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Abstract

Exposure to ultraviolet (UV) radiation causes oxidative stress and DNA damage in skin cells. This study investigat-
ed the protective effects of bioactive-rich extracts prepared from upcycled kale powder using UV-induced human
skin fibroblasts (WS1 cells) in vitro. The extracts were prepared using ultrasound-assisted extraction [K(U)] and
microwave-assisted extraction [K(M)]. The Fourier transform infrared spectroscopy (FT-IR) and ultra-high-per-
formance liquid chromatography electrospray ionization mass spectrometry (UPLC-ESI-MS) demonstrated that
K(M) contains higher concentrations of major bioactive phytochemicals, including phenolic acids, carotenoids,
glucosinolates and flavonoids, than K(U). Both extracts contributed to higher cell viability (>80%) at concentra-
tions of 1, 10, and 100 ug/mL compared to the UV-exposed control. Furthermore, the kale extracts and all tested
phytochemicals (0.001-100 pg/mL) significantly reduced UV-induced reactive oxygen species (p < 0.05) compared
to the UV-treated control. UV irradiation increased DNA damage, while K(U) at 0.01 and 0.1 pug/mL, chlorogenic
acid at 0.1 ug/mL, and sulforaphane at 0.001 and 0.01 pg/mL significantly reduced DNA damage compared to
the UV-treated control, as determined using phosphorylated H2A histone (y-H2AX) immunofluorescence assay.
Therefore, phytochemical-rich kale extracts demonstrate potential in protecting skin fibroblasts from UV-induced
oxidative stress and DNA damage, suggesting potential applications in cosmeceutical formulations for skin protec-
tion against UV radiation.
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1. Introduction tive oxygen species (ROS) that disrupt homeostasis and accelerate

skin aging (Bernerd et al., 2022). Excessive ROS results in oxida-

Ultraviolet (UV) radiation is a major contributor to skin cancer,
which remains a public health concern in Canada (De Almeida et
al., 2022; Tang et al., 2024). In 2022, skin cancer accounted for
approximately one-third of all newly diagnosed cancer cases in
Canada (Moskwa et al., 2023). Exposure to UV radiation (UVR),
particularly UVB, damages the epidermal basal layer, leading to
mutations and skin cancer (Hegediis et al., 2021). Whereas UVA
penetrates deeper due to its longer wavelength, generating reac-

tive damage and activates pro-tumorigenic signaling, leading to
genome instability (Kozlov et al., 2024).

Bioactive phytochemicals, such as (poly)phenols, carotenoids,
and glucosinolates, contribute to the removal or scavenging of ROS
(Oyerinde et al., 2025). Low levels of ROS can also activate an-
tioxidant enzymes and contribute to oxidative homeostasis (Kob-
ayashi et al., 2025). The American Cancer Society recommends a
diet rich in dark green, orange, and red vegetables, which provide
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essential nutrients and bioactive phytochemicals for cancer pre-
vention (Rock et al., 2020). Among these, kale (Brassica oleracea
var. acephala) is a nutrient- and bioactives-dense leafy vegetable
known for its high carotenoid content, which can combat oxidative
stress and UV-induced skin DNA damage (Ortega-Hernandez et
al., 2021). (Poly)phenols in kale extracts possess strong antioxi-
dant properties that help in preventing oxidative stress and DNA
damage (Valisakkagari et al., 2024). Among the major bioactive
phytochemicals in cruciferous vegetables such as cabbage and
kale, sulforaphane is reported to activate the nuclear factor eryth-
roid 2-related factor 2 (Nrf2) signaling pathway, thereby upregu-
lating antioxidant enzymes and enhancing cellular defense against
ROS and DNA lesions (Alves et al., 2025). Chlorogenic acid, an-
other important constituent, offers potent antioxidant and DNA-
protective benefits by efficiently scavenging free radicals and
supporting endogenous defense systems such as the glutathione
pathway (Lee et al., 2021). Together, these components enable kale
extracts to decrease ROS accumulation, alleviate oxidative stress,
and provide enhanced cryoprotection against UV-induced cellular
damage. Recently, interest in upcycling and valorizing expired,
surplus, and rejected kale for value-added product development
has been emerging (Valisakkagari et al., 2024).

Several in vitro and in vivo experiments, including animal stud-
ies and human trials, have demonstrated the protective effects of
(poly)phenols and carotenoids against UV-induced oxidative stress
and skin aging (Bali¢ and Mokos, 2019). Human trials with oral
supplementation of carotenoid-rich extracts have shown improved
skin hydration, elasticity, and resistance to UV-induced damage
(Groten et al., 2019). Additionally, bioactive phytochemicals
from kale, including flavonoids and isothiocyanates, have been
demonstrated to possess potential effects in preventing skin ag-
ing by modulating inflammatory pathways and enhancing collagen
synthesis (Wang et al., 2020). These findings conclude that carot-
enoids, (poly)phenols, and sulforaphane have the potential to be
incorporated into cosmeceutical products.

