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Abstract

Background
Ultraviolet B (UVB) radiation disrupts skin homeostasis through reactive oxygen species (ROS)-mediated
oxidative stress and melanogenic imbalance. The search for effective exogenous photoprotectants has
highlighted natural products, including Cannabis sativa L. phytocannabinoids with reported antioxidant
activity. However, their role in UVB-induced cellular responses remains to be clarified.

Methods
Chemical profiling was performed using LC-QTOF-MS and Fourier-transform infrared (FTIR)
spectroscopy. Biological activities were assessed in B16-F10 pigmented melanoma cells, including
cytotoxicity (MTT assay), intracellular ROS generation (DCFDA assay), transcriptional regulation of
melanogenic markers (MITF, TYR, TYRP1, TYRP2) by RT-qPCR, and functional melanogenesis outcomes
(tyrosinase activity and melanin content).

Results
LC-QTOF-MS revealed that the extract was dominated by neutral cannabinoids, with Δ⁹-
tetrahydrocannabinol (Δ⁹-THC) and cannabinol (CBN) as major constituents. The extract showed
moderate free radical scavenging activity in a cell-free DPPH assay. Importantly, pre-treatment with the
extract significantly reduced UVB-induced intracellular ROS accumulation. UVB exposure resulted in
suppression of MITF mRNA expression, which was partially restored at higher extract concentrations,
whereas transcript levels of TYR, TYRP1, and TYRP2 remained largely unchanged under the experimental
conditions. Functionally, the extract attenuated UVB-induced tyrosinase activity at the highest
concentration tested, while total melanin content was not significantly altered.

Conclusions
Collectively, these findings suggest that a neutral cannabinoid-rich C. sativa extract (CSE) can mitigate
UVB-induced oxidative stress and partially restore transcriptional regulation of MITF without inducing
significant acute depigmentation. The extract may represent a candidate for further investigation as a
bioactive component in photoprotective dermatological formulations.

Background
The skin serves as the primary interface between the human body and external environment,
continuously exposed to physical and chemical stressors. Among these, UVB radiation (280–320 nm) is
a major contributor to acute phototoxic injury and long-term photoaging. UVB exposure induces
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excessive generation of ROS, including superoxide anions and hydroxyl radicals, resulting in oxidative
damage to lipids, proteins, and nucleic acids (1). These processes contribute to inflammatory signaling,
impaired cellular homeostasis, and cumulative tissue dysfunction, collectively referred to as photo-
oxidative stress (2).

Melanocytes represent a critical protective cell population in the epidermis primarily through the
synthesis and transfer of melanin, which absorbs and scatters UV radiation. However, melanocytes are
also highly vulnerable to oxidative stress due to their intrinsic metabolic activity and the pro-oxidant
intermediates generated during melanogenesis (3). Acute UVB exposure can disrupt melanocyte
regulatory networks, leading to impaired survival signaling and dysregulation of pigmentation pathways
(4, 5). Microphthalmia-associated transcription factor (MITF) is central to melanocyte biology as it
controls melanocyte differentiation, stress adaptation, and melanogenic gene expression. Suppression
of MITF has been reported as a part of UV-triggered stress responses, and impaired MITF signaling,
which may compromise melanocyte resilience and pigmentary homeostasis (6, 7). Therefore, strategies
capable of mitigating intracellular oxidative stress while preserving MITF transcriptional activity may be
relevant not only for cosmetic pigmentation outcomes but also for maintaining melanocyte viability
under phototoxic conditions.

