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Abstract

Skin is the largest human organ and provides a first line of defense that includes physical,
chemical, and immune mechanisms to combat environmental stress. Radiation is a prevalent
environmental stressor. Radiation induced skin damage ranges from photoaging and cutaneous
carcinogenesis from UV exposure, to treatment-limiting radiation dermatitis associated with
radiotherapy, to cutaneous radiation syndrome, a frequently fatal consequence of exposures from
nuclear accidents. The major mechanism of skin injury common to these exposures is radiation
induced oxidative stress. Efforts to prevent or mitigate radiation damage have included
development of antioxidants capable of reducing reactive oxygen species (ROS). Mitochondria are
particularly susceptible to oxidative stress, and mitochondrial dependent apoptosis plays a major
role in radiation induced tissue damage. We reasoned that targeting a redox cycling nitroxide to
mitochondria could prevent ROS accumulation, limiting downstream oxidative damage and
preserving mitochondrial function. Here we show that in both mouse and human skin, topical
application of a mitochondrial targeted antioxidant prevents and mitigates radiation induced skin
damage characterized by clinical dermatitis, loss of barrier function, inflammation, and fibrosis.
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Further, damage mitigation is associated with reduced apoptosis, preservation of the skin’s
antioxidant capacity, and reduction of irreversible DNA and protein oxidation associated with
oxidative stress.
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INTRODUCTION

ROS and reactive nitrogen species (RNS) are generated in the skin by UVA (Oplander and
Suschek, 2013), UVB (Terra et al., 2012), visible (Liebel et al., 2012), infrared (Svobodova
and Vostalova, 2010), and ionizing radiation (Liauw et al., 2013). Under conditions of
oxidative stress, accumulating ROS/RNS deplete the skin’s innate antioxidant capacity
(Valacchi et al., 2012). Supra-physiologic ROS cause widespread oxidative damage cascades
that include lipid peroxidation, protein carbonylation, and DNA damage through strand
breaks and DNA-protein crosslinking. ROS are also pro-inflammatory, with direct effects on
transcription factors regulating the inflammatory cascade and indirect effects via release of
pro-inflammatory damage-associated molecular patterns (DAMPS) in response to oxidative
stress induced tissue damage (Janko et al., 2012). Increasing evidence suggests that effects
of early radiation induced oxidative stress lead to chronic oxidative stress that contributes to
late tissue injury (Azzam et al., 2012). Mitochondria are a major intracellular source of
oxidants and are particularly susceptible to ROS (Azzam et al., 2012). Oxidative damage
leads to disruption of the critical interaction between mitochondrial cardiolipin and
cytochrome c, activating the intrinsic mitochondrial apoptotic pathway. Release of
cytochrome ¢ from the inner mitochondrial membrane is associated with activation of
caspase 3, PARP, and apoptosis (Sinha et al., 2013).

Therapeutic agents that scavenge ROS can potentially act upstream of the oxidative stress
damage cascade to prevent or mitigate radiation damage. TEMPOL (4-hydroxy-2,2,6,6-
tetramethylpiperidinyloxy) is a redox cycling nitroxide that promotes the metabolism of
many ROS and improves nitric oxide bioavailability in a concentration-dependent manner
(Circu and Aw, 2010; Hahn et al., 1992; Mitchell et al., 1991). To improve the intracellular/
mitochondrial partitioning of TEMPOL and thereby increase its effective concentration, we
conjugated TEMPOL to a fragment of gramicidin S that displays significant affinity for the
inner mitochondrial membrane. The resulting 4-amino TEMPOL conjugate, XJB-5-131
(MW 958.2), was further optimized to improve its physicochemical properties, resulting in
JP4-039 (MW 424.6) (Bernard et al., 2011; Frantz et al., 2011; Greenberger et al., 2012;
Skoda et al., 2012; Wipf et al., 2005). JP4-039 partitions preferentially into mitochondria,
resulting in enhanced drug efficiency vs. common antioxidants including TEMPOL (Bernard
etal., 2011; Goff et al., 2011; Greenberger et al., 2012).

