
 

 
 

 

 
Int. J. Mol. Sci. 2026, 27, 5963 https://doi.org/10.3390/ijms27135963 

Review 

Camellia-Derived Bioactive Compounds: Research Advances 

and Application Prospects in Dermatology 

Lianxin Zhang 1, Baoyan Dai 1, Hong Shen 1, Siyu Chen 1,2,* and Wenxiang Zhang 1,* 

1 State Key Laboratory of Natural Medicines, School of Life Science and Technology, China Pharmaceutical 

University, Nanjing 211198, China; 3225030995@stu.cpu.edu.cn (L.Z.);  

2020220950@stu.cpu.edu.cn (B.D.); 1520240195@cpu.edu.cn (H.S.) 
2 Yunnan Characteristic Plant Extraction Laboratory, Kunming 650106, China 

* Correspondence: siyuchen@cpu.edu.cn (S.C.); wenxiangzhang@cpu.edu.cn (W.Z.) 

Abstract 

Camellia japonica L., an East Asian species with extensive ethnobotanical use, is a rich 

source of bioactive metabolites including polyphenols, saponins, terpenoids, sterols, and 

fa�y acids. These compounds have a�racted significant a�ention in cosmetic research due 

to increasing demand for natural, multifunctional ingredients with antioxidant, anti-in-

flammatory, antimicrobial, moisturizing, and skin-brightening properties. This review 

summarizes the major classes of Camellia metabolites, their chemical characteristics, and 

mechanisms of action. Terpenoids and polyphenols, including phenolic acids, flavonoids, 

and tannins, exhibit potent antioxidant and anti-aging properties. Camellia saponins 

serve as mild natural surfactants for gentle skin cleansing, while phytosterols, amino acids, 

proteins, and seed fa�y acids synergistically reconstruct the epidermal barrier and main-

tain cutaneous hydration. This review further addresses the current applications of these 

Camellia-derived bioactives in ameliorating photo-aging, hyperpigmentation, skin in-

flammation, and barrier dysfunction. Despite significant progress, key challenges persist, 

including incomplete understanding of biosynthetic regulation, suboptimal extraction 

methods, limited study of synergistic effects, and insufficient human safety data. Future 

studies should employ omics technologies and green extraction approaches to elucidate 

biosynthetic pathways, validate efficacy, and promote sustainable utilization of Camellia 

resources in cosmetics, pharmaceuticals, and related industries. 
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1. Introduction 

Camellia japonica L., a representative Theaceae species native to East Asia (China, Ja-

pan, the Korean Peninsula), boasts a millennium-long cultivation and application history 

in China. Recognized as a traditional ornamental and multifunctional plant (Figure 1A), 

it provides medicinal, edible and industrial resources [1]. The entire plant (flowers, leaves, 

fruits, seeds, and bark) is rich in bioactive compounds characterized by unique structures 

and potent bioactivities. These compounds have evolved to resist environmental stresses, 

thereby providing a crucial material foundation for developing bioactive natural products 

for human applications [2]. Fueled by interdisciplinary integration of natural product 
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chemistry, pharmacology, and dermal physiology, coupled with rising consumer demand 

for green, safe and effective cosmetics and health products, Camellia’s bioactive com-

pounds have become a prominent research focus globally. 

 

Figure 1. Camellia japonica (Linnaeus) and its major bioactive compounds. (A) Physical pictures of 

Camellia plants; (B) bioactive compounds of Camellia and their proportions. 

Research on Camellia bioactive compounds commenced in the mid-20th century, in-

itially centered on seed oil extraction. Advancements in separation science and analytical 

characterization have enabled researchers to identify an array of compounds, predomi-

nantly polyphenols, flavonoids, saponins, terpenes, and various fa�y acids (FAs) (Figure 

1B) [3]. These compounds exhibit diverse bioactivities including antioxidant activity, anti-

inflammatory effects, antibacterial capacity, moisturizing performance, skin brightening 

via pigment modulation, and anti-aging effects [4,5]. Consequently, their utilization spans 

cosmetic formulations, pharmaceutical compositions, and food additives. 

Camellia bioactive compounds demonstrate prominent therapeutic value in derma-

tology and skincare. Modern research links skin aging, hyperpigmentation, inflammation 

and xerosis to oxidative stress, free radical damage, inflammatory cytokine dysregulation 

and impaired skin barrier [6]. Camellia-derived polyphenols, including catechins, epicat-

echin, and gallic acid, exhibit potent antioxidant activity [2]; their free radical scavenging 

capability, alongside inhibition of lipid peroxidation and mitigation of oxidative damage 

in skin tissues have been extensively documented [2], thereby delaying dermal senescence 

and demonstrating functional efficacy. Flavonoids, specifically kaempferol, quercetin, and 

isorhamnetin, possess properties relating to anti-inflammatory responsivity, epidermal 

lightening, and soothing effects mediated by regulation of inflammatory signaling path-

ways and tyrosinase inhibition, as evidenced by multiple studies [7]. Application of un-

saturated FAs (particularly oleic, linoleic, and linolenic acids) from Camellia seeds pro-

motes stratum corneum integrity and enhances moisture retention through augmented 

skin barrier repair [8]. Camellia saponins function not only as surfactants but also facilitate 

nutrient penetration into cutaneous tissues, thereby enhancing topical delivery systems 

[9]. Current commercial applications demonstrate that synergistic interactions among 

these bioactive compounds have driven the development and widespread adoption of 

cosmeceuticals formulated with Camellia extracts as key actives [10]. 

Camellia is predominantly used topically in clinical practice with rare oral admin-

istration. Flower and seed extracts alleviate acne, atopic dermatitis (AD), skin barrier dam-

age, and promote wound healing [11]. They exert antioxidant effects and suppress inflam-

matory factors, thereby relieving erythema and pruritus. Orally administered extracts 

provide adjuvant antioxidant and lipid-regulating benefits. Toxicological assessments in-

dicate low acute and subchronic toxicity along with the absence of mutagenicity in Ca-
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mellia extracts [12]. Topical application presents minimal irritation and sensitization risks, 

although erythema may arise in individuals with Camellia pollen allergies [13]. Excessive 

oral intake may cause diarrhea in individuals with spleen–stomach cold deficiency (a tra-

ditional Chinese medicine constitution) [12], and concomitant use with anticoagulants 

carries a potential bleeding risk [14]. Comprehensive clinical safety data for pregnant 

women, lactating women, and children remain insufficient, necessitating caution. Overall, 

Camellia exhibits established efficacy and favorable safety for topical use, whereas high-

quality clinical evidence supporting oral administration remains limited. 

Currently, Camellia species and their bioactive compounds have been integrated into 

a diverse array of skincare products available commercially. In anti-aging formulations, 

high-concentration whole-plant extracts of red Camellia are commonly employed, 

wherein polyphenols act synergistically with Camellia ceramides to exert potent antioxi-

dant effects and stimulate collagen synthesis, rendering these products suitable for broad 

skin types and effective in diminishing fine lines and ameliorating dullness and roughness 

[15]. In lipid-based skincare, cold-pressed Camellia seed oil serves as a core ingredient 

due to its lipid composition closely mimicking human sebum, emphasizing lipid-based 

nourishment to rapidly restore dry, compromised barriers and revitalize a lackluster com-

plexion, particularly suited for dry and barrier-compromised skin. For sensitive skin care, 

formulations incorporating red Camellia essence, alongside Camellia seed oil and pa-

tented soothing actives, effectively alleviate redness, maintain cutaneous homeostasis, 

and repair compromised stratum corneum. These products are typically formulated with-

out alcohol and artificial fragrances, making them appropriate for daily maintenance of 

compromised skin susceptible to seasonal erythema or post-exfoliation irritation [8]. 

Despite significant advances in Camellia bioactive research, several critical chal-

lenges persist. The content and structure diversity of bioactive compounds vary across 

cultivars, growth environments, and plant tissues, yet the underlying regulatory mecha-

nisms governing these variations remain poorly characterized, hindering complicating 

targeted cultivation and the selection of high-quality raw materials [16]. Moreover, most 

mechanistic insights into bioactive compounds are derived from in vitro or animal models; 

their human metabolic fate, molecular targets, and long-term safety profiles still require 

rigorous clinical validation. Regarding extraction methodologies, conventional solvent-

based methods remain predominant yet are constrained by low efficiency, residual sol-

vent contamination, and potential degradation of thermolabile compounds. While envi-

ronmentally friendly alternatives such as supercritical fluid, microwave-assisted, and en-

zymatic extraction demonstrate considerable promise, their optimization and industrial 

scalability warrant further investigation [17]. Lastly, current applications remain largely 

restricted to isolated components or crude extracts, whereas synergistic interactions 

among compounds and the rational design of multi-component formulations remain 

largely unexplored. 

In response to these challenges, this review presents a comprehensive and systematic 

literature analysis of Camellia bioactive compounds reported in recent years, elucidating 

the chemical structures, biological activities, and mechanisms of action of the key bioac-

tive compounds. We specifically focus on their current application status and research 

progress within the dermal and cosmetic sectors. Furthermore, we prospect the potential 

for their integrated utilization across multiple fields and delineate future research direc-

tions. This work aims to provide a theoretical framework and technical reference for the 

in-depth exploration of Camellia resources, the efficient utilization of its bioactive com-

pounds, and the innovative development of related products. 
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2. Search Strategy 

For this review, literature searches were performed across electronic databases in-

cluding PubMed, ScienceDirect, and Web of Science. We prioritized recently published 

research, while also including a small number of early landmark publications to trace the 

historical research background. Search terms included the following: “Camellia”, “Terpe-

noids”, “Tea saponin”, “Phenolic Acids”, “Flavonoids”, “Tannins”, “Sterols”, “Amino Ac-

ids and Proteins” and “Fa�y Acids”. Duplicate references were removed. Based on this 

search and criteria, the cited articles were refined for this review. 

3. Bioactive Compounds 

3.1. Terpenoid 

Terpenoids constitute a major class of plant secondary metabolites derived from bi-

osynthesized isoprene units, which are taxonomically categorized into four subtypes ac-

cording to polymerization degree: monoterpenes, sesquiterpenes, diterpenes, and triter-

penes [18]. In Camellia-derived metabolic components, terpenoid compounds comprise 

approximately 10% of the total compounds, distinguished by inherent volatility, lipo-

philicity, and unique aromatic characteristics. Modern pharmacognosy studies have 

demonstrated that Camellia terpenoids exhibit prominent antioxidant, anti-inflammatory, 

and antimicrobial bioactivities, conferring them significant application value as functional 

cosmetic ingredients [18]. The accumulation of terpenoids exhibits distinct tissue specific-

ity in Camellia plants: fresh leaves are abundant in volatile terpenoids and triterpenoid 

structures, and tea seeds contain abundant triterpenoid components, whereas flowers, 

roots, and stems accumulate only trace amounts of terpenoid substances [19]. 