Natural products have been widely explored as photoprotective candidates due to their diverse
antioxidant and anti-inflammatory metabolites (8). Cannabis sativa L. has emerged as a particularly rich
source of bioactive secondary compounds, including flavonoids, terpenes, and phytocannabinoids such
as Δ⁹-tetrahydrocannabinol (Δ⁹-THC), cannabidiol (CBD), and cannabinol (CBN) (9). Several
phytocannabinoids exhibit antioxidant and immunomodulatory properties, and their lipophilic
physicochemical characteristics may facilitate membrane interaction and intracellular access to ROS-
generating compartments (10, 11). However, current dermatological research has largely focused on
isolated cannabinoids (particularly CBD) or acidic cannabinoid-rich extracts, while the biological effects
of whole extracts dominated by neutral cannabinoids remain incompletely defined. Importantly, whole
plant extracts may exhibit biological activities distinct from single compounds due to combinatorial or
synergistic interactions among cannabinoids and minor metabolites (12). In particular, the capacity of
neutral cannabinoid-rich extracts to attenuate UVB-induced intracellular oxidative stress and preserve
MITF transcriptional regulation in pigmented cells remains underexplored. Such mechanisms may be
relevant for developing photoprotective strategies that support cellular homeostasis without inducing
undesirable depigmentation.

In the present study, we characterized the chemical profile of an ethanolic CSE using LC-QTOF-MS and
FTIR spectroscopy and, evaluated its biological effects in a UVB-induced oxidative stress model using
B16-F10 pigmented melanoma cells. We assessed cytotoxicity, intracellular ROS generation,
transcriptional expression of melanogenic markers, and functional pigmentation outcomes via
tyrosinase activity and melanin content assays. Collectively, this work aims to clarify whether a neutral
cannabinoid-rich CSE can function as a photochemoprotective modulator of oxidative stress and
melanocyte-associated transcriptional regulation under acute UVB exposure.
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Materials & Methods

Reagents
Ethanol (Merck, Germany), dimethyl sulfoxide (DMSO) (Panreac, Spain), methanol (Merck, Germany),
formic acid (Merck, Germany), acetonitrile (Merck, Germany), sodium hydroxide (NaOH) (Merck,
Germany), 2,2-diphenyl-picrylhydrazyl (DPPH) (Sigma-Aldrich, U.S), 3,4-Dihydroxy-L-phenylalanine (L-
DOPA) (Sigma-Aldrich, U.S), bovine serum albumin (BSA) (Bio-Rad, U.S.), trypsin-EDTA (Thermo
Scientific, U.S.), Dulbecco’s modified eagle medium (DMEM, high glucose) (Cytiva, U.S.), fetal bovine
serum (FBS) (Cytiva, U.S.), L-glutamine (Cytiva, U.S.), penicillin (Cytiva, U.S.), Reactive Oxygen Species
(ROS) Detection Assay Kit (ab287839; Abcam, Cambridge, UK), triton X-100 (Merck, Germany), RIPA
buffer (Cell Signaling Technology, U.S.), MTT reagent (Bio Basic, Canada), β-mercaptoethanol (Bio-Rad,
U.S.), Bio-Rad protein assay (Bio-Rad, U.S.), Protease inhibitor cocktail (Cell Signaling Technology, U.S.),
iScript™ Reverse Transcription Supermix (Bio-Rad, U.S.), Luna® Universal qPCR Master Mix (New
England Biolabs, U.S.), β-actin (Gibthai co., Thailand).

Preparation of C. Sativa L. extract

C. sativa L. inflorescence was collected from Phu Seang Thong farm, a private agricultural facility located
in Chaiyaphum, Thailand, in August 2023. Explicit permission was obtained from the private landowner
to harvest the plant materials for scientific evaluation. The plant material was taxonomically identified by
Dr. Sunisa Sangvirotjanapat, Sireeruckhachati Nature Learning Park Project, Mahidol University. A
voucher specimen (No. 034/2024) was deposited at Mahidol University (Supplementary Document 1)..
Dried inflorescences were ground and extracted with 70% ethanol using ultrasound-assisted extraction
(UAE) for 8 h. The supernatant was concentrated using a rotary evaporator (Buchi, German) at 50°C to
yield the crude extract. CSE was dissolved in DMSO for biological assays (final DMSO concentration < 
0.5%).

