:​text=​This%​
20can%​20put%​20you%​20at,and%​20mem​ory%​20and%​20con​centr​
ation%​20imp​airment.

Amorim, J. A., G. Coppotelli, A. P. Rolo, C. M. Palmeira, J. M. Ross, 
and D. A. Sinclair. 2022. “Mitochondrial and Metabolic Dysfunction in 
Ageing and Age-Related Diseases.” Nature Reviews Endocrinology 18: 
243–258. https://​doi.​org/​10.​1038/​s4157​4-​021-​00626​-​7.

Andrabi, N. I., D. Kumar, and G. Sawhney. 2024. “Flavonoids: A Key 
Component of Cosmeceuticals.” In Specialized Plant Metabolites 
as Cosmeceuticals, edited by D. Kathuria, A. Sharma, and J. Simal-
Gandara, 43–63. Elsevier. https://​doi.​org/​10.​1016/​B978-​0-​443-​19148​-​0.​
00003​-​6.

Aoshima, H., K. E. N. Kokubo, S. Shirakawa, M. Ito, S. Yamana, and 
T. Oshima. 2009. “Antimicrobial Activity of Fullerenes and Their 
Hydroxylated Derivatives.” Biocontrol Science 14: 69–72. https://​doi.​
org/​10.​4265/​bio.​14.​69.

Ardianto, C., A. S. Budiatin, I. N. B. Sumartha, N. Nurrahmi, M. 
Rahmadi, and J. Khotib. 2021. “Resveratrol Ameliorates Physical and 
Psychological Stress-Induced Depressive-Like Behavior.” Journal of 
Basic and Clinical Physiology and Pharmacology 32: 335–340. https://​
doi.​org/​10.​1515/​jbcpp​-​2020-​0437.

Aschbacher, K., A. O'Donovan, O. M. Wolkowitz, F. S. Dhabhar, Y. Su, 
and E. Epel. 2013. “Good Stress, Bad Stress and Oxidative Stress: Insights 

From Anticipatory Cortisol Reactivity.” Psychoneuroendocrinology 38: 
1698–1708. https://​doi.​org/​10.​1016/j.​psyne​uen.​2013.​02.​004.

Baechle, J. J., N. Chen, P. Makhijani, S. Winer, D. Furman, and D. A. 
Winer. 2023. “Chronic Inflammation and the Hallmarks of Aging.” 
Molecular Metabolism 74: 101755. https://​doi.​org/​10.​1016/j.​molmet.​
2023.​101755.

Baldwin, H. E., N. C. Bhatia, A. Friedman, T. Prunty, R. Martin, 
and S. Seite. 2017. “The Role of Cutaneous Microbiota Harmony in 
Maintaining a Functional Skin Barrier.” Skin, the Journal of Cutaneous 
Medicine 1: s139. https://​doi.​org/​10.​25251/​​skin.1.​supp.​138.

Biga, P. R., J. E. Duan, T. E. Young, et al. 2025. “Hallmarks of Aging: A 
User's Guide for Comparative Biologists.” Ageing Research Reviews 104: 
102616. https://​doi.​org/​10.​1016/j.​arr.​2024.​102616.

Blackburn, E. H., E. S. Epel, and J. Lin. 2015. “Human Telomere 
Biology: A Contributory and Interactive Factor in Aging, Disease Risks, 
and Protection.” Science 350: 1193–1198. https://​doi.​org/​10.​1126/​scien​
ce.​aab3389.

Blasco, M. A. 2005. “Telomeres and Human Disease: Ageing, Cancer 
and Beyond.” Nature Reviews Genetics 6: 611–622. https://​doi.​org/​10.​
1038/​nrg1656.

Blasco, M. A. 2007. “Telomere Length, Stem Cells and Aging.” Nature 
Chemical Biology 3: 640–649. https://​doi.​org/​10.​1038/​nchem​bio.​
2007.​38.

Boxberger, M., V. Cenizo, N. Cassir, and B. La Scola. 2021. “Challenges 
in Exploring and Manipulating the Human Skin Microbiome.” 
Microbiome 9: 1–14. https://​doi.​org/​10.​1186/​s4016​8-​021-​01062​-​5.

Boyajian, J. L., M. Ghebretatios, S. Schaly, P. Islam, and S. Prakash. 2021. 
“Microbiome and Human Aging: Probiotic and Prebiotic Potentials in 
Longevity, Skin Health and Cellular Senescence.” Nutrients 13: 4550. 
https://​doi.​org/​10.​3390/​nu131​24550​.

Calis, Z., D. Dasdelen, A. K. Baltaci, and R. Mogulkoc. 2022. 
“Naringenin Prevents Inflammation, Apoptosis, and DNA Damage in 
Potassium Oxonate-Induced Hyperuricemia in Rat Liver Tissue: Roles 
of Cytochrome C, NF-κB, Caspase-3, and 8-Hydroxydeoxyguanosine.” 
Metabolic Syndrome and Related Disorders 20: 473–479. https://​doi.​org/​
10.​1089/​met.​2022.​0028.

Campisi, J., and F. d'Adda di Fagagna. 2007. “Cellular Senescence: 
When Bad Things Happen to Good Cells.” Nature Reviews. Molecular 
Cell Biology 8: 729–740. https://​doi.​org/​10.​1038/​nrm2233.

Castro, M. L., J. P. Ferreira, M. Pintado, O. L. Ramos, S. Borges, and 
S. Baptista-Silva. 2023. “Grape By-Products in Sustainable Cosmetics: 
Nanoencapsulation and Market Trends.” Applied Sciences 13: 9168. 
https://​doi.​org/​10.​3390/​app13​169168.

Chakravarti, D., K. A. LaBella, and R. A. DePinho. 2021. “Telomeres: 
History, Health, and Hallmarks of Aging.” Cell 184: 306–322. https://​
doi.​org/​10.​1016/j.​cell.​2020.​12.​028.

Chamcheu, J. C., H. C. Pal, I. A. Siddiqui, et al. 2015. “Prodifferentiation, 
Anti-Inflammatory and Antiproliferative Effects of Delphinidin, 
a Dietary Anthocyanidin, in a Full-Thickness Three-Dimensional 
Reconstituted Human Skin Model of Psoriasis.” Skin Pharmacology and 
Physiology 28: 177–188. https://​doi.​org/​10.​1159/​00036​8445.

Chauhan, K., F. Goel, and S. Singh. 2024. “Apigenin Protects 
Melanocytes and Improve Tyrosinase Activity in a Hydroquinone 
Induced Vitiligo Mouse Model Targeting P38 MAP Kinase Signaling: 
Histopathology and Immunohistochemistry Analysis.” Naunyn-
Schmiedeberg's Archives of Pharmacology 397: 4859–4869. https://​doi.​
org/​10.​1007/​s0021​0-​023-​02917​-​4.

Chen, H., Q. Zhao, Q. Zhong, et al. 2022. “Skin Microbiome, Metabolome 
and Skin Phenome, From the Perspectives of Skin as an Ecosystem.” 
Phenomics 2: 363–382. https://​doi.​org/​10.​1007/​s4365​7-​022-​00073​-​y.

Chen, H. I., W. S. Hu, M. Y. Hung, et  al. 2020. “Protective Effects of 
Luteolin Against Oxidative Stress and Mitochondrial Dysfunction in 

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.20517/2347-9264.2020.199
https://doi.org/10.20517/2347-9264.2020.199
https://doi.org/10.1038/sj.jid.5700510
https://doi.org/10.1371/journal.pone.0110003
https://doi.org/10.1371/journal.pone.0110003
https://doi.org/10.1016/j.fct.2019.03.034
https://doi.org/10.1016/j.fct.2019.03.034
https://doi.org/10.1016/S2468-2667(24)00026-4
https://doi.org/10.1111/jfbc.13938
https://doi.org/10.1111/jfbc.13938
https://doi.org/10.3389/fphar.2024.1411168
https://www.apa.org/topics/stress/health#:~:text=This can put you at,and memory and concentration impairment
https://www.apa.org/topics/stress/health#:~:text=This can put you at,and memory and concentration impairment
https://www.apa.org/topics/stress/health#:~:text=This can put you at,and memory and concentration impairment
https://doi.org/10.1038/s41574-021-00626-7
https://doi.org/10.1016/B978-0-443-19148-0.00003-6
https://doi.org/10.1016/B978-0-443-19148-0.00003-6
https://doi.org/10.4265/bio.14.69
https://doi.org/10.4265/bio.14.69
https://doi.org/10.1515/jbcpp-2020-0437
https://doi.org/10.1515/jbcpp-2020-0437
https://doi.org/10.1016/j.psyneuen.2013.02.004
https://doi.org/10.1016/j.molmet.2023.101755
https://doi.org/10.1016/j.molmet.2023.101755
https://doi.org/10.25251/skin.1.supp.138
https://doi.org/10.1016/j.arr.2024.102616
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1038/nrg1656
https://doi.org/10.1038/nrg1656
https://doi.org/10.1038/nchembio.2007.38
https://doi.org/10.1038/nchembio.2007.38
https://doi.org/10.1186/s40168-021-01062-5
https://doi.org/10.3390/nu13124550
https://doi.org/10.1089/met.2022.0028
https://doi.org/10.1089/met.2022.0028
https://doi.org/10.1038/nrm2233
https://doi.org/10.3390/app13169168
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1159/000368445
https://doi.org/10.1007/s00210-023-02917-4
https://doi.org/10.1007/s00210-023-02917-4
https://doi.org/10.1007/s43657-022-00073-y


1997Phytotherapy Research, 2026

Endothelial Cells.” Nutrition, Metabolism, and Cardiovascular Diseases 
30: 1032–1043. https://​doi.​org/​10.​1016/j.​numecd.​2020.​02.​014.

