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Abstract:

UV irradiation is a major driver of DNA damage and ultimately skin cancer. UV exposure leads
to persistent radicals that generate ROS over prolonged periods of time. Toward the goal of
developing long-lasting antioxidants that can penetrate skin, we have designed a ROS-initiated
protective (RIP) reagent that, upon reaction with ROS (antioxidant activity), self-cyclizes and
then releases the natural product apocynin. Apocynin is a known antioxidant and inhibitor of
NOX oxidase enzymes. A key phenol on the compound 1 controls ROS-initiated cyclization and
makes 1 responsive to ROS with a EC50 comparable to common antioxidants in an ABTS assay.
In an in vitro DNA nicking assay, the RIP reagent prevented DNA strand breaks. In cell-based
assays, the reagent was not cytotoxic, apocynin was released only in cells treated with UVR,
reduced UVR-induced cell death, and lowered DNA lesion formation. Finally, topical treatment
of human skin explants with the RIP reagent reduced UV-induced DNA damage as monitored by
quantification of cyclobutane dimer formation and DNA repair signaling via TP53. The reagent
was more effective than administration of a catalase antioxidant on skin explants. This chemistry
platform will expand the types of ROS-activated motifs and enable inhibitor release for potential

use as a long-acting sunscreen.
Graphical Abstract

Keywords: ROS, antioxidant, apocynin, reactive oxygen species, melanoma, UV,
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1. Introduction

Prolonged exposure to ultraviolet radiation (UVR) generates reactive oxygen species (ROS) forms
that are highly toxic. [1] UVR-mediated excitation of melanin and ROS imbalance are important
biochemical contributors to melanoma risk. [2] Counterintuitively, skin cells, especially
melanocytes, have benign biochemistry that generates and utilizes ROS (Figure 1) such as
hydrogen

peroxide. These normal biochemical functions include melanin production and protein signaling.
[3] Recently, it has been found that UVR not only causes direct DNA damaging events but also
results in the generation of “dark™ cyclobutane pyrimidine dimers (CPDs), which derive from
radicals long after exposure. [4] Melanin-based radicals, observed using electron paramagnetic
resonance experiments, can generate the more toxic hydroxyl radical (Figure 1) long after UVR
exposure. These radicals lead to the production of exotic DNA damage products that are both lethal
and mutagenic. [5] Currently available sunscreens, which are comprised of UVR blocking and
UVR absorbing compounds, combat excessive UV exposure but do not stop these dark damaging
events. In addition, marine life toxicity issues surrounding the use of UVR-blocking compounds
like oxybenzone and the finding that repetitive sunburns are strongly associated with poor
prognosis melanoma mean that new sun-protection agents are needed. There are two design
requirements: (I) minimal activity against benign ROS biochemistry and (II) a non-stoichiometric
or catalytic cellular effect to enhance activity. In this manuscript, we detail our first molecular
design that satisfies these criteria. The ROS-initiated protective (RIP) reagent reported here
releases the natural product apocynin, an inhibitor of NADPH oxidases, upon oxidative reactions

with ROS generated in cells by UVR and later forming “dark” damage events (Figure 1).

We were among the first to report ROS-activated chemotherapeutic agents. [6, 7] The most
common ROS-responsive chemistries are boron-based. Boron-based antioxidants, [8, 9] modified
gene-targeting agents, [10] and inhibitor pro-drugs have been reported. [11, 12] Alternatives are
needed for several reasons. First, aryl boronate esters readily oxidize in the presence of hydrogen
peroxide or other ROS forms in a Chan-lam-like reaction. [13] Given that the steady-state
concentration of peroxide in blood and cells is between 200 nM and 2 pPM, [14] reported aryl

boronate esters are likely activated rapidly in vivo. We have used a much different approach in this
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work that spans several molecular designs. [15] We designed a cytotoxic molecule a few years
back. [16] This molecule had an unusual mechanism in that it underwent intramolecular
cyclization and dehydrated in the presence of hydrogen peroxide. Then we designed an antioxidant
that was not cytotoxic but this molecule had modest cell effects. [17, 18] In this work we
hypothesized that biologically-relevant effects could be achieved by taking advantage of this
oxidative reaction pathway to eject a bioactive inhibitor of ROS-producing enzymes for UVR
induced protection (1, Figure 1). We reasoned if we could release an inhibitor of cellular oxidases,
like apocynin (red, Figure 1), then selectively initiated cellular protection would be possible. This
manuscript details our first investigations into addition of a bioactive molecule to generate

catalytic antioxidants.