To evaluate the radioprotective effect of JP4-039, we first utilized a mouse model of
radiation damage in which the shaved skin is selectively exposed to radiation with a limited
depth of penetration (Janko et al., 2012). This produces severe oxidative stress in the skin

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brand et al.

RESULTS

Page 3

and damage similar to that expected from the direct deposition of particulate fallout -
particles. The resulting B-burn is characterized by erythema early on followed by trans-
epithelial injury (moist desquamation), ulceration, and necrosis (Williams et al., 2010). In
this model, ROS generation in the skin exceeds that from UV exposure or fractionated
radiotherapy, and enables a stringent evaluation of strategies to prevent or mitigate skin
damage from oxidative stress (Azzam et al., 2012).

We initially sought to evaluate mitochondrial targeting and biologic activity of topically
applied JP4-039 in the skin using Electron Paramagenetic Resonance Spectroscopy (EPR).
EPR detects absorption of electromagnetic radiation by a sample containing one or more
unpaired electrons placed in a magnetic field of a defined frequency (Hawkins and Davies,
2014) and has been used to confirm XJB-5-131 and JP4-039 mitochondrial targeting in a
variety of cell lines and tissues (Epperly et al., 2010; Rajagopalan et al., 2009; Wipf et al.,
2005). EPR is well suited to determine the presence and distribution of EPR-active
therapeutic and mitigating agents in biological systems (Pristov et al., 2011). The presence
of an unpaired electron enables nitroxides to display a distinctive and characteristic triplet
signal that is proportional to the concentration present in the sample (Fink et al., 2007).

To confirm the effective targeting of JP4-039 to mitochondria in intact skin after topical
application, JP4-039 and TEMPO (Sigma) were formulated with a lipid carrier, formulation
F-14, at a concentration of 4 mg/ml and a drug to carrier weight ratio of 1:50 (w/w) (Goff et
al., 2011), and applied to the depilated backs of mice for 30 minutes. Cytosolic and
mitochondrial fractions were isolated from skin biopsies by differential centrifugation, and
electron paramagnetic resonance (EPR) was used to determine partitioning of JP4-039 (Roy
et al., 2009). In JP4-039 treated skin, the characteristic triplet EPR signal typical of the
JP4-039 nitroxide radical was present in the unfractionated skin homogenate and the
mitochondrial fraction, and absent in the cytosol (Fig 1a), consistent with preferential
mitochondrial localization. Quantification of EPR spectra and comparison of JP4-039 to
untargeted TEMPOL confirmed JP4-039 localization in the mitochondria, whereas TEMPO
was found principally in the cytosol (Fig 1b). Further, detection of the nitroxide signal by
EPR verified its biologic activity in these cells. To visually confirm the presence of JP4-039
in the mitochondria, JP4-039-Bodipy was synthesized (Bernard et al., 2011; Frantz et al.,
2013) and applied to mouse skin as described above. Skin sections (Fig 1c) and isolated
keratinocytes (Fig 1d) were labeled with Mitotracker Red-CMXROS and DAPI and
analyzed by confocal microscopy (600X). Merged samples confirmed the localization of
JP4-039-Bodipy in the mitochondria (Fig 1c,d).

In initial studies to assess the efficacy of skin protection, groups of mice were irradiated with
35 Gy and treated by topical application of JP4-039 or formulation alone 0.5, 24 and 48 h
after exposure, or left untreated. 21 days after irradiation, untreated and groups treated with
formulation alone (controls) demonstrated characteristic f-burns with severe desquamation
and ulceration at the irradiation site. In contrast, the skin of JP4-039 treated mice was intact,
with minimal erythema (Fig. 2a). To support this subjective clinical assessment of skin
damage, we evaluated skin function using two distinct quantitative measures. First, to
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quantitatively evaluate skin barrier function, we measured Transepidermal Water Loss
(TEWL). This non-invasive metric measures the rate of water evaporation from the skin
surface, with increasing TEWL values correlating to increasing compromise of the skin’s
barrier function (Bergeron et al., 2012; Brand and Jendrzejewski, 2008). Consistent with
clinical appearance, irradiated control groups demonstrated severe compromise in skin
barrier function. In contrast, JP4-039 treatment preserved skin barrier function at near
normal levels (Fig. 2b). As a second functional measure we evaluated leg extension.
Changes in leg contraction are a functional marker of increased collagen levels and fibrosis,
and damage is quantitated as the stretching differential between control and irradiated legs
(Stone, 1984). Irradiation reduces stretching capacity, as evidenced by greater differences in
extension between the treated and untreated legs of irradiated control mice, compared to
unirradiated mice (Fig 2c). Mice treated with JP4-039 demonstrated significantly less
contraction injury (Fig 2c). Consistent with this, histological assessment demonstrated that
JP4-039 treatment reduced collagen deposition in the skin (Fig. 2d), and dermal (Fig. 2e,f)
and epidermal thickening (Fig. 2e,g) typically associated with cutaneous radiation damage.
Similarly, JP4-039 significantly reduced the inflammatory infiltrate in the skin that is seen in
irradiated groups (Fig. 2e,h) and in radiation damaged skin in general (Flanders et al., 2002).