Reports on the antioxidant properties of phytochemical-rich ex-
tracts prepared using upcycled kale remain scarce. Therefore, this
study investigated the protective effects of bioactive phytochemi-
cals extracted from upcycled kale against UV-induced oxidative
stress and DNA damage in human skin fibroblasts (WS1 cells) in
vitro.

2. Materials and methods
2.1. Chemicals and reagents

Primary antibody anti-phospho-histone y-H2AX mouse (ser139)
(cat. no. 05-636) was obtained from Sigma-Millipore (Etobicoke,
ON, Canada). Secondary antibody Alexa Fluor® 594 donkey anti-
mouse (cat. no. A-21203) was obtained from Thermo Fisher Sci-
entific (Chelmsford, MA, USA). was purchased from Sigma® Life
Science (St. Louis, MO, USA). Fetal bovine serum (FBS) (cat.
no. 12483-020), Tris base/boric acid/ethylenediaminetetraacet-
ic acid (EDTA) (TBE) buffer (cat. no. B52), Tween 20 (cat. no.
9005-64-5) were obtained from Thermo Fisher Scientific (Chelms-
ford, MA, USA). Minimum Essential Eagle’s Medium (cat. no.
M2279), 2'7'-dichlorofluorescein diacetate (DCFDA) (cat. no.
D6883), 0.25% Trypsin—-EDTA (cat. no. T3924), bovine serum al-
bumin (BSA) (cat. no. A8022), dimethylsulfoxide (DMSO) (cat.
no. 276855), polyvinylepyriilodone (cat. no. P0930), paraformal-
dehyde (cat. no. P6148), penicillin-streptomycin cat. no. P0781),
phenazine methosulfate (PMS) (cat. no. P9625), Triton X-100 (cat.

no. T8787), chlorogenic acid (cat. no. C3878), quercetin (cat. no.
Q4951-109), and sulforaphane (cat. no. 4478-93-7) were obtained
from Sigma-Aldrich (Oakville, ON, Canada). Lutein (cat. no.
B0005-465469) from BOC Sciences (New York, NY, US). MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2Htrazolium) reagent (cat. no. G1111) was obtained
from Promega (Madison, WI, USA). Vectashield® containing
4’,6-diamidino-2-phenylindol (DAPI) (cat. no. H-1200) was ob-
tained from Vector Laboratories Inc. (Burlingame, CA, USA).
Dulbecco’s phosphate-buffered saline (PBS) (cat. no. 02-0119-
1000) was obtained from VWR Life Sciences (Edmonton, AB,
Canada). All the chemicals used in this study were suitable for
cell-based experiments.

2.2. Preparation of the extracts

The bioactive phytochemical-rich extracts of K(M) and K(U) were
prepared using microwave-assisted extraction and ultra-sonica-
tion-assisted extraction, respectively, using a previously described
method (Valisakkagari and Rupasinghe 2025). These two extrac-
tion methods yielded the highest total carotenoids, total phenolics
and total antioxidant capacity when compared to those of other
tested extraction methods (Valisakkagari and Rupasinghe 2025).
Briefly, the upcycled kale powder was prepared using the vacuum-
drying method at Outcast Foods Ltd (Dartmouth, NS, Canada) us-
ing expired and surplus kale collected from local grocery stores.
For the experiment, 300 g samples were collected from three lots
were mixed thoroughly before use for the extraction. The ultra-
sound-assisted extraction conditions were 1 g to 20 mL of 100%
ethanol at 57 °C for 30 min (Model 4HT-1524-12, Crest, Ewing,
NJ, USA). Microwave-assisted extraction was performed using 1
g in 10 mL of 80% ethanol at 450 W for 2 min (The Genius micro-
wave 1100W Model NNSG676W, Panasonic, Boston, MA). The
solvents of both extracts were completely removed using nitrogen
flushing, and the dried pellets were dissolved in dimethyl sulfoxide
(DMSO) for use in cell-based assays.