3.1.1. Monoterpenes 

Monoterpenes are typical volatile terpenoid components in Camellia, with limonene 

and myrcene serving as representative active monomers. These compounds exert direct 

antimicrobial efficacy against common pathogenic microorganisms associated with skin 

disorders, including Cutibacterium acnes (C. acnes), Staphylococcus aureus, and Malassezia 

species, thereby inhibiting the proliferation of skin opportunistic pathogens and reducing 

the risk of inflammatory skin lesions [18]. In terms of skin regulatory functions, volatile 

monoterpenoids can modulate cutaneous nerve conduction pathways, effectively allevi-

ating skin erythema, nociceptive sensation, and pruritus induced by external irritation or 

skin damage [20]. Additionally, monoterpenoids facilitate the biosynthesis of ceramides 

and epidermal lipids, promoting the reconstruction of skin barrier homeostasis in com-

promised skin tissue and enhancing the cutaneous resistance to environmental stimuli, 

which is particularly suitable for the maintenance of sensitive and injured skin [21]. Fur-

thermore, monoterpenoids participate in the regulation of melanogenesis by inhibiting 

tyrosinase catalytic activity, downregulating the transcriptional expression of microph-

thalmia-associated transcription factor (MITF) and tyrosinase-related proteins, and medi-

ating the mitogen-activated protein kinase (MAPK)/cyclic adenosine monophosphate 

(cAMP) signaling cascade, thereby ameliorating UV-induced hyperpigmentation and pig-

mentary disorders [22]. 

3.1.2. Sesquiterpenes 

Sesquiterpenes, representing another vital class of volatile terpenoids in Camellia, 

share core skincare bioactivities with monoterpenes and exhibit synergistic skin-protec-

tive effects. Similar to monoterpenoids, sesquiterpenes possess broad-spectrum antimi-

crobial properties against skin pathogenic microorganisms, suppressing the metabolic ac-

tivity of C. acnes and other harmful bacteria to reduce the occurrence of inflammatory acne 
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lesions [23]. They can soothe overexcited cutaneous sensory nerves, alleviate acute inflam-

matory symptoms such as skin flushing and itching, and ameliorate the discomfort of 

damaged epidermal tissue [20]. Moreover, sesquiterpenoids assist in repairing impaired 

skin barriers by upregulating epidermal lipid synthesis, enhancing the structural integrity 

of the stratum corneum, and improving the tolerance of fragile skin to external adverse 

stimuli [21]. As key antioxidant bioactive compounds, sesquiterpenoids can scavenge in-

tracellular reactive oxygen species (ROS), inhibit oxidative stress-induced skin aging, and 

regulate melanin metabolic pathways to improve abnormal skin pigmentation [22]. 

3.1.3. Triterpenes 

Triterpenoids represent the most abundant and functionally diverse terpenoid com-

ponents in Camellia, with squalene serving as the core characteristic triterpenoid unsa-

ponifiable lipid in Camellia oil. Squalene comprises approximately 4% of the total lipid 

content of Camellia oil, and its unique oxygen-carrying capacity enhances tissue oxygen 

utilization efficiency and blood oxygen concentration, thereby facilitating cellular meta-

bolic renewal and contributing to tissue repair regulation [22,24]. Pharmacological studies 

have confirmed that squalene exhibits anti-hypoxic, anti-fatigue, and anti-aging effects, 

effectively delaying chronological skin aging [24]. Meanwhile, it inhibits ultraviolet-in-

duced lipid peroxidation, blocks free radical-mediated oxidative damage to dermal tis-

sues, and exerts significant photoprotective effects [25]. 

In terms of anti-inflammatory regulation, squalene inhibits the secretion of key pro-

inflammatory cytokines including tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-

6) in the epidermal–dermal signaling axis, thereby alleviating cutaneous inflammatory 

responses and mitigating inflammatory skin damage [26]. Its excellent biological compat-

ibility minimizes adverse skin reactions, effectively relieving erythema, burning sensation, 

and pruritus in impaired epidermal areas and improving the comfort of damaged skin 

[27]. As a high-efficiency emollient, squalene possesses superior skin permeability and 

affinity, enabling rapid penetration deep into the stratum corneum, fusion with endoge-

nous skin lipids, formation of a breathable protective film on the skin surface, reduction 

in transepidermal water loss, and improvement of skin hydration and suppleness without 

producing oily residue [24]. Notably, squalene is non-comedogenic, neither blocking skin 

pores nor inducing acne lesions, enabling its universal applicability across all skin types 

[28]. 

Squalene promotes cellular oxygenation, optimizes energy metabolism and immune 

regulation, accelerates the renewal of senescent skin cells and the clearance of exogenous 

harmful substances, and comprehensively enhances skin physiological status [29]. By ac-

celerating epidermal turnover and promoting the shedding of melanin-rich keratinocytes, 

squalene ameliorates skin dullness and enhances cutaneous radiance [30]. It further up-

regulates the synthesis of collagen and ceramides, strengthens skin barrier function, re-

duces water loss, and enhances skin resistance to external stressors to achieve anti-aging 

efficacy [31]. Additionally, squalene removes excess sebum and necrotic keratinocytes, 

eliminates inflammatory metabolites of C. acnes, and exerts definite anti-acne effects [32]. 

Squalene has significant therapeutic and repairing effects against multiple skin dis-

orders. AD is characterized by congenital skin barrier defects and endogenous lipid de-

pletion, and squalene alleviates AD symptoms through supplementing skin lipids, repair-

ing barrier structure, providing moisturization, and inhibiting inflammatory cytokine ex-

pression [33]. It further improves xeroderma via anti-inflammatory and barrier-repairing 

effects, relieves skin erythema through ROS scavenging and collagen synthesis promotion, 

accelerates skin wound healing by modulating macrophage activity and extracellular ma-

trix (ECM) synthesis, and mitigates UV-induced hyperpigmentation by inhibiting DNA 

oxidative damage [31,34]. Owing to its excellent formula compatibility, squalene is exten-
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sively incorporated into barrier repair creams and soothing lotions for sensitive and prob-

lematic skin, achieving integrated efficacy, including moisturization, anti-inflammation, 

and barrier reconstruction. 

Beyond squalene, other Camellia triterpenoids and phenolic terpenoids exhibit po-

tent antioxidant activity through direct scavenging of cutaneous ROS and inhibition of 

lipid peroxidation chain reactions, thereby protecting phospholipid bilayer cell mem-

branes and collagen–elastin fiber structures from oxidative damage [35]. These triterpe-

noid components activate endogenous antioxidant enzyme systems such as superoxide 

dismutase (SOD) and glutathione peroxidase (GSH-Px), elevate the basal antioxidant ca-

pacity of the skin, and a�enuate photo-aging and chronological aging manifestations, 

such as wrinkles, skin laxity, and pigmentary disorders [36]. In terms of anti-inflammatory 

mechanisms, triterpenoids negatively regulate the nuclear factor κB (NF-κB) and activator 

protein 1 (AP-1) signaling pathways, significantly downregulating the expression of pro-

inflammatory cytokines TNF-α, IL-6, and IL-8 to inhibit cutaneous inflammatory cascades 

[35,37]. Moreover, triterpenic acids modulate sebaceous gland function, inhibit excessive 

sebum secretion, reduce pore size, decrease surface lipid accumulation, and prevent pore 

blockage, thus improving oily skin and acne-prone skin conditions [21]. 

Collectively, Camellia terpenoids including monoterpenes, sesquiterpenes, and 

triterpenoids achieve broad-spectrum skincare efficacy through multi-pathway synergis-

tic regulation. All terpenoid subtypes exert antioxidant, anti-inflammatory, and pigmen-

tation-regulating effects, while volatile terpenoids soothe sensitive skin, and triterpenoids, 

represented by squalene, are specialized in barrier repair and metabolic regulation [22]. 

In current cosmeceutical development, Camellia terpenoids are typically formulated in 

combination with polyphenol extracts, micronutrient derivatives, and phospholipid re-

pair components to construct multifunctional formula systems, realizing comprehensive 

effects including free radical scavenging, anti-aging, antimicrobial activity, sebum regu-

lation, and skin barrier protection, and they have broad application prospects in sensitive 

skin repair, inflammatory skin improvement, and anti-photo-aging skincare [22]. 

3.2. Tea Saponin 

Tea saponins (Camellia triterpenoid saponins) are widely distributed in Camellia 

roots, stems, leaves, flowers, fruits and seeds, with varying content and composition 

among different plant parts. As natural products possessing diverse pharmacological ac-

tivities, they demonstrate antibacterial, anti-inflammatory, antioxidant, and anticancer ef-

fects and inhibit alcohol absorption and cell proliferation [38]. Tea saponins comprise sap-

ogenin, sugar moiety, and organic acid. 

In skin cleansing applications, tea saponin functions as a natural non-ionic surfactant 

(pH 5–7, compatible with human skin) with minimal irritation. It gently eliminates dirt 

and excess sebum while preserving skin moisture, keeping skin hydrated post-cleansing 

and rendering it suitable for all skin types [39]. It also modulates sebaceous gland function, 

reducing excessive sebum production and adsorbing surface oil to prevent pore blockage, 

while its antimicrobial properties minimize odor and inflammatory stimuli resulting from 

lipid degradation to improve oily skin appearance [40]. 

Concerning anti-senescence and antioxidant effects, tea saponins demonstrate nota-

ble capability as efficacious hydroxyl radical scavengers within biological systems. Con-

currently, they significantly enhance the catalytic activity of key antioxidant enzymes, 

particularly GSH-Px and SOD, whose activities are substantially increased under tea sap-

onin influence [41]. Empirical evidence indicates that through the interplay between such 

enzymatic systems facilitated by tea saponin administration, oxidative injury is sup-

pressed with enhanced efficiency, thereby exerting a retardatory effect on physiological 

processes underlying organismal aging [42]. 
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Regarding anti-inflammatory potential, tea saponins exhibit significant activity char-

acterized primarily by suppression of various pro-inflammatory mediators, which are 

critical contributors within inflammatory pathways [43]. Additionally, they possess 

broad-spectrum antimicrobial efficacy applicable to both bacterial and fungal species, 

with research demonstrating minimum inhibitory concentrations of 1 mg/mL for strains 

such as Escherichia coli, whereas 0.5 mg/mL effectiveness is observed against Staphylococcus 

aureus—the la�er exhibiting parallel susceptibility when minimum bactericidal concen-

tration values are established at 4 mg/mL. These bioactive compounds also demonstrate 

capacities for mitigation in murine experimental models wherein cutaneous lesions are 

induced by 2,4-dinitrochlorobenzene exposure: improvements occur in both epidermal 

restoration processes and, subsequently, in the resolution of compromised skin barriers 

observable post-challenge [44]. Furthermore, they promote keratinocyte proliferation and 

repair, increasing stratum corneum thickness and reducing inflammation-mediated bar-

rier damage. When combined with other lipids, they synergistically maintain barrier in-

tegrity, alleviating redness and sensitivity [45]. 

In skin-whitening applications, tea saponin represents a valuable natural cosmetic 

ingredient through inhibiting tyrosinase, blocking 3,4-dihydroxyphenylalanine (DOPA)-

to-dopaquinone conversion and suppressing melanin synthesis [46]. Characterized by its 

botanical origin, tea saponin exhibits biodegradability and remains free from pollutant-

generating activities, a�ributes that align with both consumer preferences oriented to-

ward green consumption and prevailing trajectories within cosmetic sector sustainability 

[9]. Within clinical dermatology, the pathognomonic signs of acne are dysfunctions cen-

tering upon overactive sebaceous gland secretion, the consequential occlusion observed 

at follicular levels, and an inflammatory milieu whose emergence is mediated through 

proliferative activity of C. acnes, and these pathological changes produce clinical lesions 

including comedones, papules and pustules in patients [47]. Tea saponin, in application, 

exhibits properties conducive to mild cleansing, characterized by effective lipid removal 

and enhanced clearance of follicular debris, with inhibition of C. acnes’ expansion along-

side restriction of pro-inflammatory mediator release collectively resulting in a�enuation 

of erythematous swelling localized at lesion sites; consistently, the cutaneous barrier in-

tegrity remains uncompromised in this context [39]. 