Chen, L. Y., H. L. Cheng, Y. H. Kuan, T. J. Liang, Y. Y. Chao, and H. 
C. Lin. 2021. “Therapeutic Potential of Luteolin on Impaired Wound 
Healing in Streptozotocin-Induced Rats.” Biomedicine 9: 761. https://​
doi.​org/​10.​3390/​biome​dicin​es907​0761.

Chen, S., X. Wang, Y. Cheng, H. Gao, and X. Chen. 2023. “A Review 
of Classification, Biosynthesis, Biological Activities and Potential 
Applications of Flavonoids.” Molecules 28: 4982. https://​doi.​org/​10.​
3390/​molec​ules2​8134982.

Cheon, D., J. Kim, D. Jeon, H. C. Shin, and Y. Kim. 2019. “Target 
Proteins of Phloretin for Its Anti-Inflammatory and Antibacterial 
Activities Against Propionibacterium acnes-Induced Skin Infection.” 
Molecules 24: 1319. https://​doi.​org/​10.​3390/​molec​ules2​4071319.

Churm, R., L. M. Williams, G. Dunseath, S. L. Prior, and R. M. Bracken. 
2023. “The Polyphenol Epigallocatechin Gallate Lowers Circulating 
Catecholamine Concentrations and Alters Lipid Metabolism During 
Graded Exercise in Man: A Randomized Cross-Over Study.” European 
Journal of Nutrition 62: 1517–1526. https://​doi.​org/​10.​1007/​s0039​4-​023-​
03092​-​1.

Collado, M., M. A. Blasco, and M. Serrano. 2007. “Cellular Senescence 
in Cancer and Aging.” Cell 130: 223–233. https://​doi.​org/​10.​1016/j.​cell.​
2007.​07.​003.

Colombage, R. L., S. Holden, D. J. Lamport, and K. L. Barfoot. 2024. 
“The Effects of Flavonoid Supplementation on the Mental Health of 
Postpartum Parents.” Frontiers in Global Women's Health 5: 1345353. 
https://​doi.​org/​10.​3389/​fgwh.​2024.​1345353.

Costa, C. M., S. S. Pedrosa, J. L. Kirkland, F. Reis, and A. R. Madureira. 
2025. “The Senotherapeutic Potential of Phytochemicals for Age-
Related Intestinal Disease.” Ageing Research Reviews 104: 102619. 
https://​doi.​org/​10.​1016/j.​arr.​2024.​102619.

Cui, M., Y. Li, T. Zheng, et al. 2024. “Efficacy and Molecular Mechanism 
of Quercetin on Constipation Induced by Berberine via Regulating 
Gut Microbiota.” International Journal of Molecular Sciences 25: 6228. 
https://​doi.​org/​10.​3390/​ijms2​5116228.

Cui, S., J. Wang, Q. Wu, J. Qian, C. Yang, and P. Bo. 2017. “Genistein 
Inhibits the Growth and Regulates the Migration and Invasion Abilities 
of Melanoma Cells via the FAK/Paxillin and MAPK Pathways.” 
Oncotarget 8: 21674. https://​doi.​org/​10.​18632/​​oncot​arget.​15535​.

Currie, T. L., M. M. Engler, V. Krauthamer, J. M. Scott, P. A. Deuster, 
and T. P. Flagg. 2023. “Considerations for Optimizing Warfighter 
Psychological Health With a Research-Based Flavonoid Approach: A 
Review.” Nutrients 15: 1204. https://​doi.​org/​10.​3390/​nu150​51204​.

da Silva Pês, T., E. M. H. Saccol, I. Jerez-Cepa, et al. 2020. “Quercetin 
Attenuates Endocrine and Metabolic Responses to Oxytetracycline 
in Silver Catfish (Rhamdia quelen).” Comparative Biochemistry and 
Physiology. Part C, Toxicology & Pharmacology: CBC 238: 108864. 
https://​doi.​org/​10.​1016/j.​cbpc.​2020.​108864.

Darband, S. G., S. Sadighparvar, B. Yousefi, et  al. 2020. “Quercetin 
Attenuated Oxidative DNA Damage Through NRF2 Signaling Pathway 
in Rats With DMH Induced Colon Carcinogenesis.” Life Sciences 253: 
117584. https://​doi.​org/​10.​1016/j.​lfs.​2020.​117584.

de Oliveira, M. R., G. da Costa Ferreira, F. B. Brasil, and A. Peres. 2018. 
“Pinocembrin Suppresses H2O2-Induced Mitochondrial Dysfunction 
by a Mechanism Dependent on the Nrf2/HO-1 Axis in SH-SY5Y Cells.” 
Molecular Neurobiology 55: 989–1003. https://​doi.​org/​10.​1007/​s1203​
5-​016-​0380-​7.

Duarte, M., S. S. Pedrosa, P. R. Khusial, and A. R. Madureira. 2024. 
“Exploring the Interplay Between Stress Mediators and Skin Microbiota 
in Shaping Age-Related Hallmarks: A Review.” Mechanisms of Ageing 
and Development 220: 111956. https://​doi.​org/​10.​1016/j.​mad.​2024.​
111956.

Duarte, M., S. S. Pedrosa, P. R. Khusial, and A. R. Madureira. 2025. 
“The Biological Potential and Health-Benefits of Flavonoids: A Review 
and Development Opportunities.” Chemico-Biological Interactions 421: 
111755. https://​doi.​org/​10.​1016/j.​cbi.​2025.​111755.

Fan, S., X. Gao, P. Chen, and X. Li. 2018. “Myricetin Ameliorates 
Glucocorticoid-Induced Osteoporosis Through the ERK Signaling 
Pathway.” Life Sciences 207: 205–211. https://​doi.​org/​10.​1016/j.​lfs.​2018.​
06.​006.

Fortune Business Insights. 2025. “Anti-Aging Cosmetics Market Size, 
Share & Industry Analysis, By Product Type (Skin Care, Hair Care, 
Make-Up, Eye Care, and Others), Product Form (Cream, Lotion, Serum, 
and Others), End-User (Women and Men), Distribution Channel 
(Supermarkets/Hypermarkets, Cosmetic Stores, Online Stores, and 
Others), and Regional Forecast, 2019–2032.” Accessed 13 March, 2025. 
https://​www.​fortu​nebus​iness​insig​hts.​com/​anti-​aging​-​cosme​tics-​marke​
t-​102768.

Franceschi, C., and J. Campisi. 2014. “Chronic Inflammation 
(Inflammaging) and Its Potential Contribution to Age-Associated 
Diseases.” Journals of Gerontology. Series A, Biological Sciences and 
Medical Sciences 69: S4–S9. https://​doi.​org/​10.​1093/​gerona/​glu057.

Galluzzi, L., and D. R. Green. 2019. “Autophagy-Independent Functions 
of the Autophagy Machinery.” Cell 177: 1682–1699. https://​doi.​org/​10.​
1016/j.​cell.​2019.​05.​026.

Gao, H. L., X. J. Yu, Y. Q. Feng, et  al. 2023. “Luteolin Attenuates 
Hypertension via Inhibiting NF-κB-Mediated Inflammation and PI3K/
Akt Signaling Pathway in the Hypothalamic Paraventricular Nucleus.” 
Nutrients 15: 502. https://​doi.​org/​10.​3390/​nu150​30502​.

Gao, H. L., X. J. Yu, H. B. Hu, et  al. 2021. “Apigenin Improves 
Hypertension and Cardiac Hypertrophy Through Modulating NADPH 
Oxidase-Dependent ROS Generation and Cytokines in Hypothalamic 
Paraventricular Nucleus.” Cardiovascular Toxicology 21: 721–736. 
https://​doi.​org/​10.​1007/​s1201​2-​021-​09662​-​1.

Gao, J. F., L. Tang, F. Luo, L. Chen, Y. Y. Zhang, and H. Ding. 2023. 
“Myricetin Treatment Has Ameliorative Effects in DNFB-Induced 
Atopic Dermatitis Mice Under High-Fat Conditions.” Toxicological 
Sciences 191: 308–320. https://​doi.​org/​10.​1093/​toxsci/​kfac138.

Gao, S., T. Chen, M. Y. Choi, Y. Liang, J. Xue, and Y. S. Wong. 2013. 
“Cyanidin Reverses Cisplatin-Induced Apoptosis in HK-2 Proximal 
Tubular Cells Through Inhibition of ROS-Mediated DNA Damage and 
Modulation of the ERK and AKT Pathways.” Cancer Letters 333: 36–46. 
https://​doi.​org/​10.​1016/j.​canlet.​2012.​12.​029.

Gaur, R., V. K. Gupta, P. Singh, A. Pal, M. P. Darokar, and R. S. Bhakuni. 
2016. “Drug Resistance Reversal Potential of Isoliquiritigenin and 
Liquiritigenin Isolated From Glycyrrhiza glabra Against Methicillin-
Resistant Staphylococcus aureus (MRSA).” Phytotherapy Research 30: 
1708–1715. https://​doi.​org/​10.​1002/​ptr.​5677.

Gelen, V., S. Yıldırım, E. Şengül, et  al. 2022. “Naringin Attenuates 
Oxidative Stress, Inflammation, Apoptosis, and Oxidative DNA 
Damage in Acrylamide-Induced Nephrotoxicity in Rats.” Asian Pacific 
Journal of Tropical Biomedicine 12: 223–232. https://​doi.​org/​10.​4103/​
2221-​1691.​343390.

Gentile, D., M. Fornai, R. Colucci, et  al. 2018. “The Flavonoid 
Compound Apigenin Prevents Colonic Inflammation and Motor 
Dysfunctions Associated With High Fat Diet-Induced Obesity.” PLoS 
One 13: e0195502. https://​doi.​org/​10.​1371/​journ​al.​pone.​0195502.

