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N-benzyl-N-methyldecane-1-amine
derived from garlic ameliorates
UVB-induced photoaging in HaCaT
cells and SKH-1 hairless mice

Phatcharaporn Budluang®®, Ji Eun Kim?8, Eun Seo Park?, Ayun Seol?, Hee Jeong Jang?,
Moon Sung Kang?, Yeon Ha Kim3, Jongdoo Choi*, Seonghye Kim*, Suhkmann Kim*,
Minseob Koh*, Ho Young Kang?, Bae-Hwan Kim®, Dong-Wook Han?, Dae Youn Hwang?™ &
Young-Hwa Chung'**

Skin tissue is susceptible to oxidative stress-induced senescence provoked by ultraviolet (UV) exposure
in our daily lives, resulting in photoaging. Herein, we explore whether N-benzyl-N-methyldecan-
1-amine (BMDA) derived from garlic ameliorates UVB-induced photoaging. To address this issue,
HaCaT keratinocytes were exposed to UVB irradiation under BMDA treatment. The presence of BMDA
substantially reduced UVB-induced ROS levels in a dose-dependent manner. BMDA administration
counteracted UVB-induced senescence in the B-galactosidase assay. Treatment with BMDA also
rescued UVB-exposed cells (S phase; from 18.3 to 25.8%) from cell cycle arrest, similar to the level
observed in untreated normal cells. These findings might support our observation that elevated levels
of y-H2AX, a DNA damage marker, under UVB exposure were reduced following BMDA administration.
Additionally, BMDA treatment indirectly reduced UVB-induced melanin synthesis in melanocytes
since BMDA failed to inhibit tyrosinase activity, a crucial enzyme in melanin synthesis. The topical
application of BMDA on the skin of SKH-1 hairless mice also diminished wrinkle formation, supported
by recovered collagen levels and the thickness of the epidermis and dermis, compared to those of
UVB-control mice. Finally, the BMDA treatment diminished the expression of inflammatory cytokine
transcripts such as TNF-a, IL-1B, IL-4, and IL-6 in the UVB-exposed skin tissues. This finding is further
supported by Immunofluorescence microscopy, which showed a decrease in the expression of TNF-a,
and IL-1B during BMDA treatment. Altogether, as BMDA mitigates UVB-induced photoaging by
reducing ROS production, protecting against DNA damage, and suppressing inflammatory cytokine
production, it has been proposed as an effective anti-photoaging molecule.
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BMDA N-benzyl-N-methyldecan-1-amine
ROS Reactive oxygen species

uv Ultraviolet

DCF-DA  Dichlorofluorescein diacetate

PI Propidium iodide

DNCB 2,4-dinitrochlorobenzene

CPDs Cyclobutane pyrimidine dimers

8-OHdG  8-hydroxy-2’-deoxyguanine
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N-benzyl-N-methyldecan-1-amine (BMDA), derived from garlic, is synthesized through reductive amination
and is characterized by a small molecule (261.45 dalton) and a lipophilic compound without a S atom!. This
is noteworthy, considering that many components of garlic, such as allicin, diallyl sulfide, and ajoene, contain
S atoms!2. Our previous study demonstrated that BMDA suppresses cancer-upregulated gene 2 (CUG2)-
induced cancer stem cell phenotypes, including rapid cell migration and epithelial-mesenchymal transition.
This inhibition is achieved through modulation of TGF-f signaling, particularly at higher concentrations'.
Furthermore, our recent findings indicate that both BMDA and its derivative exhibit anti-inflammatory activity
in models of 2,4-dinitrobenzenesulfonic acid-induced rat colitis and collagen-induced rheumatoid arthritis?.
This activity is also observed in 2,4-dinitrochlorobenzene (DNCB)-treated atopic dermatitis mice®.

UV light is categorized into three types based on its wavelength: UVA (320-400 nm), UVB (280-320 nm),
and UVC (100-280 nm)*. The skin, being the outermost tissue, is readily exposed to UVA and UVB in our daily
lives. Among these, UVB is particularly harmful, as it directly affects DNA damage through the formation of
cyclobutane pyrimidine dimers (CPDs)>° and indirectly induces the formation of 8-hydroxy-2’-deoxyguanine
(8-OHdG), an oxidative DNA damage marker’. UV-induced ROS can activate the NLRP3 inflammasome,
located in the cytosol and the NF-«B transcription factor, promoting the production of inflammatory cytokines
such as TNF-q, IL-1pB, and IL-6%-10, Ultimately, this inflammation leads to ROS production, creating a vicious
cycle.