In contemporary dermatocosmetic formulations, tea saponin finds notable application 

across diverse product modalities, as evidenced in its incorporation within mild cleansing 

agents, oil-regulating anti-acne emulsions or solutions, and topicals designed for reparative 

intervention with inflammatory pathologies, as well as therapeutics targeting seborrheic 

dermatitis symptoms. When combined with actives from classes such as humectants, anti-

inflammatory compounds, and compounds facilitating lipid barrier restitution, tea saponin 

imparts characteristics aligned with gentle detergent action, sebum regulation, antimicro-

bial potential, anti-inflammatory effects, and dermal barrier restoration [9]. 

Tea saponins represent mild, naturally derived surfactants from Camellia that pre-

serve skin barrier lipids. Compared with other bioactive compounds, they exhibit unique 

penetration-enhancing properties that facilitate the transdermal delivery of other bioac-

tive compounds. Concurrently, they thicken the stratum corneum and exert direct bacte-

ricidal effects by lysing bacterial cell membranes, thereby offering a barrier repair mecha-

nism that is distinct from conventional lipid-based approaches. In terms of skin brighten-

ing, they inhibit DOPA conversion via a pathway that is mechanistically distinct from that 

of polyphenols [9]. 
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3.3. Phenolic Compounds 

3.3.1. Phenolic Acids 

Phenolic acids are low-molecular-weight organic phenolic acids widely distributed 

in Camellia flower extracts, with gallic acid serving as the most representative active mon-

omer. Distinct from flavonoids and polymeric tannins in terms of molecular skeleton and 

chemical classification, gallic acid possesses abundant phenolic hydroxyl groups, ena-

bling prominent free-radical-scavenging capacity to eliminate intracellular reactive oxy-

gen species and alleviate cellular oxidative stress [48]. As a low-toxicity cosmetic-compat-

ible phenolic component, gallic acid exerts core skin-brightening efficacy through inhibi-

tion of tyrosinase activity, thereby suppressing melanin biosynthesis and ameliorating 

UV-induced pigmentary abnormalities. In addition, it delivers auxiliary anti-inflamma-

tory, antimicrobial and antioxidant effects, ameliorating dull skin texture and providing 

basic skin protection for daily skincare applications. Further its polyol structure also in-

hibits hyaluronidase activity, effectively preventing hyaluronic acid degradation and 

maintaining long-term epidermal hydration [49]. 

3.3.2. Flavonoids 

Flavonoids are a major class of plant secondary metabolites characterized by a con-

served 2-phenylchromone skeleton, encompassing flavan-3-ols (catechins) and flavonols 

(rutin, quercetin, kaempferol), which collectively represent the phenolic bioactive com-

pounds of Camellia flowers and leaves [50]. These compounds are categorized into mon-

omeric flavonoids and flavonoid glycosides with distinct skincare mechanisms. Mono-

meric flavonoids represented by catechins exhibit excellent dual antioxidant capacity: 

they directly neutralize UV-triggered ROS to mitigate photodamage and suppress lipid 

peroxidation to stabilize cell membrane structure [51]. They also significantly inhibit the 

activity of skin aging-related enzymes including matrix metalloproteinase-1 (MMP-1) and 

elastase, reduce the enzymatic degradation of collagen and elastin, and delay cutaneous 

laxity and wrinkle formation [52]. Notably, catechins induce mild ROS production to ac-

tivate cellular adaptive stress responses, enhancing skin tolerance against external oxida-

tive insults [53]. With prominent anti-inflammatory and tyrosinase-inhibiting properties, 

monomeric flavonoids alleviate cutaneous erythema and pruritus via negative regulation 

of NF-κB and AP-1 signaling cascades and a�enuate melanin synthesis to improve skin 

dullness and hyperpigmentation [54,55]. 

Flavonoid glycosides exemplified by rutin possess superior vascular regulatory and 

anti-sensitivity effects. They enhance capillary perfusion, reduce vascular permeability, 

and alleviate inflammatory swelling and burning sensations in sensitive skin [56]. In ad-

dition, flavonoids including quercetin and luteolin activate the nuclear factor erythroid 2-

related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) antioxidant axis, upregulate endogenous 

antioxidant enzymes such as SOD and GSH-Px, and inhibit nicotinamide adenine dinu-

cleotide phosphate (NADPH) oxidase activity, comprehensively strengthening skin anti-

oxidant defense [57]. They also block NF-κB, MAPK and Janus kinase/signal transducer 

and activator of transcription (JAK/STAT) immune signaling pathways, suppress the ex-

pression of pro-inflammatory mediators including cyclooxygenase 2 (COX-2) and induc-

ible nitric oxide synthase (iNOS), and alleviate acute and chronic cutaneous inflammation 

[57–59]. Functionally, flavonoids promote keratinocyte proliferation and differentiation, 

upregulate ceramide and cholesterol synthesis to repair impaired skin barriers, and mod-

ulate aquaporin expression to maintain epidermal hydration [60]. They exert targeted im-

provement on melasma, post-inflammatory hyperpigmentation (PIH), rosacea and acne 

lesions, and are widely formulated into anti-aging, brightening and soothing skincare 

products [54,55]. Additionally, flavonoids bind to skin proteins through hydrophobic in-
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teraction and hydrogen bonding to refine pores, alleviate oily skin sebum over-secretion, 

and maintain long-term skin moisturization [49,61]. 

3.3.3. Tannins 

Tannins are high-molecular-weight polymeric polyphenols mainly consisting of hy-

drolysable and condensed tannin oligomers, which are uniquely differentiated from low-

molecular-weight phenolic acids and flavonoids in molecular structure and skincare char-

acteristics. As abundant bioactive compounds in Camellia species, tannins contain exten-

sive hydroxyl functional groups and exert potent antioxidant effects through electron do-

nation to scavenge ROS and reactive nitrogen species (RNS), terminating continuous oxi-

dative chain reactions in skin tissues [62]. Distinctive from other phenolic substances, tan-

nins possess unique protein precipitation and astringent properties: they form stable hy-

drogen-bonded complexes with epidermal surface proteins, enabling instantaneous skin 

tightening, pore refinement and fine wrinkle reduction, which effectively ameliorates sag-

ging and rough skin texture [63]. 

Tannins exert anti-inflammatory effects primarily through inhibition of NF-κB and 

toll-like receptor 4 (TLR4) signaling pathways, downregulating the expression of pro-in-

flammatory cytokines IL-1, IL-6, TNF-α and upregulating the anti-inflammatory cytokine 

IL-10, thereby fundamentally alleviating cutaneous inflammatory responses [64,65]. They 

also exhibit broad-spectrum antimicrobial activity against common skin bacteria and 

fungi at cosmetic-grade concentrations without inducing cytotoxicity to normal human 

skin cells, rendering them suitable for anti-irritation and anti-aging skincare development 

[66,67]. Another distinctive advantage of tannins lies in their prominent ultraviolet shield-

ing performance, which can absorb over 98% of incident UV radiation, effectively reduc-

ing solar erythema risk and cumulative photo-aging damage, realizing synergistic photo-

protection for skin [63]. In terms of brightening and moisturizing efficacy, tannins inhibit 

tyrosinase activity to suppress de novo melanin synthesis, accelerate the turnover of pig-

mented keratinocytes to fade existing hyperpigmentation [68], and inhibit hyaluronidase 

activity to preserve dermal hyaluronic acid, forming a hydrophilic protective film on the 

skin surface to achieve long-lasting deep moisturization [63]. 

3.4. Sterols 

Phytosterols are predominantly distributed in Camellia seeds, with minor quantities 

found in flowers and leaves. These compounds feature antioxidant, anti-inflammatory, 

antibacterial and skin-brightening effects, effectively repairing damaged skin barriers and 

delaying skin aging, thereby serving as ideal raw materials for sensitive skincare and anti-

aging products. 

Sterols exhibit molecular resemblance to endogenous cholesterol, a property that fa-

cilitates their progressive assimilation into cutaneous cellular frameworks, particularly 

within regions characterized by a paucity of physiological constituents [69]. When con-

centrations within the plasma membrane exceed 10%, synergistic interactions occur with 

sphingolipids, facilitating the assembly of specialized lipid microdomains known as rafts. 

These domains are central to membrane stabilization and dynamic viscosity; they are es-

sential for protein functionality pertaining to the epidermal barrier, thereby mediating 

homeostatic restoration [70]. Owing to the marked lipophilic a�ributes of sterols, they 

form an occlusive film on the stratum corneum surface, functioning to impede transepi-

dermal water loss, thus achieving a�enuation of such losses [71]. Within this context, 

sterol esters further support repair of intercellular matrix lipids, intrinsically maintain hy-

dration, and exhibit softening effects on keratinization [72]. 

Sterol compounds extend beyond mere structural reinforcement, demonstrating ca-

pabilities against microbial proliferation, encompassing both bacterial and fungal species. 
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Additionally, anti-inflammatory responses, antipyretic modulation, and ulcer a�enuation 

are among the pharmacodynamic characteristics observed in experimental models [73]. 

In individuals manifesting heightened dermal sensitivity or inflammatory reactivity, 

symptomatic irritation is mitigated through such actions. The underlying mechanisms in-

volve suppression of NF-κB initiation cascades; consequentially, diminished secretion 

rates for principal pro-inflammatory effectors, including tumor necrosis factor alpha and 

interleukin family mediators, are observed [74]. Furthermore, regulation is exerted over 

immune cell behavior within cutaneous tissue environments, whereby chronic patholog-

ical states characterized by persistent erythema or pruritic manifestations experience 

measurable relief [75]. 

The antioxidant properties a�ributed to sterols operate through a dual mechanism: 

direct reactivity with ROS, alongside enhancement of endogenous enzymatic pathways, 

including those governed by SOD and GSH-Px, thereby facilitating a�enuation of oxida-

tive damage [76]. Consequently, suppression characterizes the progression of inflamma-

tion-associated lipid peroxidation—a relationship evident upon examination of relevant 

biochemical cascades that are interrupted within such contexts. Notably, stabilization af-

forded by sterols to membrane lipid matrices, particularly in vascular endothelial cells 

and hepatocytic populations, proves instrumental for defensive mechanisms deployed 

against ROS-provoked structural injury [77]. Thus, preservation of oil integrity from ran-

cidification becomes apparent, alongside broader maintenance of systemic redox homeo-

stasis, which, when extrapolated across organismal physiology, suggests a possible reduc-

tion in incidences of diseases linked to heightened oxidative stress states [78]. Regarding 

integumentary system manifestations, this multifaceted antioxidative action manifests as 

increased resistance to exogenous environmental insults, a phenomenon that aligns con-

comitantly with observable deceleration in cutaneous senescence. 

Based on accumulated empirical studies, sterolic compounds exhibit significant in-

hibitory effects on human leukocyte elastase (HLE) [79]. Elastase plays a critical role in 

skin turnover under physiological conditions, facilitating dermal metabolic turnover 

through the clearance of denatured ECM proteins. Marked deviations from this regulated 

activity, an aberrance noted in pathophysiological states, affords a scenario within which 

persistent inflammation and progressive proteolysis of structural constituents such as 

elastin and collagen ensue; thus, integral support structures for cutaneous pliancy and 

resistance are compromised [80,81]. This implies that intervention with sterol-based in-

hibitors maintains tensile skin properties, retards processes underlying wrinkle ontogeny 

through preservation of stromal flexibility, and provides mitigating capacity against tis-

sue injury associated with inflammatory phenomena [82,83]. Within clinical practice, ster-

ols emerge as agents targeting the fundamental dysregulations intrinsic to prevalent in-

flammatory dermatoses. As manifested in AD, wherein inherent deficits in epidermal li-

pid components and persistent inflammatory sequelae prevail, compensatory restoration 

of barrier lipids by sterols is observable, with a�enuation of mediator-driven inflamma-

tion thereby facilitating pruritus alleviation and episodic exacerbation minimization. This 

pa�ern, evident across multiple documented outcomes, illustrates the dualistic modula-

tion—replenishing the structural deficit while simultaneously interfering with pathogenic 

signaling routes—which underpins the therapeutic efficacies ascribed to sterol-based in-

terventions among afflicted individuals [74]. Discernible from the prevailing utilization 

landscape of sterols is their notable inclusion within diverse dermatological formulations, 

including creams for barrier restitution, lotions with anti-inflammatory functions, mois-

turizing unguents, age-mitigative assemblages, and preparations tailored to dermally sen-

sitive cohorts. 