We sought to design a RIP reagent that would activate and release a bioactive molecule that could
globally lower ROS selectively (SI Scheme 1 for mechanism). This is important because
unselective ROS reduction can be harmful. [19] A survey of literature identified several NADPH
oxidase inhibitors that act as general ROS reducers. We focused on a natural product called
apocynin (Figure 1), a ketone version of vanilla, that has been used in traditional medicines. Its
promiscuous biological properties are ascribed to the ability to inhibit oxidases in the monomeric
and multimeric states. [20, 21] Oxidases are major generators of cell ROS, [22] and recent
literature suggests that melanocytes and keratinocytes have high levels of NOX oxidases such as
NADPH oxidase 1. [23] The NADPH oxidase 1 holoenzyme is a major producer of UV-induced
ROS. [20] The oxidase is involved in activation of the PI3K/Akt signal pathway. [24] Apocynin
may inhibit activity of other oxidases as well. Despite this poorly understood and likely complex
mechanism, its biological effects in ROS reduction are exceptional. [25] Thus, despite the complex
biological profile of apocynin it presented the best possible chance for functioning in vivo.
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Figure 1: ROS (brown) are normally present but UV radiation enhances formation of highly toxic species
(underlined) that damage DNA. RIP reagents, such as the apocynin-linked compound 1 shown, eject an
oxidase inhibitor in high oxidative stress environments. Apocynin (red) binds NADPH oxidase-
associated factors NCF1 and NCF2 to limit further ROS production.  Structure from PDB 1K4U in
reference 21.

2. Material and methods

2.1.  Synthesis and characterization

Chemicals: Boc-sarcosine, trifluoracetic acid (TFA) and dimethylformamide, chloromethyl methyl
ether were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Apocynin, 4-
floro-3nitro phenol, pladium on carborn, 4’-Hydroxyacetophenone, 1-Fluoro-2-nitrobenzene,
Triethylsilane, HATU were purchased from Fisher scientific international, Inc. All solutions were
prepared with water purified by a Milli-Q system (Millipore, Bedford, MA, USA). All reagents
used for buffer preparation were of analytical grade.

Full synthetic details and NMR and MS characterization data are provided in Supplementary

material.



2.2. Oxidation study

2.2.1 Materials:

All stock solutions (0.1mM) of compound were dissolved in 25mM phosphate with various pH

corresponding to the different working concentrations.

HPLC condition for oxidation studies: A Beckman Coulter’s HPLC system consisting of a dual
pump Model 126 with 32 Karat Software, a System Gold 168 detector and a System Gold 508
Auto Sampler was used. A reverse phase C-18 column (Synergi™ 4um Hydro-RP 80A, LC
Column 100x4.6mm, Ea.) was used. The mobile phase consisted of HPLC grade Acetonitrile
(Fisher Scientific), LCMS grade formic acid (Fisher scientific) and distilled water filtered through
a Millipore Milli-Q water purification system. Solvent A for the mobile phase was 95% water, 5%
Acetonitrile for oxidation study of 1 and 95% water, 5% Acetonitrile for oxidation studies of 1a-c.
Solvent B is 95% acetonitrile and 5% water. The gradient was 0% B for 4 minute and 95% B over
16 minutes. Flow was 1ml/min. A detection wavelength of 250nm and 285nm was used for

oxidation of 1.

2.2.2 Methods:

HRP oxidation: A working solution (1mg 1 was dissolved in 30mL 0.08 mM hydrogen peroxide in
25 mM phosphate buffer, pH=7.0) was made. A 1mL sample was used as the no enzyme control.
The reaction was 1mL of working solution and 0.1U HRP. After 60 mins, 1mL ethyl acetate was
added, shaken, and extraction performed. The organic layer was analyzed by HPLC to quantify the
relative amounts of 1 and apocynin. Moles were calculated using a standard of each compound and
yields were calculated using integration. All determinations were carried out in triplicate on

different days. On each occasion and new standards and samples were made.

