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Abstract

Skin aging involves progressive disruption of redox balance, proteostasis, inflammation, and 
extracellular matrix integrity. Flavonoids have attracted interest for their ability to regulate 
cellular stress responses relevant to these processes. This study investigated the natural 
flavonoid eriodictyol (EDL) in human skin cells and evaluated whether topical applica-
tion improved visible skin quality. Primary human keratinocytes and dermal fibroblasts 
were treated with EDL and profiled by RNA-sequencing to characterize cell-type-specific 
transcriptional responses. Functional validation assessed oxidative stress, inflammatory 
signaling, and senescence-associated markers, while a seven-flavonoid structure-function 
comparison contextualized EDL activity. Topical effects were assessed in a randomized, 
double-blind, vehicle-controlled cosmetic study (N = 60) using an EDL-containing for-
mulation for 12 weeks. EDL induced distinct transcriptional changes in keratinocytes and 
fibroblasts, with enrichment of unfolded protein response pathways in both cell types. 
Keratinocytes showed increased expression of antioxidant and autophagy-related genes, 
whereas fibroblasts showed changes in gene expression pathways related to proliferation, 
metabolism, and senescence signaling. Functional assays further showed that EDL reduced 
intracellular reactive oxygen species, inflammatory cytokine secretion, and senescence-
associated β-galactosidase activity. In a 12-week topical evaluation, EDL significantly 
improved overall skin quality across multiple parameters of visible aging compared with 
the vehicle. These findings demonstrate that EDL modulates stress-response pathways in 
human skin cells and improves visible skin quality following topical application.

Keywords: eriodictyol; NRF2 signaling; senescence; oxidative stress; autophagy;
keratinocytes; dermal fibroblasts; skin aging; flavonoids

1. Introduction
Skin aging is characterized by progressive changes in redox and protein homeosta-

sis, extracellular matrix (ECM) organization, and communication between epidermal and 
dermal compartments. Chronic exposure to ultraviolet radiation, pollution, and other envi-
ronmental stressors increases reactive oxygen species (ROS) production and inflammatory 
signaling, contributing to cumulative cellular dysfunction. In keratinocytes, oxidative stress 
affects differentiation programs, lipid organization, barrier maintenance, and inflammatory 
signaling through multiple pathways including NF-κB [1,2]. In the dermis, increased matrix 
metalloproteinase (MMP) activity and reduced fibroblast biosynthetic capacity contribute 
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to collagen fragmentation, ECM disorganization, and impaired tissue remodeling [3]. These 
processes are further influenced by the accumulation of senescent cells, which release in-
flammatory cytokines, proteases, and matrix-remodeling factors collectively termed the 
senescence-associated secretory phenotype (SASP) [4,5]. Together, these interconnected 
processes contribute to progressive changes in skin structure and function during aging.

Maintenance of skin homeostasis depends on adaptive pathways that regulate oxida-
tive stress, inflammation, and proteostasis. Oxidative stress, for instance, is regulated by 
nuclear factor erythroid 2-related factor 2 (NRF2). NRF2 is a central regulator of cellular 
antioxidant defense, controlling expression of enzymes involved in redox regulation, glu-
tathione metabolism, and protection against oxidative stress [6]. In skin, NRF2 signaling 
contributes to keratinocyte differentiation, epidermal barrier maintenance, and regulation of 
inflammatory responses [7]. Proteostasis, on the other hand, is maintained by the unfolded 
protein response (UPR). UPR maintains protein homeostasis during endoplasmic reticulum 
(ER) stress by regulating protein folding, translation, and degradation pathways [8]. These 
two pathways (NRF2 and UPR) are interconnected through multiple mechanisms, such 
as PERK-dependent activation of the integrated stress response, providing a link between 
redox regulation and proteostasis [9,10]. Disruption of these adaptive pathways has been 
associated with inflammation, cellular senescence, and ECM deterioration during skin 
aging. Compounds capable of modulating these stress-response pathways across multiple 
skin cell types may therefore provide opportunities to influence age-associated changes in 
skin biology.

Flavonoids are a diverse class of plant-derived compounds that regulate oxidative stress, 
inflammatory signaling, and cellular stress responses across biological systems [11,12]. Sev-
eral polyphenols and flavonoids have been characterized as potential hormetic compounds 
that can activate endogenous stress-response pathways in skin cells, influencing cellular 
resilience and tissue-associated functions [13]. Consistent with these findings, topical com-
pounds that influence cellular stress pathways have demonstrated improvements in selected 
measures of facial skin appearance [14].

Eriodictyol (EDL), a flavanone found in citrus species and aromatic herbs, has been 
investigated for its antioxidant and anti-inflammatory properties. EDL exhibits diverse 
biological activities in preclinical models, including neuroprotective, cardioprotective, hep-
atoprotective, metabolic, and anticancer effects through regulation of multiple signaling 
pathways [15–17]. In skin-relevant models, EDL has demonstrated protective effects against 
UV-induced damage in keratinocytes, including antioxidant and anti-apoptotic activity 
associated with modulation of stress-responsive signaling pathways [18–20]. However, 
its effects on coordinated cellular pathways across different skin cell types and whether 
these cellular effects are associated with measurable changes in skin appearance remain 
incompletely characterized.