UV irradiation causes DNA damage in keratinocytes, which in turn induces the secretion of a-melanocyte-
stimulating hormone (a-MSH), stimulating neighboring melanocytes more pigment production'!~!3. Melanin
formation is a hallmark of UV-induced photoaging, providing protection from further DNA damage. The
accumulation of UV-induced DNA damage can lead to cellular senescence and cell cycle arrest, both key features
of photoaging, in the skin!4~!8, In addition, photoaging in the skin is characterized by wrinkle formation due to
collagen loss and reduced elasticity'*%.

This study aimed to determine how BMDA derived from garlic could safeguard the skin from UVB-induced
photoaging. Our findings revealed that BMDA treatment effectively decreased ROS production and DNA
damage induced by UVB irradiation, thereby inhibiting cellular senescence and preventing cell cycle arrest.
Furthermore, topical application with BMDA demonstrated protective effects in mice, mitigating photoaging
features such as wrinkle formation and thickening of the epidermis and dermis.

Results

BMDA treatment effectively reduces ROS production and DNA damage induced by UVB
radiation, leading to the rescue of cells from cellular senescence and cell cycle arrest

Our investigation started to determine whether BMDA possesses anti-oxidative functions during UVB-induced
oxidative stress. To achieve this, we initially optimized the concentration of BMDA for HaCaT keratinocytes,
ensuring it remained non-toxic to the cells. As depicted in Supplementary Fig. 1A, BMDA treatment exhibited
cell viability up to 5 pg/mL, while toxicity became evident at 10 pg/mL for 24 h. However, UVB exposure (48 m]
/cm?) heightened the cells sensitivity to BMDA, leading to toxicity at 4 pg/mL (Supplementary Fig. 1B and C).
Consequently, we selected 1 and 2 pg/mL concentrations of BMDA for its use under UVB exposure.

We utilized DCF-DA, a probe that responds to ROS by emitting green fluorescence, to assess whether
UVB irradiation induces ROS and whether the presence of BMDA diminishes ROS production during UVB
exposure. As shown in Fig. 1A, UVB exposure evidently increased ROS production, while administration of
BMDA resulted in a dose-dependent reduction in the brightness of green fluorescence. Folic acid was employed
as a positive control because it protects cells from DNA damage induced by UV exposure, contributing to
anti-photoaging!®?! Folic acid treatment also decreased UVB-induced ROS production, similar to BMDA
administration (Fig. 1A).

Since it is well documented that DNA damage leads to phosphorylation of the histone H2AX, by ATM and
ATR, forming y-H2AX?>?%, we hypothesize whether BMDA administration can alleviate this DNA damage. As
shown in Fig. 1B, UVB radiation elevates expression of y-H2AX protein compared to that of untreated control.
However, BMDA treatment effectively decreased the level of y-H2AX protein expression even during UVB
exposure, compared to that of DMSO treatment (Fig. 1B).

Given numerous studies report that UVB irradiation also induces cellular senescence and cell cycle arrest
as prominent phenotypes of photoaging'~!%, we are curious whether BMDA could prevent cellular senescence
induced by UVB exposure. The B-galactosidase assay has been used to detect cellular senescence?!. Upon
senescence the lysosomal mass is increased, leading to production of a higher level of p-galactosidase?. UVB
exposure alone enhanced the intensity of the blue color indicating a higher levels of B-galactosidase and an
increased number of cells exhibiting blue coloration, suggesting that a greater number of senescent cells (Fig. 2).
However, the presence of BMDA diminished the intensity of the blue color and reduced the number of cells
(relative percentage of blue color cells 35% and 23% at 1 and 2 ug/ml BMDA, respectively, compared to DMSO
treatment under UVB radiation) with a blue color in a dose-dependent manner (Fig. 2). Moreover, these
findings led us to investigate whether BMDA possesses the capability to overcome cell cycle arrest caused by
UVB exposure. The normal cell population, which was not exposed to UVB, comprised 44.6% at the G0/G1
phase, 24.4% at the S phase, and 30.9% at the G2/M phase. On the other hand, the cell population exposed to
UVB showed 43.3% at the GO/G1 phase, 18.3% at the S phase, and 38.4% at the G2/M phase (Fig. 3). In contrast,
the cells treated with UVB + BMDA (2 pg/mL) exhibited 43.6% at the GO/G1 phase, 25.8% at the S phase, and
30.3% at the G2/M phase, resembling percentages similar to those of the normal cell population (Fig. 3). This
result thus indicates that BMDA could overcome the cell cycle arrest instigated by UVB irradiation.
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Fig. 1. BMDA treatment diminishes ROS production and DNA damage induced by UVB irradiation. (A)
HaCaT cells were pre-incubated with folic acid (10 pM) or BMDA addition (1-2 pg/mL) 2 h before UVB
radiation. HaCaT cells were exposed to UVB (48 m]/cm?) after removing the medium and then cultured