Fenton reagent oxidation: The above working solution was mixed with 10uL Fe-solution (10 mM
Fe(NH,)2(S04)2¢6 H,0, 10 mM EDTA, pH 8) by centrifugation of Fe-solution placed on the cap of
an Eppendorf tube. After 60mins of reaction, the reaction was processed as before.



KO, oxidation: 1mg 1 was dissolved in 30mL 25 mM phosphate buffer, pH=7. Solid KO, was
premeasured into an 15mL falcon to give a final concentration of KO,. After 60mins analysis
proceeded as before.

UV Sensitivity of 1: 1mg 1 was dissolved in 30mL 25 mM phosphate buffer, pH=7. 1mL was
irradiated for 10 SED (10 min) using an Oriel Sol-UV-6 Solar Simulator, Oriel Instruments. After
irradiation, analysis proceeded as before.

Oxidation studies of compound 2 were performed following the same procedure as 1.

2.3. Antioxidant studies

2.3.1 puC19 ASSAY

Reaction mixture were prepared with 1 pg/ uL pUC19, and 0.5 mM 2’-deoxyguanosine in 20mM
pH 7.4 phosphate buffer. Reactions with 1 had a final concentration of 50 uM. Fenton conditions
were as described above. After 20 minutes reactions were stopped by addition of 10 pl quench
solution (0.5 M EDTA and 0.75M 2-mercaptoethanol in 6X agarose gel loading buffer). A 1%
agarose gel was prepared containing 0.75 pg/mL ethidium bromide. From each reaction, 12 uL of
quenched reaction was loaded per well. Gel electrophoresis was performed at 120 mV for 45 mins.
Agarose gel images were analyzed by ImageQuant 6.0 software to determine the intensity of each
band. Percentage of non-damaged DNA was calculated in each sample, by comparing the band
intensity corresponding to super-coiled pUC19 in each sample, with DNA only control.

2.3.2 ABTS Assay

ABTS was dissolved in water to a 7 mM concentration. ABTS radical cation (ABTSe+) was
produced by reacting ABTS stock solution with 2.45 mM potassium persulfate (final
concentration) and allowing the mixture to stand in the dark at room temperature for 24 h before
use. For the study, the ABTS<+ working solution was diluted with PBS, pH 7.4, to an absorbance
of 0.70 (£0.05) at 734 nm. Then 100uL working solution was mixed with 100 pL of various
concentrations of each solution in a 96 well microplate. After 6 minutes of incubation the plate was
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read at 743nm for absorbance. Appropriate solvent blanks were also run in each assay. All
determinations were carried out at least three times including the standards and controls. The
percentage inhibition of absorbance at 734 nm is calculated by: (Ac-At)/Acx100%. The EC50
based on the Concentration-response curve for the absorbance at 734 nm for ABTSe+ as a function

of concentration of antioxidant solution.
2.4. Drug releasing study in cells
2.4.1 Cell Culture

In these studies neonatal human keratinocytes were plated at a density of 0.60x10° cells/100 mm
dish in EpiLife® supplemented medium (Gibco) nd grown to a density of 80% confluence. The
following experimental groups: 1) Control; 2) ssUVR; 3) 50 uM 1; and 4) ssUVR+50 uM 1 were

used unless otherwise noted.
2.4.2 Efficacy of RIP Reagent in Cellular Environment

Cells were allowed to attach for 24 h and incubated with 1 for 18 h before irradiation with 8 SED
using a Oriel Sol-UV-6 Solar Simulator set to maximum power. Immediately after irradiation,
fresh medium was replaced and cells were kept in 5% CO, humidified incubator at 37°C for 1.5 hr.
After 1.5hr, cells were washed in cold PBS and detached from the dish with cell scraper in 1ml of
cold PBS. Ethyl acetate was added 1:1 (v/v) to the cell suspension. Organic layer was then
extracted and dried. Samples were resuspended in 100uL of acetonitrile and analyzed by direct
injection into the HPLC as described above. All determinations were carried out at least three

times.
2.4.3 Quantifying Damage by LC-MS

Fibroblast cells (8 x 10° per sample) in PBS were treated with 1 or PBS for 18 h at 37 °C. Then,
sample cells were irradiated at 10 SED using an Oriel Sol-UV-6 Solar Simulator operating at 24
°C. All treatments were performed in quadruplicate. To isolate genomic DNA cells were

