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ABSTRACT

Introduction: Sun protection is important in
skin care and requires special attention as inef-
ficient protection might trigger skin pathologies
including polymorphic light eruption (PLE).
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The reduce-improve-protect (RIP) concept to
avoid the onset of ultraviolet (UV) irradiation-
induced diseases or damage to human skin is
important. Methoxy-monobenzoylmethane
(MeO-MBM), which is neither a UVB nor a UVA
filter, converts to the UV filter avobenzone
under UV irradiation and further acts as a
photoantioxidant during its conversion process
and initially as an antioxidant material. The
aim of this study was to understand the mech-
anisms by which MeO-MBM improves the
condition of UV-stressed skin through its pho-
toantioxidant properties. The improvement of
the skin condition by the activity of MeO-MBM
as active ingredient was also investigated.

Methods: Potential molecular targets were
identified by in silico docking to numerous
cellular membrane receptors on the cell surface
or nuclear membrane, followed by microarray
analysis of 164 genes after MeO-MBM treatment
of normal human epidermal keratinocytes
(NHEK). We conducted randomized, double-
blinded, intra-individual comparison vs. pla-
cebo studies on ten volunteers, aged between 34
and 65 years, to assess the effect of MeO-MBM
in vivo. The effect after UV-induced inflamma-
tion was assessed in a protective and curative
set-up with 2% MeO-MBM vs. 1% hydrocorti-
sone and placebo based on the change in blood
flow. The barrier function of the skin was
assessed by the change in transepidermal water
loss (TEWL), skin scaling and skin thickness
after the treatment with MeO-MBM.
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Additionally, the effect of MeO-MBM after UV-
induced stress on the activation of ferritin in
human explants was determined ex vivo.
Results: A docking simulation of MeO-MBM
showed a potential interaction with the retinoic
acid receptor gamma and further revealed
downregulation of proteins related to inflam-
mation. In the protective treatment set-up, after
24 h MeO-MBM significantly reduced the delta
blood flow compared to placebo, while this
reduction was more prominent with hydrocor-
tisone. In the curative treatment set-up, a
greater reduction in delta blood flow was also
observed with MeO-MBM compared to placebo
and similar to hydrocortisone. Treatment with
MeO-MBM revealed an improvement in skin
barrier function as a result of decreased TEWL,
reduced skin scaling and increased skin thick-
ness. Immunohistochemistry staining of ferritin
on human skin explants further showed that
the treatment with MeO-MBM reduced the fer-
ritin expression.

Conclusion: Based on these results, MeO-MBM
is capable of exerting an anti-aging activity via
the retinoic acid receptor gamma. Its anti-in-
flammatory and anti-oxidative activity mani-
fested via the downregulation of multiple anti-
inflammatory genes as well as the reduction of
ferritin in skin tissue. This study shows that the
multidimensional functionality of MeO-MBM
offers an effective approach to combat acute
and chronic deleterious effects of oxidative UV
damage while simultaneously enhancing the
skin barrier function.

Keywords: Avobenzone; Circadian rhythm;
Conversion material; Clockophagy; Ferritin;
Ferroptosis; MeO-MBM; Retinoic acid receptor
gamma; RIP concept; Senescence

Key Summary Points

Why carry out this study?

Sun protection requires special attention
as inefficient protection might trigger
acute and chronic deleterious effects of
oxidative UV damages

The active ingredient Methoxy-
monobenzoylmethane (MeO-MBM),
which is not a UV filter but converts under
UV irradiation to the UV filter
avobenzone, functions initially as an
antioxidant material and as a
photoantioxidant during its conversion
process while combating cellular stress in
parallel

To understand the mechanisms of how
MeO-MBM may improve the skin
condition of UV-stressed skin, we
conducted randomized, double-blinded
studies after identifying potential
molecular targets and generating a gene
expression profile. In addition, we
determined the effect of MeO-MBM after
UV-induced stress on the activation of
ferritin

What was learned from this study?

MeO-MBM caused downregulation of
proteins related to inflammation, a
preventive and curative beneficial effect
on UV-irradiated skin, skin barrier
improvement as preventive treatment and
reduced ferritin expression

The positive modulation of multiple
signaling pathways makes MeO-MBM a
suitable active ingredient with additional
biological functionalities associated with
anti-aging and inflammation
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INTRODUCTION

Sun protection is an important aspect of skin
care. As sun protection is directly linked with
disease prevention induced by the energy of
ultraviolet (UV) light and indirectly by the for-
mation of reactive species, be it oxygen or
nitrogen, it is important to assure the func-
tionality of the used active UV filters [1, 2].
Given that UV filters require regulatory
approval by the Food and Drug Administration
(FDA), it is desirable to add sun filter boosting
materials or conversion materials to maintain
the sun protection factor (SPF) in case of UV-
induced degradation of the key sun filter
material in sun care formulations [3]. Methoxy-
monobenzoylmethane (MeO-MBM) belongs to
the second class of materials as it has been
shown that it converts into 4-tert-butyl-4'-
methoxydibenzoylmethane (avobenzone)
in vitro and in vivo after having been exposed
to UV irradiation [4].