To directly evaluate the effects of radiation induced oxidative stress at the cellular and
molecular levels, mice were irradiated with 35 Gy, and then treated or not with JP4-039 or
formulation 0.5 h after irradiation. Mice were euthanized 4 h after irradiation and skin
harvested for analysis. Radiation induced inflammatory infiltrates were evident at this early
time point in irradiated control skin, but absent in JP4-039 treated skin (Fig. 3a,c). We
evaluated radiation induced apoptosis histologically by TUNEL assay and enzymatically by
caspase release (Yin et al., 2013). By both measures, JP4-039 significantly reduced
radiation-induced apoptosis (Fig. 3b,d,e), which was most pronounced in the epidermis
histologically (Fig. 3b). To directly measure the antioxidant effects of JP4-039, we compared
levels of glutathione (GSH), the most abundant antioxidant present in the skin, in irradiated
skin with or without JP4-039 treatment (Valacchi et al., 2012). Radiation significantly
depleted GSH levels in skin in untreated and formulation only treated skin, compared to
unirradiated controls (Fig. 3f). Irradiated skin treated with JP4-039 maintained GSH levels
observed in unirradiated normal skin, demonstrating the potent antioxidant capacity of
topical JP4-039 (Fig. 3f). Consistent with this antioxidant effect, JP4-039 treatment
significantly reduced oxidative stress induced DNA damage as measured by 8-oxoguanine
immunohistochemistry (Azzam et al., 2012; Cadet and Douki, 2011) (Fig. 3g).

Anatomic and physiologic differences between murine and human skin emphasize the
importance of human-tissue based preclinical modeling of potential radioprotective agents
before clinical trials. To this end, we have developed a human skin explant model comprised
of intact, living, and physiologically active human skin. These human skin organ cultures are
derived from normal freshly excised de-identified human skin and maintain their integrity
and viability in culture for more than 10 days. To evaluate radiation induced oxidative stress
and damage in human skin, skin explants were irradiated with 60 Gy, a dose that generates
substantial ROS and is equivalent to the cumulative exposure of patients undergoing
fractionated therapy for head and neck cancer (Liauw et al., 2013). Skin samples were
irradiated, treated or not 30 min later with formulation only or JP4-039, and then harvested
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for analysis after 24h of culture at 37 °C at the air-fluid interface. Representative histology is
shown for each of these 4 conditions (Fig. 4a). We evaluated radiation induced apoptosis
histologically by TUNEL and enzymatically by caspase release as described previously.
Apoptosis was substantial in irradiated untreated or formulation treated skin compared to
un-irradiated controls (Fig. 4b,d,e). Importantly, by both measures, treatment with JP4-039
significantly reduced radiation-induced apoptosis (Fig. 4b,d,e). To directly measure the
antioxidant effects of JP4-039, we compared levels of glutathione in irradiated skin with or
without JP4-039 treatment. As observed in the mouse models, radiation significantly
depleted GSH levels in skin in untreated and formulation treated skin, compared to un-
irradiated controls (Fig. 4f). Irradiated skin treated with JP4-039 maintained GSH levels that
were not significantly different from those found in un-irradiated normal skin, demonstrating
the potent antioxidant capacity of topical JP4-039 in human skin (Fig. 4f). Importantly,
JP4-039 treatment significantly reduced oxidative stress induced DNA damage as measured
by 8-oxoguanine immunohistochemistry in human skin (Fig. 4c,g). Further, while irradiation
resulted in substantial oxidative stress induced protein carbonylation (Azzam et al., 2012;
Doctrow et al., 2013; Yanagihara et al., 2013) in untreated and formulation treated skin,
JP4-039 protected proteins in the skin from oxidative damage as evidenced by the absence
of carbonylated proteins which remained at negligible un-irradiated baseline levels (Fig. 4h).
Taken together, these results demonstrate that JP4-039 applied topically to human skin
reduces apoptosis, preserves the skin’s antioxidant capacity, and protects the skin from
irreversible DNA and protein oxidation associated with severe oxidative stress.