trypsinized, washed, and lysed by freeze/thaw for four cycles. Then, DNA was isolated using a
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Wizard Genomic DNA Purification Kit (Promega Corp) per Kit instructions. DNA vyield for each
sample was quantified by Aggo in triplicate. Digestion of DNA occurred using, the following
procedure. DNA was denatured, placed on ice, and incubated with 0.2 U of bovine pancreas
DNase | (Millipore Sigma) in 0.03 M ammonium acetate (pH 5.) at 45 °C for 2 h. The enzyme was
then precipitated and spun down using ammonium bicarbonate (pH 8.0). Next, 5 mU of
phosphodiesterase | (Worthington Biochemical Corp.) and 0.2 U of calf intestinal alkaline
phosphatase (Thermo Fisher) were incubated at 37 °C for 2 h. Finally, enzymes were again

precipitated. and samples resuspended in 200 uL of LC-MS mobile phase.

LC-MS analysis was performed with a SCIEX 4000 QTRAP triple quad mass spectrometer with a
turbo spray ion source interfaced with an Agilent 1260 HPLC. Injection volume was 5 pL onto an
Agela Technologies Optimix C18/amide column (2.1 x 50 mm, 5 um) flowing at 0.2 mL/min in
HILIC mode at 20 °C. Solvent A was 95:5 water:acetonitrile and Solvent B was 95:5
acetonitrile:water, both with 0.1% formic acid. The following gradient was used: 0 min, 100% B,;
2.5 min, 100% B; 7.6 min, 70% B; 9.4 min, 70% B; 10.4 min, 100% B. Selected ion monitoring in
positive ion mode was used to detect 8-oxo-7,8-dihydro-2’-deoxyguanosine ([M+H] *; m/z =

284.1). Peak areas were normalized per ug of DNA.

2.4.4 DCFDA assay by flow cytometry

Cells were grown in 25 cm? tissue culture plates to 50% confluence. Then each plate was
incubated with the listed compound for 18 hours. Cells were trypsinized, added, incubated for 30
min, and cells washed with HBSS twice. Each sample was irradiated and then 5uM DCF-DA
(Sigma Aldrich) was added. Incubation for 30 min, washing, and DCF fluorescence was obtained
in using BD FACS Canto flow cytometer by exciting at 485 nm and emission at 535nm after
eliminating 7AAD positive cells. Percentage of cells with high DCF fluorescence were compared
among different treatments. Data shown are the average of three biological replicates.

3. Result and discussion



We envisioned that the ROS-initiated release of apocynin would occur as shown in Figure 2 and a
more detailed mechanism is shown in SI Scheme 1. Because the phenol of apocynin is essential to
its unique biochemical mechanism, covalent attachment to the ROS-sensitive motif through an
would block apocynin activity except under oxidative stress conditions. To examine the reaction,
two derivatives were synthesized: the RIP reagent (1, structure shown) and a control molecule (2)
where the phenol is not present to prevent oxidation and subsequent cyclization. Compound 1 was
made in five steps with a net 25% yield and 2 was made in four steps in 45% yield (see Sl for
NMRs and synthetic details)

The oxidation reaction of 1 was examined (Figure 2A) under Fenton conditions, which generate
hydroxyl radical. The Fenton conditions were 0.1 mM Fe(NH,)2(SO4), 6H,0, and 0.08 mM H,0,
in pH 7.0 phosphate buffer and the concentration of 1 was 0.1 mM. Extraction was performed
since apocynin is not soluble in buffered solutions. After extraction with ethyl acetate the aqueous
and organic layers were analyzed by HPLC. Under our conditions, 1 eluted near 10 min, whereas
apocynin eluted near 12 min (Figure 2B). The second reaction product, 1°%, is observed in the
aqueous layer and has a characteristic absorbance at 375 nm as does a variant of 1°*identified in a
previous manuscript. [17] Exposure to Fenton conditions in phosphate buffer led to formation of
products 1°* and apocynin, whereas in the absence of Fenton reagent no reaction was observed
(Figure 2B). Quantitative analysis of the organic layer indicated that under these Fenton
conditions, 85% (+/- 2%) of 1 was converted to products (Figure 2C). This is close to the expected
yield based on the concentrations of 1 and H,O,, indicating that the first oxidative equivalent of
Fenton reagent reacts with 1 completely. Both products were collected, and MS analysis confirmed

expected product identities (Figure 2C).