Gilaberte, Y., L. Prieto-Torres, I. Pastushenko, and Á. Juarranz. 2016. 
“Anatomy and Function of the Skin.” In Nanoscience in Dermatology, 
edited by M. Hamblin, P. Avci, and T. Prow, 1–14. Academic Press. 
https://​doi.​org/​10.​1016/​B978-​0-​12-​80292​6-​8.​00001​-​X.

Glei, M., and B. L. Pool-Zobel. 2006. “The Main Catechin of Green 
Tea,(−)-Epigallocatechin-3-Gallate (EGCG), Reduces Bleomycin-
Induced DNA Damage in Human Leucocytes.” Toxicology In Vitro 20: 
295–300. https://​doi.​org/​10.​1016/j.​tiv.​2005.​08.​002.

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.numecd.2020.02.014
https://doi.org/10.3390/biomedicines9070761
https://doi.org/10.3390/biomedicines9070761
https://doi.org/10.3390/molecules28134982
https://doi.org/10.3390/molecules28134982
https://doi.org/10.3390/molecules24071319
https://doi.org/10.1007/s00394-023-03092-1
https://doi.org/10.1007/s00394-023-03092-1
https://doi.org/10.1016/j.cell.2007.07.003
https://doi.org/10.1016/j.cell.2007.07.003
https://doi.org/10.3389/fgwh.2024.1345353
https://doi.org/10.1016/j.arr.2024.102619
https://doi.org/10.3390/ijms25116228
https://doi.org/10.18632/oncotarget.15535
https://doi.org/10.3390/nu15051204
https://doi.org/10.1016/j.cbpc.2020.108864
https://doi.org/10.1016/j.lfs.2020.117584
https://doi.org/10.1007/s12035-016-0380-7
https://doi.org/10.1007/s12035-016-0380-7
https://doi.org/10.1016/j.mad.2024.111956
https://doi.org/10.1016/j.mad.2024.111956
https://doi.org/10.1016/j.cbi.2025.111755
https://doi.org/10.1016/j.lfs.2018.06.006
https://doi.org/10.1016/j.lfs.2018.06.006
https://www.fortunebusinessinsights.com/anti-aging-cosmetics-market-102768
https://www.fortunebusinessinsights.com/anti-aging-cosmetics-market-102768
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.3390/nu15030502
https://doi.org/10.1007/s12012-021-09662-1
https://doi.org/10.1093/toxsci/kfac138
https://doi.org/10.1016/j.canlet.2012.12.029
https://doi.org/10.1002/ptr.5677
https://doi.org/10.4103/2221-1691.343390
https://doi.org/10.4103/2221-1691.343390
https://doi.org/10.1371/journal.pone.0195502
https://doi.org/10.1016/B978-0-12-802926-8.00001-X
https://doi.org/10.1016/j.tiv.2005.08.002


1998 Phytotherapy Research, 2026

Gorgoulis, V., P. D. Adams, A. Alimonti, et  al. 2019. “Cellular 
Senescence: Defining a Path Forward.” Cell 179: 813–827. https://​doi.​
org/​10.​1016/j.​cell.​2019.​10.​005.

Green, D. R., L. Galluzzi, and G. Kroemer. 2011. “Mitochondria 
and the Autophagy–Inflammation–Cell Death Axis in Organismal 
Aging.” Science 333: 1109–1112. https://​doi.​org/​10.​1126/​scien​ce.​
1201940.

Habbu, P. V., K. M. Mahadevan, P. V. Kulkarni, C. Daulatsingh, 
V. P. Veerapur, and R. A. Shastry. 2010. “Adaptogenic and In  Vitro 
Antioxidant Activity of Flavanoids and Other Fractions of Argyreia spe-
ciosa (Burm. f) Boj. In Acute and Chronic Stress Paradigms in Rodents.” 
Indian Journal of Experimental Biology 48: 53–60.

Han, L., Y. Zhang, J. Li, et al. 2021. “Phloretin Attenuation of Hepatic 
Steatosis via an Improvement of Mitochondrial Dysfunction by 
Activating AMPK-Dependent Signaling Pathways in C57BL/6J Mice 
and HepG2 Cells.” Food & Function 12: 12421–12433. https://​doi.​org/​
10.​1039/​D1FO0​2577E​.

Hayflick, L., and P. S. Moorhead. 1961. “The Serial Cultivation of 
Human Diploid Cell Strains.” Experimental Cell Research 25: 585–621. 
https://​doi.​org/​10.​1016/​0014-​4827(61)​90192​-​6.

Health and Safety Executive (HSE). 2025. “Work-Related Stress, 
Depression or Anxiety Statistics in Great Britain, 2025.” Annual statis-
tics report, data up to March 2025.

Hirata, T., Y. Arai, S. Yuasa, et al. 2020. “Associations of Cardiovascular 
Biomarkers and Plasma Albumin With Exceptional Survival to the 
Highest Ages.” Nature Communications 11: 3820. https://​doi.​org/​10.​
1038/​s4146​7-​020-​17636​-​0.

Hu, L., Y. Luo, J. Yang, and C. Cheng. 2025. “Botanical Flavonoids: 
Efficacy, Absorption, Metabolism and Advanced Pharmaceutical 
Technology for Improving Bioavailability.” Molecules 30: 1184. https://​
doi.​org/​10.​3390/​molec​ules3​0051184.

Huang, K. K., M. N. Lin, H. C. Hsu, et al. 2022. “Pinocembrin Reduces 
Keratinocyte Activation and Ameliorates Imiquimod-Induced Psoriasis-
Like Dermatitis in BALB/c Mice Through the Heme Oxygenase-1/
Signal Transducer and Activator of Transcription 3 Pathway.” Evidence-
Based Complementary and Alternative Medicine 2022: 7729836. https://​
doi.​org/​10.​1155/​2022/​7729836.

Jamerson, T. A., Q. Li, S. Sreeskandarajan, et  al. 2022. “Roles Played 
by Stress-Induced Pathways in Driving Ethnic Heterogeneity for 
Inflammatory Skin Diseases.” Frontiers in Immunology 13: 845655. 
https://​doi.​org/​10.​3389/​fimmu.​2022.​845655.

Jia, S., Y. Hou, D. Wang, and X. Zhao. 2023. “Flavonoids for Depression 
and Anxiety: A Systematic Review and Meta-Analysis.” Critical Reviews 
in Food Science and Nutrition 63: 8839–8849. https://​doi.​org/​10.​1080/​
10408​398.​2022.​2057914.

Joo, J. H., M. H. Han, J. I. Kim, et al. 2022. “Antimicrobial Activity of 
Smilax china L. Root Extracts Against the Acne-Causing Bacterium, 
Cutibacterium acnes, and Its Active Compounds.” Molecules 27: 8331. 
https://​doi.​org/​10.​3390/​molec​ules2​7238331.

Kaminska, B., R. Ciereszko, M. Kiezun, and L. Dusza. 2013. “In Vitro 
Effects of Genistein and Daidzein on the Activity of Adrenocortical 
Steroidogenic Enzymes in Mature Female Pigs.” Journal of Physiology 
and Pharmacology 64: 103–108.

Kaminska, B., J. Czerwinska, B. Wojciechowicz, A. Nynca, and 
R. Ciereszko. 2014. “Genistein and Daidzein Affect In Vitro 
Steroidogenesis but Not Gene Expression of Steroidogenic Enzymes 
in Adrenals of Pigs.” Journal of Physiology and Pharmacology 65: 
127–133.

Kucukler, S., F. Benzer, S. Yildirim, et  al. 2021. “Protective Effects 
of Chrysin Against Oxidative Stress and Inflammation Induced by 
Lead Acetate in Rat Kidneys: A Biochemical and Histopathological 
Approach.” Biological Trace Element Research 199: 1501–1514. https://​
doi.​org/​10.​1007/​s1201​1-​020-​02268​-​8.

Kuilman, T., C. Michaloglou, W. J. Mooi, and D. S. Peeper. 2010. “The 
Essence of Senescence.” Genes & Development 24: 2463–2479. https://​
doi.​org/​10.​1101/​gad.​1971610.

Kum, H., K. B. Roh, S. Shin, K. Jung, D. Park, and E. Jung. 2016. 
“Evaluation of Anti-Acne Properties of Phloretin In Vitro and In Vivo.” 
International Journal of Cosmetic Science 38: 85–92. https://​doi.​org/​10.​
1111/​ics.​12263​.

Kuo, H. C. D., R. Wu, S. Li, A. Y. Yang, and A. N. Kong. 2019. “Anthocyanin 
Delphinidin Prevents Neoplastic Transformation of Mouse Skin JB6 P+ 
Cells: Epigenetic Re-Activation of Nrf2-ARE Pathway.” AAPS Journal 
21: 1–10. https://​doi.​org/​10.​1208/​s1224​8-​019-​0355-​5.

Kuppusamy, U. R., and N. P. Das. 1992. “Effects of Flavonoids on Cyclic 
AMP Phosphodiesterase and Lipid Mobilization in Rat Adipocytes.” 
Biochemical Pharmacology 44: 1307–1315. https://​doi.​org/​10.​1016/​
0006-​2952(92)​90531​-​M.

Kuppusamy, U. R., and N. P. Das. 1994. “Potentiation of β-Adrenoceptor 
Agonist-Mediated Lipolysis by Quercetin and Fisetin in Isolated Rat 
Adipocytes.” Biochemical Pharmacology 47: 521–529. https://​doi.​org/​10.​
1016/​0006-​2952(94)​90184​-​8.