for 18 h under folic acid (10 uM) or BMDA addition (1-2 ug/mL). DCF-DA (25 uM) was then added to

the medium for 20 min, and the production of ROS was detected under fluorescence microscopy. Three
images were captured randomly, and the fluorescence intensity was analyzed using Victor3. (**p < 0.001,
against “Untreated” group, *p < 0.001, against “DMSO” group) (B) The cells under the same condition
were harvested after UVB exposure for the detection of y-H2AX using immunoblotting. The cell lysates were
separated at 10% SDS-PAGE. y-H2AX protein was detected with its antibody after transferring the gel to a
nitrocellulose membrane. y-H2AX protein was relatively quantified after scanning of the gel. (*p < 0.05, against
“Untreated” group, *p < 0.05, against “DMSO” group)

The administration of BMDA indirectly suppresses melanin synthesis

We also explored the additional role of BMDA, specifically its potential to inhibit melanin synthesis. This
investigation was prompted by the literature that photoaging induced by UVB exposure is characterized by
melanin synthesis and accumulation in the skin??%%’. To assess this, we employed B16F1 melanoma cells treated
with IBMX, an inhibitor of cAMP/cGMP-dependent phosphodiesterase known to promote melanin synthesis.
Initially, we optimized the concentration of BMDA and IBMX to ensure minimal impact on cell toxicity. At both
24 and 48 h post-treatment, IBMX, even at 100 pg/mL, did not significantly affect BI6F1 melanoma cell toxicity
(Fig. 4A). At 24 h post-treatment, B16F1 cells exhibited nearly 100% viability at up to 4 pg/mL of BMDA and
approximately 90% viability at 10 ug/mL (Fig. 4B). Notably, BMDA at concentrations of 2 pg/mL and 4 pug/mL
demonstrated approximately 33% and 40% reductions in melanin synthesis, respectively, compared to IBMX
treatment alone (Fig. 4C). Furthermore, we sought to determine whether inhibition of melanin synthesis in the
presence of BMDA treatment is a result of a direct effect on tyrosinase, a key enzyme in melanin synthesis?. To
investigate this, we mixed tyrosinase with BMDA at different concentrations (1, 2, and 4 ug/mL) and assessed
tyrosinase activity. Remarkably, tyrosinase activity remained unaffected even at the highest concentration of
4 pg/mL (Fig. 4D). These results suggest that BMDA may indirectly impede melanin synthesis rather than
directly affect tyrosinase activity.

Topical application of BMDA demonstrates a capacity to mitigate photoaging in hairless
mice exposed to UVB light

We extended our investigation to explore whether the anti-oxidation and protection of DNA damage potential
observed in vitro for BMDA remains effective in an in vivo setting. SKH-1 hairless mice were used to address
this question, and parameters such as wrinkle formation and the thicknesses of the epidermis and dermis were
measured. Repeated UVB exposures alone resulted in the deterioration of wrinkle formation compared to
the untreated group (Fig. 5A). However, the topical application of BMDA under repetitive UVB irradiation
significantly alleviated these phenotypes compared to the Control-UVB or Cream (cream treatment on the skin)
groups. Folic acid treatment protected to some extent wrinkle formation (Fig. 5A). Notably, considering that
wrinkle formation is often attributed to collagen loss, UVB exposure drastically reduced collagen protein levels
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Fig. 2. BMDA application prevents cells from cellular senescence induced by UVB exposure. HaCaT cells were
pre-incubated with folic acid (10 uM) or BMDA addition (1-2 pg/mL) 2 h before UVB radiation. HaCaT cells
cultured on slide chambers were irradiated with UVB (48 mJ/cm?) and cultured for 18 h under folic acid (10
uM) or BMDA addition (1-2 ug/mL). According to the manufacturer’s protocol, X-gal was added after fixation,
and P-galactosidase activity was visualized with a blue color. Three images were captured randomly, and the
blue-colored cells were counted. (*p < 0.05, ***p < 0.001, against “DMSO” group)

and topical application of cream did not prevent degradation of collagen due to UVB radiation (Fig. 5B). However,
BMDA treatment inhibited UVB-induced collagen degradation, which demonstrated a restorative effect on the
skin even under repeated UVB irradiations (Fig. 5B). Folic acid treatment also showed prevention of collagen
degradation induced by UVB rays (Fig. 5B). These results collectively suggest that BMDA possesses a capacity of
anti-photoaging including protection of wrinkle formation through resistance to collagen degradation in vivo.