Phytochemical Profiling LC-QTOF-MS Analysis
Phytochemicals were analyzed using an ExionLC™ AD system coupled with an X500R QTOF mass
spectrometer (Sciex, USA) as previously described (13). Separation was achieved on a Zorbax Eclipse
XDB-C18 column (5 µm, 4.6 × 150 mm) at 35°C, using a 0.1% formic acid gradient of water and
acetonitrile at 0.5 mL/min. ESI-MS was operated in positive mode (m/z 50–1500) with optimized source
parameters: 5500 V spray voltage, 350°C temperature, and 35 ± 15 V collision energy. Data were
processed via Sciex OS software and identified using the NIST 2017 library (score ≥ 85%).

Fourier Transform Infrared (FTIR) Spectroscopy Analysis
The functional group profile of CSE was characterized using a Bruker ALPHA FT-IR spectrometer (Bruker,
Germany) as previously described (14). The spectra were acquired using the Attenuated Total
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Reflectance (ATR) technique. Data were recorded over the wavenumber range of 4,000–400 cm⁻¹ with a
spectral resolution of 4 cm⁻¹ and an accumulation of 32 scans per sample. The resulting spectra were
baseline-corrected and analyzed to identify characteristic vibrational bands associated with
cannabinoids and phenolic compounds.

DPPH radical scavenging assay
The antioxidant capacity of the extract was evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free
radical scavenging assay as previously reported with modifications (15). Briefly, 120 µL of CSE at various
concentrations was mixed with 1,080 µL of a methanolic DPPH solution. The mixture was incubated in
the dark at room temperature for 15 min. The absorbance was subsequently measured at 515 nm using
a spectral scanning multimode reader (VarioskanFlash, U.S.). The percentage of radical scavenging
activity was calculated using the following equation:

Where  is the absorbance of the DPPH solution without CSE, and
 is the absorbance of the reaction mixture containing CSE. The IC50 value

(concentration required to scavenge 50% of DPPH radicals) was calculated from the non-linear
regression analysis of the dose-response curve (Supplementary Fig. 1).

Cell Culture and UVB Irradiation
The B16-F10 murine melanoma cell line used in this study was generously provided as a gift by Assoc.
Prof. Dr. Prasit Suwannalert from the Department of Pathobiology, Faculty of Science, Mahidol University
(Bangkok, Thailand), and was originally sourced from the American Type Culture Collection (ATCC,
Manassas, VA, USA) under the repository number CRL-6475. B16-F10 murine melanoma cells were
maintained in DMEM high glucose supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin. Cells were cultured at 37°C in a humidified incubator with 5% CO₂ and were
routinely sub-cultured using trypsin-EDTA upon reaching approximately 70–80% confluence.

For UVB irradiation experiments, cells were seeded in appropriate culture plates and allowed to adhere
overnight. Prior to irradiation, cells were pre-treated with CSE or vehicle control for 30 min. The culture
medium was then removed, and cells were gently washed and covered with phosphate-buffered saline
(PBS) to avoid UV absorption by phenol red-containing medium. Cells were subsequently exposed to
UVB radiation at a dose of 30 mJ/cm² using a UV crosslinker system (CL-508, UVITEC, UK) equipped
with 312 nm UVB lamps. Immediately following irradiation, PBS was replaced with fresh complete
culture medium, and cells were incubated under standard conditions for 1 h prior to downstream assays.

Cytotoxicity assay

%Inhibition = × 100
AbsorbanceControl − AbsorbanceSample

AbsorbanceControl

AbsorbanceControl

AbsorbanceSample
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Cytotoxicity of the CSE was evaluated using the MTT assay (16). Briefly, B16-F10 melanoma cells were
seeded into 96-well plates at a density of 1 × 104 cells per well and incubated for 24 h at 37°C in a
humidified atmosphere containing 5% CO₂ to allow cell attachment. Subsequently, cells were treated
with CSE and incubated under the same conditions. Following treatment, MTT solution at final
concentration 0.01% was added directly to the medium in each well, and incubated at 37°C for 2 h.
Medium was then removed and replaced with DMSO to dissolve the formazan crystals. Absorbance was
measured at 570 nm using a spectral scanning multimode reader (VarioskanFlash, U.S.). Cell viability
was expressed as a percentage relative to untreated control cells.