Lee, C. M., R. E. Watson, and C. E. Kleyn. 2020. “The Impact of 
Perceived Stress on Skin Ageing.” Journal of the European Academy 
of Dermatology and Venereology 34: 54–58. https://​doi.​org/​10.​1111/​jdv.​
15865​.

Lee, H., E. R. Woo, and D. G. Lee. 2018. “Apigenin Induces Cell 
Shrinkage in Candida albicans by Membrane Perturbation.” FEMS 
Yeast Research 18: foy003. https://​doi.​org/​10.​1093/​femsyr/​foy003.

Lee, H. J., S. H. Lee, S. K. Hong, B. I. Gil, and K. A. Lee. 2024. “In 
Vitro Biological Activities of Hesperidin-Related Compounds With 
Different Solubility.” Antioxidants 13: 727. https://​doi.​org/​10.​3390/​antio​
x1306​0727.

Lee, J., Y. S. Kim, E. Kim, Y. Kim, and Y. Kim. 2020. “Curcumin and 
Hesperetin Attenuate D-Galactose-Induced Brain Senescence In Vitro 
and In Vivo.” Nutrition Research and Practice 14: 438–452. https://​doi.​
org/​10.​4162/​nrp.​2020.​14.5.​438.

Lee, W., E. R. Woo, and D. G. Lee. 2019. “Effect of Apigenin Isolated 
From Aster Yomena Against Candida albicans: Apigenin-Triggered 
Apoptotic Pathway Regulated by Mitochondrial Calcium Signaling.” 
Journal of Ethnopharmacology 231: 19–28. https://​doi.​org/​10.​1016/j.​jep.​
2018.​11.​005.

Levine, B., and G. Kroemer. 2019. “Biological Functions of Autophagy 
Genes: A Disease Perspective.” Cell 176: 11–42. https://​doi.​org/​10.​1016/j.​
cell.​2018.​09.​048.

Li, B. S., R. Z. Zhu, S. H. Lim, J. H. Seo, and B. M. Choi. 2021. “Apigenin 
Alleviates Oxidative Stress-Induced Cellular Senescence via Modulation 
of the SIRT1-NAD+-CD38 Axis.” American Journal of Chinese Medicine 
49: 1235–1250. https://​doi.​org/​10.​1142/​S0192​415X2​1500592.

Li, G., W. Liu, X. Da, Z. Li, and J. Pu. 2024. “The Natural Flavonoid 
Pinocembrin Shows Antithrombotic Activity and Suppresses Septic 
Thrombosis.” International Immunopharmacology 142: 113237. https://​
doi.​org/​10.​1016/j.​intimp.​2024.​113237.

Li, M., M. Qian, Q. Jiang, B. Tan, Y. Yin, and X. Han. 2023. “Evidence 
of Flavonoids on Disease Prevention.” Antioxidants 12: 527. https://​doi.​
org/​10.​3390/​antio​x1202​0527.

Li, M., J. Xu, T. Shi, H. Yu, J. Bi, and G. Chen. 2016. “Epigallocatechin-
3-Gallate Augments Therapeutic Effects of Mesenchymal Stem Cells 
in Skin Wound Healing.” Clinical and Experimental Pharmacology & 
Physiology 43: 1115–1124. https://​doi.​org/​10.​1111/​1440-​1681.​12652​.

Li, X., Y. Zhai, B. Xi, et  al. 2021. “Pinocembrin Ameliorates Skin 
Fibrosis via Inhibiting TGF-β1 Signaling Pathway.” Biomolecules 11: 
1240. https://​doi.​org/​10.​3390/​biom1​1081240.

Li, Y., H. Cui, S. Li, et al. 2023. “Kaempferol Modulates IFN-γ Induced 
JAK-STAT Signaling Pathway and Ameliorates Imiquimod-Induced 

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1126/science.1201940
https://doi.org/10.1126/science.1201940
https://doi.org/10.1039/D1FO02577E
https://doi.org/10.1039/D1FO02577E
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.1038/s41467-020-17636-0
https://doi.org/10.1038/s41467-020-17636-0
https://doi.org/10.3390/molecules30051184
https://doi.org/10.3390/molecules30051184
https://doi.org/10.1155/2022/7729836
https://doi.org/10.1155/2022/7729836
https://doi.org/10.3389/fimmu.2022.845655
https://doi.org/10.1080/10408398.2022.2057914
https://doi.org/10.1080/10408398.2022.2057914
https://doi.org/10.3390/molecules27238331
https://doi.org/10.1007/s12011-020-02268-8
https://doi.org/10.1007/s12011-020-02268-8
https://doi.org/10.1101/gad.1971610
https://doi.org/10.1101/gad.1971610
https://doi.org/10.1111/ics.12263
https://doi.org/10.1111/ics.12263
https://doi.org/10.1208/s12248-019-0355-5
https://doi.org/10.1016/0006-2952(92)90531-M
https://doi.org/10.1016/0006-2952(92)90531-M
https://doi.org/10.1016/0006-2952(94)90184-8
https://doi.org/10.1016/0006-2952(94)90184-8
https://doi.org/10.1111/jdv.15865
https://doi.org/10.1111/jdv.15865
https://doi.org/10.1093/femsyr/foy003
https://doi.org/10.3390/antiox13060727
https://doi.org/10.3390/antiox13060727
https://doi.org/10.4162/nrp.2020.14.5.438
https://doi.org/10.4162/nrp.2020.14.5.438
https://doi.org/10.1016/j.jep.2018.11.005
https://doi.org/10.1016/j.jep.2018.11.005
https://doi.org/10.1016/j.cell.2018.09.048
https://doi.org/10.1016/j.cell.2018.09.048
https://doi.org/10.1142/S0192415X21500592
https://doi.org/10.1016/j.intimp.2024.113237
https://doi.org/10.1016/j.intimp.2024.113237
https://doi.org/10.3390/antiox12020527
https://doi.org/10.3390/antiox12020527
https://doi.org/10.1111/1440-1681.12652
https://doi.org/10.3390/biom11081240


1999Phytotherapy Research, 2026

Psoriasis-Like Skin Lesions.” International Immunopharmacology 114: 
109585. https://​doi.​org/​10.​1016/j.​intimp.​2022.​109585.

Li, Z., L. Chen, L. Qu, et  al. 2024. “Potential Implications of Natural 
Compounds on Aging and Metabolic Regulation.” Ageing Research 
Reviews 101: 102475. https://​doi.​org/​10.​1016/j.​arr.​2024.​102475.

Lim, H. J., S. H. Kang, Y. J. Song, Y. D. Jeon, and J. S. Jin. 2021. 
“Inhibitory Effect of Quercetin on Propionibacterium Acnes-Induced 
Skin Inflammation.” International Immunopharmacology 96: 107557. 
https://​doi.​org/​10.​1016/j.​intimp.​2021.​107557.

Liu, W., and A. Zhi. 2021. “The Potential of Quercetin to Protect Against 
Loperamide-Induced Constipation in Rats.” Food Science & Nutrition 9: 
3297–3307. https://​doi.​org/​10.​1002/​fsn3.​2296.

López-Otín, C., M. A. Blasco, L. Partridge, M. Serrano, and G. Kroemer. 
2013. “The Hallmarks of Aging.” Cell 153: 1194–1217. https://​doi.​org/​10.​
1016/j.​cell.​2013.​05.​039.

López-Otín, C., M. A. Blasco, L. Partridge, M. Serrano, and G. Kroemer. 
2023. “Hallmarks of Aging: An Expanding Universe.” Cell 186: 243–
278. https://​doi.​org/​10.​1016/j.​cell.​2022.​11.​001.

López-Otín, C., F. Pietrocola, D. Roiz-Valle, L. Galluzzi, and G. Kroemer. 
2023. “Meta-Hallmarks of Aging and Cancer.” Cell Metabolism 35: 12–
35. https://​doi.​org/​10.​1016/j.​cmet.​2022.​11.​001.

Ma, H., X. Song, P. Huang, et al. 2021. “Myricetin Protects Natural Killer 
Cells From Arsenite Induced DNA Damage by Attenuating Oxidative 
Stress and Retaining Poly (ADP-Ribose) Polymerase 1 Activity.” 
Mutation Research, Genetic Toxicology and Environmental Mutagenesis 
865: 503337. https://​doi.​org/​10.​1016/j.​mrgen​tox.​2021.​503337.

Magni, G., B. Riboldi, K. Petroni, and S. Ceruti. 2022. “Flavonoids 
Bridging the Gut and the Brain: Intestinal Metabolic Fate, and Direct or 
Indirect Effects of Natural Supporters Against Neuroinflammation and 
Neurodegeneration.” Biochemical Pharmacology 205: 115257. https://​
doi.​org/​10.​1016/j.​bcp.​2022.​115257.

Mantadaki, A. E., S. Baliou, M. Linardakis, et  al. 2024. “Quercetin 
Intake and Absolute Telomere Length in Patients With Type 2 Diabetes 
Mellitus: Novel Findings From a Randomized Controlled Before-and-
After Study.” Pharmaceuticals (Basel) 17: 1136. https://​doi.​org/​10.​3390/​
ph170​91136​.

Meng, J., Y. Chen, J. Wang, et  al. 2020. “EGCG Protects Vascular 
Endothelial Cells From Oxidative Stress-Induced Damage by Targeting 
the Autophagy-Dependent PI3K-AKT-mTOR Pathway.” Annals of 
Translational Medicine 8: 200. https://​doi.​org/​10.​21037/​​atm.​2020.​01.​92.

Meng, X., S. Zheng, Z. Yin, et  al. 2024. “Apigenin Ameliorates 
Imiquimod-Induced Psoriasis in C57BL/6J Mice by Inactivating STAT3 
and NF-κB.” Food Science and Human Wellness 13: 211–224. https://​doi.​
org/​10.​26599/​​FSHW.​2022.​9250018.