Examining the consequences of BMDA’ anti-oxidative effects on the skin of SKH-1 hairless mice, we
conducted hematoxylin-eosin staining on the paraffin section and measured skin thickness in animals exposed
to UVB light alone and those treated with UVB in conjunction with BMDA. Repeated UVB exposures increased
both the epidermis and the dermis thickness, while topical application of BMDA effectively counteracted these
effects induced by UVB exposures (Fig. 6A and B). Topical treatment with folic acid could decreased both
epidermis and dermis thickness. In addition, we observed that the cream, comprising corn oil and olive wax,
slightly impedes the thickening of the dermis induced by repetitive UVB exposure while the cream could not
block increase of epidermal thickness due to repeated UVB radiation (Fig. 6A and B).

Topical application of BMDA effectively suppresses the upregulation of inflammatory
cytokine transcripts in the skin of hairless mice during UVB-induced oxidative stress

Given the well-documented connection between oxidative stress and inflammation in numerous studies**-33,
we were motivated to investigate whether BMDA treatment could attenuate inflammation in the skin under
oxidative stress conditions due to UVB exposure. To answer our question, QRT-PCR was conducted to measure
inflammatory cytokine transcripts such as TNF-a, IL-1B, IL-4, and IL-6 in the skin. Following total RNA
isolation and cDNA synthesis, PCR was conducted. Repeated UVB exposures elevated the expression of TNF-q,
IL-1PB, IL-4, and IL-6 transcripts (Fig. 7A and D). However, the BMDA application onto the skin mitigated
the expression of these cytokine transcripts under oxidative stress induced by UVB radiation compared to the
Control group (Fig. 7A and D). Since cream application also suppressed the expression of the cytokines, the
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Fig. 3. BMDA treatment relieves UVB-induced cell cycle arrest. HaCaT cells were pre-incubated with folic
acid (10 uM) or BMDA addition (1-2 pg/mL) 2 h before UVB radiation. HaCaT cells cultured on slide
chambers were irradiated with UVB (48 mJ/cm?) and cultured for 18 h under folic acid (10 uM) or BMDA
addition (1-2 pg/mL). The cells were fixed and permeabilized with 70% cold ethanol for 1 h and resuspended
with PI (100 pg/mL). RNase (100 ug/mL) was added for 30 min, and the cell cycles thereafter were analyzed
using FAM. Three independent experiments were performed, and the representative FACS data were displayed.
(***p < 0.001, against “DMSO” group)

cytokine expressions of the BMDA group were compared to those of the Cream group. The IL-1p, IL-6, and IL-4
transcript levels during BMDA treatment under UVB exposures were significantly reduced compared to those
in the Cream group, while TNF-a transcript levels were not (Fig. 7A and D). Folic acid application diminished
inflammatory cytokine transcripts such as TNF-a, IL-1f, IL-4, and IL-6, compared to those in Control group.
When TNF-a, IL-1B and I1-6 transcript levels in Folic acid group were compared with those in Cream group,
there were no difference between them except for IL-4 transcript levels. In addition, immunofluorescence
microscopy to detect expression of TNF-a and IL-1 protein in the skin tissues exhibited that treatment with
BMDA or Folic acid reduces expression of TNF-a and IL-1p in the skin while UVB treatment enhances their
expression, which supports QRT-PCR results (Fig. 8). These results underscore the close relationship between
UV irradiation and inflammation, consistent with findings from other studies in the literatures®-3°.

Discussion

Our investigation first revealed that BMDA, derived from garlic, exhibits anti-oxidant properties in both HaCaT
cells and SKH-1 hairless mice without any structural homology with other garlic components such as allicin®’,
diallyl disulfide®, ajoene®, and S-allylmercaptocysteine®’, all of which possess anti-oxidative functions. While
we demonstrated the anti-oxidative capability of BMDA under oxidative stress induced by UVB exposure,
we further explored its potential during TNF-a treatment (Supplementary Fig. 2)*"*2. Remarkably, BMDA
maintained its anti-oxidative function despite the different sources of oxidative stress, highlighting its versatile
effectiveness. Subsequently, we will focus on unraveling the molecular mechanism underlying how BMDA can
consistently reduce ROS levels across diverse oxidative stress sources. This investigation will be a forthcoming
assignment in our research endeavors.