To address this gap, we used an integrated approach combining transcriptomic pro-
filing, functional assays, and a controlled topical evaluation. Responses to EDL were 
characterized in primary human keratinocytes (NHEK) and dermal fibroblasts (HDF), 
examining pathways associated with proteostasis, antioxidant defense, inflammation, and 
senescence alongside functional measures of intracellular ROS, inflammatory cytokines, 
and senescence-associated β-galactosidase activity. A seven-flavonoid structure–function 
analysis was performed, with six additional flavonoids selected based on their relevance to 
polyphenol and skin research, to compare NRF2-associated gene expression and radical scav-
enging activity. Finally, changes in visible skin quality parameters following topical applica-
tion of an EDL-containing formulation were evaluated over 12 weeks to determine whether 
cellular activities observed in vitro were accompanied by measurable skin-level outcomes.
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2. Materials and Methods
2.1. Eriodictyol Active Ingredient

EDL (INCI: Eriodictyol, IUPAC: (2S)-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3,4-
dihydro-2H-1-benzopyran-4-one) was sourced from Debut Biotechnology, Inc. (Derm-
ceutical EDL, San Diego, CA, USA) as a white powder with a purity of 92.7% (w/w) as 
determined by quantitative nuclear magnetic resonance. This ingredient was manufactured 
by fermentation using engineered E. coli, followed by proprietary downstream processing.

2.2. Cell Culture and Treatments
Primary NHEK cells (C-14002, PromoCell, Heidelberg, Germany) were grown in 

Keratinocyte Basal Medium 2 with Supplement Mix (C-20011, PromoCell), amphotericin 
B (AD0030P, Bio Basic, Markham, ON, Canada), and gentamicin (GB0217, Bio Basic). 
Primary HDF (C-013-5C, Thermo Fisher Scientific, Waltham, MA, USA) were grown in 
Fibroblast Basal Medium 2 (C-23020, PromoCell). Human immortalized keratinocytes 
(HaCaT) (AMS.iCell-h066-001b, Amsbio LLC, Cambridge, MA, USA) were cultured in 
DMEM (SH30243, Cytiva, Marlborough, MA, USA) containing 10% FBS (F0926, Sigma-
Aldrich, St. Louis, MO, USA), 40 μg/mL amphotericin B (Bio Basic), and 0.05 μg/mL 
gentamicin (BioBasic) at 37 °C with 5% CO2 . Cells were expanded from cryopreserved 
stocks and maintained until cultures reached approximately 80% confluence. Primary cells 
were used for experiments at or before passage 3.

2.3. Cellular Viability
Cell viability was assessed using MTT or WST-8 colorimetric assays with commercially 

available kits following the manufacturer’s protocols (MTT, #11465007001, Roche, Pleasan-
ton, CA, USA; WST-8 #AB228554, Abcam, Cambridge, UK). Cells were seeded at 2.5 × 104 
cells per well in clear, flat-bottom 96-well plates and allowed to adhere overnight. EDL 
was then applied at concentrations of 0–0.01% (0–347 μM) for 24 h. After treatment, cells 
were washed with phosphate-buffered saline (PBS) and incubated with the appropriate 
assay reagent. Absorbance was measured using a SpectraMax M5 plate reader (Molecular 
Devices, San Jose, CA, USA). Viability was expressed relative to cells treated with 0.1% 
DMSO vehicle.

2.4. RNA-Sequencing
2.4.1. Library Preparation and Sequencing

NHEK and HDF cells were grown as described above and treated with EDL (0.005% 
w/w, 173 μM), or 0.1% DMSO (Sigma-Aldrich) control for 24 h (n = 3). NHEK cells were 
treated with six additional flavonoids at the following concentrations for RNA sequencing: 
quercetin (0.005%), taxifolin (0.01%), catechin (0.005%), epicatechin (0.0003%), naringenin 
(0.0045%), dihydrokaempferol (0.003%) for 24 h, n = 3. Following treatment, mRNA was 
extracted from the cells using the Dynabeads mRNA Direct Kit (#61011, Thermo Fisher 
Scientific) according to the manufacturer’s instructions. mRNA was further enriched via 
poly-A selection for library preparation (#334205, QIAGEN, Germantown, MD, USA). 
Prepared libraries were sequenced on an Illumina NextSeq 2000 platform (Illumina, San 
Diego, CA, USA) using paired-end sequencing (100 bp) with an average sequencing depth 
of 6 million reads per sample.

2.4.2. Transcriptomic Analysis
Sequencing reads were mapped to the human reference genome (GRCh38) and tran-

script (GENCODE v44) annotations using STAR v2.7.11a. Gene-level counts were generated 
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with featureCounts v2.0.6. Differential expression analysis was performed with DESeq2 
v1.44.0; genes were considered differentially expressed at an adjusted p ≤ 0.05 and an 
absolute log2  fold change > 0.5. KEGG pathway enrichment was assessed using gene 
set enrichment analysis (GSEA) method as implemented in ClusterProfiler v4.12.0. Se-
lected pathways were visualized with Pathview v1.44.0, incorporating the corresponding 
gene-expression results.