We next examined the reaction of 1 with various ROS forms encountered under cellular conditions
Figure 2D. After 1 hr in Fenton conditions, 15% (+/- 2%) 1 remained. In experiments lacking
Fe(NH,)2(SO4),2 and only containing hydrogen peroxide we find an insignificant loss of 1 after 1
hr. Importantly, the reaction is diffusional and first order in both Fenton reagents (SI Figure 1).
This indicates that self-cyclization of 1 will be strongly correlated to the total amount present in
cells. After a1l hr exposure to 0.08 mM KO, 63% (+/-8%) of 1 remained. Oxidase activation was
examined using 0.01 mU of HRP enzyme and 0.08 mM H,0,. Under these conditions 30% (+/-

5%) remained after 1 h. We examined the control compound 2, which lacks a phenol important to
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oxidation, under the same conditions. Compound 2 was resistant to oxidation (Figure 2D, purple)

under the same conditions, in all cases.
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Figure 2: (A) Proposed reaction of 1 to release apocynin and generate 19X, The control compound 2
lacks an oxidizable phenol. (B) HPLC analysis of lincubated in phosphate buffer (gray trace) and under
Fenton conditions (black trace); the organic (left) and aqueous (right) layers were analyzed. Pure Apo
was also analyzed (red trace), and peak corresponding to 19X and Fenton reagents are indicated. (C) MS
of isolated products. (D) Sensitivities of 1 (black) and 2 (purple) to various ROS forms. (E) Antioxidant
capacity as measured by ABTS assay. The obtained EC50 values are shown. (F) Fraction of 1 in solution
not subjected to irradiation and irradiated with 10 SED.

We then assessed antioxidant activity of the RIP reagent 1 (Figure 2E for EC50). To determine

antioxidant capacity a 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay was
performed. In the assay, green ABTS (7 mM) radicals are induced from persulfate (2 mM), and the
ability of antioxidants to reduce color formation is evaluated over a concentration range to obtain
an EC5Q value (SI Figure 2 for data). In the presence of 10 uM 1, rapid inhibition was observed,

whereas 2 at the same concentration had limited activity. Compound 1 had an EC50 value of 2.4
(+/-0.1) uM, whereas the EC50 of 2 is 60 (+/- 1) uM. Apocynin, catalase, glutathione, and vitamin
C had EC5( values of 11.7 (+/- 0.4), 0.7 (+/- 0.1), 3.5 (+/- 0.2), and 7 (+/- 0.1) uM, respectively.

Thus, 1 has modest antioxidant ability relative to common antioxidants but these reactions are
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required to release the bioactive molecule.

It is important that 1 be stable to UVR exposure (Figure 2F). To test this, 1 (100 uM) in phosphate
buffer (pH 7) was irradiated for a total of 10 Standard Erythemal Dose (SED) units. Under these
conditions, 1 is not degraded. In summary, these data show that 1 is oxidized by various ROS, has
antioxidant capacity similar to those of common antioxidants and that the oxidation liberates
apocynin, a bioactive oxidase inhibitor.

Next, we analyzed the ability of 1 to prevent DNA damage in an in vitro DNA nicking assay
(Figure 3A). The concentration of pUC19 plasmid was 1000 ng/uL. After 1 hr incubation under
Fenton conditions, 31% (+/-3%) of the plasmids were nicked. No nicking was observed under

Fenton conditions in the presence of 50 uM 1 or 1 without Fenton reagent.