Intracellular ROS Quantification
Intracellular ROS levels were measured using the DCFDA assay kit (Abcam, UK) according to the
manufacturer’s protocol. B16-F10 cells (2.5 × 10⁴ cells/well) were seeded in black 96-well plates and
incubated overnight. Cells were stained with DCFDA for 45 min at 37°C in the dark, washed, and pre-
treated with CSE for 30 min prior to UVB irradiation (30 mJ/cm²). Fluorescence intensity was measured
immediately at Ex/Em = 495/529 nm using a spectral scanning multimode reader (VarioskanFlash, U.S.).

Reverse transcription polymerase chain reaction (RT-qPCR)
Total RNA in B16-F10 cells was extracted with FavorPrep™ Blood/Cultured Cell Total RNA Mini Kit
(Favorgen Biotech Corp., Taiwan), and RNA was transcribed reversely into complementary DNA with
iScript Reverse Transcription Supermix (Bio-Rad, U.S.) according to the manufacturer’s instructions. The
RT-qPCR was performed on a CFX Connect detection system (Bio-Rad, U.S.) using Luna® Universal
qPCR Master Mix (New England Biolabs, U.S.). All mRNA expression levels were normalized using β-
actin (Gibthai co., Thailand). Primer sequences are shown in Supporting Information Table 1.

Melanin content and tyrosinase activity
B16-F10 (1.5 x 105 cells) were seeded in 6-well plates. Melanin content was assessed as previously
described (17). Briefly, cell pellets were lysed with 1 N NaOH containing 10% DMSO at 80°C for 1 h. The
absorbance was measured at 405 nm using a spectral scanning multimode reader (VarioskanFlash,
U.S.). The results were normalized to the total protein concentration of the corresponding lysates.

Intracellular tyrosinase activity was determined as previously described (18). Briefly, cell pellets were
lysed in Triton X-100 lysis buffer containing 1% protease inhibitor. Lysates containing equal amounts of
protein were incubated with 10 mM L-DOPA at 37°C, and dopachrome formation was monitored
kinetically by measuring absorbance at 475 nm every 5 min for 1 h.

Statistical analysis
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Data are presented as mean ± standard error of the mean (SEM) from three independent experiments.
Statistical differences were analyzed using one-way analysis of variance (ANOVA) followed by Dunnett's
post-hoc test for multiple comparisons. All analyses were performed using GraphPad Prism 9.5.1
(GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was considered statistically significant.

Results

Phytochemical characterization by LC-QTOF-MS and FTIR
spectroscopy of CSE
The reconstructed total ion chromatogram (TIC) from LC-QTOF-MS demonstrated a metabolite profile
dominated by late-eluting peaks (retention time at 33–40 min), consistent with enrichment in lipophilic
constituents (Fig. 1). Compound annotation (Supporting information Table 2) revealed that
cannabinoids represented the major metabolite class, accounting for 69.44% of the total peak area. The
most abundant analytes were identified as Δ⁹-THC (48.23%) and CBN (11.73%), while acidic cannabinoid
precursors were detected at substantially lower abundance (Fig. 2, Supporting information Table 2).

The functional group profile of the ethanolic CSE was further characterized using ATR-FTIR spectroscopy
to provide a structural chemical fingerprint. As shown in Fig. 3, the spectrum displays a broad, intense
absorption band at 3,233 cm⁻¹, which is characteristic of O–H stretching vibrations from the phenolic
groups inherent in cannabinoids and other polyphenolic constituents. Prominent peaks at 2,924 cm⁻¹
correspond to aliphatic C–H stretching, consistent with the long alkyl side chains of neutral
cannabinoids like Δ⁹-THC and CBN, which were identified as major components via LC-QTOF-MS.
Furthermore, the spectrum exhibits distinct aromatic skeletal vibrations at 1,597 cm⁻¹ and 1,515 cm⁻¹,
confirming the presence of the phenolic ring structure essential to the cannabinoid framework. The
fingerprint region exhibits a significant peak at 1,047 cm⁻¹ (C–O stretching), further supporting the
presence of a lipophilic terpene-phenolic matrix typical of CSE (19).