Avobenzone is a widely used organic UV-A
filter and is known for its irreversible UV-driven
photodegradation due to a non-adiabatic pop-
ulation of high SO vibrational levels during
photoexcitation leading to a less photo-
stable form by isomerization with subsequent
photodegradation into the radicals 4-methoxy-
benzaldehyde and 1-(4-tert-butylphenyl) ethe-
none by the Norrish type 1 mechanism [5-8].
This photodegradation is known to have several
disadvantages ranging from skin irritation,
photodermatosis, age-related extrinsic aging or
phototoxicity, photoirritation and photoaller-
gic reactions resulting from exposure to pho-
todegradation  by-products. In  addition,
unstable sun care formulations lead to an
increased risk of sun burn, chronic skin damage
and inflammaging as well as skin cancer [9].

The conversion of MeO-MBM results in the
formation of two intermediate hydrogen radi-
cals, which can directly neutralize radicals
formed during the degradation of avobenzone
or further react with radical species present in
UV-exposed human skin protecting the skin
against UV stress. This is referred to as pho-
toantioxidative functionality [4].

However, further insights are needed to
understand the mechanisms related to how
MeO-MBM improves the skin condition of UV-
stressed skin through its photoantioxidant
properties and whether MeO-MBM may addi-
tionally improve the skin condition as a non-
converted material making it a suitable active
ingredient with additional biological function-
alities. In this work, we have identified the
retinoic acid receptor as potential molecular
target of MeO-MBM by in silico docking studies.
To further identify mechanisms and pathways
where MeO-MBM might play a role as an active
ingredient, human epidermal Kkeratinocyte
(NHEK) cells were treated with active and
comparative treatment with retinoic acid, and
gene expression profiling was conducted to
generate a hypothesis for further ex vivo and
in vivo testing. Here, we show that MeO-MBM
had a preventive and curative beneficial effect
on UV-irradiated skin and secondly that MeO-
MBM improved the skin barrier as preventive
treatment. These data indicate that MeO-MBM
reduces inflammation, improves the skin barrier
and protects the skin from UV-induced cellular
damage. To summarize based on these findings,
MeO-MBM is a potent active ingredient espe-
cially in sun care formulations.

METHODS

Test Substance

MeO-MBM-3-(4-tert-butylphenyl)-3-hydroxy-1-
(4-methoxyphenyl) propan-1-one (CAS No.
955359-34-9) was synthesized at Merck KGaA,
Darmstadt, Germany, and used for the outlined
assays and in vivo studies (Fig. 1). The material
was developed intentionally as conversion
material that is converted to avobenzone by UV
irradiation to act as an approved UV-A sunfilter
and was toxicologically assessed and considered
to be safe for in vivo use in humans.
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Fig. 1 Chemical structure of 3-(4-tert-butylphenyl)-3-hydroxy-1-(4-methoxyphenyl) propan-l-one (MeO-MBM) with
molecular formula C0H,40; and a molecular weight of 312.41 g/mol

Microarray Analysis of 164 Genes After
MeO-MBM Treatment of Primary
Keratinocytes

Normal human epidermal keratinocytes were
used in passage 3 cultivated in Keratinocyte-
SFM (Thermo Fisher Scientific Inc., Waltham,
MA, USA) supplemented with 0.25 ng/ml epi-
dermal growth factor (EGF), 25 ng/ml pituitary
extract (Thermo Fisher Scientific Inc., Waltham,
USA) and 25 pg/ml gentamycin (Sigma-Aldrich,
St. Louis, MO, USA) at 37 °C and 5% CO,. The
assay was conducted in Keratinocyte-SFM sup-
plemented with 25 pg/ml gentamycin. The
working concentration with no cytotoxicity
observed was determined in 96-well plates
seeding 10* NHEK in Keratinocyte-SFM evalu-
ated by MTT reduction assay (Sigma-Aldrich, St.
Louis, MO, USA) and morphological observa-
tion by microscopy at 100 x magnification.
The cells were treated with MeO-MBM at
1 pg/ml dissolved as stock solution at 25 pg/ml
in DMSO and retinoic acid (Sigma-Aldrich) at a
working concentration as reference at 10° M.
The NHEKs were cultivated in 12-well plates in
culture media for 24 h. After incubation, the
medium was removed and replaced by assay
media, and the cells were further incubated at
37 °C and 5% CO,. At subconfluence the cells
were treated with MeO-MBM as well as treat-
ment control and positive control (retinoic
acid) for 96 h at 37 °C and 5% CO,. Finally, the
cells were washed in PBS (Thermo Fisher Scien-
tific Inc.); 300 uL. TriReagent (Thermo Fisher
Scientific Inc., Waltham, MA, USA) was added,
and the cells were immediately frozen at —
80 °C. All conditions were performed (n = 3).