Sterols share a high structural similarity with human cholesterol, enabling them to 

embed into and repair lipid rafts on cell membranes—a property not commonly observed 
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in oils or polyphenols. Specifically, they inhibit human leukocyte elastase, thereby reduc-

ing elastin degradation and targeting sagging and fine lines. Additionally, phytosterols 

bidirectionally regulate skin immunity, alleviating chronic recurrent sensitive dermatitis. 

This immunomodulatory repair mechanism is distinct from that of other Camellia-de-

rived actives, which primarily provide anti-inflammatory or lipid-replenishing benefits. 

3.5. Amino Acids and Proteins 

Camellia seed meal, a byproduct generated during Camellia seed oil extraction, 

serves as an abundant source of proteins and bioactive peptides. These peptide substances 

possess outstanding biochemical activity and have a�racted extensive research interest. 

Numerous analytical studies indicate that the antioxidative potencies of these pep-

tide molecular fractions sometimes surpass the comparable activities of saponin com-

pounds present in the same matrix. Cell-free assay paradigms demonstrate that oxidative 

perturbations manifesting as elevated intracellular ROS and malondialdehyde (MDA) 

concentrations can be mitigated following exposure to proteinaceous extracts derived 

from Camellia seed meal; concomitant elevation in SOD, as well as GSH-Px enzymatic 

functions, substantiates the preservation effects on redox equilibria inherent to biological 

systems [84]. Noteworthy are the mechanistic insights into the operational scheme of this 

antioxidant effect: herein, particular amino acid moieties—tyrosine, histidine, and cyste-

ine identified among them—fulfill the electron or hydrogen donor roles requisite for di-

rect radical quenching interactions. Activation potential toward the Nrf2/HO-1 transduc-

tion axis evidenced in select studies indicates that upregulation of endogenous antioxi-

dase constituents, accountable post hoc for cytostructural safeguarding, occurs through 

protein-mediated pathway initiation [44]. 

Of considerable relevance within the realm of cutaneous science, amino acids emerge 

as multifaceted agents conferring a spectrum of physiological advantages. Constituting 

key components integral to the natural moisturizing factor (NMF), it is through their mo-

lecular presence in the upper layers of the epidermis that homeostasis of hydration in the 

stratum corneum is sustained, with a�enuation evident in transepidermal water efflux; 

from this follows the observable maintenance of integumentary softness [85]. Salient 

among these compounds appear serine and arginine, whose pronounced hygroscopicity 

imparts further reinforcement to barrier functionality. Demonstrated by investigations 

into reparative processes, wound closure undergoes facilitation via arginine and gluta-

mine, phenomena simultaneously accompanied by modulation on inflammatory path-

ways and the inducement—traceable at a biomolecular level—of dermal matrix protein 

synthesis, notably involving collagen and elastin, upon which modifications in biome-

chanical resilience are dependent [86]. 

For AD, amino acids directly supply critical precursors for barrier synthesis, support-

ing stratum corneum repair and lipid production. The suppression, by anti-inflammatory 

mechanisms, of the liberation undergone by inflammatory mediators manifests itself in 

an a�enuation observable within pruritic sensations and a diminution evident in exacer-

bations precipitated through extrinsically acting triggers [87]. Asteatotic eczema can be 

traced to the insubstantial secretory performance inherent in sebaceous glands accompa-

nied by nutritive insufficiencies (a paucity discernible notably in amino acids), leading 

ultimately to impairment characteristic of the cutaneous barrier so that dryness becomes 

pronounced, textural irregularities ensue, and desquamative phenomena persist. Recog-

nizable among hydrophilic functionalities possessed by amino acid moieties is their inter-

active capacity with stratum corneum water content: with this potential for moisture res-

titution and augmentational retention being invested directly upon the uppermost epi-

dermal layers [85], reversals in barrier deterioration acquire support. Materials provided 

thereby are essential for reconstructing structural a�ributes of the stratum corneum, 
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whose reparative processes, contingent on such substrates, see both scaling and subjective 

itch modulation. In clinical instances typifying contact dermatitis (CD), facilitation 

emerges for swift reinstatement regarding the disrupted skin defense apparatus, as evi-

denced by decreased persistence characterizing deleterious irritants at lesion sites. Allevi-

ation detectable in inflammation severity, pacification noticeable in noxious cutaneous 

sensation, stability measurable in pH levels approaching normalization, and enhancement 

visible in wound convalescence may all be corroborated by outcomes encountered con-

textually [88,89]. 

In light of these functionalities, frequent is the incorporation of amino acids into for-

mulations for gentle cleansers, hydrating lotions, creams directed at barrier repair, and 

skincare products tailored towards sensitive skin. Combined with substances including 

ceramides and panthenol, together with phytosterols, such formulations are deployed to 

patient populations exhibiting conditions typified by AD, asteatotic eczema or even CD, 

which encompass well-generalized phenomena of dryness and cutaneous hypersensitiv-

ity [90]. It might be observed from such strategized combinations that cleansing charac-

terized by mildness, hydration maintained over time, restoration processes targeting dis-

rupted epidermal barriers, and a�enuation responses of inflammation proceed to mani-

fest in tandem. Thus, a dynamic equilibrium is achieved wherein perceived reparative 

effectualness meets therapeutic gentleness, illustrative of a nuanced approach whereby 

efficacy does not preclude tolerability [90]. 

The uniqueness of amino acids is manifested in the core constituents of the stratum 

corneum’s NMF, providing endogenous hydration that contrasts with the occlusive mech-

anism of oils. Among them, arginine directly stimulates collagen synthesis and accelerates 

wound healing. Unlike lipids, amino acids pose no pore-clogging risk and are well toler-

ated by highly sensitive skin. Furthermore, they supply essential precursors for barrier 

replenishment, operating via a repair pathway distinct from that of lipid-based actives 

[91]. 

3.6. Fa�y Acids (FAs) 

FAs are primarily accumulated in Camellia seeds, and Camellia seed oil is rich in 

unsaturated fa�y acids (UFAs). Oleic acid and linoleic acid account for over 90% of total 

FAs in seed oil, whereas only trace amounts of FAs exist in other plant tissues, making 

seeds the dominant raw material for FA extraction [92,93]. Functionally, FAs possess 

prominent lipophilic properties and strong skin affinity, acting as core components that 

construct the skin lipid barrier. 

FAs serve as integral components within the lipidic matrix of the stratum corneum, 

functioning synergistically with cholesterol and ceramides—elements whose cooperative 

engagement is consistently emphasized in contemporary dermatological research [94]. 

Upon topical administration, exogenous FAs supplement essential lipids deficient in com-

promised epidermal zones; consequently, intercellular spaces previously rendered vul-

nerable through depletion are reconstituted, restoring barrier integrity. This process con-

fers enhanced protection against external irritants, while diminished transepidermal wa-

ter loss provides measurable evidence of amelioration particularly beneficial for regions 

with impaired barrier function. The inherent lipophilicity of FA molecular structures fa-

cilitates their pronounced propensity for coalescence with endogenous skin lipid matrices, 

resulting in the formation of a permeable occlusive film capable of retarding surface evap-

oration rates, as demonstrated in clinical studies [95]. 

Integration of UFAs and their derivatives within physiological contexts revealed that 

pronounced anti-inflammatory capacities manifest during wound healing processes. Dis-

tinct UFA subtypes mediate modification of inflammatory signaling axes, each exerting 

specialized molecular influences. Specifically, omega-3 polyunsaturated FAs, including α-
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linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), ex-

ert competitive inhibition that occurs at the cyclooxygenase (COX) and lipoxygenase 

(LOX) loci, thereby suppressing pro-inflammatory eicosanoid synthesis while enhancing 

the abundance of mediators classified as anti-inflammatory [96]. Metabolic conversion of 

DHA yields resolvins, which regulate inflammation through restriction of neutrophil ex-

travasation and a�enuation of cytokine production [97]. Additionally, EPA and DHA di-

rectly target peroxisome proliferator-activated receptor gamma (PPAR-γ), inducing 

dampening effects on transcriptional drivers such as NF-κB [98] and illustrating the com-

plex network characterizing UFA-mediated immunomodulation. Beyond biochemical 

signaling, UFA bioactivity encompasses preservation of membrane biophysics and allevi-

ation of oxidative stress-induced inflammatory sequelae [99]. Accompanying this, barrier 

reconstitution contributes to restriction of noxious agent ingress into cutaneous tissues. 

Consequently, manifestations including erythema, burning discomfort, and pruritus as-

sociated with inflammatory dermatological conditions can be efficiently moderated 

through therapeutic exploitation of these UFA properties. 

Within the clinical framework of AD, FAs exert a dual mechanistic influence: directly 

supplying lipidic barrier restitution to cutaneous strata while simultaneously inhibiting 

inflammatory mediator release—an a�enuation that yields reduced pruritus and de-

creased exacerbation frequency. Clinical evidence positions FAs as pivotal modulatory 

agents in epidermal restoration for AD patients [99]. When combined with ceramides and 

cholesterol, restorative outcomes are enhanced. In asteatotic eczema, resulting from insuf-

ficient sebaceous gland secretion and lipid depletion, FAs form a surface-occlusive film to 

retain moisture, soften the stratum corneum to reduce scaling, and supply barrier precur-

sors for repair, thereby alleviating dryness, tightness, and pruritus [100]. Regarding CD, 

FAs rapidly restore integrity to the disrupted stratum corneum barrier—a layer frequently 

impaired in CD [94]. This restoration process mitigates lingering irritant substances on the 

cutaneous surface, resulting in substantial diminishment of irritative sequelae. Clinical 

applications demonstrate that FA-induced anti-inflammatory effects coincide with accel-

erated reparative responses at lesional sites, leading to notable abatement of sensitivity 

across treated epidermal zones. 

FA-containing formulations have been extensively incorporated into barrier-restora-

tive emulsions, hydrating topical agents, and dermal solutions designed for sensitive skin. 

These formulations frequently integrate constituents such as ceramides, cholesterol deriv-

atives, and panthenol—combinations specifically targeted toward dermatological mani-

festations including AD, asteatotic eczema, CD, along with physiologically dry, structur-

ally compromised, or aging skin presentations [91]. Current research reveals multifaceted 

functionalities inherent to these blends: beyond supporting epidermal homeostasis resto-

ration and enhancing transepidermal moisture retention, they also provide anti-inflam-

matory mitigation and cutaneous texture softening. Thus, a notable equilibrium emerges 

between gentle tolerability and cumulative reparative efficacy during extended applica-

tions [90]. 