Mi, Y., L. Zhong, S. Lu, et  al. 2022. “Quercetin Promotes Cutaneous 
Wound Healing in Mice Through Wnt/β-Catenin Signaling Pathway.” 
Journal of Ethnopharmacology 290: 115066. https://​doi.​org/​10.​1016/j.​
jep.​2022.​115066.

Mogilenko, D. A., O. Shpynov, P. S. Andhey, et al. 2021. “Comprehensive 
Profiling of an Aging Immune System Reveals Clonal GZMK+ CD8+ T 
Cells as Conserved Hallmark of Inflammaging.” Immunity 54: 99–115. 
https://​doi.​org/​10.​1016/j.​immuni.​2020.​11.​005.

Mu, Y., H. Zeng, and W. Chen. 2021. “Quercetin Inhibits Biofilm 
Formation by Decreasing the Production of EPS and Altering the 
Composition of EPS in Staphylococcus epidermidis.” Frontiers in 
Microbiology 12: 631058. https://​doi.​org/​10.​3389/​fmicb.​2021.​631058.

Nagashio, Y., Y. Matsuura, J. Miyamoto, T. Kometani, T. Suzuki, and S. 
Tanabe. 2013. “Hesperidin Inhibits Development of Atopic Dermatitis-
Like Skin Lesions in NC/Nga Mice by Suppressing Th17 Activity.” 
Journal of Functional Foods 5: 1633–1641. https://​doi.​org/​10.​1016/j.​jff.​
2013.​07.​005.

Nguyen, L. T. H., S. H. Ahn, M. J. Choi, I. J. Yang, and H. M. Shin. 2021. 
“Puerarin Improves Dexamethasone-Impaired Wound Healing In Vitro 
and In Vivo by Enhancing Keratinocyte Proliferation and Migration.” 
Applied Sciences 11: 9343. https://​doi.​org/​10.​3390/​app11​199343.

Nicolás-Ávila, J. A., A. V. Lechuga-Vieco, L. Esteban-Martínez, et  al. 
2020. “A Network of Macrophages Supports Mitochondrial Homeostasis 
in the Heart.” Cell 183: 94–109. https://​doi.​org/​10.​1016/j.​cell.​2020.​
08.​031.

Nisar, M. F., T. Liu, M. Wang, et al. 2022. “Eriodictyol Protects Skin 
Cells From UVA Irradiation-Induced Photodamage by Inhibition 
of the MAPK Signaling Pathway.” Journal of Photochemistry and 
Photobiology. B, Biology 226: 112350. https://​doi.​org/​10.​1016/j.​jphot​
obiol.​2021.​112350.

Noh, S. U., E. A. Cho, H. O. Kim, and Y. M. Park. 2008. “Epigallocatechin-
3-Gallate Improves Dermatophagoides pteronissinus Extract-
Induced Atopic Dermatitis-Like Skin Lesions in NC/Nga Mice by 
Suppressing Macrophage Migration Inhibitory Factor.” International 
Immunopharmacology 8: 1172–1182. https://​doi.​org/​10.​1016/j.​intimp.​
2008.​04.​002.

Noor, A. A. M. 2024. “Exploring the Therapeutic Potential of Terpenoids 
for Depression and Anxiety.” Chemistry & Biodiversity 21: e202400788. 
https://​doi.​org/​10.​1002/​cbdv.​20240​0788.

O'Connor, D. B., J. F. Thayer, and K. Vedhara. 2021. “Stress and Health: 
A Review of Psychobiological Processes.” Annual Review of Psychology 
72: 663–688. https://​doi.​org/​10.​1146/​annur​ev-​psych​-​06252​0-​122331.

Ohmoto, M., Y. Shibuya, S. Taniguchi, et al. 2020. “Protective Effects 
of Butein on Corticosterone-Induced Cytotoxicity in Neuro2A Cells.” 
IBRO Reports 8: 82–90. https://​doi.​org/​10.​1016/j.​ibror.​2020.​02.​002.

Ohno, S., S. Shinoda, S. Toyoshima, H. Nakazawa, T. Makino, and 
S. Nakajin. 2002. “Effects of Flavonoid Phytochemicals on Cortisol 
Production and on Activities of Steroidogenic Enzymes in Human 
Adrenocortical H295R Cells.” Journal of Steroid Biochemistry and 
Molecular Biology 80: 355–363. https://​doi.​org/​10.​1016/​S0960​-​0760(02)​
00021​-​3.

Oyama, J. I., A. Shiraki, T. Nishikido, et al. 2017. “EGCG, a Green Tea 
Catechin, Attenuates the Progression of Heart Failure Induced by 
the Heart/Muscle-Specific Deletion of MnSOD in Mice.” Journal of 
Cardiology 69: 417–427. https://​doi.​org/​10.​1016/j.​jjcc.​2016.​05.​019.

Panche, A. N., A. D. Diwan, and S. R. Chandra. 2016. “Flavonoids: An 
Overview.” Journal of Nutritional Science 5: e47. https://​doi.​org/​10.​1017/​
jns.​2016.​41.

Pannu, A., P. C. Sharma, V. K. Thakur, and R. K. Goyal. 2021. “Emerging 
Role of Flavonoids as the Treatment of Depression.” Biomolecules 11: 
1825. https://​doi.​org/​10.​3390/​biom1​1121825.

Pei, J., R. V. Kumarasamy, S. Jayaraman, G. V. Kanniappan, Q. Long, 
and C. P. Palanisamy. 2025. “Quercetin-Functionalized Nanomaterials: 
Innovative Therapeutic Avenues for Alzheimer's Disease Management.” 
Ageing Research Reviews 104: 102665. https://​doi.​org/​10.​1016/j.​arr.​2025.​
102665.

Peng, X., Y. Zhu, Y. Wu, et al. 2023. “Genistein, a Soybean Isoflavone, 
Promotes Wound Healing by Enhancing Endothelial Progenitor Cell 
Mobilization in Rats With Hemorrhagic Shock.” Advanced Biology 7: 
2200236. https://​doi.​org/​10.​1002/​adbi.​20220​0236.

Pierzynowska, K., M. Podlacha, L. Gaffke, et  al. 2019. “Autophagy-
Dependent Mechanism of Genistein-Mediated Elimination of 
Behavioral and Biochemical Defects in the Rat Model of Sporadic 
Alzheimer's Disease.” Neuropharmacology 148: 332–346. https://​doi.​
org/​10.​1016/j.​neuro​pharm.​2019.​01.​030.

Poasakate, A., P. Maneesai, P. Potue, et al. 2022. “Genistein Alleviates 
Renin-Angiotensin System Mediated Vascular and Kidney Alterations 
in Renovascular Hypertensive Rats.” Biomedicine & Pharmacotherapy 
146: 112601. https://​doi.​org/​10.​1016/j.​biopha.​2021.​112601.

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.intimp.2022.109585
https://doi.org/10.1016/j.arr.2024.102475
https://doi.org/10.1016/j.intimp.2021.107557
https://doi.org/10.1002/fsn3.2296
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cmet.2022.11.001
https://doi.org/10.1016/j.mrgentox.2021.503337
https://doi.org/10.1016/j.bcp.2022.115257
https://doi.org/10.1016/j.bcp.2022.115257
https://doi.org/10.3390/ph17091136
https://doi.org/10.3390/ph17091136
https://doi.org/10.21037/atm.2020.01.92
https://doi.org/10.26599/FSHW.2022.9250018
https://doi.org/10.26599/FSHW.2022.9250018
https://doi.org/10.1016/j.jep.2022.115066
https://doi.org/10.1016/j.jep.2022.115066
https://doi.org/10.1016/j.immuni.2020.11.005
https://doi.org/10.3389/fmicb.2021.631058
https://doi.org/10.1016/j.jff.2013.07.005
https://doi.org/10.1016/j.jff.2013.07.005
https://doi.org/10.3390/app11199343
https://doi.org/10.1016/j.cell.2020.08.031
https://doi.org/10.1016/j.cell.2020.08.031
https://doi.org/10.1016/j.jphotobiol.2021.112350
https://doi.org/10.1016/j.jphotobiol.2021.112350
https://doi.org/10.1016/j.intimp.2008.04.002
https://doi.org/10.1016/j.intimp.2008.04.002
https://doi.org/10.1002/cbdv.202400788
https://doi.org/10.1146/annurev-psych-062520-122331
https://doi.org/10.1016/j.ibror.2020.02.002
https://doi.org/10.1016/S0960-0760(02)00021-3
https://doi.org/10.1016/S0960-0760(02)00021-3
https://doi.org/10.1016/j.jjcc.2016.05.019
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.3390/biom11121825
https://doi.org/10.1016/j.arr.2025.102665
https://doi.org/10.1016/j.arr.2025.102665
https://doi.org/10.1002/adbi.202200236
https://doi.org/10.1016/j.neuropharm.2019.01.030
https://doi.org/10.1016/j.neuropharm.2019.01.030
https://doi.org/10.1016/j.biopha.2021.112601


2000 Phytotherapy Research, 2026

Polsky, L. R., K. E. Rentscher, and J. E. Carroll. 2022. “Stress-Induced 
Biological Aging: A Review and Guide for Research Priorities.” Brain, 
Behavior, and Immunity 104: 97–109. https://​doi.​org/​10.​1016/j.​bbi.​2022.​
05.​016.

Ponnian, S. M. P. 2022. “Preventive Effects of (−) Epicatechin 
on Tachycardia, Cardiac Hypertrophy, and Nuclear Factor-κB 
Inflammatory Signaling Pathway in Isoproterenol-Induced Myocardial 
Infarcted Rats.” European Journal of Pharmacology 924: 174909. https://​
doi.​org/​10.​1016/j.​ejphar.​2022.​174909.