The isolated mRNA was direct reverse tran-
scribed using mRNA in the presence of [a-33P]-
dATP and oligo d(T) primer. The labeled cDNA
samples were hybridized to a microarray cova-
lently coupled to 164 genes of interest in
duplicate (+ controls and housekeeping genes)
in the context of human skin. After extensive
washing, the relative amount of a specific
hybridized target was analyzed by Phosphorl-
maging. The analysis was performed by direct
quantification using “Cyclone” Phophorlmager
(Packard Instruments, Meriden, CT, USA) and
ImageQuantTL (Amersham Biosciences, Amer-
sham, UK).

UV-Induced Inflammation In Vivo

A randomized, double-blinded, intra-individual
comparison vs. placebo study was conducted
including positive control on ten volunteers,
aged between 34 and 65 (average 51.9) years
with slightly dry skin. Inclusion criteria were
healthy skin, normal nutritional habits and a
body mass index (BMI) of 18-25 kg/m?. Exclu-
sion criteria were pregnancy, breast-feeding,
smoking, medications which affect the skin
response such as antibiotics, anti-inflammatory
medications and extensive sun exposure.
MeO-MBM (2% w/w) was incorporated into
an oil-in-water formulation (O/W), while the
same O/W without active treatment served as
placebo and 1% hydrocortisone cream as posi-
tive control. A solar simulator (Multiport®
300 W, Solar Light, Glenside, PA, USA) was used
as a light source. The excitation spectrum of the
light source complied with the international
SPF test method (COLIPA spectra). UV-induced
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inflammation was assessed based on the change
in blood flow.

For protective MeO-MBM treatment, the test
subjects applied 2 mg/cm? of the samples twice
a day on predetermined skin areas on the inner
forearm over a period of 1 week. Afterwards, the
test areas were irradiated with 1.25 minimal
erythema dose (MED), and the test products
were applied immediately afterwards on the
irradiated areas. After 6 h, 24 h and 48 h, the
blood flow was measured using a laser Doppler
flowmeter (LEA Instruments, Giessen, Ger-
many) oxygen-to-see device, followed by fur-
ther applications of the test samples. The
change in blood flow expressed by area units
(AU) before irradiation to three time intervals
after irradiation is given as A blood flow values.

For curative MeO-MBM treatment, the test
areas were irradiated with 1.25 MED-fold UVB
MED. The test subjects applied 2 mg/cm? of the
samples immediately afterwards on the irradi-
ated areas. After 6 h, 24 h and 48 h, the blood
flow was measured using a laser Doppler
flowmeter oxygen-to-see device, followed by
further applications of the test samples. The
change in blood flow as expressed by AU before
irradiation at three time intervals after irradia-
tion is given as A blood flow values.

Skin Barrier Function Testing In Vivo

A randomized, double-blind, intra-individual
comparison vs. placebo study was conducted on
ten volunteers, aged between 34 and 65 (aver-
age 51.9) years, with slightly dry skin. The
products were applied twice a day on predeter-
mined different skin areas on the inner forearm.
The effectiveness of the products was evaluated
at baseline, after 2 weeks as a midpoint evalua-
tion and after 4 weeks. One test area remained
untreated, which was used as a negative control.
MeO-MBM (2% w/w) was incorporated into an
O/W formulation, while the same O/W without
active treatment served as placebo.

Skin barrier function was assessed on the
basis of the change in transepidermal water loss
(TEWL), skin scaling (SEsc) and skin thickness.

TEWL was measured using a Tewameter® TM
300 (Courage & Khazaka, Cologne, Germany).

Skin scaling was evaluated utilizing Visioscan®
VC98 UVA light video camera (Courage &
Khazaka, Cologne, Germany). The device con-
sists of a measuring head containing two special
metal-halogenide lights, arranged on opposite
sides, that illuminate the 15 x 17-mm measur-
ing area of the skin uniformly. The spectra of
the lamps, their intensity and their location
were chosen so that only the skin surface,
without reflections of deeper layers, is moni-
tored. Using the additional Surface Evaluation
of Living Skin software, the skin-specific
parameter skin scaling was then calculated. Skin
thickness was analyzed with an ultrasound
device with 20-MHz frequency (Derma Scan C,
version 3) with 2D configuration (Cortex Tech-
nology, Hadsund, Denmark).