The distinction between FAs and other bioactive compounds lies in FAs being essen-

tial structural components of the stratum corneum lipid barrier. Notably, omega fa�y ac-

ids resolve chronic inflammation through the generation of specialized pro-resolving me-

diators (e.g., resolvins), a mechanism distinct from conventional actives that merely sup-

press inflammatory cytokines [101]. Additionally, FAs contribute to sebum composition 

balance, rendering them particularly beneficial for combination skin characterized by su-

perficial oiliness coexisting with underlying dryness, offering a regulatory effect that ex-

tends beyond temporary oil control. Ultimately, along with cholesterol and ceramides, 

FAs are indispensable for fully reconstituting the intact skin lipid barrier [102]. 
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4. Summary and Perspectives 

Camellia species represent botanical entities distinguished by dual ecological and 

economic capacities, abundant in multiple classes of bioactive compounds including fla-

vonoids, saponins, polyphenols, and terpenoids (Table 1). Extant research indicates that 

these molecular groups encompass compounds characterized by antioxidant, anti-inflam-

matory, antimicrobial, moisturizing, and skin chromatic modulation properties. Conse-

quently, these characteristics have driven their widespread adoption as foundational in-

termediates throughout research and development endeavors spanning cosmetics, phar-

maceuticals, and diverse nutraceutical sectors [44]. Considerable international advance-

ments have been made regarding fractionation, characterization, activity validation, and 

preliminary translational applications of Camellia-derived agents. This body of work con-

firms their distinct advantages in dermatological care and significant potential across mul-

tiple application domains; however, the complete development pipeline—from basic re-

search to industrial commercialization—continues to encounter numerous bo�lenecks 

[103]. 

Several key constraints currently impede the advancement of Camellia bioactive re-

search. Significant heterogeneity exists in both the content and spectrum of bioactive com-

pounds among Camellia varieties, with notable distinctions a�ributable to disparities in 

environmental growth parameters and differentiation within plant anatomical structures. 

Within this variability, regulatory mechanisms governing such biochemical diversifica-

tions remain only partially elucidated; consequently, these deficiencies in mechanistic un-

derstanding limit the methodical optimization of agronomic management and precise 

stratification when sourcing superior-grade raw materials for downstream development. 

These knowledge gaps restrict advancements in directed breeding strategies and targeted 

improvement efforts within Camellia genetic resources [104]. 

Extraction methodologies continue to rely predominantly on conventional solvent-

based techniques such as ethanol reflux, which often exhibit inefficiency, leave solvent 

residues, and risk degrading heat-sensitive compounds including gallic acid and squalene. 

Although greener alternatives such as supercritical fluid and microwave-assisted extrac-

tion exist, their industrial-scale optimization remains preliminary due to high equipment 

costs and unstable batch yields [105]. In terms of application and translation, current uses 

of Camellia bioactives are largely confined to single compounds or crude extracts. Re-

search into the synergistic interplay between different components remains limited, slow-

ing the development of sophisticated formulations and preventing the full exploitation of 

Camellia’s “multi component, multi target” potential [5]. Studies involving numerous bi-

oactives reside primarily at preclinical strata, with investigations restricted to cellular 

frameworks or animal models. Evidence delineating metabolic trajectories in humans, 

longitudinal safety margins, and tangible clinical benefits is shown, thereby, to be mark-

edly circumscribed; representative bioactive compounds including Camellia tannins and 

triterpenoid saponins lack complete human transdermal metabolism and long-term skin 

safety evaluation data. These deficiencies impede utilization within pharmaceutical for-

mulations intended for human use and high-value cosmetic industry applications [44]. 

Table 1. Camellia Bioactive Compounds: Their Bioactivities, Sources and Applications. 

Categories of 

Bioactive Com-

pounds 

Main Biological Activity Source Part Types of Skin Diseases References 

Terpene 
1. Antioxidant and intracellular ROS scaveng-

ing 

1. Leaves 

2. Fruits 

3. Bark 

1. Infectious skin diseases 

2. Inflammatory skin diseases 

3. Skin photo-aging 

[19,21,22,29,

35,37,79,106,

107] 
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2. Anti-inflammatory and skin inflammation al-

leviation 

3. Soothing, conditioning, and skin barrier re-

pair 

4. Seeds 4. Sensitive skin 

5. Pigmentary skin disorders 

Saponins 

1. Gentle cleansing and surface tension reduc-

tion 

2. Skin absorption promotion and efficacy en-

hancement of other bioactive compounds 

3. Antibacterial effects via disruption of patho-

genic bacterial membrane integrity 

4. Skin stratum corneum moisturization and wa-

ter content improvement 

1. Leaves 

2. Flowers 

3. Seeds 

1. Acne 

2. Seborrheic dermatitis 

3. Contact dermatitis 

4. Tinea manus et pedis 

5. Dry skin disorders 

[9,19,38,42–

47,107,108] 

Phenolic Acids 

1. Antioxidation by scavenging ROS 

2. Inhibit tyrosinase for skin brightening 

3. Anti-inflammatory and antibacterial effects 

4. Suppress hyaluronidase to retain moisture 

1. Leaves 

2. Flowers 

1. Skin photo-aging 

2. Pigmentary skin disorders 

3. Inflammatory skin diseases 

4. Sensitive skin disorders 

5. Seborrheic dermatitis 

[48,49] 

Flavonoid 

1. Antioxidant activity and enhancement of en-

dogenous antioxidant enzymes 

2. Anti-inflammatory effects via regulation of the 

NF-κB inflammatory signaling pathway 

3. Skin-whitening properties through competitive 

inhibition of tyrosinase 

4. Soothe skin sensitivity and alleviation of ultra-

violet-induced skin damage 

1. Leaves 

2. Flowers 

3. Bark 

1. Skin photo-aging 

2. Pigmentary skin disorders 

3. Inflammatory skin diseases 

4. Sensitive skin 

5. Seborrheic dermatitis 

[50–

56,58,59,109

–111] 

Tannin 

1. Skin free radical scavenging, lipid peroxidation 

inhibition, and aging delay 

2. Skin protein binding to form a protective film, 

pore shrinkage, excessive sebum secretion re-

duction, inflammatory factor release inhibition, 

and skin inflammatory response alleviation 

3. Antibacterial and bacteriostatic effects for re-

ducing the risk of skin infections 

4. Tyrosinase activity inhibition, melanin synthe-

sis and transport blockade, and PIH reduction 

for skin brightening 

1. Leaves 

2. Flowers 

3. Fruits 

4. Bark 

1. Acne 

2. Seborrheic dermatitis 

3. Pigmentary skin disorders 

4. Contact dermatitis 

5. Skin photo-aging 

[62,66–

68,112] 

Sterol 

1. Lipid component supplementation, lipid bi-

layer repair, moisture-locking capacity en-

hancement, and resistance improvement to ex-

ternal stimuli 

2. Inflammatory factor release inhibition and skin 

inflammatory response regulation 

3. Lipid peroxidation free radical scavenging, 

skin cell damage reduction, and skin aging de-

lay 

4. Skin lipid metabolism balance and skin condi-

tion improvement 

1. Leaves 

2. Flowers 

3. Seeds 

1. Barrier-impaired skin disor-

ders 

2. Sensitive skin 

3. Seborrheic dermatitis 

4. Skin photo-aging 

5. Winter pruritus 

[45,69,71–

79,113–115] 

Amino acids and 

proteins 

1. Moisture replenishment and locking for dry 

and rough skin improvement 

2. Skin stratum corneum lipid synthesis partici-

pation and damaged barrier repair 

3. Skin inflammatory signaling pathway regula-

tion and inflammatory factor release inhibition 

4. Skin elasticity enhancement and aging mani-

festation delay (e.g., wrinkles, sagging) 

1. Leaves 

2. Flowers 

3. Seeds 

1. Barrier-impaired skin disor-

ders 

2. Sensitive skin 

3. Dry skin disorders 

4. Skin photo-aging 

5. Acne 

[61,82,84–

89,116,117] 

Fatty acids 
1. Skin barrier repair and stratum corneum lipid 

supplementation 

Seeds (Camel-

lia seed oil) 

1. Barrier-impaired skin 

2. Dry skin 

3. Inflammatory skin 

[81,94,96,99,

118,119] 
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2. Moisturization and water locking for reduction 

in skin moisture loss 

3. Anti-inflammatory effects and skin lipid me-

tabolism regulation 

4. Skin nourishment and roughness improvement 

4. Skin photo-aging 

5. Acne 

On the prospective trajectory concerning Camellia-derived bioactive compounds, 

three principal axes—precision-targeting optimization, environmentally adaptive proces-

sual methodologies, and interfacing translational industrialization—emerge as dominant. 

Into molecular elucidation efforts, an imperative is discernible for integrated deployment 

of contemporary omics stratagems in conjunction with diversified molecular biology mo-

dalities, whereby complex mechanistic pathways implicated by these compounds may be 

mapped out at both cellular and organismal levels. For procedural enhancements in ex-

traction regimes, significant emphasis should be placed upon refinement of efficiency pa-

rameters alongside minimization of ecological repercussions a�endant upon processing 

routines associated with Camellia matrices. Examination of sectorial convergence reveals 

that interdisciplinary reinforcement constitutes a catalyst for proliferating application are-

nas into functional alimentary products, topical cosmetological innovations, and precisely 

formulated pharmaceutical preparations. Through expanding investigatory sophistica-

tion and deepening institutional alignment between academic and commercial spheres, 

resource potential inhering to the genus Camellia stands positioned for transformative 

influence in both biomedical health promotion and sustainable biosphere stewardship, 

with observable momentum fostered by progressive industrial synergy. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Abbreviation Full Name 

AD Atopic Dermatitis 

ALA α-linolenic Acid 

AP-1 Activator Protein 1 

C. acnes Cutibacterium acnes 

cAMP Cyclic Adenosine Monophosphate 

CD Contact Dermatitis 

COX Cyclooxygenase 

COX-2 Cyclooxygenase 2 

DHA Docosahexaenoic Acid 

DOPA 3,4-Dihydroxyphenylalanine 
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ECM Extracellular Matrix 

EPA Eicosapentaenoic Acid 

FA Fatty Acid 

GSH-Px Glutathione Peroxidase 

HLE Human Leukocyte Elastase 

HO-1 Heme Oxygenase-1 

IL-1 Interleukin-1 

IL-10 Interleukin-10 

IL-6 Interleukin-6 

IL-8 Interleukin-8 

iNOS Inducible Nitric Oxide Synthase 

JAK/STAT Janus Kinase/Signal Transducer and Activator of Transcription 

LOX Lipoxygenase 

MAPK Mitogen-Activated Protein Kinase 

MDA Malondialdehyde 

MITF Microphthalmia-Associated Transcription Factor 

MMP-1 Matrix Metalloproteinase 1 

NADPH Nicotinamide Adenine Dinucleotide Phosphate 

NF-κB Nuclear Factor κB 

NMF Natural Moisturizing Factor 

Nrf2 Nuclear Factor Erythroid 2-Related Factor 2 

PIH Post-inflammatory Hyperpigmentation 

PPAR-γ Peroxisome Proliferator-Activated Receptor γ 

RNS Reactive Nitrogen Species 

ROS Reactive Oxygen Species 

SOD Superoxide Dismutase 

TLR4 Toll-Like Receptor 4 

TNF-α Tumor Necrosis Factor-α 

UFA Unsaturated Fatty Acid 

References 

1. Wu, Q.; Tong, W.; Zhao, H.; Ge, R.; Li, R.; Huang, J.; Li, F.; Wang, Y.; Mallano, A.I.; Deng, W.; et al. Comparative transcriptomic 

analysis unveils the deep phylogeny and secondary metabolite evolution of 116 Camellia plants. Plant J. 2022, 111, 406–421. 