2.3. Instruments

UV crosslinker AH, 115 V (Model 234100), UVA lamp (368 nm,
color black), and UVB lamp (306 nm, color white) were pur-
chased from Boekel Scientific Inc. (Pennsylvania, PA, USA). Fou-
rier transform infrared spectrophotometer (Spectrum Two FT-IR,
Model L1600300LITA; PerkinElmer Inc., Llantrisant, UK) and
ultra-performance liquid chromatography-electrospray ionization-
mass spectrometry system (UPLC-ESI-MS, Acquity UPLC H-
class; Waters Limited Inc., Milford, MA, USA) equipped with an
electrospray ionization tandem quadrupole mass spectrometer de-
tector (ESI-MS-MS, Quattro Micro; Waters Limited Inc., Milford,
MA, USA) were used to detect pure phytochemicals. Biological
safety cabinet (Class II, Model LR2-452; ESCO Technologies Inc.,
Missouri, USA), water bath (Model ISOTEMP 205; Fisher Sci-
entific, Waltham, MA, USA), CO, incubator (Model 3074; VWR
International, Radnor, PA, USA), centrifuge (Sorvall Legend Mi-
cro 21 R; Thermo Fisher Scientific Inc., Waltham, MA, USA),
inverted microscope (Eclipse TS100F; Nikon Instruments Inc.,
Cambridge, MA, USA), microplate reader (Model M200 PRO;
Tecan Infinite®, Morrisville, NC, USA), mini shaker (Model
980334; VWR International, Radnor, PA, USA), freeze dryer (Du-
ra-Dry, Model 14-85BMP1; DJS Enterprises Inc., Cincinnati, OH,
USA), microcentrifuge (Sorvall ST 16; Thermo Fisher Scientific
Inc., Waltham, MA, USA), and glass coverslips (1.5, 22 x 22 mm,
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Cat. No. B10143263NR15; VWR International, Radnor, PA, USA)
were used in the study.

2.4. Methods
2.4.1. FT-IR spectral analysis

The kale extracts and pure phytochemicals (lutein, chlorogenic
acid, quercetin, and sulforaphane) were analyzed to identify their
chemical bonds and molecular structure using FT-IR (Spectrum
Two FT-IR Spectrophotometer Model L1600300LITA, Perki-
nElmer, Llantrisant, UK). An aliquot of approximately 1 mg of
the sample was placed directly onto the ATR (Attenuated Total Re-
flectance) crystal for measurement. Spectral data were acquired by
scanning from 4,000 - 400 cm ! at a spectral resolution of 4 cm™!.
The obtained spectra were analyzed to identify characteristic peaks
corresponding to functional groups by comparing them with refer-
ence spectra (Quijano-Ortega et al., 2020).

2.4.2. UPLC-ESI-MS analysis

The UPLC-ESI-MS analysis was conducted to quantify major
bioactive phytochemicals of K(M) and K(U) using a previously
described method (Valisakkagari and Rupasinghe 2025). Briefly,
sample extracts were filtered through 0.2 pm nylon filters, placed
in amber vials, and injected (5 pL volume) into a reverse-phase
Waters BEH C18 column (2.1 X 100 mm, 1.7 um) at a flow rate
of 0.2 mL/min. Chromatographic separation was achieved using a
linear gradient of 0.1% formic acid in water (solvent A) and 0.1%
formic acid in acetonitrile (solvent B). The Micromass Quattro
Micro-API MS/MS system operated with an ESI source temper-
ature of 375 °C and a capillary voltage of 3,000 V. Quantifica-
tion relied on calibration curves created from analytical standards
(purity >98%). The major analytes and their respective m/z val-
ues were lutein (ESI+; m/z 568.8), B-carotein (ESI+; m/z 536.5),
sinigrin (ESI+; m/z 568.8), glucobrassicin (ESI-; m/z 446.9), DL-
sulforaphane (ESI+; m/z 179), kaempferol (ESI—; m/z 285.2),
quercetin (ESI—; m/z 300.7), chlorogenic acid (ESI—; m/z 353.2),
and ferulic acid (ESI-; m/z 193.08).

2.4.3. Skin fibroblast cultures

The human skin fibroblast cell line, WS1 (ATCC CRL-1502 ™)
was purchased from American Type Culture Collection (ATCC)
(Manassas, VA, USA). WS1 cells were grown in EMEM supple-
mented with 10% FBS, 4 mM L-glutamine, 100 pg/mL strepto-
mycin and 100 U/mL penicillin. The cell culture was maintained
at 37 °C in a humidified incubator with 5% CO, and sub-cultured
before reaching confluency. A T-75 cell culture flask containing
a monolayer of WS1 cells was washed with PBS following the
aspiration of the media. A 0.25% Trypsin-EDTA solution contain-
ing 0.5% polyvinylpyrrolidone was added to the culture flask, and
cells were incubated for 2 min at 37 °C with 5% CO, until de-
tachment. The detached cells were aspirated and transferred into a
centrifuge tube, and complete EMEM medium was added to neu-
tralize trypsin activity. The cell suspension was centrifuged (350
x g) for 5 min, and the pellet was resuspended in fresh complete
EMEM medium and transferred to a new T-75 flask. Experiments
were conducted using cells at 80-85% confluency, between pas-
sages 2 and 15.