Precedence Research. 2024. “Anti-Aging Cosmetics Market Size, Share, 
and Trends 2024 to 2034.” Accessed 13 March, 2025. https://​www.​prece​
dence​resea​rch.​com/​anti-​aging​-​cosme​tics-​market.

Prince, P. D., L. Fischerman, J. E. Toblli, C. G. Fraga, and M. 
Galleano. 2017. “LPS-Induced Renal Inflammation Is Prevented by 
(−)-Epicatechin in Rats.” Redox Biology 11: 342–349. https://​doi.​org/​10.​
1016/j.​redox.​2016.​12.​023.

Proshkina, E., S. Plyusnin, T. Babak, et  al. 2020. “Terpenoids as 
Potential Geroprotectors.” Antioxidants 9, no. 6: 529. https://​doi.​org/​10.​
3390/​antio​x9060529.

Qian, L., H. Xu, R. Yuan, W. Yun, and Y. Ma. 2024. “Formononetin 
Ameliorates Isoproterenol Induced Cardiac Fibrosis Through Improving 
Mitochondrial Dysfunction.” Biomedicine & Pharmacotherapy 170: 
116000. https://​doi.​org/​10.​1016/j.​biopha.​2023.​116000.

Radek, K. A. 2010. “Antimicrobial Anxiety: The Impact of Stress on 
Antimicrobial Immunity.” Journal of Leukocyte Biology 88: 263–277. 
https://​doi.​org/​10.​1189/​jlb.​1109740.

Ramirez-Sanchez, I., C. Mansour, V. Navarrete-Yañez, et  al. 2018. 
“(−)-Epicatechin Induced Reversal of Endothelial Cell Aging and 
Improved Vascular Function: Underlying Mechanisms.” Food & 
Function 9: 4802–4813. https://​doi.​org/​10.​1039/​C8FO0​0483H​.

Rashed, E. R., T. El-Hamoly, M. M. El-Sheikh, and M. A. El-Ghazaly. 
2023. “Pelargonidin Ameliorates Reserpine-Induced Neuronal 
Mitochondrial Dysfunction and Apoptotic Cascade: A Comparative 
In Vivo Study.” Drug and Chemical Toxicology 46: 462–471. https://​doi.​
org/​10.​1080/​01480​545.​2022.​2050750.

Ratanapokasatit, Y., W. Laisuan, T. Rattananukrom, A. Petchlorlian, I. 
Thaipisuttikul, and M. Sompornrattanaphan. 2022. “How Microbiomes 
Affect Skin Aging: The Updated Evidence and Current Perspectives.” 
Life 12: 936. https://​doi.​org/​10.​3390/​life1​2070936.

Ren, Q., F. Guo, S. Tao, R. Huang, L. Ma, and P. Fu. 2020. “Flavonoid 
Fisetin Alleviates Kidney Inflammation and Apoptosis via Inhibiting 
Src-Mediated NF-κB p65 and MAPK Signaling Pathways in Septic AKI 
Mice.” Biomedicine & Pharmacotherapy 122: 109772. https://​doi.​org/​10.​
1016/j.​biopha.​2019.​109772.

Ruijters, E. J., G. R. Haenen, A. R. Weseler, and A. Bast. 2014. “The 
Cocoa Flavanol (−)-Epicatechin Protects the Cortisol Response.” 
Pharmacological Research 79: 28–33. https://​doi.​org/​10.​1016/j.​phrs.​
2013.​11.​004.

Seo, H. R., M. J. Choi, J. M. Choi, J. C. Ko, J. Y. Ko, and E. J. Cho. 2016. 
“Malvidin Protects WI-38 Human Fibroblast Cells Against Stress-
Induced Premature Senescence.” Journal of Cancer Prevention 21: 32.

Shen, L., Y. Zhu, Z. Chen, F. Shen, W. Yu, and L. Zhang. 2024. 
“Isoliquiritigenin Attenuates Myocardial Ischemia Reperfusion 
Through Autophagy Activation Mediated by AMPK/mTOR/ULK1 
Signaling.” BMC Cardiovascular Disorders 24: 415. https://​doi.​org/​10.​
1186/​s1287​2-​024-​04054​-​z.

Sheng, R., Z. L. Gu, and M. L. Xie. 2013. “Epigallocatechin Gallate, 
the Major Component of Polyphenols in Green Tea, Inhibits Telomere 
Attrition Mediated Cardiomyocyte Apoptosis in Cardiac Hypertrophy.” 
International Journal of Cardiology 162: 199–209. https://​doi.​org/​10.​
1016/j.​ijcard.​2011.​07.​083.

Sinegre, T., D. Teissandier, D. Milenkovic, C. Morand, and A. Lebreton. 
2019. “Epicatechin Influences Primary Hemostasis, Coagulation and 
Fibrinolysis.” Food & Function 10: 7291–7298. https://​doi.​org/​10.​1039/​
C9FO0​0816K​.

Singh, T., and S. K. Katiyar. 2013. “Green Tea Polyphenol, 
(−)-Epigallocatechin-3-Gallate, Induces Toxicity in Human Skin 
Cancer Cells by Targeting β-Catenin Signaling.” Toxicology and Applied 
Pharmacology 273: 418–424. https://​doi.​org/​10.​1016/j.​taap.​2013.​09.​021.

Sun, J., Q. Zhang, G. Yang, et  al. 2022. “The Licorice Flavonoid 
Isoliquiritigenin Attenuates Mycobacterium tuberculosis-Induced 
Inflammation Through Notch1/NF-κB and MAPK Signaling 
Pathways.” Journal of Ethnopharmacology 294: 115368. https://​doi.​org/​
10.​1016/j.​jep.​2022.​115368.

Sur, B., and B. Lee. 2022. “Myricetin Inhibited Fear and Anxiety-Like 
Behaviors by HPA Axis Regulation and Activation of the BDNF-ERK 
Signaling Pathway in Posttraumatic Stress Disorder Rats.” Evidence-
Based Complementary and Alternative Medicine 2022: 8320256. https://​
doi.​org/​10.​1155/​2022/​8320256.

Takaya, K., T. Asou, and K. Kishi. 2024. “Fisetin, a Potential Skin 
Rejuvenation Drug That Eliminates Senescent Cells in the Dermis.” 
Biogerontology 25: 161–175. https://​doi.​org/​10.​1007/​s1052​2-​023-​10064​-​9.

Tang, S. C., Y. P. Hsiao, and J. L. Ko. 2022. “Genistein Protects Against 
Ultraviolet B–Induced Wrinkling and Photoinflammation in In  Vitro 
and In Vivo Models.” Genes & Nutrition 17: 4. https://​doi.​org/​10.​1186/​
s1226​3-​022-​00706​-​x.

Tartiere, A. G., J. M. Freije, and C. López-Otín. 2024. “The Hallmarks of 
Aging as a Conceptual Framework for Health and Longevity Research.” 
Frontiers in Aging 5: 1334261. https://​doi.​org/​10.​3389/​fragi.​2024.​
1334261.

The American Institute of Stress. n.d. “What Is Stress?” Accessed 13 
March, 2025. https://​www.​stress.​org/​daily​-​life.

Tuttle, C. S., M. E. Waaijer, M. S. Slee-Valentijn, T. Stijnen, R. Westendorp, 
and A. B. Maier. 2020. “Cellular Senescence and Chronological Age in 
Various Human Tissues: A Systematic Review and Meta-Analysis.” 
Aging Cell 19: e13083. https://​doi.​org/​10.​1111/​acel.​13083​.

Vantyghem, M. C., C. Hober, A. Racadot, and J. Lefebvre. 1994. “11 
Beta-Hydroxysteroid Dehydrogenase (11-Beta-OHSD): Physiology and 
Lack of Action in Pathology.” Annales d'Endocrinologie 55: 271–277.

Walters, K. A., and M. S. Roberts. 2002. “The Structure and Function of 
Skin.” In Dermatological and Transdermal Formulations, edited by K. 
A. Walters, 19–58. CRC press.

Wang, C. H., L. L. Zhu, K. F. Ju, J. L. Liu, and K. P. Li. 2017. “Anti-
Inflammatory Effect of Delphinidin on Intramedullary Spinal Pressure 
in a Spinal Cord Injury Rat Model.” Experimental and Therapeutic 
Medicine 14: 5583–5588. https://​doi.​org/​10.​3892/​etm.​2017.​5206.

Wang, H., J. Cheng, H. Wang, M. Wang, J. Zhao, and Z. Wu. 2019. 
“Protective Effect of Apple Phlorizin on Hydrogen Peroxide-Induced 
Cell Damage in HepG2 Cells.” Journal of Food Biochemistry 43: e13052. 
https://​doi.​org/​10.​1111/​jfbc.​13052​.

Wang, J., G. Li, H. Zhang, and Y. Xie. 2021. “Protective Effect of 
Luteolin on Atopic Dermatitis Murine Model via IgE Mediated Immune 
Response.” Israel Journal of Plant Sciences 68: 99–106. https://​doi.​org/​
10.​1163/​22238​980-​bja10029.

Wang, X. Y., L. J. Gong, J. M. Huang, C. Jiang, and Z. Q. Yan. 2020. 
“Pinocembrin Alleviates Glucocorticoid-Induced Apoptosis by 
Activating Autophagy via Suppressing the PI3K/Akt/mTOR Pathway 
in Osteocytes.” European Journal of Pharmacology 880: 173212. https://​
doi.​org/​10.​1016/j.​ejphar.​2020.​173212.