2. Teixeira, A.M.; Sousa, C. A Review on the Biological Activity of Camellia Species. Molecules 2021, 26, 2178. 

3. Pereira, A.G.; Garcia-Perez, P.; Cassani, L.; Chamorro, F.; Cao, H.; Barba, F.J.; Simal-Gandara, J.; Prieto, M.A. Camellia japonica: 

A phytochemical perspective and current applications facing its industrial exploitation. Food Chem. X 2022, 13, 100258. 

4. Yang, Y.; Cui, J.; Zhang, J.; Jiang, J.; Chen, X.; Shan, K. Advancements in extraction asnd sustainable applications of Camellia 

oleifera: A comprehensive review. Food Chem. 2025, 488, 144940. 

5. Xu, P.; Cai, Y.; Chen, K.; You, R.; Lu, Y. Camellia oleifera oil: Unveiling health benefits and exploring novel applications. Crit. Rev. 

Food Sci. Nutr. 2026, 66, 108–128. 

6. Rinnerthaler, M.; Bischof, J.; Streubel, M.K.; Trost, A.; Richter, K. Oxidative stress in aging human skin. Biomolecules 2015, 5, 

545–589. 

7. Xu, B.; Du, A.N.; Liu, T.Z.; Wei, P.H.; Zhu, B.R.; Chen, K.; Shi, L. Chemical Constituents and Pharmacological Effects of Camellia 

oleifera Fruits: A Review. Molecules 2025, 30, 3965. 

8. Zhou, L.; Peng, Y.; Xu, Z.; Chen, J.; Zhang, N.; Liang, T.; Chen, T.; Xiao, Y.; Feng, S.; Ding, C. The Antioxidant, Anti-Inflammatory 

and Moisturizing Effects of Camellia oleifera Oil and Its Potential Applications. Molecules 2024, 29, 1864. 

9. Kanlayava�anakul, M.; Mersni, D.; Lourith, N. Plant-derived saponins and their prospective for cosmetic and personal care 

products. Bot. Stud. 2024, 65, 32. 

10. Koch, W.; Zagórska, J.; Marzec, Z.; Kukula-Koch, W. Applications of Tea (Camellia sinensis) and its Active Constituents in 

Cosmetics. Molecules 2019, 24, 4277. 

11. Mo, C.; Rahman, M.H.; Pham, T.T.; Kim, C.-S.; Bajgai, J.; Lee, K.-J. Protective Effect of Camellia japonica Extract on 2,4-

Dinitrochlorobenzene (DNCB)-Induced Atopic Dermatitis in an SKH-1 Mouse Model. Int. J. Mol. Sci. 2025, 26, 7286. 

12. Chan, E.W.C. An overview of the chemical constituents, pharmacological properties, and safety evaluation of Camellia sinensis 

flowers. J. Appl. Pharm. Sci. 2014, 14, 22–29. 



Int. J. Mol. Sci. 2026, 27, 5963 18 of 22 
 

https://doi.org/10.3390/ijms27135963 

13. Becker, L.C.; Bergfeld, W.F.; Belsito, D.V.; Hill, R.A.; Klaassen, C.D.; Liebler, D.C.; Marks, J.G., Jr.; Shank, R.C.; Slaga, T.J.; Snyder, 

P.W.; et al. Safety Assessment of Camellia sinensis-Derived Ingredients As Used in Cosmetics. Int. J. Toxicol. 2019, 38, 48s–70s. 

14. Tan, C.S.S.; Lee, S.W.H. Warfarin and food, herbal or dietary supplement interactions: A systematic review. Br. J. Clin. Pharmacol. 

2021, 87, 352–374. 

15. Gao, H.; Shi, J.; Li, G.; Lai, Z.; Liu, Y.; Yuan, C.; Mei, W. Camellia japonica Flower Extract and the Active Constituent Hyperoside 

Repair DNA Damage Through FUNDC1-Mediated Mitophagy Pathway for Skin Anti-Aging. Antioxidants 2025, 14, 968. 

Correction in Antioxidants 2026, 15, 620. 

16. Yang, J.; Chen, B.; Manan, S.; Li, P.; Liu, C.; She, G.; Zhao, S.; Zhao, J. Critical metabolic pathways and SAD/FADs, WRI1s, and 

DGATs cooperate for high-oleic acid oil production in developing oil tea (Camellia oleifera) seeds. Hortic. Res. 2022, 9, uhac087. 

17. Deng, G.; Li, P.; Liang, H.; Chen, T.; Zhou, L.; Yang, H.; Jiang, X.; Ding, C.; Feng, S. Extraction of polysaccharides from Camellia 

oleifera leaves by dual enzymes combined with deep eutectic solvents screened by ANN and COSMO-RS. Int. J. Biol. Macromol. 

2025, 305, 141131. 

18. Câmara, J.S.; Perestrelo, R.; Ferreira, R.; Berenguer, C.V.; Pereira, J.A.M.; Castilho, P.C. Plant-Derived Terpenoids: A Plethora of 

Bioactive Compounds with Several Health Functions and Industrial Applications-A Comprehensive Overview. Molecules 2024, 

29, 3861. 

19. Du, Z.; Zhou, Y.; Guo, S.; Dong, Y.; Xu, Y.; Yu, X. Triterpenoid saponins in tea plants: A spatial and metabolic analysis using 

UPLC-QTOFMS, molecular networking, and DESI-MSI. Food Chem. 2025, 475, 143323. 

20. El Hachlafi, N.; Elbouzidi, A.; Batbat, A.; Taibi, M.; Jeddi, M.; Addi, M.; Naceiri Mrabti, H.; Fikri-Benbrahim, K. Chemical 

Composition and Assessment of the Anti-Inflammatory, Antioxidant, Cytotoxic and Skin Enzyme Inhibitory Activities of Citrus 

sinensis (L.) Osbeck Essential Oil and Its Major Compound Limonene. Pharmaceuticals 2024, 17, 1652. 

21. Won, L.S.; Won, J.S.; Ku, A.S.; Bora, K.; Chang, R.H.; Hun, L.S. The Effect of Two Terpenoids, Ursolic Acid and Oleanolic Acid 

on Epidermal Permeability Barrier and Simultaneously on Dermal Functions. J. Soc. Cosmet. Sci. Korea 2003, 29, 205–232. 

22. Trepa, M.; Sulkowska-Ziaja, K.; Kala, K.; Muszynska, B. Therapeutic Potential of Fungal Terpenes and Terpenoids: Application 

in Skin Diseases. Molecules 2024, 29, 1183. 

23. Li-Bin, L.; Xiao, J.; Zhang, Q.; Han, R.; Xu, B.; Yang, S.X.; Han, W.B.; Tang, J.J.; Gao, J.M. Eremophilane Sesquiterpenoids with 

Antibacterial and Anti-inflammatory Activities from the Endophytic Fungus Septoria rudbeckiae. J. Agric. Food Chem. 2021, 69, 

11878–11889. 

24. Gohil, N.; Bha�acharjee, G.; Khambhati, K.; Braddick, D.; Singh, V. Engineering Strategies in Microorganisms for the Enhanced 

Production of Squalene: Advances, Challenges and Opportunities. Front. Bioeng. Biotechnol. 2019, 7, 50. Correction in Front Bioeng 

Biotechnol. 2019, 28, 114. 

25. Medovic, M.V.; Jakovljevic, V.L.; Zivkovic, V.I.; Jeremic, N.S.; Jeremic, J.N.; Bolevich, S.B.; Ravic Nikolic, A.B.; Milicic, V.M.; 

Srejovic, I.M. Psoriasis between Autoimmunity and Oxidative Stress: Changes Induced by Different Therapeutic Approaches. 

Oxid. Med. Cell. Longev. 2022, 2022, 2249834. 

26. Xiao, X.; He, L.; Chen, Y.; Wu, L.; Wang, L.; Liu, Z. Anti-inflammatory and antioxidative effects of Camellia oleifera Abel 

components. Future Med. Chem. 2017, 9, 2069–2079. 

27. Shalu, S.; Karthikanath, P.K.R.; Vaidyanathan, V.K.; Blank, L.M.; Germer, A.; Balakumaran, P.A. Microbial Squalene: A 

Sustainable Alternative for the Cosmetics and Pharmaceutical Industry—A Review. Eng. Life Sci. 2024, 24, e202400003. 

28. Kim, S.K.; Karadeniz, F. Biological importance and applications of squalene and squalane. Adv. Food Nutr. Res. 2012, 65, 223–

233. 

29. Reddy, L.H.; Couvreur, P. Squalene: A natural triterpene for use in disease management and therapy. Adv. Drug Deliv. Rev. 

2009, 61, 1412–1426. 

30. Kostyuk, V.; Potapovich, A.; Stancato, A.; De Luca, C.; Lulli, D.; Pastore, S.; Korkina, L. Photo-oxidation products of skin surface 

squalene mediate metabolic and inflammatory responses to solar UV in human keratinocytes. PLoS ONE 2012, 7, e44472. 

31. Morgan, N.R.; Magalingam, K.B.; Radhakrishnan, A.K.; Arumugam, M.; Jamil, A.; Bhuvanendran, S. Explicating the 

multifunctional roles of tocotrienol and squalene in promoting skin health. Skin. Health Dis. 2024, 4, e448. 

32. Saint-Leger, D.; Bague, A.; Lefebvre, E.; Cohen, E.; Chivot, M. A possible role for squalene in the pathogenesis of acne. II. In 

vivo study of squalene oxides in skin surface and intra-comedonal lipids of acne patients. Br. J. Dermatol. 1986, 114, 543–552. 

33. Mijaljica, D.; Townley, J.P.; Spada, F.; Harrison, I.P. The heterogeneity and complexity of skin surface lipids in human skin 

health and disease. Prog. Lipid Res. 2024, 93, 101264. 

34. Lodén, M. Role of topical emollients and moisturizers in the treatment of dry skin barrier disorders. Am. J. Clin. Dermatol. 2003, 

4, 771–788. 



Int. J. Mol. Sci. 2026, 27, 5963 19 of 22 
 

https://doi.org/10.3390/ijms27135963 

35. Chen, Y.; Gao, H.; Liu, X.; Zhou, J.; Jiang, Y.; Wang, F.; Wang, R.; Li, W. Terpenoids from the Seeds of Toona sinensis and Their 

Ability to A�enuate High Glucose-Induced Oxidative Stress and Inflammation in Rat Glomerular Mesangial Cells. Molecules 

2022, 27, 5784. 

36. Mollica, F.; Gelabert, I.; Amorati, R. Synergic Antioxidant Effects of the Essential Oil Component γ-Terpinene on High-

Temperature Oil Oxidation. ACS Food Sci. Technol. 2022, 2, 180–186. Correction in ACS Food Sci. Technol. 2022, 2, 1050. 

37. Nguyen Ngoc, H.; Alilou, M.; Stonig, M.; Nghiem, D.T.; Kim, L.T.; Gostner, J.M.; Stuppner, H.; Ganzera, M. Terpenoids from 

the Stems of Fissistigma polyanthoides and Their Anti-Inflammatory Activity. J. Nat. Prod. 2019, 82, 2941–2952. 

38. Guo, N.; Tong, T.; Ren, N.; Tu, Y.; Li, B. Saponins from seeds of Genus Camellia: Phytochemistry and bioactivity. Phytochemistry 

2018, 149, 42–55. 

39. Feng, J.; Chen, Y.; Liu, X.; Liu, S. Efficient improvement of surface activity of tea saponin through Gemini-like modification by 

straightforward esterification. Food Chem. 2015, 171, 272–279. 