Ferritin Explant Immunohistochemistry
(IHC) Staining After MeO-MBM Treatment

From an abdoplasty from a 51-year-old Cau-
casian woman, 21 skin explants of 11 mm
(& 1 mm) average diameter were prepared. The
explants were kept in culture medium at 37 °C
and 5% CO, atmosphere. MeO-MBM (2% w/w)
was applied topically at 2 mg/cm? and spread
using a spatula on day O, day 1, day 2 and day 5.
Half of the culture medium (1 ml) was renewed
on day 1, day 2 and day 5. On day 5, the culture
media of all the batches were replaced by 1 ml
Hank’s balanced saline solution (HBBS, Sigma-
Aldrich, St. Louis, MO, USA). The skin explants
were irradiated using a RMX 3-W UV simulator
(Vilber Lourmat, Marne La Vallée, France) using
4.5J/cm* UVA equivalent to 1 MED. After
additional 24 h in culture, the explants were
fixed for 24 h in buffered formalin, and the
samples were dehydrated and impregnated in
paraffin using a Leica TP 1010 dehydration
automat (Leica Biosystems, Wetzlar, Germany).
The samples were embedded using a Leica EG
1160 embedding station (Leica Biosystems,
Wetzlar, Germany). Sections of 5 um were sliced
using a Leica RM 2125 Minot microtome (Leica
Biosystems, Wetzlar, Germany), and the sec-
tions were mounted on Superfrost® histological
glass slides. The microscopical observations
were conducted using a Leica DMLB or
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Fig. 2 MecO-MBM molecular structure and docking to
retinoic acid receptor gamma. Molecular structure of
MeO-MBM (A) and molecular docking of MeO-MBM to
the retinoic acid receptor (RAR-Y). B (S)-MeO-MBM in
retinoic acid receptor gamma (PDB Structure 2LBD).

Olympus BX43 microscope (Leica Biosystems,
Wetzlar, Germany). Pictures were digitized with
a numeric DP72 camera with CellD software
(Olympus, Tokyo, Japan). The immunostaining
of ferritin was performed on paraffin formol
sections with a polyclonal rabbit anti-ferritin
antibody (Sigma-Aldrich), diluted at 1/50, for
2h at room temperature. The staining was
enhanced with a streptavidin/peroxidase sys-
tem and revealed using VIP vector (SA 1001,
Thermo Fisher Scientific Inc.). The immunos-
taining was performed using an AutostainerPlus
automated horizontal slide-processing system
(Dako, Carpinteria, CA, USA) and assessed by
microscopic observation.

Compliance with Ethics Guidelines

This study was conducted in accordance with
the Declaration of Helsinki and approved by the

Software used Glide from Schrédinger, docking with
default settings in SP mode. (S)-MeO-MBM structure in
green. C Two pi-stacking interactions with phenylalanine
304 and 288 predicted (D)

Institutional Toxicological and Regulatory
Affairs Review Board of Merck KGaA, Darm-
stadt, Germany. All participants were informed
of the aims and methods of the study and gave
their written consent.

RESULTS

The active ingredient MeO-MBM was developed
as a conversion material that undergoes a
transformation to avobenzone after UV irradia-
tion. Besides the benefits in maintaining the UV
protection in formulations, the following
experiments focus on the biological properties
and the linked endpoints in vivo after MeO-
MBM treatment. In a first step, the molecular
structure of MeO-MBM was evaluated, and
potential molecular targets were identified by in
silico docking to numerous cellular membrane
receptors on the cell surface or nuclear
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Fig. 3 Gene expression profiling after retinoic acid or
MeO-MBM treatment: microarray analysis of [0-33P]-
labeled <cDNA with 164 covalently linked skin relevant
genes. NHEKs were treated for 96h with A: 1pM
retinoic acid; B: 3.2 pM MeO-MBM. Examples of genes
downregulated compared to retinoic acid treatment

membrane including nuclear retinoic acid
receptor gamma (RAR-y, Fig. 2).

A docking simulation of MeO-MBM to reti-
noic acid receptor gamma (RAR-y) revealed a
potential interaction with phenylalanine 304
and 288 (Fig. 2).

Motivated by this finding, we generated a
gene expression profile by comparing retinoic
acid as natural RAR-g ligand vs. MeO-MBM
treatment of NHEK (Fig. 3) and normalized to
untreated and solvent control treated NHEK
(data not shown).