Various natural products have been proposed as anti-oxidants in response to oxidative stress. By carefully
examining their chemical structures, they can be categorized as flavonoids, indoles, polyphenols, monoterpenes,
and organosulfides®. For instance, flavonoids are characterized by two phenyl rings and a heterocyclic ring. This
heterocyclic ring contains a carbonyl group (C = O) that can serve as an acceptor for electrons*. Indoles, on
the other hand, feature a six-membered benzene ring fused to a five-membered pyrrole ring, which carries an
alkene (C = C) at positions 2 and 3, imparting electrophilic characteristics*®. Despite their structural diversity,
these natural anti-oxidants share a commonality in having a ketone group or double bond capable of accepting
electrons*®. However, BMDA does not possess these structures because it comprises only a benzene ring and
methylamine conjugated with (CH2), ;. An important question remains: How does BMDA exert an anti-oxidation
effect without a carbonyl group or an alkene? Consequently, we assume that BMDA might function indirectly in
anti-oxidation systems which will be elucidated by finding a target protein that interacts with BMDA.
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Fig. 4. Treatment with BMDA indirectly decreases melanin synthesis. (A) B16 melanoma cells were treated
with IBMX at 100 pg/mL for 24-48 h, and the cell viability was measured using an MTT assay. (B) The cells
were treated with BMDA (1, 2, 4, or 10 ug/mL) in the presence of IBMX (100 pg/mL) for 24-48 h, and the cell
viability was examined using an MTT assay. (*p < 0.05; against “Untreated” group for 24 h, #p < 0.05, against
“Untreated” group for 48 h) (C) The cells treated with BMDA under IBMX for 24 h were harvested and lysed
with 1 N NaOH at 80 °C for 1 h. The melanin contents were measured at 405 nm using a multi-plate reader.
(**p < 0.01, ***p < 0.001, against “Control” group treated with only IBMX) (D) The cells treated with BMDA
under IBMX for 24 h were harvested and lysed. After centrifugation, the supernatants were incubated with
L-DOPA substrate solution (10 mM) at 37 °C for 60 min to calculate tyrosinase activity, and the absorbance
was measured at 490 nm.

UV triggers the production of ROS by not only activating NADPH oxidase in the cytoplasm3*447 but also
causing respiratory chain reactions in the mitochondria®®->°. Consequently, these ROS play a pivotal role in
promoting inflammation through the activation of NLRP3 inflammasome®® located in the cytosol and NF-
kB3051-55 for the synthesis of inflammatory cytokines. In addition, UV exposure directly causes formation of
CPDs>%%%57 and indirectly 8-OHdG through ROS leading to DNA damage®®*”. DNA damage further induces to
stimulates melanin synthesis from melanocytes through a-melanocyte-stimulating hormone!!-!3. In addition,
UVB-induced DNA damage causes cell senescence and cell cycle arrest to fix this danger, which are features
of photoaging!'4-'%. We therefore propose a diagram to illustrate the mechanism by which BMDA functions in
its anti-photoaging against UVB radiation (Fig. 9). However, further investigation is needed to elucidate how
BMDA suppresses oxidative stress.

According to a recent study, different outcomes of photoaging has been reported regarding a short-term of
UVA or UVB radiation. UVB irradiation induces more severe wrinkle formation compared to UVA exposure.
Consistent with this observation, UVB exposure results in a great reduction in collagen levels in the dermis
than UVA radiation. Other findings also indicate UVB rays due to higher energy, can cause wrinkle to form
earlier and lead to more collagen degradation than UVA*. Additionally, UVB exposure causes more severe DNA
lesions than UVA radiation while inducing ROS generation to a lesser extent than UVA exposure®®. Next study
will explore how BMDA can delineate its protective effects against UVA and UVB radiation.

Although UVB light primarily affects the epidermis, increases in both epidermal and dermal thickness have
been observed in Fig. 6A and B. We speculate that keratinocytes, predominantly located in the epidermis, are
influenced by UVB and release inflammatory cytokines in response to UVB-induced ROS, which contribute
to the thickening of the epidermis. These inflammatory cytokines also recruit and activate immune cells,
resulting in inflammation in the dermis and an increase in its thickness. In our recent stud)r?’, we noted that
both epidermal and dermal thickness increased during DNCB treatment. This suggests that DNCB affects both
layers almost simultaneously due to a small molecular weight, inducing inflammation at both sites. In contrast,
UVB radiation appears to stimulate inflammation sequentially, starting in the epidermis and progressing to
the dermis. However, because BMDA has a molecular weight of 261.45 dalton and is an oily molecule, it can
easily penetrate both the epidermis and the dermis. This allows it to exert anti-inflammatory effects in the skin
comprising the epidermis and dermis from both the DNCB-induced atopic dermatitis model and the UVB-
induced photoaging model.
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Fig. 5. Topical application of BMDA prevents wrinkle formation on the skin induced by repeated UVB
exposure. (A) Wrinkle formation on the skin under repetitive UVB irradiation was measured by replica
grading after four weeks of BMDA treatment. Wrinkles were evaluated as described previously? (grade 0, no
wrinkles; grade 1, a few shallow wrinkles; grade 2, some wrinkles; grade 3, several deep wrinkles). (**p < 0.01,
***p < 0.001, against “Control” group) (#p < 0.05, ###p < 0.001, against “Cream” group) (B) The dorsal skin
tissues irradiated by UVB for four weeks were taken and sonicated with RIPA buffer containing 0.1% SDS.
After centrifugation, the cell lysates were separated at 6% SDS-PAGE. Collagen I protein was detected with its
antibody after transferring the gel to a nitrocellulose membrane.