Weeraratna, A. 2024. “Age-Related Changes in Skin May Contribute to 
Melanoma Metastases.” Johns Hopkins Medicine. https://​www.​hopki​
nsmed​icine.​org/​news/​newsr​oom/​news-​relea​ses/​2024/​03/​age-​relat​

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.bbi.2022.05.016
https://doi.org/10.1016/j.bbi.2022.05.016
https://doi.org/10.1016/j.ejphar.2022.174909
https://doi.org/10.1016/j.ejphar.2022.174909
https://www.precedenceresearch.com/anti-aging-cosmetics-market
https://www.precedenceresearch.com/anti-aging-cosmetics-market
https://doi.org/10.1016/j.redox.2016.12.023
https://doi.org/10.1016/j.redox.2016.12.023
https://doi.org/10.3390/antiox9060529
https://doi.org/10.3390/antiox9060529
https://doi.org/10.1016/j.biopha.2023.116000
https://doi.org/10.1189/jlb.1109740
https://doi.org/10.1039/C8FO00483H
https://doi.org/10.1080/01480545.2022.2050750
https://doi.org/10.1080/01480545.2022.2050750
https://doi.org/10.3390/life12070936
https://doi.org/10.1016/j.biopha.2019.109772
https://doi.org/10.1016/j.biopha.2019.109772
https://doi.org/10.1016/j.phrs.2013.11.004
https://doi.org/10.1016/j.phrs.2013.11.004
https://doi.org/10.1186/s12872-024-04054-z
https://doi.org/10.1186/s12872-024-04054-z
https://doi.org/10.1016/j.ijcard.2011.07.083
https://doi.org/10.1016/j.ijcard.2011.07.083
https://doi.org/10.1039/C9FO00816K
https://doi.org/10.1039/C9FO00816K
https://doi.org/10.1016/j.taap.2013.09.021
https://doi.org/10.1016/j.jep.2022.115368
https://doi.org/10.1016/j.jep.2022.115368
https://doi.org/10.1155/2022/8320256
https://doi.org/10.1155/2022/8320256
https://doi.org/10.1007/s10522-023-10064-9
https://doi.org/10.1186/s12263-022-00706-x
https://doi.org/10.1186/s12263-022-00706-x
https://doi.org/10.3389/fragi.2024.1334261
https://doi.org/10.3389/fragi.2024.1334261
https://www.stress.org/daily-life
https://doi.org/10.1111/acel.13083
https://doi.org/10.3892/etm.2017.5206
https://doi.org/10.1111/jfbc.13052
https://doi.org/10.1163/22238980-bja10029
https://doi.org/10.1163/22238980-bja10029
https://doi.org/10.1016/j.ejphar.2020.173212
https://doi.org/10.1016/j.ejphar.2020.173212
https://www.hopkinsmedicine.org/news/newsroom/news-releases/2024/03/age-related-changes-in-skin-may-contribute-to-melanoma-metastases#:~:text=Age%2Drelatedchangesthatcausetheskinto,fromtheJohnsHopkinsKimmelCancerCenter
https://www.hopkinsmedicine.org/news/newsroom/news-releases/2024/03/age-related-changes-in-skin-may-contribute-to-melanoma-metastases#:~:text=Age%2Drelatedchangesthatcausetheskinto,fromtheJohnsHopkinsKimmelCancerCenter


2001Phytotherapy Research, 2026

ed-​chang​es-​in-​skin-​may-​contr​ibute​-​to-​melan​oma-​metas​tases#:​~:​text=​
Age%​2Drel​atedc​hange​sthat​cause​thesk​into,fromt​heJoh​nsHop​kinsK​
immel​Cance​rCenter.

Wei, H., H. Li, S. P. Wan, et  al. 2017. “Cardioprotective Effects of 
Malvidin Against Isoproterenol-Induced Myocardial Infarction in Rats: 
A Mechanistic Study.” Medical Science Monitor: International Medical 
Journal of Experimental and Clinical Research 23: 2007–2016. https://​
doi.​org/​10.​12659/​​MSM.​902196.

WHO. 2024. “Ageing and Health.” https://​www.​who.​int/​news-​room/​
fact-​sheets/​detail/​agein​g-​and-​health.

Woo, J. S., G. S. Choo, E. S. Yoo, et al. 2020. “Apigenin Induces Apoptosis 
by Regulating Akt and MAPK Pathways in Human Melanoma Cell 
A375SM.” Molecular Medicine Reports 22: 4877–4889. https://​doi.​org/​
10.​3892/​mmr.​2020.​11572​.

Wu, L., T. Zeng, M. Deligios, et  al. 2020. “Age-Related Variation of 
Bacterial and Fungal Communities in Different Body Habitats Across 
the Young, Elderly, and Centenarians in Sardinia.” mSphere 5: 10–1128. 
https://​doi.​org/​10.​1128/​msphe​re.​00558​-​19.

Wu, N. L., J. Y. Fang, M. Chen, C. J. Wu, C. C. Huang, and C. F. Hung. 
2011. “Chrysin Protects Epidermal Keratinocytes From UVA- and 
UVB-Induced Damage.” Journal of Agricultural and Food Chemistry 
59: 8391–8400. https://​doi.​org/​10.​1021/​jf200​931t.

Wu, P. Y., J. L. Lyu, Y. J. Liu, et  al. 2017. “Fisetin Regulates Nrf2 
Expression and the Inflammation-Related Signaling Pathway to Prevent 
UVB-Induced Skin Damage in Hairless Mice.” International Journal of 
Molecular Sciences 18: 2118. https://​doi.​org/​10.​3390/​ijms1​8102118.

Wu, Q., M. Wang, W. Chen, K. Wang, and Y. Wang. 2022. “Daidzein 
Exerts Neuroprotective Activity Against MPTP-Induced Parkinson's 
Disease in Experimental Mice and Lipopolysaccharide-Induced BV2 
Microglial Cells.” Journal of Biochemical and Molecular Toxicology 36: 
e22949. https://​doi.​org/​10.​1002/​jbt.​22949​.

Wu, W. B., H. S. Chiang, J. Y. Fang, S. K. Chen, C. C. Huang, and C. 
F. Hung. 2006. “(+)-Catechin Prevents Ultraviolet B-Induced Human 
Keratinocyte Death via Inhibition of JNK Phosphorylation.” Life 
Sciences 79: 801–807. https://​doi.​org/​10.​1016/j.​lfs.​2006.​02.​028.

Xiang, S., H. Zeng, F. Xia, et  al. 2021. “The Dietary Flavonoid 
Isoliquiritigenin Induced Apoptosis and Suppressed Metastasis in 
Melanoma Cells: An In  Vitro and In  Vivo Study.” Life Sciences 264: 
118598. https://​doi.​org/​10.​1016/j.​lfs.​2020.​118598.

Xie, Y., R. Ji, and M. Han. 2019. “Eriodictyol Protects H9c2 
Cardiomyocytes Against the Injury Induced by Hypoxia/Reoxygenation 
by Improving the Dysfunction of Mitochondria.” Experimental 
and Therapeutic Medicine 17: 551–557. https://​doi.​org/​10.​3892/​etm.​
2018.​6918.

Xing, B., N. Feng, J. Zhang, et  al. 2022. “Pinocembrin Relieves Hip 
Fracture-Induced Pain by Repressing Spinal Substance P Signaling in 
Aged Rats.” Journal of Neurophysiology 127: 397–404. https://​doi.​org/​
10.​1152/​jn.​00517.​2021.

Xu, H. T., Q. Zheng, Z. G. Tai, et al. 2024. “Formononetin Attenuates 
Psoriasiform Inflammation by Regulating Interferon Signaling 
Pathway.” Phytomedicine 128: 155412. https://​doi.​org/​10.​1016/j.​
phymed.​2024.​155412.

Xu, M., T. Pirtskhalava, J. N. Farr, et  al. 2018. “Senolytics Improve 
Physical Function and Increase Lifespan in Old Age.” Nature Medicine 
24: 1246–1256. https://​doi.​org/​10.​1038/​s4159​1-​018-​0092-​9.

Xu, P., M. Wang, W. M. Song, et al. 2022. “The Landscape of Human 
Tissue and Cell Type Specific Expression and Co-Regulation of 
Senescence Genes.” Molecular Neurodegeneration 17: 1–20. https://​doi.​
org/​10.​1186/​s1302​4-​021-​00507​-​7.

Yamanishi, K., N. Doe, K. Mukai, et  al. 2022. “Acute Stress Induces 
Severe Neural Inflammation and Overactivation of Glucocorticoid 

Signaling in Interleukin-18-Deficient Mice.” Translational Psychiatry 
12: 404. https://​doi.​org/​10.​1038/​s4139​8-​022-​02175​-​7.

Yang, Y., S. Ma, A. Li, et  al. 2024. “Antibacterial and Antioxidant 
Phlorizin-Loaded Nanofiber Film Effectively Promotes the Healing 
of Burn Wounds.” Frontiers in Bioengineering and Biotechnology 12: 
1428988. https://​doi.​org/​10.​3389/​fbioe.​2024.​1428988.

Yao, X., H. Jiang, Y. NanXu, X. Piao, Q. Gao, and N. H. Kim. 2019. 
“Kaempferol Attenuates Mitochondrial Dysfunction and Oxidative 
Stress Induced by H2O2 During Porcine Embryonic Development.” 
Theriogenology 135: 174–180. https://​doi.​org/​10.​1016/j.​theri​ogeno​logy.​
2019.​06.​013.

Yen, J. H., W. T. Chio, C. J. Chuang, H. L. Yang, and S. T. Huang. 2022. 
“Improved Wound Healing by Naringin Associated With MMP and the 
VEGF Pathway.” Molecules 27: 1695. https://​doi.​org/​10.​3390/​molec​ules2​
7051695.