Exemplarily, upon MeO-MBM treatment, the
expression of genes encoding matrix metallo-
proteinase 9 (MMP9), which is involved in the
breakdown of extracellular matrix and the reg-
ulation and degradation of type IV collagen,
was downregulated (Fig. 2) [10, 11]. Also the
pro-inflammatory cytokine interleukin 1 beta
(IL1B) expression was significantly downregu-
lated, which may be related to MeO-MBM anti-
inflammatory activity. In addition, superoxide
dismutase 2 (SOD2), a mitochondrial activated
stress gene, was found to be less expressed, and
zinc-alpha-2-glycoprotein (AZGP1), a protein
that is known to be activated by stress-induced
cells while its expression is downregulated in
atopic dermatitis, was upregulated. In addition,
serpine 1, a protein active during wound heal-
ing, is reduced as is PLAU, a protein activated by

(green) and examples of genes upregulated after MeO-
MBM treatment (red). All data are normalized vs.
untreated control using housekeeping genes in similar
abundance. C Gene list and localization of analyzed
molecular target RNA

IL8 [12-15]. MeO-MBM significantly upregu-
lated the expression of the fatty acid binding
protein 5 (FABPS), which encodes a transporter
of intracellular fatty acids in the human epi-
dermis and contributes to the water barrier
function in normal skin. Also loricrin (LOR), a
major protein of the cornified envelope in ter-
minally differentiated epidermal cells, was
upregulated at the mRNA level [16-19]. Further
upregulated proteins involved in the skin bar-
rier maintenance are Calmodulin Like §
(CALMLS), involved in epidermal differentia-
tion, and Corneodesmosin (CDSN), building
corneodesmosomes, thus improving the skin
barrier [20, 21]. Cystatin-A (CSTA), a cystine
protease inhibitor known to reduce the degra-
dation of skin-related structure proteins and
thus contributing to reduced signs of irradia-
tion-induced degradation of elastic and colla-
gen fibers, is upregulated [22, 23]. Moreover,
Krueppel-like factor 4 (KLF4), a transcription
factor known to be involved in skin renewal
processes [24], is upregulated. A further indica-
tion that MeO-MBM improves the skin barrier
by strengthening the cornification process is the
increased expression of the small proline-rich
proteins (SPPR1A, 1B and 2B), which are
strongly induced during differentiation of
human epidermal keratinocytes [25-27]. The
SPRR protein family constitutes a class of
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cornified precursor proteins. To improve the
skin barrier, constant cell renewal is required,
and also here S100A8, a member of the A100
family proteins, was shown to be involved in
the regulation of cell cycle progression and
differentiation in the keratinization process
upon MeO-MBM treatment [28, 29]. Other
genes involved in MeO-MBM dependent up- or
downregulation, mainly related to cornification
and cell barrier improvement, were identified
but are not further described in detail here.
The above gained gene expression data pro-
vide evidence that the MeO-MBM treatment
after UV-A stress evokes anti-inflammatory
properties on skin and improves the skin barrier
and the cornification process. We observed that
MeO-MBM shows an inverse effect compared to
retinoic acid acid, which exhibited an anti-dif-
ferentiating effect, whereas MeO-MBM modu-
lates relative expressions associated with pro-
differentiating effects, e.g., through the expres-
sion of KI67 for proliferation and proteins sup-
porting differentiation such as the above-
mentioned SPRP1A, 1B, 2B and LOR [30].
Besides the potential functionalities of MeO-
MBM in anti-inflammation and skin barrier
improvement, the question arose whether MeO-
MBM, upon conversion by UV irradiation into
avobenzone, displays radical scavenging prop-
erties and might reduce signs of cellular reactive
oxygen species (ROS)-induced stress. It is
important to note that in preventive treatment
cells are supported in the basic functions of
energy production, associated with

A blood flow [AU]
B
T

mitochondrial health and cellular self-renewal
and detoxification as cellular readouts. If MeO-
MBM improves the overall health status of var-
ious cell types in skin, the assumption was that
with beneficial properties of an active ingredi-
ent after UV irradiation, the development of
inflammatory reactions and the build-up of
edema were decreased by reducing the blood
flow in living skin, as healthy skin has optimal
nutrient and oxygen supply to support the vital
functions of the different cell types in skin more
quickly and counteracts the stress more efficient
[31-33]. Therefore, we conducted an in vivo
study to determine the effect of MeO-MBM on
the microcirculation of blood compared to
hydrocortisone, a well-described anti-inflam-
matory drug, to reduce signs of UV-induced
skin irritation.

As shown in Fig. 4, the protective treatment
of skin with MeO-MBM at 2% reduced the delta
blood flow by 24.6% compared to the placebo
after 6 h and by 38.2% after 24 h, whereas all
delta blood flow values were reduced again at
48 h after the irradiation, where the preventive
treatment with 2% MeO-MBM reduced the
delta blood flow by 39.5% compared to the
placebo. At all three tested time points, the
treatment with 1% hydrocortisone showed the
strongest reduction in the delta blood flow with
54.5% after 6 h, 66.3% after 24 h and 67.5%
after 48 h, respectively.