Free radical scavenging effect of CSE
The radical scavenging activity of CSE was evaluated using the DPPH assay. The extract demonstrated
moderate antioxidant activity, with an IC₅₀ value of 133.68 µg/mL.

Cytotoxicity of CSE in B16-F10 melanoma cells
To ensure that the observed photoprotective effects were not confounded by extract-induced cell death,
the cytotoxicity of the ethanolic CSE was evaluated using the MTT assay. B16-F10 cells were treated
with a broad concentration range (6.25–200 µg/mL) across two exposure windows: a 30-minute pre-
treatment and a 1-hour post-irradiation incubation, reflecting the timeline of the UVB challenge
experiments. The results demonstrated that CSE treatment did not result in a significant reduction in cell
viability compared to untreated controls (p > 0.05). Notably, cell viability remained above 80% even at the
highest tested concentration of 200 µg/mL (Fig. 4). These findings establish that the CSE is well-
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tolerated by B16-F10 cells within the experimental dose range. Consequently, subsequent reductions in
intracellular ROS and modulation of transcriptional markers can be attributed to biological signaling
rather than non-specific cellular toxicity or metabolic collapse.

Effect of CSE on UVB-induced intracellular oxidative stress
To evaluate the photoprotective capacity of the extract, intracellular ROS levels were quantified following
acute UVB irradiation (30 mJ/cm²). UVB exposure triggered a robust oxidative response, resulting in a
significant surge in ROS accumulation to approximately 200% relative to non-irradiated controls. Pre-
treatment with CSE at 25 µg/mL significantly attenuated this UVB-induced ROS generation compared to
the irradiated vehicle group (Fig. 5). This marked reduction in fluorescence intensity demonstrates that
the neutral cannabinoid-rich extract functions as an effective intracellular antioxidant under phototoxic
stress. Given that the extract remained non-cytotoxic at this concentration, these results suggest that
CSE actively mitigates the primary driver of UVB-mediated cellular injury rather than simply reflecting a
change in cell population density.

Effect of CSE on melanogenic gene expression in UVB-
induced B16-F10 cells
To investigate the transcriptional impact of the extract under phototoxic conditions, MITF mRNA levels
were quantified via RT-qPCR. Acute UVB irradiation (30 mJ/cm²) resulted in a significant suppression of
MITF expression compared to non-irradiated controls. Pre-treatment with CSE demonstrated a dose-
dependent restorative trend. Specifically, a statistically significant rescue of MITF transcripts was
achieved at the highest concentration of 100 µg/mL (p < 0.05), whereas lower concentrations (25 and 50
µg/mL) did not significantly reverse the suppression (Fig. 6A).

To determine if this restoration affected the wider melanogenic pathway, the expression of downstream
enzymes was evaluated. Interestingly, transcript levels of TYR, TYRP1, and TYRP2 remained stable
across all experimental groups, with no statistically significant changes observed following either UVB
exposure or CSE treatment under the tested conditions (Figs. 6B–6D).

Effect on tyrosinase activity and melanin synthesis
Functional outcomes of the extract were assessed through enzymatic and pigmentary assays. UVB
irradiation significantly elevated intracellular tyrosinase activity. CSE pre-treatment exhibited a dose-
dependent inhibitory effect, reaching statistical significance at 100 µg/mL (Fig. 7).

Regarding pigment accumulation, UVB exposure significantly increased total melanin content. However,
consistent with the stable mRNA levels of the TYR gene family, CSE treatment at concentrations of 25–
100 µg/mL did not significantly reduce melanin content compared to the UVB-irradiated vehicle group
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(Fig. 8). These results suggest that the extract modulates acute oxidative and enzymatic stress
responses without inducing significant acute depigmentation.