2.5. Oxidative Stress Assays
2.5.1. Radical Scavenging

Antioxidant activity was evaluated using the ABTS radical cation decolorization assay 
as described with minor modifications [21]. The ABTS radical was generated by reacting 
7 mM ABTS (HY-15902, MCE, Monmouth Junction, NJ, USA) with 2.45 mM ammonium 
persulfate (A3678, Sigma-Aldrich) in the dark at room temperature for 12–16 h, and then 
diluted to an absorbance of 0.70 ± 0.02 at 734 nm. Test articles were added to the working 
solution and incubated for 5 min at room temperature in the dark, after which absorbance 
was measured at 734 nm (SpectraMax M5, Molecular Devices).

DPPH radical scavenging was quantified by monitoring the decrease in absorbance 
following reaction with test articles. Fresh working solutions were prepared on the day of 
testing using 200 μM DPPH in ethanol (Cayman Chemical 14805, Ann Arbor, MI, USA), 
400 μM Trolox (Cayman Chemical 10011659), for standard curve generation, and 0.01% 
(w/w) L-Ascorbic Acid as a positive control and ethanol was used as the negative control. 
Equal volumes of DPPH solution and test sample were mixed and incubated at 25 °C in 
the dark for 30 min. Absorbance was measured at 517 nm using a Spectramax M5 plate 
reader (Molecular Devices). Radical scavenging activity was expressed as percent inhibition 
relative to solvent control of n = 3 independent replicates.

2.5.2. Intracellular ROS (DCFDA)
To assess levels of cellular reactive oxygen species, a DCFDA/H2DCFDA-Cellular ROS 

Assay Kit (ab113851; Abcam) was used. In this assay, H2DCFDA reacts with intracellular 
ROS, producing a green fluorescence. To determine ROS levels in keratinocytes, HaCaT cells 
were cultured as described above. 1.5 × 104  cells were added to each well of a 96-well flat, 
clear-bottom, black microplate and allowed to adhere overnight. After overnight incubation, 
the media was aspirated, and cells were treated with test articles for 48 h. Following 
treatment, the media was aspirated, and cells were washed 1× with phosphate-buffered 
saline (PBS). Cells were then stained with 10 μM DCFDA in 1× assay buffer for 45 min at 
37 °C. After staining, cells were washed and stimulated with 200 μM hydrogen peroxide 
(H2 O2 ) in phenol red-free media for 30 min. After 30 min, fluorescence was measured with 
excitation at 485 nm and emission at 535 nm. Data are expressed as percent ROS relative to 
the DMSO vehicle control of n = 3 replicates.

2.6. Senescence-Associated 𝛽-Galactosidase (SA-𝛽-Gal) Assay
HDF (Thermo Fisher Scientific) cells were cultured as described above and seeded at 

10,000 cells/cm2 . Cells were maintained at 37 °C, 5% CO2  for 24–48 h to allow attachment 
and stabilization. When confluency reached ~70–80%, culture medium was aspirated and 
replaced with fresh, pre-warmed medium containing 200 μM hydrogen peroxide (H2 O2 ). 
After treating the cells for 2 h, the H2 O2 -containing culture medium was aspirated, and 
the cells were washed with Dulbecco’s Phosphate-Buffered Saline (DPBS), which was then 
replaced with fresh, pre-warmed medium. Cells were incubated at 37 °C and 5% CO2  for 
48 h to allow recovery. Following the recovery period, HDF were treated with test articles 
diluted in culture medium and incubated for an additional 24 h. Cell number was then 
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determined using the CyQUANT Direct Red Cell Proliferation Kit (C35013, Thermo Fisher 
Scientific) according to the manufacturer’s instructions. Culture medium was removed, cells 
were washed with DPBS, and SA-β-gal was analyzed according to the instructions outlined 
in the Senescence Detection Kit (ab65351, Abcam). After cell staining, microscopic images 
were captured using an ECHO Revolve microscope (ECHO, San Diego, CA, USA), and 
SA-β-gal activity was quantified by measuring the absorbance at 620 nm (corresponding to 
the absorbance maximum of the X-gal cleavage product) on a plate reader (SpectraMax 
M2, Molecular Devices). SA-β-gal absorbance was normalized to CyQUANT fluorescence 
in the same well. Data are n ≥ 3 independent experiments. Statistical significance is relative 
to the DMSO + H2 O2  control.