Yin, J., Y. Liang, D. Wang, et  al. 2018. “Naringenin Induces Laxative 
Effects by Upregulating the Expression Levels of c-Kit and SCF, as 
Well as Those of Aquaporin 3 in Mice With Loperamide-Induced 
Constipation.” International Journal of Molecular Medicine 41: 649–658. 
https://​doi.​org/​10.​3892/​ijmm.​2017.​3301.

Yousefzadeh, M. J., Y. I. Zhu, S. J. McGowan, et al. 2018. “Fisetin Is a 
Senotherapeutic That Extends Health and Lifespan.” eBioMedicine 36: 
18–28. https://​doi.​org/​10.​1016/j.​ebiom.​2018.​09.​015.

Yu, Z., L. Yang, S. Deng, and M. Liang. 2020. “Daidzein Ameliorates 
LPS-Induced Hepatocyte Injury by Inhibiting Inflammation and 
Oxidative Stress.” European Journal of Pharmacology 885: 173399. 
https://​doi.​org/​10.​1016/j.​ejphar.​2020.​173399.

Yuan, D., Y. Guo, F. Pu, et al. 2024. “Opportunities and Challenges in 
Enhancing the Bioavailability and Bioactivity of Dietary Flavonoids: 
A Novel Delivery System Perspective.” Food Chemistry 430: 137115. 
https://​doi.​org/​10.​1016/j.​foodc​hem.​2023.​137115.

Yuan, Y., F. Xia, R. Gao, et  al. 2022. “Kaempferol Mediated AMPK/
mTOR Signal Pathway Has a Protective Effect on Cerebral Ischemic-
Reperfusion Injury in Rats by Inducing Autophagy.” Neurochemical 
Research 47: 2187–2197. https://​doi.​org/​10.​1007/​s1106​4-​022-​03604​-​1.

Zargaran, D., F. Zoller, A. Zargaran, T. Weyrich, and A. Mosahebi. 
2022. “Facial Skin Ageing: Key Concepts and Overview of Processes.” 
International Journal of Cosmetic Science 44: 414–420. https://​doi.​org/​
10.​1111/​ics.​12779​.

Zhang, C., L. Zhu, S. Lu, et al. 2022. “The Antidepressant-Like Effect 
of Formononetin on Chronic Corticosterone-Treated Mice.” Brain 
Research 1783: 147844. https://​doi.​org/​10.​1016/j.​brain​res.​2022.​147844.

Zhang, H., X. Yang, X. Pang, Z. Zhao, H. Yu, and H. Zhou. 2019. 
“Genistein Protects Against Ox-LDL-Induced Senescence Through 
Enhancing SIRT1/LKB1/AMPK-Mediated Autophagy Flux in 
HUVECs.” Molecular and Cellular Biochemistry 455: 127–134. https://​
doi.​org/​10.​1007/​s1101​0-​018-​3476-​8.

Zhang, T., Y. Mu, M. Yang, et  al. 2017. “(+)-Catechin Prevents 
Methylglyoxal-Induced Mitochondrial Dysfunction and Apoptosis in 
EA. hy926 Cells.” Archives of Physiology and Biochemistry 123: 121–127. 
https://​doi.​org/​10.​1080/​13813​455.​2016.​1263868.

Zhang, X., H. Bu, Y. Jiang, et al. 2019. “The Antidepressant Effects of 
Apigenin Are Associated With the Promotion of Autophagy via the 
mTOR/AMPK/ULK1 Pathway.” Molecular Medicine Reports 20: 2867–
2874. https://​doi.​org/​10.​3892/​mmr.​2019.​10491​.

Zhang, Y., Y. Huang, B. Dang, et al. 2023. “Fisetin Alleviates Chronic 
Urticaria by Inhibiting Mast Cell Activation via MRGPRX2.” Journal 
of Pharmacy and Pharmacology 75: 1310–1321. https://​doi.​org/​10.​1093/​
jpp/​rgad056.

Zhang, Y. D., and M. S. Wang. 1997. “Inhibition of 11 Beta-
Hydroxysteroid Dehydrogenase Obtained From Guinea Pig Kidney by 

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.hopkinsmedicine.org/news/newsroom/news-releases/2024/03/age-related-changes-in-skin-may-contribute-to-melanoma-metastases#:~:text=Age%2Drelatedchangesthatcausetheskinto,fromtheJohnsHopkinsKimmelCancerCenter
https://www.hopkinsmedicine.org/news/newsroom/news-releases/2024/03/age-related-changes-in-skin-may-contribute-to-melanoma-metastases#:~:text=Age%2Drelatedchangesthatcausetheskinto,fromtheJohnsHopkinsKimmelCancerCenter
https://www.hopkinsmedicine.org/news/newsroom/news-releases/2024/03/age-related-changes-in-skin-may-contribute-to-melanoma-metastases#:~:text=Age%2Drelatedchangesthatcausetheskinto,fromtheJohnsHopkinsKimmelCancerCenter
https://doi.org/10.12659/MSM.902196
https://doi.org/10.12659/MSM.902196
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://doi.org/10.3892/mmr.2020.11572
https://doi.org/10.3892/mmr.2020.11572
https://doi.org/10.1128/msphere.00558-19
https://doi.org/10.1021/jf200931t
https://doi.org/10.3390/ijms18102118
https://doi.org/10.1002/jbt.22949
https://doi.org/10.1016/j.lfs.2006.02.028
https://doi.org/10.1016/j.lfs.2020.118598
https://doi.org/10.3892/etm.2018.6918
https://doi.org/10.3892/etm.2018.6918
https://doi.org/10.1152/jn.00517.2021
https://doi.org/10.1152/jn.00517.2021
https://doi.org/10.1016/j.phymed.2024.155412
https://doi.org/10.1016/j.phymed.2024.155412
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1186/s13024-021-00507-7
https://doi.org/10.1186/s13024-021-00507-7
https://doi.org/10.1038/s41398-022-02175-7
https://doi.org/10.3389/fbioe.2024.1428988
https://doi.org/10.1016/j.theriogenology.2019.06.013
https://doi.org/10.1016/j.theriogenology.2019.06.013
https://doi.org/10.3390/molecules27051695
https://doi.org/10.3390/molecules27051695
https://doi.org/10.3892/ijmm.2017.3301
https://doi.org/10.1016/j.ebiom.2018.09.015
https://doi.org/10.1016/j.ejphar.2020.173399
https://doi.org/10.1016/j.foodchem.2023.137115
https://doi.org/10.1007/s11064-022-03604-1
https://doi.org/10.1111/ics.12779
https://doi.org/10.1111/ics.12779
https://doi.org/10.1016/j.brainres.2022.147844
https://doi.org/10.1007/s11010-018-3476-8
https://doi.org/10.1007/s11010-018-3476-8
https://doi.org/10.1080/13813455.2016.1263868
https://doi.org/10.3892/mmr.2019.10491
https://doi.org/10.1093/jpp/rgad056
https://doi.org/10.1093/jpp/rgad056


2002 Phytotherapy Research, 2026

Some Bioflavonoids and Triterpenoids.” Acta Pharmacologica Sinica 18: 
240–244.

Zheng, X., Y. Pan, G. Yang, et  al. 2022. “Kaempferol Impairs 
Aerobic Glycolysis Against Melanoma Metastasis via Inhibiting the 
Mitochondrial Binding of HK2 and VDAC1.” European Journal of 
Pharmacology 931: 175226. https://​doi.​org/​10.​1016/j.​ejphar.​2022.​
175226.

Zhu, Y., X. Liu, X. Ding, F. Wang, and X. Geng. 2019. “Telomere and Its 
Role in the Aging Pathways: Telomere Shortening, Cell Senescence and 
Mitochondria Dysfunction.” Biogerontology 20: 1–16. https://​doi.​org/​10.​
1007/​s1052​2-​018-​9769-​1.

Zulkefli, N., C. N. M. Che Zahari, N. H. Sayuti, et al. 2023. “Flavonoids 
as Potential Wound-Healing Molecules: Emphasis on Pathways 
Perspective.” International Journal of Molecular Sciences 24: 4607. 
https://​doi.​org/​10.​3390/​ijms2​4054607.

 10991573, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.70239 by U

niversidade C
atolica, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.ejphar.2022.175226
https://doi.org/10.1016/j.ejphar.2022.175226
https://doi.org/10.1007/s10522-018-9769-1
https://doi.org/10.1007/s10522-018-9769-1
https://doi.org/10.3390/ijms24054607

	Bridging Psychological Stress and Skin Cellular Aging: Flavonoids as a Dual-Action Therapeutic Strategy
	ABSTRACT
	1   |   Introduction
	2   |   Search Methodology
	3   |   Psychological Stress, Skin Cellular Aging, and Flavonoids—Building a Connection
	3.1   |   Impact of Flavonoids on Skin Health
	3.1.1   |   Wound Healing
	3.1.2   |   Photoprotection
	3.1.3   |   Skin Cancer
	3.1.4   |   Skin Inflammatory Diseases
	3.1.5   |   Other Activities

	3.2   |   Impact of Flavonoids on the Molecular Mechanisms (“Hallmarks”) of Aging
	3.2.1   |   Genomic Instability or DNA Damage
	3.2.2   |   Telomere Attrition
	3.2.3   |   Mitochondrial Dysfunction
	3.2.4   |   Cellular Senescence
	3.2.5   |   Chronic Inflammation
	3.2.6   |   Disabled Macro-Autophagy
	3.2.7   |   Skin Microbiota Dysbiosis

	3.3   |   Interplay Between Flavonoids and Stress Mediators
	3.3.1   |   Cortisol and Glucocorticoids
	3.3.2   |   Catecholamines
	3.3.3   |   Substance P


	4   |   Future Perspectives and Challenges
	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