2.4.4. Cell viability using MTS assay

For MTS assay, WS1 cells were seeded at 1 x 10* cells per well in
96-well tissue culture plates and incubated for 24 h until reaching
approximately 80% confluency. Cells were then incubated with
test compounds, including two kale extracts of K(U) and K(M),
lutein (LU), chlorogenic acid (CA), quercetin (QN), and sul-
foraphane (SFN). To induce oxidative stress, cells were exposed to
UVA (252 nm, black bulbs) and UVB (306 nm, white bulbs) radia-
tion using a UV crosslinker. The optimal UV exposure parameters
were predetermined, and WS1 cells were irradiated at 0.89 J/cm?
for 2 min. Following the 24 h incubation with test compounds,
MTS reagent was added to each well, and the plates were incu-
bated for 3 h in the dark. The absorbance was measured at 490 nm
using an plate reader (Infinite® 200 PRO, TECAN, Mannedorf,
Switzerland) (Amararathna et al., 2020).

2.4.5. Measurement of intracellular ROS

To measure intracellular ROS levels, WS1 cells were employed
with a cell-permeable probe called 2’,7'-dichlorofluorescin di-
acetate (DCFDA). Cells were seeded (1 x 10* cells per well) in
black-sided clear-bottom 96-well microplates and incubated at 37
°C in a humidified incubator with 5% CO,. Then, cells were in-
cubated with different concentrations (0.1, 1, 10, 100 pg/mL) of
K(U), KM), LU, CA, QN, and SFN for 24 h. After incubation,
cells were exposed to UVR using a UV crosslinker (Boekel Sci-
entific, Feasterville, PA), equipped with UVA and UVB for 2 min
at 0.89 J/cm?. A 5 uM DCFH-DA working solution was added to
the treated cells and incubated in the dark for 30 min. The intracel-
lular ROS levels were quantified by measuring fluorescence at an
excitation wavelength of 485 nm and an emission wavelength of
535 nm using a plate reader (Infinite® 200 PRO, TECAN, Manne-
dorf, Switzerland). DCFDA is a non-fluorescent molecule that dif-
fuses through cell membranes and is hydrolyzed intracellularly.
Upon oxidation by ROS, DCFDA forms 2’,7'-dichlorofluorescein
(DCF). The fluorescent intensity of DCF is directly proportional to
the ROS levels (Suraweera et al., 2020).

2.4.6. y-H2AX immunofluorescence assay

For quantifying y-H2AX foci, WS1 cells were seeded at 1 x 10° cells
per well on sterilized, coated coverslips placed in a 6-well plate and
incubated for 24 h. Following treatment with K(U), K(M), LU, CA,
QN, and SFN of (0.001, 0.01, 0.1 mg/mL) for 24 h. After the treat-
ments, the cells were rinsed with 1 x PBS and then treated with 3.7%
paraformaldehyde for 20 min in the dark. Cells were then permeabi-
lized with 0.5% Triton X-100 in PBS for 15 min at room temperature
and blocked with 4% BSA for 20 min to prevent non-specific bind-
ing. Coverslips were incubated with a primary anti-phospho-histone
H2AX antibody (1:250) for 1 h, rinsed three times with PBS, and then
incubated with a secondary Alexa Fluor® 594 donkey anti-mouse
antibody (1:500) for 45 min in the dark. The coverslips were washed
three times with 1 x PBS to remove excess secondary antibodies.
After washing with PBS, coverslips were mounted onto glass slides
using Vectashield® containing 4',6-diamidino-2-phenylindol (DAPT)
and sealed with transparent nail polish. Slides were imaged at 150
x magnification using a fluorescence microscope (EVOSTM FLoid
Imaging System, Bothell, WA, USA), and Fiji ImagelJ software (Ver-
sion 1.54p, NIH, Bethesda, MD, USA) was used to quantify y-H2AX
foci for at least 50 nuclei per treatment (Amararathna et al., 2020).
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Figure 1. FT-IR analysis representing the upcycled kale powder, extracts of UAE and MAE, and major phytochemical constituents (lutein, chlorogenic acid,

quercetin, and sulforaphane).

2.5. Statistical Analysis

The experiments mentioned were conducted in triplicate and re-
peated three times (n = 9). Statistical analysis was performed using
Minitab (Version 22, Minitab, LLC, State College, PA, USA). Data
were first tested for primary assumptions for analysis of variance
(ANOVA). One-way ANOVA was conducted to determine statisti-
cal significance, followed by Tukey’s post-hoc test for multiple
mean comparisons. A 95% confidence interval (»p <0.05) was con-
sidered statistically significant. The graphs for the experiments
were generated by GraphPad Prism software (San Diego, CA,
USA), and error bars represent standard deviation across all analy-
ses to ensure the reliability of the results.