2.7. Anti-Inflammatory ELISA
The keratinocyte inflammatory-stimulation protocol was based on a previously pub-

lished method, with measurement of IL-1β included alongside IL-6 for this study [22]. 
NHEK cells were seeded at 7500–10,000/cm2  and maintained at 37 °C for 48–72 h before stim-
ulation. The culture medium was then replaced with fresh, pre-warmed medium containing 
lipopolysaccharide (LPS, 2.0 μg/mL from Escherichia coli O26:B6, L8274, Sigma-Aldrich), 
and polyinosinic-polycytidylic acid (poly(I:C), 12.5 μg/mL, P1530, Sigma-Aldrich). After 1 
h, test articles were added, and incubation continued for 24 h. Conditioned media were 
collected, and IL-6 and IL-1β concentrations were determined using ELISA kits (ELH-IL6 
and ELH-IL1b, RayBiotech, Peachtree Corners, GA, USA) according to the manufacturer’s 
instructions. Absorbance was measured using a SpectraMax M5 plate reader (Molecular 
Devices). Results are reported from n = 3 independent experiments. Statistical significance 
is relative to the DMSO + inflammatory cocktail-stimulated control.

2.8. Cosmetic Efficacy Study
2.8.1. Ethics and Informed Consent

This study protocol was reviewed and approved by the Allendale Institutional Review 
Board (AIRB, 30 Neck Road, Old Lyme, CT 06371, USA; Protocol DCS-22-25). Study conduct 
followed the Declaration of Helsinki, and principles of Good Clinical Practice requirements 
under Title 21 of the U.S. Code of Federal Regulations. Written informed consent form was 
obtained from all participants before any study procedure were undertaken.

2.8.2. Participant Criteria
Sixty healthy adult volunteers (82% female, 18% male) were enrolled in a randomized, 

double-blind, cosmetic efficacy study and were randomly assigned in equal numbers (n = 30 
per group) to the active product or vehicle control group. The panel size was selected in 
line with enrollment typical for cosmetic efficacy studies of comparable design. Volunteers 
who provided informed consent and met all inclusion criteria and none of the exclusion 
criteria were enrolled at the baseline visit.

Inclusion Criteria
Eligible participants were female and male volunteers with mild to moderate photo-

damage (3–6 Griffith’s Scale), 30–75 years of age, with Fitzpatrick skin types I-VI. Volunteers 
were in general good health with no known conditions that, in the grader’s opinion, might 
interfere with the study, and agreed to use the assigned test sample along with the provided 
SPF for the study duration.
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Exclusion Criteria
Volunteers were excluded if they had severe photoaged appearance, regular use of arti-

ficial light sources or tanning booths, worked outdoors or had excessive sunlight exposure, 
had any skin condition that might interfere with the assessments, used topical prescription 
or OTC facial products within 2 weeks before study entry, or professional treatments within 
6 months before the study.

2.8.3. Design and Assessments
Enrolled volunteers were randomized to either the active product, containing 0.5% 

w/w EDL, or the vehicle control group. Each base formulation was identical apart from 
EDL and contained Water (Aqua/Eau), Dimethyl Isosorbide, Hydrogenated Farnesene, 
Butylene Glycol, Glycerin, Glyceryl Stearate SE, Helianthus annuus (Sunflower) Seed Oil, 
Sodium Acrylates Copolymer, Cetyl Alcohol, Hydroxyacetophenone, Caprylyl Glycol, 1,2-
Hexanediol, and Lecithin. Each test product was applied to the entire face immediately 
following skin cleansing twice daily (morning and night), and application was verified by 
a compliance journal. Morning applications were followed by an SPF product.

Assessments were performed at baseline and at weeks 4, 8, and 12 on clean, dry skin. 
Results are reported at week 12, the pre-specified primary time point. Facial attributes were 
graded by a trained expert investigator on a 5-point ordinal scale (0 = none, 1 = minimal, 
2 = mild, 3 = moderate, 4 = severe) for poor visual texture, poor tactile texture, wrinkles, 
fine lines, uneven skin tone, lack of luminosity, skin sagging, lack of elasticity, and overall 
photodamage. Standardized photographs (VISIA, Standard 1 lighting, Canfield Scientific, 
Parsippany, NJ, USA) were captured at each visit for documentation only and were not 
used for grading.

2.9. Statistical Analysis
Statistical analyses were performed using JMP Pro 19. Data are reported as mean 

± standard deviation unless otherwise indicated. Concentration-dependent effects were 
evaluated by nonlinear regression using a sigmoidal dose–response model to estimate IC50 
values. In vitro experiment group comparisons were performed using one-way analysis 
of variance (ANOVA) followed by Dunnett’s post hoc test, comparing treatments with 
the appropriate control. For clinical outcomes, within-group changes from baseline were 
analyzed using the Wilcoxon signed-rank test, and between-group differences in change 
from baseline were analyzed using the Mann–Whitney U test. Clinical p-values were 
adjusted across the nine graded attributes using the Benjamini–Hochberg false discovery 
rate procedure. Statistical significance was defined as adjusted p < 0.05.

2.10. Artificial Intelligence Use
The authors used generative artificial intelligence tools to support manuscript organi-

zation, language refinement, and readability. The authors critically reviewed and revised 
all text and accept full responsibility for the accuracy and integrity of the final manuscript.