In some applications, the capacity of a therapeutic agent to reverse or neutralize radiation
induced damage when administered well after the exposure event will be critical to its
efficacy (Singh et al., 2012). In the case of antioxidants, such mitigation of radiation damage
is feasible, as damage from oxidative stress is progressive and cumulative, and has even been
implicated in late tissue injury from radiation exposure (Azzam et al., 2012). To evaluate the
capacity of topical JP4-039 to mitigate skin damage from radiation induced oxidative stress,
we repeated our previous murine studies, but delayed JP4-039 application until 24h after
radiation. Specifically, groups of mice were irradiated with 35 Gy and treated by topical
application of JP4-039 or formulation alone 24, 48, and 72h after exposure, or left untreated.
Twenty one days after irradiation, untreated and formulation only controls again
demonstrated characteristic B-burns with severe desquamation and ulceration at the
irradiation site. In contrast, and as observed in the preventive setting, the skin of JP4-039
treated mice was intact, with minimal erythema (Fig. 5a). Consistent with clinical
appearance, irradiated untreated and formulation treated groups demonstrated severe
compromise in skin barrier function as measured by TEWL, while JP4-039 significantly
preserved skin barrier function, with treated groups having near normal skin barrier function
(Fig. 5b). Similarly, mice treated with JP4-039 demonstrated significantly less contraction
injury (Fig 5¢). As observed in the protection setting, histological assessment was consistent
with these functional results. JP4-039 treatment reduced collagen deposition in the skin (Fig.
5d), and dermal (Fig. 5e,f) and epidermal thickening (Fig. 5e,g) typically associated with
cutaneous radiation damage. Further, JP4-039 applied topically 24 h after irradiation
mitigated the inflammation present in the skin of irradiated control groups (Fig. 5h). By
these clinical, functional, and histologic criteria, JP4-039 applied topically 24 h after
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radiation exposure was as effective in mitigating skin damage from radiation induced
oxidative stress as it was in protecting the skin when applied within 30 min of radiation
exposure (Fig. 2).

DISCUSSION

UV and ionizing radiation induce cutaneous effects with clinical and mechanistic
similarities. In both cases, acute radiation induced skin injury results in alterations in the
epidermis and dermis that include erythema, impaired skin barrier function, inflammation,
and pigment changes. Late manifestations of radiation damage depend on the balance
between the magnitude of the initial insult and endogenous compensatory mechanisms, and
can range from telangiectasias and other manifestations characteristic of photoaging, to
fibrosis, ulceration, and carcinogenesis (Ryan, 2012; Sklar et al., 2013). Mechanistically,
both UV and ionizing radiation induce oxidative stress, inflammation, and direct DNA
damage including characteristic base pair deletions (Gordon-Thomson et al., 2012; Krishnan
and Birch-Machin, 2005; Peng et al., 2006; Zhao and Robbins, 2009). Radiation induced
ROS deplete skin antioxidants, disrupting the balance between naturally occurring pro and
anti-oxidants, eventually overwhelming the skin’s natural antioxidant capacity. Excess ROS
result in oxidation of lipids, carbohydrates, and proteins, and oxidative damage of DNA
primarily through 8-oxoguanine modifications that increase the frequency of spontaneous
mutations (Cadet and Douki, 2011; Svobodova and Vostalova, 2010; Tulah and Birch-
Machin, 2013; Yirmibesoglu et al., 2012). The direct and oxidative DNA damage generated
by both forms of radiation contribute to immunosuppression and reduce
immunosurveillance, in part through impairment of the antigen presenting capabilities of
dendritic cells present in the skin (Kripke, 2013; Ryan, 2012).