Materials and methods

Cells and reagents

HaCaT keratinocyte cells and B16 F1 melanoma cells were procured from ATCC (Manassas, VA, USA). The
cells were cultured in DMEM medium supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and
100 pg/mL streptomycin at 37 °C in a 5% CO, atmosphere.

The antibody against B-actin was obtained from Santa Cruz Biotech (Santa Cruz, CA, USA), while the anti-
collagen I antibody was sourced from Cell Signaling Technology (Danvers, MA, USA). IBMX, DCF-DA, and
folic acid were acquired from Sigma-Aldrich (St. Louis, MN, USA). BMDA (Molecules & Materials, Daejeon,
Korea) was obtained from our previous study?.

MTT assay

As noted previously!, HaCaT cells were plated at a density of 5 x 103 cells/200 pl culture medium/well in 96-well
microplates. At 24 h of seeding, the cells were subjected to treatments with BMDA, UVB + BMDA, IBMX, or
IBMX + BMDA. Subsequently, they were incubated in a medium containing MTT for 4 h and then lysed with
DMSO. The quantification of formazan produced from MTT was measured at 570 nm using a microplate reader.
Experiments were performed twice and the data shown were the mean values of triplicate wells.

UVB irradiation on the cells

Keratinocyte HaCaT cells were pre-incubated with DMSO as mock, folic acid (10 M), and BMDA (1-2 pg/mL)
for 2 h before UVB irradiation. After the cells were exposed with UVB (48 mJ/cm?, 306 nm a peak wavelength)
using a UV lamp system (UVAB-16, UltraLum, Claremont, CA, USA) containing a UVB lamp (SanKyo-Denki,
G6T5E model, Japan), they were further incubated with the medium containing DMSO, folic acid (10 uM), or
BMDA (1-2 pg/mL) for 18 h. Thereafter, the cells were analyzed according to their purposes.

Measurement of intracellular ROS

As previously described®. HaCaT keratinocytes cells were seeded at 5 x 10° cells/well in 6-well plates and
cultured to 70-80% confluency. The cells were pre-incubated with DMSO as mock, folic acid (10 pM), and
BMDA (1-2 pg/mL) for 2 h before UVB irradiation. After the cells were treated with UVB + DMSO, UVB +
BMDA, or UVB + folic acid for 18 h post-treatment, dichlorofluorescein diacetate (DCF-DA) (Sigma-Aldrich)
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Fig. 6. BMDA treatment interferes with dermis thickening induced by repetitive UVB irradiation. (A, B)

The dorsal skin tissues of the SKH-1 hairless mice irradiated by UVB for four weeks were fixed with 4%
paraformaldehyde and stained with hematoxylin and eosin solution after paraffin sectioning. The thicknesses
of the epidermis and dermis were measured using the Leica Application Suite (Leica Microsystems). (*p < 0.05,
against “Untreated” group) (#p < 0.05, against “Cream” group).

(25 uM) was added, followed by incubation for 20 min at 37 °C. After washing, the intensity of green fluorescence
was observed in DCF-DA-stained cells under a fluorescence microscope (200x Eclipse TX100, Nikon, Tokyo,
Japan) and quantitated with Victor3 (PerkinElmer, Waltham, MA, USA). Experiments were performed twice.
Data shown are the mean values of triplicate images.

In situ B-galactosidase assay

HaCaT cells were pre-incubated with DMSO as mock, folic acid (10 uM), and BMDA (1-2 ug/mL) for 2 h before
UVB irradiation. The cells cultured on a chamber slide (2 x 10° cells/chamber) exposed to UVB + DMSO, UVB
+ folic acids (10 uM), or UVB + BMDA (1 and 2 pg/mL) were prepared, and the f-galactosidase assay was then
performed according to the manufacturer’s protocol (Cell Signaling Technology). Cells were washed in PBS
(pH 7.4), fixed with 3.7% formaldehyde, and incubated overnight at 37 °C in a freshly prepared staining buffer
containing X-gal (1 mg/mL). At the end of the incubation, the cells were washed with H,O and examined at 200x
magnification. Three images were captured randomly, and the blue-colored cells were counted. Experiments
were performed twice.