3. Results
3.1. EDL Elicits Broad Transcriptomic Changes in Keratinocytes and Dermal Fibroblasts

The cytotoxic potential of EDL was first evaluated in fibroblasts and keratinocytes using 
an MTT viability assay (Figure S1). Across the concentration range tested, EDL maintained 
cell viability above the predefined 80% threshold, establishing 0.005% (~173 μM) as the 
concentration used for transcriptomic analysis. At this concentration, EDL altered gene 
expression in both HDF and NHEK (Figure 1a,b). Differential expression analysis identified 
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3589 differentially expressed genes (DEGs) in NHEK, (1600 upregulated, 1989 downregu-
lated) and 3073 DEGs in HDF (1374 upregulated, 1699 downregulated). Apoptosis, necrop-
tosis, and p53 signaling pathways were mostly reduced. Caspase-associated pathways were 
likewise not enriched. 

Figure 1. Transcriptome responses to EDL in primary skin cells. (a,b) Volcano plots showing the 
gene expression profile after 24-h EDL exposure in NHEK (a) and HDF (b). Differential expression 
(DE) is defined by adjusted p-value < 0.05 and absolute log2(fold change) > 0.5, indicated by the 
dashed lines. Up- and down-regulated DE genes are shown in red and blue, respectively. The top 10 
most strongly regulated genes are labeled. (c) Heatmap of 156 genes in the “Protein Processing in 
the ER” KEGG pathway that are expressed in both cell types (top). Venn diagrams show overlap 
among up- and down-regulated genes in the “Protein processing in ER” KEGG pathway across cell 
types (bottom).

Despite distinct transcriptomic profiles, both cell types exhibited enrichment of UPR-
associated genes (Figure 1c). Expression increased for ER chaperones and protein-folding 
genes, including HSPA5 (BiP), HYOU1 (GRP170), DNAJB9, HERPUD1, CALR, and CANX, 
together with ER stress sensors ERN1 (IRE1a) and EIF2AK3 (PERK). Downstream in-
tegrated stress response genes, including ATF3, ATF4, and DDIT3 (CHOP), were also 
increased. GSEA of 228 KEGG pathways showed “Protein processing in the endoplasmic 
reticulum” as a highly enriched pathway in both cell types.

3.2. EDL Regulates NRF2-Associated Antioxidant and Autophagy-Related Transcriptional 
Pathways in Keratinocytes

Building on the global transcriptional changes observed above (Section 3.1), we next 
examined keratinocyte-specific pathways regulated by EDL. EDL induced an NRF2/ARE 
antioxidant gene signature, with HMOX1 as the most strongly upregulated transcript 
(log2FC +4.17, ~17.5-fold). Additional canonical NRF2 target were significantly induced, 
including TXNRD1 (+2.72), GCLM (+2.36), SLC7A11 (+2.00), GCLC (+1.89), and SESN2 
(+1.20) (Figures 2b and S4b). These genes span multiple NRF2-regulated antioxidant 
systems, including heme degradation, thioredoxin recycling, glutathione biosynthesis, and 
cystine transport.
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Figure 2. Structural features of EDL and their relationship to antioxidant activity and cytoprotective 
responses. (a) The structure of EDL highlights the catechol B-ring and C4 ketone. (b) A summary 
of a flavonoid structure-activity comparison across seven compounds in NHEK, with the structural 
features, selected NRF2-associated gene expression Log2 fold change (green (decreased) to purple 
(increased) color), statistical significance (asterisks), and activities in two radical-scavenging assays 
(blue to orange color). Additional data are available in Figure S4. (c) Intracellular ROS measured by 
DCFDA assay in HaCaT cells following 48 h pre-treatment with DMSO (light grey), EDL (orange), 
and ascorbic acid (AA, dark grey), and subsequent stimulation by H2 O2 . ROS fold change relative to 
DMSO is plotted against test articles, concentrations, and the presence of H2 O2 . * p < 0.05, ** p < 0.01, 
*** p < 0.001 (d) Expression changes in NHEK genes in the Autophagy and Mitophagy KEGG 
pathways, limited to those with adjusted p-value < 0.05.

To identify the structural features associated with NRF2 activation, we compared 
EDL with six related flavonoids using RNA-sequencing in NHEK cells (Figures 2b and S4). 
Strong activation of the NRF2/ARE gene signature was observed only in flavonoids con-
taining both a 3’4’-catechol B-ring and a C-ring 4-ketone. EDL, quercetin, and taxifolin, 
which contain both features, showed the greatest induction across the NRF2/ARE panel, 
whereas catechol-containing flavan-3-ols lacking the 4-ketone (catechin and epicatechin) 
and non-catechol flavanones (naringenin and dihydrokaempferol) showed little or no ac-
tivity. This structure-activity relationship was further illustrated by two matched scaffold 
pairs in which the addition of the 3’-hydroxyl group converted weakly active flavonoids 
into NRF2/ARE inducers (Figure S4).