After evaluating the protective effect of MeO-
MBM in vivo, the next point that required sci-
entific evaluation was the testing of this

Hl Placebo
B 1.0 % Hydrocortisone
=3 2.0 % MeO-MBM

60
Zo-i III
0- T

6h

Fig. 4 Protective effect of MeO-MBM on the delta micro-
blood flow. Difference in blood flow at 6 h, 24 h and 48 h
after 1.25 MED UV irradiation compared to baseline
before irradiation. Data points represent the mean

24h

ii,hrﬁ

value £ standard deviations of ten test subjects (» = 10).
Statistically different values were calculated using two-sided
Wilcoxon rank sum test: *p < 0.05
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A blood flow [AU]
&
1

20 H1
0- T T

6h 24h

Fig. 5 Curative effect of MeO-MBM treatment on the
delta micro-blood flow. Difference in blood flow at 6 h,
24 h and 48 h after 1.25 MED UV irradiation compared
to baseline before irradiation. Data points represent the

A TEWL [g/m?/h]
<

Il Placebo
B 1.0 % Hydrocortisone
= 2.0 % MeO-MBM

48h

mean value & standard deviations of ten test subjects
(n = 10). Statistically different values were calculated using
two-sided Wilcoxon rank sum test: *p < 0.05

HEl untreated skin
* B Placebo

I 1 83 2 % MeO-MBM

-4 I
after 2 weeks

Fig. 6 Effect on TEWL after 2 weeks and 4 weeks of
MeO-MBM treatment. The bars indicate means = SD for
ten test subjects. The statistical differences in TEWL

compound at similar conditions in a curative
in vivo approach. In the curative approach, no
pre-treatment with active ingredients was done,
and the formulation was applied only after UV
irradiation with 1.25 MED. Subsequently, how
quickly the skin could recover was determined.

As shown in Fig. 5, the curative treatment
with MeO-MBM at 2% reduced the delta blood
flow by 41.7% compared to the placebo after 6 h
and by 25.8% after 24 h, whereas all delta blood
flow values were reduced again at 48 h after the
irradiation; also here the curative treatment
with 2% MeO-MBM reduced the delta blood
flow by 27.6% compared to the placebo. The
three tested time points for the treatment with
1% hydrocortisone showed a reduction in the
delta blood flow of 39.1% after 6 h, 13.8% after
24h and 13.5% after 48 h. In the curative
in vivo set-up, 2% MeO-MBM treatment was

after 4 weeks

compared to baseline were performed using Wilcoxon

signed rank test (*p < 0.05)

superior to all hydrocortisone treatment time
points using 1% of the approved drug
substance.

After the evaluation of the delta blood flow
improvements as indicator of faster recovery
from UV-induced erythema in healthy skin, the
next point for testing aimed to understand the
effect of using the measurement of the TEWL as
a marker for skin barrier integrity on the skin
barrier.

As shown in Fig. 6, the TEWL decreased by
3% after 2 weeks, but this did not reach statis-
tical significance (p = 0.61). However, the TEWL
was significantly decreased by 10% (p = 0.04)
after 4 weeks of product application vs. the
starting value at time point zero on the respec-
tive skin area treated. In the untreated control,
the TEWL increased by 7% after 2 weeks. Also, a
2% increase of the TEWL after 4 weeks
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Fig. 7 Effect of MeO-MBM treatment on skin scaling
after 2 weeks and 4 weeks. The bars indicate mean & SD
for ten test subjects. The statistical differences in scaling

compared to baseline at t, was observed. This
did not reach statistical significance after either
2 weeks with a p value of 0.20 or 4 weeks with a
p value of 0.47. Thus, these data indicate a sig-
nificant improvement of the skin barrier after
4 weeks of MeO-MBM application.

Beside the determination of physiological
parameters such as TEWL in vivo, the question
of whether the improvement of the skin barrier
is visible on a morphological level arose.
Therefore, we tested whether 2% MeO-MBM
reduces the scaling of human skin as a sign of
smoother skin with an improved skin barrier
with fewer dry cornified plaques in the process
of desquamation.