We then evaluated the cytotoxicity of 1 to primary keratinocytes in culture. After three days of
incubation with 1 no cytotoxicity was observed except at the highest dose tested. At the high dose
of 100 uM, a 15% (+/- 3%) reduction in viability was observed (Figure 3B). We also examined the
effect of 2, which is not oxidizable, and a compound that is oxidizable but does not eject apocynin
(SI Figure 3). The five step synthesis is listed in Sl section 4.3. As expected 2 showed limited
cytotoxicity while the non-oxidizable derivative of 1 showed more cytotoxicity than 1. To evaluate
what was occurring inside primary keratinocytes were treated with 50 uM 1 or not and irradiated.
The organic layer was extracted and quantified (SI Figure 4 for chromatograms). In cells treated
with 1 but not subjected to UVR, little apocynin was detected (0.03 +/- 0.02 pmol). In cells that
were treated with 1 and irradiated 0.97 (+/- 0.07) pmol of apocynin were detected (Figure 3C),
thereby confirming that self-cyclization and apocynin release occurs within a cellular environment.
Based on this analysis, the concentration of apocynin within the cells is approximately 28 uM, this
is a level that is known to cause inhibitory effects. We also observed 1 inside of cells at a
concentration of 190 uM. Thus, little apocynin is released without UVR treatment and UVR leads

to ~17% release of apocynin.

Irradiation of primary keratinocytes with 10 SED reduced viability to 63% (+/-5%) relative to
DMSO-treated control cultures (Figure 3D). Cells were also treated with 50 uM 1, 50 uM
apocynin, 50 uM glutathione, or 3 U catalase without irradiation. Both apocynin and catalase
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slightly but significantly enhanced growth to 106% (+/-2%) and 110% (+/- 3%) relative to DMSO-
treated controls (p< 0.05). Neither 1 nor glutathione influenced viability at this concentration
(Figure 3D). Higher concentrations of apocynin, glutathione, and catalase were cytotoxic (data not
shown). After the 10 SED irradiation, compound 1 increased viability to 88% (+/-5%) relative to
the control, while irradiated cells pretreated with apocynin showed a more modest rescue to 75%
(+/-2%) (Figure 3D). 1 is two times better at entering a cell than apocynin (Sl Figure 5), but does
not affect viability without activation. Next we examined if 2, which cannot be oxidized, rescued
cells from UVR stress. SI Figure 3 shows little rescue in the presence of UVR. Similarly we
examined a compound that is oxidizable but lacks apocynin release (SI Figure 3). Limited rescue

in the presence of UVR stress is observed.

We validated if apocynin was inhibiting NOX enzymes or is just an antioxidant(SI Figure 6). Cells
were treated with apocynin and the phosphorylation status of AKT, a downstream protein
dependent on NOX1 activity, quantified®. An in-cell western for phosphorylation of AKT at
Ser473, which is phosphorylated downstream of NOX activity, was performed. Apocynin reduced
the amount of phosphorylated serine by 21 (+/-9)% in the presence of UVR. The p-value was less
than 0.02. To further confirm the ability of 1 to reduce oxidative stress in cells we examined the
amount of 8-oxo-7,8-dihydro-2’-deoxyguanosine relative to non-UVR treated cells via LC-MS
(Figure 3E). Because of the large quantity of cells needed primary fibroblasts were used. In this
assay the integrated intensities at 284 m/z were compared to the total amount of DNA recovered.
For simplicity total integrated values are reported per million. We found that UVR treatment raised
the relative level of the lesion to 2.03 (+/- 0.19) from 1.41 (+/- 0.05) Int/ug DNA with a p-value
less than 0.01. Treatment of 1 prior to UVR lead to a reduction of the lesion back to 1.39 (+/-
0.21), which is not statistically different compared to untreated cells. Finally, 1 alone does not
change the amount of lesion found. Subsequent confirmatory experiments utilized the common
DCF-DA oxidative stress assay (Figure 3F). Though DCF-DA has known issues, mainly dealing
with the amount of incubation time leading to indiscriminate activation of the dye[26], the same
trend in the data is observed. Thus, of the compounds tested, 1 had the smallest effect on cell
growth in non-irradiated cells and the ability to protect cells from UVR.
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Figure 3: (A) Gel electrophoretic separation of supercoiled and nicked plasmid in the presence and absence
of Fenton reagent and compound 1. (B) Viability of primary keratinocytes in a range of concentrations of 1.
(C) Production of Apo in skin cells treated with 50 uM 1 with and without irradiation with 10 SED. (D)
Viability of primary keratinocytes without (gray bars) and with 10 SED UVR (red bars) in the presence of
the indicated antioxidants. (E) Relative LCMS quantification of 8-oxo-7,8-dihydro-2’-deoxyguanosine
under UVR and 1 treatment. (F) Dichlorodihydrofluorescein diacetate fluorescence measurements under
UVR and 1 treatment.