3. Results and discussion
3.1. FT-IR spectral analysis for upcycled kale extracts

The FT-IR spectra of upcycled kale extracts obtained by UAE
and MAE, in comparison to the major bioactive phytochemicals
of kale (LU, CA, QN, and SFN) were analyzed for functional

66

groups (Figure 1). Both extraction methods showed a broad O-H
stretching peak (UAE: 3,350 cm™!, MAE: 3,305 cm™!), indicating
alcohols and carboxylic acids, likely phenolic compounds. How-
ever, the observed O-H streaking could also be due to the water of
the aqueous extract. The C-H stretching peaks (UAE: 2,918 cm ™!,
MAE: 2,924 cm™!) suggest alkanes or saturated hydrocarbons,
while the strong C=0 stretching (UAE: 1,625 cm™!, MAE: 1,636
cm 1) region to esters or carboxylic acids. The differences in C-O
stretching (1,200-1,000 cm™") suggest variations in extraction effi-
ciency (Manzoor et al., 2019). These findings agree with previous
studies confirming the presence of (poly)phenols and flavonoids
(Murugesan et al., 2021). Compared to vacuum-dried kale powder,
extracts exhibited distinct peaks in the fingerprint region, indicat-
ing a more diverse composition. The kale powder and extracts may
contain the same phytochemicals; however, the extraction process
enhanced the visibility of functional groups, producing more con-
centrated bioactive phytochemicals for analysis (Abedelmaksoud
etal., 2025).

The FT-IR spectrum of lutein showed a strong C=C stretching
peak at 1,664 cm™!, characteristic of carotenoids, with C-O stretch-
ing at 1,366 cm™! and 1,036 cm™!, likely from oxygenated com-
pounds. Kale extracts containing QN and CA showed a broad O-H
stretching band (~3,300 cm™!), characteristic of phenolics, with
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Table 1. Quantitative analysis of major bioactive phytochemicals in upcycled kale extracts obtained by UAE and MAE using ethanol as solvent

Bioactive Phytochemicals (ug/g DW)

Ultrasound-Assisted Extraction (UAE)

Microwave-Assisted Extraction (MAE)

Lutein
B-carotene
Sinigrin
Glucobrassicin
DL-Sulforaphane
Kaempferol
Quercetin
Chlorogenic acid
Ferulic acid

Total Phytochemicals

879 +125P
947 +95.7°
73.1+10.5°
3.54 +0.79°
2,656 + 82.7°
2.83 +£1.06°
73.2+13.8°
84.4 +20P
92.2+2.9¢
4,811

1,229 + 369°
492 + 63b
457 +12.2°
85.0 + 3.482
2,891 + 73.4
2.79 +0.592
267 +21.3°
536 + 18.1°
146 +11.8°
6,106

Data represent mean * standard deviation. DW, dry weight; MAE, microwave-assisted extraction; UAE, ultrasound-assisted extraction.

stronger C=0 absorption in CA (1,700-1,600 cm™!, 1,047 cm™"),
indicating conjugated carbonyl groups. The FT-IR spectrum of
SEN differed from that of kale extracts in its analysis of organosul-
fur functional groups due to spectral noise.

To complement the FT-IR spectral findings above, UPLC-ESI-
MS analysis was performed to quantify major bioactive phyto-
chemicals, including LU, CA, QN, and SFN, in upcycled kale ex-
tracts obtained by UAE and MAE (Valisakkagari and Rupasinghe
2025) (Table 1). The K(M) exhibited significantly higher concen-
trations of these bioactive phytochemicals than those of K(U). The
quantitative results of UPLC-ESI-MS support the FT-IR evidence
of enriched bioactive phytochemicals, particularly (poly)phenols,
and carotenoids in the extracts.

By integrating these two analytical approaches, FT-IR provides
a rapid overview of the functional groups present, while UPLC-

ESI-MS analysis delivers precise profiling and quantification of
specific bioactive phytochemicals. Together, these methods dem-
onstrate the effectiveness of the extraction techniques, with MAE
showing higher recovery of diverse bioactive phytochemicals from
upcycled kale.