Discussion
This study provides a comprehensive characterization of the photochemoprective properties of a neutral
cannabinoid-rich CSE against acute UVB-induced stress. Our findings demonstrate that while the extract
possesses moderate antioxidant capacity in chemical assays, its biological efficacy in a cellular
environment is profound, specifically in the mitigation of ROS and the stabilization of the master
melanogenic regulator, MITF.

The phytochemical profile established via LC-QTOF-MS and FTIR confirms that the CSE is dominated by
neutral phytocannabinoids, specifically Δ⁹-THC and CBN. The FTIR spectrum (Fig. 3) serves as a critical
structural validator; the intense aliphatic C–H stretching at 2,924 cm⁻¹ and the aromatic skeleton
vibrations at 1,597 and 1,515 cm⁻¹ corroborate the presence of a concentrated terpene-phenolic matrix.
Interestingly, the CSE exhibited only moderate radical scavenging activity in the cell-free DPPH assay.
This discrepancy between chemical and cellular assays is likely due to the high lipophilicity of neutral
cannabinoids (20). In a biological system, this lipophilicity facilitates the partitioning of metabolites into
the lipid bilayer of cellular membranes, allowing for localized antioxidant activity that cell-free aqueous
assays cannot fully capture (21).

Acute UVB irradiation at 30 mJ/cm², equivalent to approximately 15 to 30 min of direct midday sun
exposure in the summer, triggered a robust oxidative surge, doubling intracellular ROS levels. This
oxidative burst is a primary driver of DNA damage and signal transduction interference (22). The
significant reduction of ROS by CSE pre-treatment (Fig. 5) suggests that the extract acts as a primary
defense barrier, neutralizing radicals before they can trigger downstream degradative pathways. Notably,
the extract was non-cytotoxic throughout the tested concentration range, confirming that ROS reduction
was a result of active biological modulation rather than reduced cell viability or cellular metabolic
dysfunction. Taken together, these findings support the interpretation that CSE exerts a genuine
cytoprotective effect under acute UVB exposure.

A pivotal observation in this study was the dose-dependent restoration of MITF transcription following
UVB-induced suppression. MITF is widely recognized as a master transcription factor governing a
melanocyte lineage identity, survival signaling, and melanogenic regulation. UVB-induced suppression of
MITF has been described as part of an early stress-adaptive program, where melanocytic transcription is
temporarily downregulated in response to severe oxidative aggression (6). Interestingly, a dose-
dependent hierarchy was observed: while intracellular ROS level was attenuated at lower concentrations,
significant MITF rescue required 100 µg/mL (Fig. 6A). This suggests that scavenging ROS alone may be
insufficient for immediate transcriptional recovery; higher concentrations may be necessary to modulate
the upstream stress-kinase signaling pathways that converge on MITF regulation. These results indicate
that the extract’s antioxidant capacity translates into transcriptional resilience. By maintaining MITF
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levels, CSE likely preserves the melanocyte’s long-term survival and structural integrity, even under the
duress of UV exposure.

A noteworthy finding was the lack of corresponding changes in the mRNA levels of TYR, TYRP1, and
TYRP2, despite the fluctuations in MITF. This dissociation can be explained by the distinct temporal
kinetics of these markers. In acute stress models, MITF functions as a "rapid response" gene, showing
immediate transcriptional sensitivity (23). Conversely, the downstream enzymes of the tyrosinase family
are characterized by multiple regulatory pathways beyond MITF, including post-transcriptional control
and enzyme stability (7, 24). Therefore, the short exposure window used in this study may capture the
initial transcriptional rescue of MITF without yet reflecting a shift in the steady-state mRNA levels of its
downstream targets.