40. Wan, K.; Li, J.; Ma, L.; Chen, T.; Chen, Y.; Li, Z.; Zouboulis, C.C.; Wang, G.L.; Wang, J. Camellia saponin modulates oleic 

acid/linoleic acid-induced lipogenesis in human sebocytes through lipophagy activation. Int. J. Cosmet. Sci. 2025, 47, 497–509. 

41. Guo, J.; Zhao, N.; Zhao, Y.; Jin, H.; Sun, G.; Yu, J.; Zhang, H.; Shao, J.; Yu, M.; Yang, D.; et al. The Extraction Using Deep Eutectic 

Solvents and Evaluation of Tea Saponin. Biology 2024, 13, 438. 

42. Chi, X.; Bi, S.; Xu, W.; Zhang, Y.; Liang, S.; Hu, S. Oral administration of tea saponins to relive oxidative stress and immune 

suppression in chickens. Poult. Sci. 2017, 96, 3058–3067. 

43. Zhao, Y.; Zhao, N.; Kollie, L.; Yang, D.; Zhang, X.; Zhang, H.; Liang, Z. Sasanquasaponin from Camellia oleifera Abel Exerts an 

Anti-Inflammatory Effect in RAW 264.7 Cells via Inhibition of the NF-κB/MAPK Signaling Pathways. Int. J. Mol. Sci. 2024, 25, 

2149. 

44. Qin, P.; Shen, J.; Wei, J.; Chen, Y. A critical review of the bioactive ingredients and biological functions of Camellia oleifera oil. 

Curr. Res. Food Sci. 2024, 8, 100753. 

45. Xiao, M.Y.; Li, S.; Pei, W.J.; Gu, Y.L.; Piao, X.L. Natural Saponins on Cholesterol-Related Diseases: Treatment and Mechanism. 

Phytother. Res. 2025, 39, 1292–1318. 

46. Villareal, M.O.; Chaochaiphat, T.; Makbal, R.; Gadhi, C.; Isoda, H. Molecular Analysis of the Melanogenesis Inhibitory Effect of 

Saponins-Rich Fraction of Argania spinosa Leaves Extract. Molecules 2022, 27, 6762. 

47. Yang, X.; Wu, W.; Yang, J. Immune cells and the risk of acne vulgaris: A Mendelian randomization study. Medicine 2025, 104, 

e45608. 

48. Farhan, M. Green Tea Catechins: Nature’s Way of Preventing and Treating Cancer. Int. J. Mol. Sci. 2022, 23, 10713. 

49. Załuski, D.; Olech, M.; Kuźniewski, R.; Verpoorte, R.; Nowak, R.; Smolarz, H.D. LC-ESI-MS/MS profiling of phenolics from 

Eleutherococcus spp. inflorescences, structure-activity relationship as antioxidants, inhibitors of hyaluronidase and 

acetylcholinesterase. Saudi Pharm. J. 2017, 25, 734–743. 

50. Naderi, M.; Salavatiha, Z.; Gogoi, U.; Mohebbi, A. An overview of anti-Hepatitis B virus flavonoids and their mechanisms of 

action. Front. Cell. Infect. Microbiol. 2024, 14, 1356003. 

51. Bianche�i, G.; Bo�oni, P.; Tringali, G.; Maulucci, G.; Tabolacci, E.; Clementi, M.E. The polyphenolic compound punicalagin 

protects skin fibroblasts from UVA radiation oxidative damage. Curr. Res. Pharmacol. Drug Discov. 2024, 6, 100186. 

52. Zillich, O.V.; Schweiggert-Weisz, U.; Eisner, P.; Kerscher, M. Polyphenols as active ingredients for cosmetic products. Int. J. 

Cosmet. Sci. 2015, 37, 455–464. 

53. Lambert, J.D.; Elias, R.J. The antioxidant and pro-oxidant activities of green tea polyphenols: A role in cancer prevention. Arch. 

Biochem. Biophys. 2010, 501, 65–72. 

54. Anatachodwanit, A.; Chanpirom, S.; Tree-Udom, T.; Ki�haweesinpoon, S.; Jiamphun, S.; Aryuwat, O.; Tantapakul, C.; 

Vinardell, M.P.; Sripisut, T. Upcycled Cocoa Pod Husk: A Sustainable Source of Phenol and Polyphenol Ingredients for Skin 

Hydration, Whitening, and Anti-Aging. Life 2025, 15, 1126. 

55. Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The Immunomodulatory and Anti-Inflammatory Role of Polyphenols. Nutrients 

2018, 10, 1618. 

56. Yue, Q.; He, B.; Guo, Z.; Zhang, N.; Zhang, M.; Zhang, Y. Exploration of Ultrasound-Enhanced Transdermal Delivery Efficiency 

and Anti-Inflammatory Effect of Rutin. Pharmaceuticals 2025, 18, 464. 

57. Chagas, M.; Behrens, M.D.; Moragas-Tellis, C.J.; Penedo, G.X.M.; Silva, A.R.; Goncalves-de-Albuquerque, C.F. Flavonols and 

Flavones as Potential anti-Inflammatory, Antioxidant, and Antibacterial Compounds. Oxid. Med. Cell. Longev. 2022, 2022, 

9966750. 



Int. J. Mol. Sci. 2026, 27, 5963 20 of 22 
 

https://doi.org/10.3390/ijms27135963 

58. Domaszewska-Szostek, A.; Puzianowska-Kuźnicka, M.; Kuryłowicz, A. Flavonoids in Skin Senescence Prevention and 

Treatment. Int. J. Mol. Sci. 2021, 22, 6814. 

59. Manthey, J.A. Biological properties of flavonoids pertaining to inflammation. Microcirculation 2000, 7, S29–S34. 

60. Hsu, S.; Bollag, W.B.; Lewis, J.; Huang, Q.; Singh, B.; Sharawy, M.; Yamamoto, T.; Schuster, G. Green tea polyphenols induce 

differentiation and proliferation in epidermal keratinocytes. J. Pharmacol. Exp. Ther. 2003, 306, 29–34. 

61. Baxter, N.J.; Lilley, T.H.; Haslam, E.; Williamson, M.P. Multiple interactions between polyphenols and a salivary proline-rich 

protein repeat result in complexation and precipitation. Biochemistry 1997, 36, 5566–5577. 

62. Ismayati, M.; Fatah, N.A.N.; Ernawati, E.E.; Juliandri; Kusumaningrum, W.B.; Lubis, M.A.R.; Fatriasari, W.; Solihat, N.N.; Sari, 

F.P.; Halim, A.; Cholilie, I.A.; Tobimatsu, Y. Antioxidant and UV-blocking activity of PVA/tannin-based bioplastics in food 

packaging application. Int. J. Biol. Macromol. 2024, 257, 128332. 

63. Gwak, M.A.; Hong, B.M.; Park, W.H. Hyaluronic acid/tannic acid hydrogel sunscreen with excellent anti-UV, antioxidant, and 

cooling effects. Int. J. Biol. Macromol. 2021, 191, 918–924. 

64. Liu, W.; Guo, K. Tannic acid alleviates ETEC K88-induced intestinal damage through regulating the p62-keap1-Nrf2 and TLR4-

NF-kappaB-NLRP3 pathway in IPEC-J2 cells. J. Sci. Food Agric. 2024, 104, 5186–5196. 

65. Song, D.; Zhao, J.; Deng, W.; Liao, Y.; Hong, X.; Hou, J. Tannic acid inhibits NLRP3 inflammasome-mediated IL-1β production 

via blocking NF-κB signaling in macrophages. Biochem. Biophys. Res. Commun. 2018, 503, 3078–3085. 

66. Fabbrini, M.; D’Amico, F.; Barone, M.; Conti, G.; Mengoli, M.; Brigidi, P.; Turroni, S. Polyphenol and Tannin Nutraceuticals and 

Their Metabolites: How the Human Gut Microbiota Influences Their Properties. Biomolecules 2022, 12, 875. 

67. Maugeri, A.; Lombardo, G.E.; Cirmi, S.; Süntar, I.; Barreca, D.; Laganà, G.; Navarra, M. Pharmacology and toxicology of tannins. 

Arch. Toxicol. 2022, 96, 1257–1277. 

68. Liu, J.; Liu, Y.; He, X.; Teng, B.; McRae, J.M. Valonea Tannin: Tyrosinase Inhibition Activity, Structural Elucidation and Insights 

into the Inhibition Mechanism. Molecules 2021, 26, 2747. 

69. Ostlund, R.E., Jr. Phytosterols and cholesterol metabolism. Curr. Opin. Lipidol. 2004, 15, 37–41. 

70. Feingold, K.R. Thematic review series: Skin lipids. The role of epidermal lipids in cutaneous permeability barrier homeostasis. 

J. Lipid Res. 2007, 48, 2531–2546. 

71. Kaminaka, C.; Yamamoto, Y.; Sakata, M.; Hamamoto, C.; Misawa, E.; Nabeshima, K.; Saito, M.; Tanaka, M.; Abe, F.; Jinnin, M. 

Effects of low-dose Aloe sterol supplementation on skin moisture, collagen score and objective or subjective symptoms: 12-

week, double-blind, randomized controlled trial. J. Dermatol. 2020, 47, 998–1006. 

72. Slo�e, J.P.; Jungner, M.; Vilchèze, C.; Bi�man, R. Effect of sterol side-chain structure on sterol-phosphatidylcholine interactions 

in monolayers and small unilamellar vesicles. Biochim. Biophys. Acta 1994, 1190, 435–443. 

73. Yalcinkaya, A.; Oztas, Y.E.; Sabuncuoglu, S. Sterols in Inflammatory Diseases: Implications and Clinical Utility. Adv. Exp. Med. 

Biol. 2024, 1440, 261–275. 

74. Lopez-Garcia, G.; Cilla, A.; Barbera, R.; Alegria, A. Anti-Inflammatory and Cytoprotective Effect of Plant Sterol and 

Galactooligosaccharides-Enriched Beverages in Caco-2 Cells. J. Agric. Food Chem. 2020, 68, 1862–1870. 

75. Choi, C.; Finlay, D.K. Diverse Immunoregulatory Roles of Oxysterols-The Oxidized Cholesterol Metabolites. Metabolites 2020, 

10, 384. 

76. Zhang, P.; Liu, N.; Xue, M.; Zhang, M.; Liu, W.; Xu, C.; Fan, Y.; Meng, Y.; Zhang, Q.; Zhou, Y. Anti-Inflammatory and 

Antioxidant Properties of beta-Sitosterol in Copper Sulfate-Induced Inflammation in Zebrafish (Danio rerio). Antioxidants 2023, 

12, 391. 

77. Aldini, R.; Micucci, M.; Cevenini, M.; Fato, R.; Bergamini, C.; Nanni, C.; Cont, M.; Camborata, C.; Spinozzi, S.; Montagnani, M.; 

et al. Antiinflammatory effect of phytosterols in experimental murine colitis model: Prevention, induction, remission study. 

PLoS ONE 2014, 9, e108112. 

78. Ganamurali, N.; Sabarathinam, S. Network pharmacology-guided systems biology reveals β-Sitosterol’s multi-target role in 

reversing 7-ketocholesterol-induced oxidative and inflammatory stress. J. Steroid Biochem. Mol. Biol. 2026, 255, 106863. 

79. Mitaine-Offer, A.C.; Hornebeck, W.; Sauvain, M.; Zeches-Hanrot, M. Triterpenes and phytosterols as human leucocyte elastase 

inhibitors. Planta Med. 2002, 68, 930–932. 

80. Panwar, P.; Hedtke, T.; Heinz, A.; Andrault, P.M.; Hoehenwarter, W.; Granville, D.J.; Schmelzer, C.E.H.; Brömme, D. Expression 

of elastolytic cathepsins in human skin and their involvement in age-dependent elastin degradation. Biochim. Biophys. Acta Gen. 