3.2. Evaluation of UV-induced cytotoxicity in WS1 cells meas-
ured by MTS assay

Cell viability of the extracts and test compounds (1, 10, and 100
png/mL) was assessed using the MTS colorimetric assay under ex-
perimental conditions. The upcycled kale extracts K(U) and K(M)
maintained cell viability (>80%) across all tested concentrations
without significant dose-dependence effect (» > 0.05) (Figure 2).
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Figure 2. Viability of WS1 cells pre-treated with extracts of ultrasound-assisted extraction [K(U)] and microwave-assisted extraction [K(M)], and selected
phytochemicals. The extracts, lutein (LU), chlorogenic acid (CA), quercetin (QN), and sulforaphane (SFN) were incubated at 1, 10, and 100 pg/mL concentra-
tions for 24 h. Cells were then exposed to UVR for 2 min at 0.89 J/cm?, and cell viability was assessed using the MTS assay. Cell viability is expressed as a
percentage relative to the UVR control. Experimental results are shown as mean + SD of three independent experiments (n = 9). The analysis was performed
using one-way ANOVA, followed by Tukey’s pairwise comparison test (p < 0.05) using Minitab (Version 22, Minitab, LLC, State College, PA, USA) and Graph-
Pad Prism software (San Diego, CA, USA). The letters (a and b) represent the statistical differences between the tested compounds (p < 0.05). The same letter

for the means is not significantly different at (p < 0.05).
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Figure 3. The reduction of reactive oxygen species (ROS) of UV-radiation induced WS1 cells by kale extracts [K(M) and K(M)], lutein (LU), quercetin (QN),
chlorogenic acid (CA), and sulforaphane (SFN), The test compounds were incubated at concentrations of 0.001, 0.01, 0.1, and 1 pg/mL for 24 h, followed
by UV irradiation (0.89 J/cm? for 2 min). ROS levels were quantified using the DCFDA assay and are expressed as a percentage of ROS relative to the UV
control. Data are presented as the mean * standard deviation from three independent experiments (n=9). The significant difference was determined by
one-way ANOVA followed by Tukey’s test (p < 0.05) using Minitab (Version 22, Minitab, LLC, State College, PA, USA) and GraphPad Prism software (San Diego,
CA, USA). Treatments with error bars (different letters) are statistically significantly different.

Similarly, lutein, quercetin, chlorogenic acid, and sulforaphane ex-
hibited consistently high cell viability (>90%), with no significant
differences among tested concentrations (p > 0.05) as shown in
Figure 2.

The MTS assay defined the cell viability by reducing the tetra-
zolium compound into a soluble purple formazan product, provid-
ing measures for the cytotoxicity of test compounds (Stefanowicz-
Hajduk and Ochocka, 2020). Given that UV irradiation induces
oxidative stress, the ability of the bioactive phytochemicals to
maintain high cell viability suggests their potential as photoprotec-
tive agents (Tomas et al., 2025). The findings suggest that the lack
of cytotoxicity for K(U) and K(M) extracts may reflect effective
mitigation of UV-induced cellular DNA damage, probably through
antioxidant mechanisms (Budzianowska et al., 2025). Studies re-
lated to UV-induced human skin fibroblasts in vitro for LU, CA,
QN, and SFN demonstrated a concentration-dependent effect on
cell viability (Rajnochova Svobodova et al., 2022; Xue et al.,
2022). Herein, prior studies have shown that the test compounds
used in this study can reduce ROS levels and prevent DNA dam-
age in UV-exposed skin fibroblasts (Anbualakan et al., 2022; Cal-
niquer et al., 2021). Therefore, all tested concentrations showed
no significant dose-dependent effect, suggesting that they may be
effectively used further for UV-induced cellular DNA damage ex-
periments.

3.3. Evaluation of upcycled kale extracts and selected phyto-
chemicals against UV-induced ROS levels

Oxidative stress induced by UVR causes DNA damage and cel-
lular dysfunction, primarily through the generation of ROS (Sies
and Jones, 2020). Bioactive phytochemicals are known to mitigate
these effects by scavenging ROS and enhancing cellular defense
mechanisms (Lagunas-Rangel and Bermudez-Cruz, 2020). This
study investigated the protective effects of kale extracts (K(U) and
K(M)) along with their major phytochemical constituents against

UV-induced DNA damage in vitro, as measured by ROS genera-
tion in WS1 cells. Our results indicate that all tested compounds
(0.001-100 pg/mL) significantly reduce ROS levels compared to
the UV-treated group (p < 0.05) (Figure 3). However, there is no
significant difference in ROS reduction across the tested concen-
trations or between the different compounds (p > 0.05). Consistent
with prior research, Houttuynia cordata extracts reduced UVB-
induced ROS by 35-61% in skin fibroblast cells, attributed to
flavonoids like quercitrin and hyperoside, which scavenged radi-
cals and upregulated antioxidant enzymes (Mapoung et al., 2021).
Interestingly, the 0.1% dimethyl sulfoxide (DMSO) significantly
lowered ROS levels relative to UV-treated cells (p < 0.05), indi-
cating the inherent antioxidant properties of DMSO (Bulama et
al., 2022). However, DMSO dose-dependent effect concentration
< 0.5% led to a reduction in ROS activity, and high dose (3.7%)
increased ROS and apoptosis in H9¢2 cardiomyoblasts (Sangweni
et al., 2021). DMSO scavenges hydroxyl radicals (HO-), moder-
ately reducing UV-induced oxidative DNA damage such as 8-oxo-
7,8-dihydro-2'-deoxyguanosine (8-oxo-dG) by neutralizing HO-
involved in guanine oxidation (Chatgilialoglu et al., 2021). While
DMSO scavenges HO-, its derivatives, such as methyl radicals,
appear to contribute to DNA double-strand breaks oxidative stress
(Noda et al., 2017). The DMSO remains a “gold standard” solvent
for cell-based assays.