The functional melanogenesis assays further support this interpretation. UVB exposure significantly
increased tyrosinase activity, confirming activation of melanogenic enzymatic machinery. Treatment with
CSE significantly attenuated UVB-induced tyrosinase activity at the highest concentration tested,
indicating that the extract can suppress enzymatic hyperactivation of pre-existing enzymes associated
with UV stress. However, total melanin content was not significantly reduced. This divergence likely
reflects the kinetic lag between enzymatic modulation and pigment accumulation. Melanin
polymerization and intracellular turnover occur over longer timeframes than acute enzymatic changes,
and melanin content may remain stable even when tyrosinase activity is partially suppressed in the short
term (25). Importantly, preservation of melanin content may be biologically favorable, as melanin
provides an essential endogenous photoprotective barrier against UV-induced DNA damage. Thus, the
ability of CSE to reduce oxidative stress and dampen enzymatic stress responses without depleting
melanin may represent a balanced photoprotective profile.

Collectively, the data supports a conceptual model in which CSE acts primarily as an intracellular
oxidative stress modulator that preserves melanocyte-associated transcriptional integrity under UVB
exposure (Fig. 9.). Rather than functioning as a direct whitening or depigmenting agent, the extract
appears to maintain pigmentary stability while reducing oxidative stress burden and supporting
transcriptional recovery of MITF. This may be particularly relevant for photoprotective or anti-photoaging
applications where the goal is to enhance cellular resilience and barrier integrity without compromising
physiological pigmentation (26).

While this study provides compelling evidence for the photochemoprotective role of CSE, certain
experimental boundaries should be considered when interpreting these findings. First, the use of the
B16-F10 melanoma cell line, while a globally recognized and robust model for studying melanogenesis
and oxidative stress, represents a transformed cell type with distinct metabolic profiles compared to
primary human melanocytes. Future studies utilizing primary cells or 3D reconstructed human skin
models would be valuable to further validate the clinical translational potential of these results.
Additionally, this research focused on the acute cellular response immediately following UVB exposure.
While our data clearly demonstrates that CSE rescues MITF transcription and attenuates early enzymatic
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hyperactivation, the long-term impact on genomic stability and chronic photoaging remains to be
explored. Finally, while we identified neutral cannabinoids as the primary bioactive constituents through
LC-QTOF-MS and FTIR, the potential synergistic "entourage effect" between these cannabinoids and
minor terpenes or flavonoids in the extract warrants further investigation via bioassay-guided
fractionation.

Despite these limitations, the consistency across our chemical, transcriptional, and functional assays
provides a strong foundational proof-of-concept for the use of Cannabis sativa L. extracts as active
agents in dermatological photoprotection.

Conclusion and Future Direction
In conclusion, this study establishes that an ethanolic CSE, characterized by a lipophilic terpene-phenolic
matrix of neutral cannabinoids, serves as a potential cytoprotective modulator against UVB-induced
oxidative injury. Our data demonstrates that CSE effectively neutralizes intracellular ROS accumulation
and rescues the transcriptional suppression of MITF, acting as a biological shield that prevents
enzymatic hyperactivation without inducing acute depigmentation or disrupting the skin’s natural
melanin barrier. Moving forward, transitioning from 2D monolayers to 3D reconstructed human skin
models and elucidating the specific upstream signaling kinases (e.g., MAPK pathways) involved in MITF
resilience will be critical to translating these foundational findings into advanced dermaceutical
formulations. By bridging chemical profiling with molecular resilience, these results provide a strong
mechanistic roadmap for utilizing cannabis-derived extracts to enhance skin homeostasis against solar
radiation.
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ROS
reactive oxygen species
LC-QTOF-MS
liquid chromatography–quadrupole time-of-flight mass spectrometry
FTIR
Fourier-transform infrared spectroscopy
MTT
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reverse transcription quantitative polymerase chain reaction
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tyrosinase
TYRP1
tyrosinase-related protein 1
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tyrosinase-related protein 2
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delta-9-tetrahydrocannabinol
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cannabinol
CBD
cannabidiol
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2,2-diphenyl-1-picrylhydrazyl
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dimethyl sulfoxide
NaOH
sodium hydroxide
BSA
bovine serum albumin
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Dulbecco’s Modified Eagle Medium
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phosphate-buffered saline
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electrospray ionization mass spectrometry
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National Institute of Standards and Technology
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attenuated total reflectance
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standard error of the mean
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analysis of variance
CO₂
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Figures