EDL also demonstrated radical scavenging capacity in acellular ABTS and DPPH 
assays (IC50 ≈ 0.0006% and 0.0002% w/w, respectively; Figure S4). Consistent with these 
findings, EDL produced a dose-dependent reduction in H2 O2 -induced intracellular ROS 
in immortalized keratinocytes measured by a DCFDA assay (Figure 2c, Table S1). At the 
concentrations tested, the reduction in intracellular ROS was comparable to that observed 
with 0.005% (~284 μM) ascorbic acid, with the highest EDL concentrations producing 
similar or greater reductions relative to the oxidative stress control.
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In addition to NRF2-associated antioxidant genes, EDL regulated autophagy-related 
transcriptional pathways in keratinocytes (Figures 2d, S5 and S6). GSEA identified en-
richment of autophagy (NES = +1.83), mitophagy (+1.78), and lysosome (+1.96) path-
ways compared to vehicle control (Figure S2). Gene-level changes included expression 
of genes associated with autophagy initiation (ULK1, +1.35), autophagosome formation 
(MAP1LC3B, +1.29), and mitochondrial targeting (BNIP3L, +1.40; BNIP3, +1.10). Upstream 
regulatory analysis further identified increased FOXO3 (+1.35) expression, consistent with 
regulation of autophagy-associated transcriptional pathways (Figure S5). Lysosome path-
way enrichment was observed in NHEK but not HDF, indicating preferential enrichment 
in keratinocytes.

3.3. EDL Regulates Inflammatory Signaling and Senescence-Associated Pathways
Inflammatory signaling and cellular senescence are important features of age-associated 

skin dysfunction. We next examined inflammatory signaling and senescence-associated 
endpoints in keratinocytes and dermal fibroblasts. EDL reduced inflammatory gene expres-
sion in both cell types and altered pathways associated with proliferation, metabolism, and 
senescence in dermal fibroblasts (Figure 3). 

Figure 3. Modulation of inflammatory signaling, senescence-associated gene expression, and SA-β-gal 
activity by EDL. (a) Pro-inflammatory cytokine secretion in NHEK measured by ELISA. Extracellular 
IL-6 (left) and IL-1β (right) levels were quantified by ELISA following treatment with the indicated 
concentration of test article in the presence of LPS + poly(I:C) stimulation. (b) Expression change 
in HDF genes in either the Cell Cycle KEGG pathway or known to be part of the SASP response, 
limited to those with adjusted p-value < 0.05. Genes with positive and negative fold changes are 
shown in red and blue, respectively (c,d) SA-β-gal activity in HDF in response to EDL treatment. 
(c) Quantification of SA-β-gal activity expressed as percent activity relative to the DMSO + H2 O2 
control. Cells were treated with EDL ranging from 0.0001–0.005%. (d) Representative bright-field 
images of SA-β-gal-stained cells from the control and the two statistically significant EDL groups. 
Senescent cells that stain positive for SA-β-gal activity are identified by blue cytoplasmic coloration. 
Scale bar = 670 μm. * p < 0.05, ** p < 0.01, *** p < 0.001.
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In keratinocytes, EDL reduced expression of genes associated with NF-kB signaling, 
including IL-1b (−1.05), CXCL1 (−2.48), and NFKB1 (−0.78). Gene Ontology analysis of 
cytokine activity showed increased expression of GDF15, VEGFA, and TIMP1, along with re-
duced expression of several pro-inflammatory mediators (Figure S6). These transcriptional 
changes were accompanied by reduced cytokine secretion following LPS and poly(I:C) 
stimulation (Figure 3a). EDL tested at 0.001%, 0.005%, and 0.01% significantly reduced 
IL-6 secretion by 72–87% relative to the DMSO control (p < 0.001). IL-1β secretion was 
also reduced at all three concentrations, by 81% (p = 0.009), 67% (p = 0.012), and 88% 
(p = 0.008), respectively.

In dermal fibroblasts, EDL altered pathways associated with proliferation and 
metabolism, with DNA replication (−2.36) and cell cycle (−2.40) among the most downreg-
ulated KEGG pathways (Figure S3). Consistent with these pathway-level changes, BUB1 
(Log2FC −4.06), CCNB1 (−3.47), and CDC20 (−3.15) genes involved in mitotic checkpoint 
regulation were among the most strongly downregulated transcripts (Figure 3b).

EDL additionally altered the expression of genes associated with inflammatory sig-
naling and SASP in HDF. Expression of CCL2 (−2.73), CXCL1 (−1.21), IL-18 (−1.24), and 
NFKB1 (−0.90) decreased, whereas GDF15 (+4.00) increased. To test whether these tran-
scriptional changes translated into functional effects on senescence-associated phenotypes, 
we induced senescence in dermal fibroblasts with hydrogen peroxide and subsequently ex-
posed them to EDL. After normalizing to cell number, EDL significantly reduced senescence-
associated β-galactosidase activity relative to the DMSO + H2 O2  control at all concentrations 
tested; by 8.3% at 0.0025% EDL (p = 0.008), 11.3% at 0.005% EDL (p < 0.001), and 9.5% at 
0.01% EDL (p = 0.002) (Figure 3c). Representative images showed fewer SA-β-gal-positive 
cells at these concentrations (Figure 3d).