Subj. 2020, 1864, 129544. 

81. Miya, G.M.; Oriola, A.O.; Payne, B.; Cuyler, M.; Lall, N.; Oyedeji, A.O. Steroids and Fa�y Acid Esters from Cyperus sexangularis 

Leaf and Their Antioxidant, Anti-Inflammatory and Anti-Elastase Properties. Molecules 2023, 28, 3434. 



Int. J. Mol. Sci. 2026, 27, 5963 21 of 22 
 

https://doi.org/10.3390/ijms27135963 

82. Wang, R.; Yang, L.; Du, L.; Zhao, L.; Chen, S.; Li, W.; Dai, D.; Shi, B.; Xie, J. Discovery of novel inhibitory peptides on matrix 

metalloproteinases and elastase for skin antiaging using batch molecular docking strategy. Expert Opin. Drug Discov. 2025, 20, 

1713–1724. 

83. Tundis, R.; Loizzo, M.R.; Bonesi, M.; Menichini, F. Potential role of natural compounds against skin aging. Curr. Med. Chem. 

2015, 22, 1515–1538. 

84. Ebaid, H.; Salem, A.; Sayed, A.; Metwalli, A. Whey protein enhances normal inflammatory responses during cutaneous wound 

healing in diabetic rats. Lipids Health Dis. 2011, 10, 235. 

85. Horii, I.; Nakayama, Y.; Obata, M.; Tagami, H. Stratum corneum hydration and amino acid content in xerotic skin. Br. J. 

Dermatol. 1989, 121, 587–592. 

86. Solano, F. Metabolism and Functions of Amino Acids in the Skin. Adv. Exp. Med. Biol. 2020, 1265, 187–199. 

87. Biji, C.A.; Balde, A.; Nazeer, R.A. Anti-inflammatory peptide therapeutics and the role of sulphur containing amino acids 

(cysteine and methionine) in inflammation suppression: A review. Inflamm. Res. 2024, 73, 1203–1221. 

88. Li, Y.; Li, L. Contact Dermatitis: Classifications and Management. Clin. Rev. Allergy Immunol. 2021, 61, 245–281. 

89. Dörner, C.; Steinbinder, J.; Sachslehner, A.P.; Sukseree, S.; Eckhart, L. Amino Acid Metabolism of the Skin: Control by Specific 

Enzymes and Contribution to Protective Functions. Metabolites 2025, 15, 601. 

90. Wollenberg, A.; Barbarot, S.; Torrelo, A. Basic Emollients for Xerosis Cutis in Atopic Dermatitis: A Review of Clinical Studies. 

Int. J. Dermatol. 2025, 64, 13–28. 

91. Madnani, N.; Deo, J.; Dalal, K.; Benjamin, B.; Murthy, V.V.; Hegde, R.; She�y, T. Revitalizing the skin: Exploring the role of 

barrier repair moisturizers. J. Cosmet. Dermatol. 2024, 23, 1533–1540. 

92. Yang, D.; Wang, R.; Lai, H.; He, Y.; Chen, Y.; Xun, C.; Zhang, Y.; He, Z. Comparative Transcriptomic and Lipidomic Analysis 

of Fa�y Acid Accumulation in Three Camellia oleifera Varieties During Seed Maturing. J. Agric. Food Chem. 2024, 72, 18257–18270. 

93. Pereira, A.G.; Cassani, L.; Liu, C.; Li, N.; Chamorro, F.; Barreira, J.C.M.; Simal-Gandara, J.; Prieto, M.A. Camellia japonica Flowers 

as a Source of Nutritional and Bioactive Compounds. Foods 2023, 12, 2825. 

94. Ananthapadmanabhan, K.P.; Mukherjee, S.; Chandar, P. Stratum corneum fa�y acids: Their critical role in preserving barrier 

integrity during cleansing. Int. J. Cosmet. Sci. 2013, 35, 337–345. 

95. Wang, X.; Jia, Y.; He, H. The Role of Linoleic Acid in Skin and Hair Health: A Review. Int. J. Mol. Sci. 2024, 26, 246. 

96. Mariamenatu, A.H.; Abdu, E.M. Overconsumption of Omega-6 Polyunsaturated Fa�y Acids (PUFAs) versus Deficiency of 

Omega-3 PUFAs in Modern-Day Diets: The Disturbing Factor for Their “Balanced Antagonistic Metabolic Functions” in the 

Human Body. J. Lipids 2021, 2021, 8848161. 

97. Ariturk, L.A.; Cilingir, S.; Kolgazi, M.; Elmas, M.; Arbak, S.; Yapislar, H. Docosahexaenoic acid (DHA) alleviates inflammation 

and damage induced by experimental colitis. Eur. J. Nutr. 2024, 63, 2801–2813. 

98. Li, H.; Ruan, X.Z.; Powis, S.H.; Fernando, R.; Mon, W.Y.; Wheeler, D.C.; Moorhead, J.F.; Varghese, Z. EPA and DHA reduce 

LPS-induced inflammation responses in HK-2 cells: Evidence for a PPAR-gamma-dependent mechanism. Kidney Int. 2005, 67, 

867–874. 

99. Jara, C.P.; Mendes, N.F.; Prado, T.P.D.; de Araujo, E.P. Bioactive Fa�y Acids in the Resolution of Chronic Inflammation in Skin 

Wounds. Adv. Wound Care 2020, 9, 472–490. 

100. Yuan, C.; Wang, X.M.; Guichard, A.; Tan, Y.M.; Qian, C.Y.; Yang, L.J.; Humbert, P. N-palmitoylethanolamine and N-

acetylethanolamine are effective in asteatotic eczema: Results of a randomized, double-blind, controlled study in 60 patients. 

Clin. Interv. Aging 2014, 9, 1163–1169. 

101. Biełach-Bazyluk, A.; Jakubowicz-Zalewska, O.; Myśliwiec, H.; Flisiak, I. Specialized Pro-Resolving Lipid Mediators and Dietary 

Omega-3/6 Fa�y Acids in Selected Inflammatory Skin Diseases: A Systematic Review. Antioxidants 2025, 15, 9. 

102. De, A.; Sarveswari, K.N.; Tolat, S.; Hameed, S.; Bhat, S.; Jain, S.; Swami, O.C. Oryza Ceramax in Dermatologic Care: A Multi-

pathway Approach to Skin Hydration and Barrier Repair. Cureus 2026, 18, e100886. 

103. Yuksek, E.N.; Prieto, M.A.; Pereira, A.G. Phytochemical Insights and Industrial Applications of Camellia japonica Leaves: A Focus 

on Sustainable Utilization. Nutrients 2025, 17, 3382. 

104. Tai, Y.; Ling, C.; Wang, H.; Yang, L.; She, G.; Wang, C.; Yu, S.; Chen, W.; Liu, C.; Wan, X. Comparative Transcriptomic Analysis 

Reveals Regulatory Mechanisms of Theanine Synthesis in Tea (Camellia sinensis) and Oil Tea (Camellia oleifera) Plants. J. Agric. 

Food Chem. 2019, 67, 10235–10244. 

105. Banerjee, S.; Cha�erjee, J. Efficient extraction strategies of tea (Camellia sinensis) biomolecules. J. Food Sci. Technol. 2015, 52, 3158–

3168. 



Int. J. Mol. Sci. 2026, 27, 5963 22 of 22 
 

https://doi.org/10.3390/ijms27135963 

106. Yazdani, M.; Barta, A.; Berkecz, R.; Agbadua, O.G.; Vanyolos, A.; Hohmann, J. Pholiols E-K, lanostane-type triterpenes from 

Pholiota populnea with anti-inflammatory properties. Phytochemistry 2023, 205, 113480. 

107. Wu, X.; Jia, L.; Wu, J.; Liu, Y.; Kang, H.; Liu, X.; Li, P.; He, P.; Tu, Y.; Li, B. Simultaneous Determination and Quantification of 

Triterpene Saponins from Camellia sinensis Seeds Using UPLC-PDA-QTOF-MS/MS. Molecules 2019, 24, 3794. 

108. Di, T.-M.; Yang, S.-L.; Du, F.-Y.; Zhao, L.; Xia, T.; Zhang, X.-F. Cytotoxic and Hypoglycemic Activity of Triterpenoid Saponins 

from Camellia oleifera Abel. Seed Pomace. Molecules 2017, 22, 1562. 

109. Zhu, J.; Xu, Q.; Zhao, S.; Xia, X.; Yan, X.; An, Y.; Mi, X.; Guo, L.; Samarina, L.; Wei, C. Comprehensive co-expression analysis 

provides novel insights into temporal variation of flavonoids in fresh leaves of the tea plant (Camellia sinensis). Plant Sci. 2020, 

290, 110306. 

110. Song, L.; Ma, Q.; Zou, Z.; Sun, K.; Yao, Y.; Tao, J.; Kaleri, N.A.; Li, X. Molecular Link between Leaf Coloration and Gene 

Expression of Flavonoid and Carotenoid Biosynthesis in Camellia sinensis Cultivar ‘Huangjinya’. Front. Plant Sci. 2017, 8, 803. 

111. Hassanpour, S.H.; Doroudi, A. Review of the antioxidant potential of flavonoids as a subgroup of polyphenols and partial 

substitute for synthetic antioxidants. Avicenna J. Phytomed 2023, 13, 354–376. 

112. Chen, M.; Li, N.; Zhu, H.T.; Zhang, M.; Duan, Z.H.; Wang, D.; Yang, C.R.; Zhang, Y.J. New Hydrolyzable Tannin with Potent 

Antioxidant and α-Glucosidase Inhibitory Activity from Black Tea Produced from Camellia taliensis. Foods 2023, 12, 2512. 

113. Saptarini, N.M.; Mustarichie, R.; Hasanuddin, S.; Corpuz, M.J.T. Cassia alata L.: A Study of Antifungal Activity against 

Malassezia furfur, Identification of Major Compounds, and Molecular Docking to Lanosterol 14-Alpha Demethylase. 

Pharmaceuticals 2024, 17, 380. 

114. Tang, J.; Xu, W.; Yu, Y.; Yin, S.; Ye, B.C.; Zhou, Y. The role of the gut microbial metabolism of sterols and bile acids in human 

health. Biochimie 2025, 230, 43–54. 

115. Folmer, B.M. Sterol surfactants: From synthesis to applications. Adv. Colloid Interface Sci. 2003, 103, 99–119. 

116. Jeon, H.; Shin, Y.W.; Won, J.G.; Park, N.; Park, S.W.; Son, N.S.; Kim, M.S. Novel Cosmetic Ingredient CS-AA Polyion Complex 

and Skin Moisturizing Effect. Skin Res. Technol. 2024, 30, e70073. 

117. Malik, N.A. Surfactant-Amino Acid and Surfactant-Surfactant Interactions in Aqueous Medium: A Review. Appl. Biochem. 

Biotechnol. 2015, 176, 2077–2106. 

118. Ramos, A.P.; Lafleur, M. Chain Length of Free Fa�y Acids Influences the Phase Behavior of Stratum Corneum Model 

Membranes. Langmuir 2015, 31, 11621–11629. 

119. van Smeden, J.; Janssens, M.; Kaye, E.C.; Caspers, P.J.; Lavrijsen, A.P.; Vreeken, R.J.; Bouwstra, J.A. The importance of free fa�y 

acid chain length for the skin barrier function in atopic eczema patients. Exp. Dermatol. 2014, 23, 45–52. 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