As shown in Fig. 7, the treatment with 2%
MeO-MBM after 2 weeks reduced skin scaling by

o o o o
o - N w
| 1 1 ]

after 4 weeks

compared to baseline were performed using Wilcoxon

signed-rank test (*p < 0.05)

— 32% and after 4 weeks by — 25% after appli-
cation twice daily compared to baseline at the
same skin area at t;. A decrease, albeit consid-
erably smaller, was observed in the untreated
control after 2 weeks by — 8% and 4 weeks by —
2%, respectively. A decrease of skin scaling was
observed when applying MeO-MBM, but this
was not statistically significant after 2 weeks
with a p value of 0.10 and after 4 weeks with a
p value of 0.28. Also for the untreated control
no significance was reached after 2 weeks with a
p value of 0.70 and after 4 weeks with a p value
of 0.93. Thus, these data indicate a trend of
improving skin scaling and need to be further
evaluated. Another in vivo measurement to
monitor potential skin barrier improvement is
the skin thickness, as thicker epidermis and

Hl untreated skin
B Placebo
= 2 % MeO-MBM

A Skin thickness [mm)]
&
n

SwrT

[

1
o
w

after 2 weeks

Fig. 8 Effect on skin thickness after 2 weeks and 4 weeks
of MeO-MBM treatment. The bars indicate means &= SD
for ten test subjects. The statistical differences in delta skin

after 4 weeks

thickness compared to baseline were performed using
Wilcoxon signed-rank test (*p < 0.05)
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dermis layers are more efficient in retaining
water and when interacting prevent the inva-
sion of allergens, microbes and other skin-irri-
tating factors such as chemicals. Thus, MeO-
MBM was tested next to determine the effect on
skin thickness in vivo.

As shown in Fig. 8, the skin thickness was
not improved by the treatment with 2% MeO-
MBM after 2 weeks with a delta skin thickness of
0% and a p value of 0.71, but after 4 weeks a
slight improvement by + 4% with a p value of
0.42 compared to baseline at t, was detectable.
Interestingly, a decrease in skin thickness was
observed in the untreated control and treated
volunteer group after 2 weeks by — 6% and after
4 weeks by — 3%. The data for MeO-MBM
indicate a trend of improving the skin thickness
after 4 weeks of product application using 2%
MeO-MBM in vivo.

Considering MeO-MBM'’s efficacy in vivo in
improving the skin barrier function and down-
regulation of proteins in the context of inflam-
mation, the question arose whether MeO-MBM
is a classical antioxidative molecule or whether
the functionality is attributed to reduction of
ROS and reactive nitrogen species (RNS) by
downregulation of enzymes keeping the reac-
tive species machinery active, e.g., superoxide
dismutase 1 and 2 (SOD 1 and 2), which are

A

50 um

Fig. 9 Ferritin reduction after MeO-MBM treatment.
Human living skin explants were treated with placebo
(A) and MeO-MBM (B) topically at 2 mg/cm? The UV
irradiation was exposed to the explants on day 5 with

known to modulate the free iron content in
living cells upon cellular stress. Free iron is toxic
to mammalian cells and typically binds to fer-
ritin to avoid ferroptosis—a subform of apop-
tosis [34, 35]. Therefore, a final experiment was
conducted to determine the effect of MeO-MBM
after UV-induced stress on the activation of
ferritin in ex-vivo human explants.

As shown in the immunohistochemical
staining of ferritin (Fig. 9) on human skin
explants, the placebo-treated skin expressed a
moderate amount of ferritin mainly located
close to the basal lamina visible as a brownish
precipitate (A). In the MeO-MBM-treated repre-
sentative skin biopsy, only a faint ferritin stain
was detectable. Based on these data, the treat-
ment using 2% MeO-MBM was able to reduce
the activation of ferritin after UV irradiation in
stressed human explants and protected skin
from UV-induced reactions as a result of radical
formation induced upregulation of ferritin.

The results that MeO-MBM reduced the fer-
ritin expression ex vivo confirm that the
antioxidant enzyme activity is a key factor in
controlling intracellular iron levels, and hence
maintenance of cell antioxidant capacity is
vitally important in prevention of skin aging
and inflammation initiated by labile iron and
UVA-irradiated skin [36, 37].

50 um

45]J/em* of UVA (1 MED). The IHC staining was
conducted on day 6. The cell culture media were changed
on D1, D2 and D5. The scale bar indicates 50 pm
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DISCUSSION

The novel active ingredient MeO-MBM bundles
activities that in sum are described as the
reduce-improve-protect (RIP) concept ideally
used as preventive treatment to protect against
sun irradiation-induced DNA damage and cel-
lular stress. In addition, the UV-triggered signs
of inflammation such as the delta micro-blood
flow are reduced like in the well-described
approved drug hydrocortisone (Figs. 4, 5). To
protect skin and reduce the signs of inflamma-
tion, improving and strengthening the skin
barrier are beneficial and work in concert as
effective UV-related anti-aging ingredients.
Interestingly, MeO-MBM acts as a conversion
material and thus reduces UV irradiation-in-
duced physical damage, but when exposed to
living cell layers of skin, it is a potent ingredient
to modulate signal transduction and reduces
ROS and RNS generation [4]. Typically for a
conversion material the release of hydrogen and
the following reaction with UV-induced radicals
come first to mind as the key functionality of
MeO-MBM as it releases two hydrogens via the
conversion to avobenzone. However, this study
clearly shows that MeO-MBM also has a direct
effect on the improvement of the skin barrier
and the reduction of inflammation induced by
UV irradiation. As shown in the gene expression
profiling, IL1 beta is downregulated (Fig. 3) in
primary cell culture, and in vivo the delta
micro-blood flow is reduced as a further sign of
reducing inflammatory signs attributed to UV
irradiation (Figs. 4, 5). Reduction in inflamma-
tion is important for cells to recover from stress
and to keep the metabolism and pathways that
are required for continuous nutrient and energy
supply and cellular maintenance and repair
mechanisms activated. Classical antioxidative
materials are used to support cells to neutralize
radicals before damaging the cells or macro-
molecules associated with loss of function such
as lipid peroxidation. MeO-MBM exhibits dose-
dependent antioxidative properties with and
without irradiation which are in contrast to
avobenzone, where no DPPH reduction was
measured [4].