3.4. Effects of Topical EDL on Visible Skin Quality
To evaluate the effects of topical EDL on visible skin quality, a randomized, double-

blind, vehicle-controlled cosmetic evaluation study was conducted over 12 weeks
(n = 30 per group). Nine attributes were graded by a trained expert at baseline and after 4, 
8, and 12 weeks of twice-daily use. No adverse events were reported, and the study met 
predefined tolerability and safety criteria.

At week 12, EDL produced significantly greater improvements than vehicle in visual 
texture, fine lines, luminosity, sagging, and overall photodamage (adjusted p < 0.05; Table 1, 
Figure 4a). Fine lines, sagging, and overall photodamage improved from baseline only 
with EDL. Elasticity and tone also improved from baseline with EDL only, although the 
differences versus vehicle were not significant. Visual texture and luminosity improved in 
both groups, but improvements were approximately twofold greater with EDL (34% vs. 
19% and 34% vs. 16%, respectively). Tactile texture improved similarly in both groups, and 
wrinkles did not change. Representative images are shown in Figure 4b (EDL) and Figure 
S7 (vehicle). The greater improvements observed with EDL compared with vehicle at week 
12 for multipole attributes suggest an EDL-associated effect.

Table 1. Cosmetic efficacy study outcomes at week 12.

Attribute EDL Baseline EDL Change (%) V Baseline V Change (%) EDL vs. V adj. p

Visual Texture 2.67 ± 0.48 −0.90 ± 0.40 (−34%) ** 2.67 ± 0.48 −0.50 ± 0.51 (−19%) ** 0.005
Tactile Texture 2.63 ± 0.49 −0.90 ± 0.40 (−34%) ** 2.67 ± 0.48 −0.73 ± 0.58 (−28%) ** 0.22

Wrinkles 2.73 ± 0.52 −0.07 ± 0.25 (−2%) 2.70 ± 0.47 0.00 ± 0.00 (0%) 0.24
Fine Lines 2.77 ± 0.50 −0.33 ± 0.48 (−12%) ** 2.73 ± 0.45 0.00 ± 0.00 (0%) <0.003

Tone 2.70 ± 0.53 −0.20 ± 0.41 (−7%) * 2.80 ± 0.55 −0.13 ± 0.35 (−5%) 0.50
Luminosity 2.73 ± 0.45 −0.93 ± 0.52 (−34%) ** 2.70 ± 0.47 −0.43 ± 0.50 (−16%) ** <0.003
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Table 1. Cont.

Attribute EDL Baseline EDL Change (%) V Baseline V Change (%) EDL vs. V adj. p

Sagging 2.73 ± 0.45 −0.37 ± 0.49 (−13%) ** 2.67 ± 0.48 −0.10 ± 0.31 (−4%) 0.03
Elasticity 2.63 ± 0.49 −0.30 ± 0.47 (−11%) ** 2.63 ± 0.49 −0.07 ± 0.37 (−3%) 0.06
Overall 2.77 ± 0.43 −0.60 ± 0.56 (−22%) ** 2.77 ± 0.43 −0.17 ± 0.38 (−6%) <0.003

Mean ± SD (% change); n = 30 per group. V, vehicle. Attributes expertly graded as severity (e.g., 
lack of luminosity, uneven tone); negative change indicates improvement. Within-group change from 
baseline: Wilcoxon signed-rank, * p < 0.05, ** p < 0.01. Between-group differences: Mann–Whitney U, 
p-values Benjamini–Hochberg-adjusted across nine attributes; bold p < 0.05.

Figure 4. Evaluation of topical EDL on facial aging parameters. (a) Summary of baseline to week 12 
improvements in skin attributes for EDL and the vehicle control groups (n = 30 each) with differences 
between groups shown as percent improvement and significance indicated by asterisks. Arrows 
indicate the bars (EDL) that increase relative to the reference (Vehicle) for each attribute. (b) Repre-
sentative EDL product application participants at baseline and 12-week timepoints demonstrating 
improvements in the appearance of marionette lines, fine lines and wrinkles, and skin luminosity. Ve-
hicle control participants are shown in Figure S7. * p-value < 0.05 threshold for statistical significance.

4. Discussion
Taken together, EDL elicited a shared stress-adaptive signature across keratinocytes 

and dermal fibroblasts while producing distinct cell-type-specific changes. Both cell types 
showed activation of the unfolded protein response, without evidence of cytotoxicity. This 
pattern is consistent with engagement of interconnected ER stress-sensing and antioxidant 
defense pathways, including PERK- and NRF2-associated signaling. At the same time, the 
transcriptional profiles retained clear differences between epidermal and dermal cells, with 
keratinocytes showing stronger antioxidant and autophagy-related activity and fibroblasts 
showing changes in proliferative, metabolic, and senescence-associated pathways.