Figure 1

LC-QTOF-MS total ion chromatogram of the ethanolic CSE.Representative TIC acquired in positive
electrospray ionization (ESI+) mode. The prominent cluster of metabolites eluting between 33 and 40
minutes indicates a high concentration of non-polar constituents, providing a comprehensive overview of
the extract's complex phytochemical matrix.
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Figure 2

Quantitative distribution of phytochemical classes and major metabolites in CSE. A sunburst hierarchy
illustrating relative metabolite abundance based on LC-QTOF-MS peak area integration. The inner ring
identifies chemical classes, while the outer ring specifies individual compounds. Cannabinoids represent
the dominant fraction, with Δ⁹-THC) and CBN identified as the primary constituents.
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Figure 3

ATR-FTIR spectroscopic profile of the ethanolic CSE. Structural fingerprinting obtained via ATR-FTIR
(4,000–400 cm⁻¹). Key vibrational bands include phenolic/hydroxyl (O–H) stretching at 3,233 cm⁻¹,
aliphatic C–H stretching at 2,924 cm⁻¹, and aromatic C=C skeletal vibrations at 1,597 and 1,515 cm⁻¹.
The prominence of these aliphatic and aromatic signals confirms a highly lipophilic terpene-phenolic
matrix, supporting the extract’s capacity for intracellular partitioning and localized antioxidant activity.
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Figure 4

Cytotoxicity profile of the ethanolic CSE on B16-F10 melanoma cells. Cell viability was assessed by
MTT assay following exposure to CSE (6.25–200 µg/mL) for 30 min and 1 h to mirror experimental UVB
challenge conditions. Data are presented as mean ± SEM (n=3). No significant reduction in viability was
observed (p > 0.05), establishing the non-cytotoxic range for subsequent assays.
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Figure 5

Attenuation of UVB-induced intracellular ROS accumulation by CSE. Intracellular ROS levels were
quantified using the DCFH-DA fluorometric probe 1 h post-UVB irradiation (30 mJ/cm²). CSE pre-
treatment (25 µg/mL) significantly suppressed the oxidative burst compared to the irradiated vehicle
group. Data are normalized to non-irradiated controls (mean ± SEM, $n=3$). * indicates p < 0.05.
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Figure 6

Impact of CSE on the transcriptional regulation of melanogenic markers. Relative mRNA expression of
(A) MITF, (B) TYR, (C) TYRP1, and (D) TYRP2 was determined via RT-qPCR 24 h post-UVB irradiation (30
mJ/cm²). Data were normalized to the housekeeping gene β-actin and are presented as fold change
relative to the control (mean ± SEM, n = 3). * indicates p < 0.05, *** indicates p< 0.001; ns = not
significant.
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Figure 7

Inhibition of UVB-induced cellular tyrosinase activity by CSE. Functional enzymatic activity was
determined by the rate of L-DOPA oxidation in cell lysates. CSE pre-treatment dose-dependently
attenuated the enzymatic hyperactivation triggered by acute UVB exposure. Results are normalized to
total protein content (mean ± SEM, n = 3). * indicates p < 0.05.
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Figure 8

Effect of CSE on melanin content following UVB challenge. Total melanin was quantified
spectrophotometrically at 405 nm and normalized to total protein. Despite modulation of upstream
markers, CSE treatment did not significantly alter absolute pigment levels compared to the irradiated
vehicle. Data are presented as relative fold change (mean ± SEM, n = 3). * indicates p< 0.05; ns = not
significant
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Figure 9

Proposed mechanism of CSE-mediated photochemoprotection. Schematic model illustrating the
cytoprotective role of CSE. Acute UVB induces an oxidative burst that suppresses MITF transcription and
mobilizes tyrosinase. Lipophilic CSE scavenges these initial ROS (green inhibitory lines), thereby
preventing enzymatic hyperactivation and mitigating MITF downregulation to maintain cellular
homeostasis and pigmentary stability under UV stress.
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