Here it is shown that the characteristics of
MeO-MBM, in addition to the conventional
antioxidative properties, are linked via the
downregulation of SOD 1 and 2 (Fig. 3). This
key step in reducing the release of free iron from
cells under stress induces the expression of fer-
ritin, a globular protein complex of about
450 kDa consisting of 24 protein subunits,
which is the primary intracellular iron store in
eukaryotes because free iron is toxic to cells by
acting as a catalyst in the formation of free
radicals from ROS via the Fenton reaction.

Ferritin binds to free ferrous iron and stores it
in its non-toxic form, the ferric state. In the
skin, ferritin is ubiquitously expressed in basal
keratinocytes as a constitutive protective
response in low concentrations and its expres-
sion is induced upon UVA exposure.

UVA irradiation of human dermal fibroblasts
and endothelial cells induces an immediate
transient increase in cytosolic Fe(Il) and a
decrease in superoxide dismutase (SOD) and
shortens the cytosolic Fe(Il) signal after UVA
irradiation. Hence, control of cytosolic ferritin
iron release is key to preventing UVA-induced
inflammation. Given that MeO-MBM converts
into avobenzone upon UV irradiation and thus
contributes to UV protection in addition to the
skin care properties shown in this study, it
appears to be most sensible to apply formula-
tions containing MeO-MBM before UV irradia-
tion appears. In this way, the multifunctional
properties of MeO-MBM can be optimally uti-
lized and their full potential exploited.

In summary, MeO-MBM is a potent molecule
in sun care formulations capable of maintaining
the SPF by converting to avobenzone and
releasing two hydrogen radicals that reduce the
overall production of reactive radical species,
thus improving the health status of cells and
skin [4]. By that reduced radical formation, the
onset of inflammatory reactions which acceler-
ate the chronic age-related inflammation pro-
cesses called inflammaging is decreased. In this
work, we could show that the abundance of
ferritin is lowered, and this reduces the likeli-
hood of initiating ferroptosis, which is a highly
regulated ROS-dependent type of cell death
resulting from free iron overload (FIO), ROS
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generation, lipid peroxidation and ultimately
membrane damage.

Typically, FIO and lipid peroxidation are
biochemical hallmarks of ferroptosis [38]. FIO
develops as a consequence of disturbed iron
metabolism and accumulation of intracellular
or extracellular iron. Mechanistically, FIO may
provoke intense ROS production through the
Fenton reaction in organelles, which culmi-
nates in DNA oxidative injury, lipid peroxida-
tion and membrane damage [38-40]. These
aspects are associated with molecular damage
accelerating senescence in human skin and
potentially disrupting the circadian rhythm by
clockophagy, a selective type of autophagy that
sequesters and degrades the cardinal circadian
clock protein ARNTL [37, 41, 42]. The data show
that MeO-MBM is effective against acute and
chronic adverse effects of oxidative UV damage
and needs to be further elucidated under clini-
cal conditions.

CONCLUSION

Based on these results, MeO-MBM is capable of
exerting an anti-aging activity via the retinoic
acid receptor gamma. Its anti-inflammatory and
anti-oxidative activity manifest via the down-
regulation of multiple anti-inflammatory genes
as well as the reduction of ferritin in skin tissue.
From this study, it can be concluded that the
multidimensional functionality of MeO-MBM
offers an effective approach against acute and
chronic deleterious effects of oxidative UV
damage while simultaneously enhancing the
skin barrier function. The combined effects of
MeO-MBM are promising as a future skin care
treatment for sensitive skin especially under UV
exposure and thus might be of value in sun care
formulations. MeO-MBM further positively
modulates several signaling pathways associ-
ated with anti-aging and inflammatory trends
in skin care, such as circadian rhythm, senes-
cence and autophagy, which need to be further
elucidated to reveal additional benefits of MeO-
MBM.
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