The minimal variance between concentrations within each com-
pound group may indicate saturation kinetics, where cellular anti-
oxidant capacity is reached at lower concentrations (Jomova et al.,
2024). It is also possible that some cell types have low esterase ac-
tivity, limiting their ability to detect ROS at lower concentrations,
as DCFH-DA needs to be hydrolyzed (Eruslanov and Kusmartsev,
2010). Despite these limitations, tested bioactive phytochemicals
(LU, QN, CA, and SFN) significantly reduced ROS levels in UV-
irradiated WS1 fibroblasts, consistent with previous findings in
other experimental models (Calniquer et al., 2021). This shows
that the effects of bioactive phytochemicals can vary depending on
cell type and stress-specific effects (Zheng et al., 2020). The ROS
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Figure 4. Protection of DNA damage of UV radiation-induced WS1 cells by kale extracts and phytochemicals as measured by y-H2AX immunofluorescence
assay. The ES1 cells were pre-treated for 24 h with the extracts of ultrasound-assisted extraction [K(U)] and microwave-assisted extraction K(M)], lutein (LU),
chlorogenic acid (CA), quercetin (QN), and sulforaphane (SFN) at three concentrations (0.001, 0.01, and 1 pg/mL) with vehicle control (0.1% DMSO). Cells
were then exposed to UVR (0.89/cm?) for 2 min. DNA damage was assessed by immunofluorescence staining for y-H2AX, a marker of DNA double-strand
breaks. The number of y-H2AX foci per nucleus was quantified using Fiji ImageJ software (Version 1.54p, NIH, Bethesda, MD, USA), with at least 50 cells
counted per treatment. The experiments were performed in three independent times in triplicate (n = 9), and results are expressed as mean * standard
deviation. Statistical analysis was performed by one-way ANOVA, and mean comparison was done by Tukey’s multiple comparisons test (a = 0.05) using
Minitab (Version 22, Minitab, LLC, State College, PA, USA) and GraphPad Prism software (San Diego, CA, USA). Mean values that do not share similar letters

in bar graphs are considered as significantly different (p < 0.05).

reduction levels for all compounds are similar, with no marked
superiority of one compound over another in reducing ROS caused
by UV exposure.

3.4. Evaluation of DNA double-strand breaks using y-H2AX
histone marker

UV-induced DNA damage leads to double-strand breaks, as indi-
cated by y-H2AX foci formation. In this study, the UV-exposed
cells (the experimental model of DNA damage) showed a high
level of y-H2AX foci, indicating significant DNA damage (Fig-
ures 4 and 5). The 0.1% DMSO control did not significantly alter
y-H2AX levels relative to the UV-treated group, suggesting that
the solvent itself had neither a protective nor a damaging effect
at this concentration. The K(U) at 0.01 and 0.1 ug/mL, CA at 0.1
pg/mL, and SFN at 0.001 and 0.01 pg/mL significantly reduced
y-H2AX foci compared to the UV control. Thus, K(U) effectively
mitigate UV-induced DNA damage and its protective effect on
skin fibroblasts. The reduction in H2AX foci after exposure to
UV and pre-treatment with K(U) may be attributed to enhanced
DNA repair mechanisms and direct scavenging of ROS. CA at 3
uM decreased UVA-induced y-H2AX foci and upregulated col-
lagen synthesis while inhibiting MMPs, against DNA damage and
photoaging in human dermal fibroblasts (Xue et al., 2022). SFN at
lower doses (0.001-0.01 pg/mL) protected against DNA damage,
where low dose stimulation (<10 pM) activates the Nrf2 pathway,
enhancing antioxidant defenses and protecting against UV-induced
oxidative damage (Calabrese and Kozumbo, 2021). This was simi-
larly observed with a previous study, which reported that SEN
pre-treatment reduced y-H2AX foci following ionizing radiation
(Mathew et al., 2014).