In keratinocytes, EDL induced NRF2-associated antioxidant responses together with 
enrichment of autophagy, mitophagy, and lysosomal pathways, suggesting potential regu-
lation of cellular quality control, proteostasis, and mitochondrial function. Keratinocyte 
autophagy contributes to barrier maintenance, inflammatory regulation, and adaptation to 
environmental stress [23,24]. Disruption of epidermal autophagy can also alter fibroblast ac-
tivation and dermal repair responses through paracrine signaling, suggesting that changes 
induced in keratinocytes may influence broader skin homeostasis [25]. These processes 
may contribute to the improvements in skin texture and luminosity observed clinically.
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Fibroblasts responded differently from keratinocytes, showing reduced proliferative 
and metabolic pathway activity and attenuated inflammatory and senescence-associated 
signatures. Reduced SA-β-galactosidase activity and cytokine release support a senomor-
phic response rather than induction of classical senescence. Similar regulation of oxidative 
stress and SASP-associated pathways has been reported for other NRF2-associated phyto-
chemicals, including cistanche-derived polysaccharides and galangin, placing EDL within 
a broader group of compounds that regulate aging-associated inflammatory phenotypes 
while maintaining cellular viability [26,27].

The observed changes in skin appearance complement the cellular responses identified 
in vitro (Figure 5). The interaction between the epidermal and dermal compartments are 
central to skin aging, with oxidative stress, inflammatory signaling, and extracellular matrix 
alterations contributing to reciprocal changes between keratinocytes and fibroblasts [28]. 
Reduced oxidative and inflammatory signaling in keratinocytes, together with modula-
tion of fibroblast senescence-associated responses, provide potential biological context for 
the improvements in texture, luminosity, elasticity, and sagging observed during topical 
evaluation. However, molecular biomarkers were not assessed in participants, and EDL 
skin penetration was not measured. The in vitro concentrations were selected based on 
an approximate 1% skin-delivery assumption, consistent with reported median epidermal 
recovery for cosmetic-related chemicals [29]. Because skin penetration varies by compound, 
the concentration of EDL reaching viable skin following topical application is unknown. 
Direct relationships between EDL exposure, specific cellular pathways, and observable 
outcomes remain to be established. 

Figure 5. Proposed mechanisms for EDL activity in skin. EDL induces an NRF2-associated antioxidant 
and anti-inflammatory program in keratinocytes and a senomorphic, quiescent-like program in dermal 
fibroblasts. These cell-type-specific responses are consistent with improvements in skin appearance, 
although direct molecular links were not assessed in the study participants’ samples.

The seven-flavonoid structure-function analysis further contextualized EDL within the 
broader flavonoid family (Figures 2 and S4). These findings indicate that NRF2 pathway 
activation was associated with specific structural features rather than radical scavenging 
capacity alone. Although catechol-containing flavonoids showed comparable activity in 
chemical radical-scavenging assays, EDL produced the strongest induction of several NRF2-
associated genes, consistent with previous studies in other cell types [30,31]. These data 
suggest that the biological activity of EDL is linked to engagement of endogenous antioxidant 
defense pathways in addition to its intrinsic chemical properties.
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EDL joins a list of flavonoids that can engage NRF2-associated protective responses 
in skin [32]. Previous studies demonstrated EDL activity in NRF2-dependent fibroblast 
protection and modulation of UV-associated signaling in keratinocytes [18,20]. The current 
study extends these observations by characterizing EDL responses at the transcriptome-
wide level in both keratinocytes and dermal fibroblasts, supported by functional validation 
and a vehicle-controlled human evaluation. Future studies using co-culture or organotypic 
3D skin models could further examine interactions between these cell types. Longer-term 
evaluations incorporating skin penetration studies and serial biomarker assessments could 
clarify the persistence of EDL-associated effects and determine whether the pathways 
identified in vitro are also modulated in human skin.

5. Conclusions
This study integrates transcriptomic profiling, functional assays, and vehicle-controlled 

human evaluation to characterize the biological activity of EDL across major skin cell types. 
In vitro, EDL modulates cell-type-specific antioxidant, inflammatory, and proteostasis path-
ways in keratinocytes and dermal fibroblasts and reduces senescence-associated markers 
in fibroblasts. In the 12-week topical evaluation, EDL significantly improved multiple 
measures of visible skin quality compared with vehicle. These findings support further 
investigation of EDL as a topical ingredient for skin aging.
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Abbreviations
The following abbreviations are used in this manuscript:

CFR Code of federal regulations
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
ECM Extracellular matrix
EDL Eriodictyol
ELISA Enzyme-linked immunosorbent assay
ER Endoplasmic reticulum
GOBP Gene ontology biological process
GSEA Gene set enrichment analysis
H2 O2 Hydrogen peroxide
HDF Human dermal fibroblasts
IL-1β Interleukin-1 beta
IL-6 Interleukin-6
KEGG Kyoto encyclopedia of genes and genomes
LPS Lipopolysaccharide
MMP Matrix metalloproteinase
mRNA Messenger ribonucleic acid
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NHEK Normal human epidermal keratinocytes
PBS Phosphate-buffered saline
ROS Reactive oxygen species
SASP Senescence-associated secretory phenotype
UPR Unfolded protein response
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