Cell cycle analysis

As depicted previously®, HaCaT cells were pre-incubated with DMSO as mock, folic acid (10 uM), and BMDA
(1-2 pg/mL) for 2 h before UVB irradiation. For cell cycle analysis, the cells (1 x 10° cells) treated with UVB +
DMSO, UVB + folic acids (10 pM), or UVB + BMDA (1 and 2 pg/mL) were harvested and fixed with cold 70%
ethanol at 4 °C for 1 h. Subsequently, the cells were resuspended with propidium iodide (PI; Sigma-Aldrich,
100 pg/mL) and 100 pg/mL RNase in PBS, followed by incubation at room temperature for 30 min. Flow
cytometry was performed, and cell cycle phases were analyzed using FAM (Millipore, Billerica, MA, USA). Data
shown are the mean values of three independent experiments.

Measurement of melanin synthesis

As previously described®!, BI6F1 melanoma cells (1 x 106 cells) were treated with BMDA (1, 2, and 4 pg/mL) in
the presence of IBMX (100 ug/mL) for 24 h. The cells were harvested and lysed with 1 N NaOH at 80 °C for 1 h.
Melanin contents from the dissolved solution were measured at 405 nm using a multiple-plate reader (Molecular
Device, Sunnyvale, CA, USA). Experiments were conducted twice and the data shown were the mean values of
triplicate wells.
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Fig. 7. BMDA treatment diminishes the levels of inflammatory cytokine transcripts during repeated UVB
exposures. (A-D) The total RNAs were isolated from the dorsal skin tissues of the SKH-1 hairless mice under
UVB irradiation for four weeks. Quantitative PCR was performed using 2x Power SYBR green and cytokine-
specific primers after cDNA synthesis. (*p < 0.05, %%p < 0.01, %%*p < 0.001, against “Untreated” group) ( **p <
0.01, ***p < 0.001, against “Control” group) (##p < 0.01, ###p < 0.001, against “Cream” group).
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Fig. 8. BMDA treatment reduces protein levels of TNF-a and IL-1p in the skin tissue. Paraffin was removed
from paraffin-embedded tissue sections and the tissue was then rehydrated. Tissue antigens were exposed after
boiling with unmasking solution and incubated with anti-TNF-a or IL-1p antibody. The fluorescence image
was observed under an immunofluorescence microscopy after staining with FITC-conjugated secondary

antibodies.
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arrest, melanin synthesis, and wrinkle formation. BMDA treatment herein inhibits UVB-induced ROS
formation, DNA damage and inflammatory cytokine production, thereby helping to prevent photoaging.
(Arrow with solid line: direct effect, Arrow with dotted line: indirect effect)

Measurement of tyrosinase activity

As previously depicted®?, BI6F1 melanoma cells (1 x 10° cells) were treated with BMDA (1, 2, and 4 pg/mL)
under IBMX (100 pg/mL) addition for 24 h. After the cells were lysed with tritonX-100 (1%) and centrifuged,
the supernatants were incubated with L-DOPA (10 mM) as a tyrosinase substrate for 1 h, and the absorbance was
measured at 450 nm using a multiple-plate reader (Molecular Device, San Jose, CA, USA). Experiments were
performed twice and the data shown were the mean values of triplicate wells.

Western blotting

As previously noted?, skin tissues or HaCaT cells were sonicated and lysed with lysis buffer containing 0.1% SDS
and protease inhibitors (Sigma-Aldrich) for immunoblotting. Proteins from whole cell lysates were resolved
by 6-10% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto nitrocellulose membranes.
Anti-collagen I antibody was used at a 1:1,000 dilution, and anti-rabbit antibodies conjugated with horseradish
peroxidase were used at a 1:2,000 dilution in 5% nonfat dry milk. After the final washing, the membranes were
evaluated with an enhanced chemiluminescence reagent (Thermo Fisher Scientific, Cambridge, MA, USA) using
Image Quant LAS 4000 Mini (GE Healthcare, Piscataway, NJ, USA). Experiments were conducted in triplicate.

Animal care

All animal experiments were conducted following the Laboratory Animal Resources Guide for the Care and Use
of Laboratory Animals. Male SKH-1 hairless mice (6 weeks old) were obtained from Central Lab Animal Inc.
(Seoul, Korea). They were housed under specific pathogenfree conditions (a 12 h light/12 h dark cycle, at 22 °C
and 50-55% humidity) and had free access to both diet and tap water.