In contrast, LU and QN did not show a significant reduction in
y-H2AX foci at any concentration tested. It indicates that, under
the conditions of our experiment, these compounds do not pro-
vide protection against UV-induced DNA damage measured by
y-H2AX formation. This can be possible to differences in cellular
uptake or mechanisms of action compared to the other tested com-
pounds. Lutein cellular absorption is reduced when co-adminis-
tered with flavonoids, for example, luteolin or quercetin, as seen in
summarized in vitro models, potentially diminishing its protective
effects against UV-induced DNA damage (Chen et al., 2021). A
study have demonstrated the potential of carnosol (phenolic com-
pound) to reduce y-H2AX foci and checkpoint kinase 1 (Chkl)
phosphorylation in UVB-induced cells, indicating that a syner-
gistic effect contributes to their protective effect, which is absent
when compounds are tested individually, similar to our experiment
(Tong and Wu, 2018). To conclude, this study demonstrates that
upcycled kale extracts reduced y-H2AX formation, showing their
protective effect against UV-induced DNA damage. Furthermore,
future research can be focused on additional biomarkers of DNA
damage and their mechanism of action to explore long-term skin
health applications.

4. Future directions

The study extended to evaluate the phytochemical-rich kale ex-
tracts for their ability to reduce oxidative stress and protect skin
fibroblasts (WS1 cells) against UV-induced DNA damage in vitro.
The results indicated that the kale extracts and selected phyto-
chemicals at physiological concentrations maintained cell viabil-
ity. All the test compounds exhibited notable antioxidant activity
by significantly reducing ROS levels. Furthermore, K(U) at 0.01
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Figure 5. Upcycled kale extract [K(U)], CA, and SFN reduced the UV-in-
duced DNA damage analyzed by the y-H2AX immunofluorescence assay.
Cells were treated with UV (the model) and DMSO (solvent control), and
the indicated concentrations of compounds K(U), CA, SFN in combination
with UV. The y-H2AX foci are shown in red, and nuclei are stained with
DAPI (blue). Slides were imaged at 150x magnification using a fluores-
cence microscope.

and 0.1 pg/mL effectively reduced UV-induced DNA damage, as
evidenced by y-H2AX immunofluorescence analysis. These find-
ings suggest that phytochemical-rich extracts from upcycled kale
obtained through the UAE method possess the capacity to protect
skin cells from UV-induced oxidative stress and DNA damage.
Thus, bioactive phytochemical-rich extracts of upcycled kale may
be useful for developing cosmeceutical products aimed at pro-
tecting skin from UVR (Jesus et al., 2023). The study addresses
the global concern of food waste reduction while simultaneously
promoting the principles of the circular economy and reducing
reliance on synthetic compounds. By repurposing food industry
by-products, the study demonstrates an innovative approach to
sustainable resource management in the cosmeceutical sector.

To further validate the findings from in vitro studies, it is recom-
mended to conduct additional in-depth analyses, such as 8-0xoG
quantification, comet assay, and western blot analysis, to elucidate

the molecular mechanisms, such as the regulation of Nrf2 pathway,
underlying the protective effect of phytochemical-rich kale extracts
against UV-induced DNA damage (Kciuk et al., 2020; Suraweera
et al., 2020). While in vitro models provide fundamental insights,
in vivo studies using hairless mouse models such as SKH-1 (senes-
cence-accelerated hairless mouse 1) or HR-1 (hairless mouse 1),
are recommended. These models are widely used to evaluate bio-
markers of DNA damage and oxidative stress in a more complex
biological system (Anbualakan et al., 2022). Further, performing
comprehensive safety and efficacy testing to meet the regulatory
requirements for cosmetic products should be considered. There-
fore, these studies will bridge the gap between clinical studies and
human applications, providing compelling evidence for integrating
upcycled kale extracts to improve skin health.

5. Conclusion

This study suggests that bioactive phytochemical-rich extracts of
upcycled kale have the potential to protect WS1 skin cells from
UV-induced DNA damage. The kale extract produced from UAE
significantly reduced y-H2AX foci, a biomarker of DNA double-
strand breaks. While all tested phytochemicals effectively reduced
UV-induced ROS levels, the 0.1% DMSO control exhibited a simi-
lar ROS reduction compared to the tested compounds. The study
found that bioactive phytochemicals such as B-carotene and sul-
foraphane had a significant impact on UV-induced DNA damage,
suggesting their role in the extract. Furthermore, integrating FT-IR
and UPLC-ESI-MS analysis confirmed the higher recovery of a
broad spectrum of bioactive phytochemicals from upcycled kale,
demonstrating their potential applications in functional foods, nu-
traceuticals and cosmeceuticals. The findings suggest potential for
the development of cosmeceutical ingredients using upcycled kale
to reduce the risk of skin cancer. Further studies could address the
limitations of in vitro studies and validate these preliminary find-
ings using in vivo and/or human clinical trials.
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