We then used a human skin explant model to evaluate the effect of topical treatment with 1 on UV-
induced damage (Figure 4A). In this model, topical treatments, mimicking use of sunscreen, can be
tested without compromising the dermis. Discarded and deidentified human skin was obtained
from donors undergoing elective surgical procedures. Human skin was used as rodent models do
not recapitulate human biochemistry due to the amount of hair. Subcutaneous fat tissue was
removed from the skin, and skin was cut into 3.5 cm diameter circles and placed into culture dishes
with DMEM/F12 media without phenol red, supplemented with growth factors. The dermal side
was in contact with the medium, and the epidermal was exposed to air. A solution of 50 uM 1 or
DMSO control solution was spread on the skin and allowed to dry overnight. Note that skin is
much more resistant to UVR than naked cells so a 25 SED UVR exposure was used. After
exposure skin was homogenized, protein was extracted, and DNA damage signaling quantified by
western blotting. UVR induced strong expression of the DNA repair signaling protein p53 at 24 h
post irradiation. Treatment of 1 without UVR caused no increase in expression of p53. Importantly,
p53 expression was reduced by 46% (+/-5%) in skin treated topically with 1 and then irradiated
(Figure 4B).
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Figure 4: (A) Representative image of skin explant. (B) Western blot analysis of p53 production in skin
explants treated or not with 1 and subjected or not to UVR. Actin protein shown as a control. (C)
Representative immunofluorescence images of skin explants treated with DMSQO or 1 and subjected to 10
SED irradiation. Red indicates the presence of CPDs; nuclei were stained with DAPI (blue). (D)

Quantification of CPD-positive cells per mm?2 of non-irradiated (black bars) and irradiated (red bars) skin
treated with DMSO (-), compound 1, or catalase (CAT).

We then directly evaluated DNA damage in skin explants by staining for cyclobutane dimers
(CPDs). Skin explants were treated with RIP reagent 1 (50 uM) or catalase (3U) and dried
overnight. At 24 h after 25 SED irradiation, explants were subjected to immunofluorescence
imaging (Figure 4C). Experiments were performed on three separate skin explants per condition
and quantification was performed using ImageJ software at 20 different locations per skin explant
(Figure 4D). Cells (identified by staining with DAPI) that co-localized with CPD signal (3 fold

above background) were scored as damaged. Without irradiation, few cells were positive for CPD

2+/-2 cells/mmz). Upon UVR exposure, 180 (+/- 82) CPD-positive cells per mm? were detected
in DMSO-treated control explants. Treatment with 1 without UVR did not have a significant effect

(2 +/-2 cPD* cells/mmz) but catalase treatment did (13 +/- 4 CPD" cells/mmz), indicating some
resting reductive stress. After UVR exposure, catalase-treated samples had 160 (+/-60) CPD-

2

positive cells per mm<“, not significantly different from the control UVR-treated explants. In

contrast, treatment with 1 significantly reduced the number of CPD-positive cells per mm? to 70
(+/- 20) relative to the control explants (p<0.0005). Thus, the RIP reagent 1 greatly reduced DNA

damage and damage signaling when applied topically to human skin explants.
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In conclusion, we have developed an ROS-controlled antioxidant, RIP reagent 1, that after
oxidative reaction (antioxidant function) releases a NOX inhibitor known as apocynin. The ROS-
activation is dependent on a key phenol in the molecule that leads to self-cyclization and release of
the NOX inhibitor. The molecular design of the ROS-initiated protective reagent is an alternative
to the well-known boron ester and quinone methide chemistries. Reagent 1 did not alter viability of
cultured skin cells and prevented UVR-induced cell death to a similar extent as other tested
antioxidants. In a human skin explant model, 1 applied topically reduced the formation of
cyclobutane dimers and DNA repair signaling. Thus, the described RIP reagent is a catalytic
antioxidant activated by high oxidative stress environments like UVR irradiation and these

reagents have potential for uses in sunscreens.
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Highlights
e New antioxidants are needed to prevent melanoma by reducing skin radicals and
ROS
e A ROS-induced protection reagent quenches ROS leading to release of apocynin
e In cells apocynin was released only with UV and reduced DNA lesions

e Topical treatment of human skin explants reduced pyrimidine dimers and p53
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