Skin photoaging animal model

As previously depicted®, the dorsal skin of hairless mice was exposed to UVB three times a week using a UV
lamp (L20W/12 RS SLV/25, Philips Electronics, Amsterdam, Netherlands), which emits a peak wavelength of
315 nm). The irradiation dose was incremented weekly by MED (1 MED = 130 mJ/cm?) to 4 MED, and the UVB
radiation continued for four weeks. Starting from the initial irradiation, BMDA, folic acid, or vehicle (cream
only) was topically administered to the UVB-exposed dorsal skin three times a week for four weeks. Each group
consists of 5 animals.

Histopathological analysis
After fixing the dorsal skin of SKH-1 hairless mice in 10% formalin for 48 h, the skin tissues were embedded
in paraffin wax as previously described®2. Subsequently, the paraffin section (4 um) were sliced onto slide glass,
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stained with hematoxylin and eosin (Sigma-Aldrich), and analyzed using light microscopy. The histopathological
alterations of the dorsal skin were examined with the Leica Application Suite (Leica Microsystems, Glattbrugg,
Switzerland).

Immunofluorescence of paraffin-embedded tissue section

After paraffin was removed using xylene and ethanol, the tissue section was rehydrated with PBS following the
previously described protocol®. The tissue section was placed in the unmasking solution on a hot plate at 102
°C for 20 min and was cooled down at room temperature. Anti-TNF-a or IL-1P antibody was placed on the
tissue section after blocking at 4 °C for overnight and subsequently FITC-conjugated rabbit anti-mouse IgG was
incubated at room temperature for 2 h. The image was observed under immunofluorescence microscopy (Axio
Observer D1; Zeiss, Oberkochen, Germany).

Wrinkle formation evaluation

As previously depicted®®, each SKH-1 hairless mouse was anesthetized, and the dorsal skin exposed to UVB
(wrinkle formation area) was photographed to assess the severity of wrinkling. The severity of wrinkling was
measured using Bissett’s visual wrinkle scale. Skin impressions (replicas) were created by applying the Repliflo
Cartridge Kit (CuDerm Corp., Dallas, TX, USA) to the dorsal skin of each mouse. These replicas were then
analyzed using a skin visioline VL650 (CK Electronics GmbH, Cologne, Germany).

Quantitative real-time PCR

As previously noted?, RT-qPCR was employed to quantify the relative levels of TNF-a, IL-1p, IL-4, and IL-6
mRNAs. After isolation of total RNAs from the skin tissues using RNA Bee solution (Tet-Test Inc., Friendswood,
TX, USA), cDNA was synthesized using reverse transcriptase (Superscript II, Thermo Fisher Scientific Inc.).
The relative level of the three genes was quantified using 2x Power SYBR Green (Toyobo Co., Osaka, Japan).
The primer sequences for the above analyses were as follows: TNF-a, sense 5'-CCT GTA GCC CAC GTC GTA
GC-3' and anti-sense 5'-TTG ACC TCA GCG CTG ACT TG-3'; IL-6, sense 5'-TTG GGA CTG ATG TTG
TTG ACA-3’ and anti-sense 5'-TCA TCG CTG TTG ATA CAA TCA GA-3’; IL-1 B, sense 5-GCA CAT CAA
CAA GAG CTT CAG GCA G-3; anti-sense 5-GCT GCT TGT G AG GTG CTG ATG TAC-3’ IL-4, sense 5'-
TAC CAG GAG CCA TAT CCA CGG ATG-3’, anti-sense 5'-TGT GGT GTT CTT CGT TGC TGT GAG-3'.
The thermal cycling conditions included a holding stage (1 min at 95 °C), a cycling stage (40 cycles of 15 s at 95
°C, 15 s at 57 °C, and 45 s at 72 °C), and a melt curve stage (15 s at 95 °C and 60 s at 60 °C). Additional analyses
such as fluorescence intensity, threshold values, threshold cycle (Ct), and housekeeping genes were conducted, as
described in our previous study?*. Data shown were the mean values of three independent experiments.

Statistical significance

The data were expressed as mean + standard deviation (SD) and subjected to analysis using one-way ANOVA
followed by Tukey’s test for comparisons between groups. Error bars on graphs represent SD. A p-value of less
than 0.05 was considered statistically significant.

Data availability
Data is provided within the manuscript or supplementary information files. Materials used and /or analyzed
during the current study are available from the corresponding author (Y.-H. C.) on reasonable request.
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