Mitochondria are particularly susceptible to damage from radiation induced oxidative stress.
Oxidative stress induced mechanisms activate the intrinsic mitochondrial apoptotic pathway
resulting in cell death. Radiation induced ROS damage mitochondrial proteins, a process
which is generally irreversible and is measured by the formation of carbonyl groups on
lysine, proline, arginine and threonine residues (Banfi et al., 2008; Pleshakova et al., 1998).
Mitochondrial DNA (mtDNA) located in the matrix attached to the inner mitochondrial
membrane is directly exposed to ROS. mtDNA is particularly susceptible to damage as a
result of a combination of factors including - an absence of introns that results in more than
95% coding sequences, the absence of protective histones, and the absence of nucleotide
excision repair mechanisms present in nuclear DNA (Tulah and Birch-Machin, 2013). Based
on this rationale, we reasoned that mitochondrial targeting of an electron scavenging agent
could potentially result in sufficiently high mitochondrial concentration of ROS scavengers
to prevent the oxidative stress damage cascade, thereby protecting mitochondria and
reducing radiation induced cell death.

We have previously shown that JP4-039, a gramicidin S conjugated nitroxide, is a potent
electron scavenging agent that displays significant affinity for the inner mitochondrial
membrane compared to common antioxidants, increasing its functional concentration in
mitochondria (Bernard et al., 2011; Goff et al., 2011; Greenberger et al., 2012).
Administered systemically, JP4-039 can improve survival of mice exposed to lethal ionizing
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radiation (Epperly et al., 2010; Goff et al., 2011). Here, we demonstrate the remarkable
potential of JP4-039 as a topical antioxidant. In both mouse and human skin, our results
demonstrate that topical JP4-039, applied at the time of radiation exposure (prevention) or
afterward (mitigation) significantly reduces the clinical manifestations of radiation induced
skin damage. We demonstrate that JP4-039 accumulates in the mitochondria of skin cells by
EPR and fluorescence measurements. Importantly, our studies systematically demonstrate
potent antioxidant effects at clinical, histologic, cellular and molecular levels. Topical
JP4-039 preserves the skin’s antioxidant capacity, as indicated by reductions in oxidative
stress driven GSH depletion. JP4-039 treatment reduces radiation induced ROS damage to
DNA reflected by reduced 8-oxoG modifications, and proteins as indicated by the absence
of protein carbonylation in treated skin. Overall, JP4-039 treatment results in a substantial
reduction in apoptosis in treated skin as measured histologically by TUNEL assay and
enzymatically by caspase assay. Other histologic evidence of effectiveness includes reduced
collagen deposition, reduction in epidermal and dermal thickening, and decreases in
inflammatory infiltrates. These observations correlate with clinical and functional measures
of effectiveness including reduction of dermatitis by image analysis, preserved barrier
function by TEWL measurement, and reduced fibrosis measured by leg extension.

Importantly, we demonstrated the effectiveness of topical JP4-039 under conditions of
radiation exposure that produce severe oxidative stress, even to the point of producing a -
burn. Under these conditions, levels of radiation induced ROS in the skin exceed those
caused by UV exposure or fractionated radiotherapy (Azzam et al., 2012). Further, in
addition to demonstrating the protective effects of topical JP4-039 in the skin of living mice,
we extended this analysis to demonstrate effectiveness in living human skin. As there are
distinct anatomic and functional differences between mouse and human skin, this human-
tissue based preclinical modeling critically supports the feasibility of future clinical trials.

Development of a topical antioxidant capable of protecting the skin from damage from
radiation induced oxidative stress would have broad applications for skin health. An
effective topical antioxidant could reduce the incidence of UV induced skin cancers and
prevent or delay photoaging. UVR induces carcinogenic DNA damage both directly by
induction of DNA photoproducts, and indirectly through absorption by non-DNA
chromophores that generate ROS responsible for oxidative DNA damage, including oxidized
DNA bases such as 8-oxo-guanine (Seebode et al., 2016). Further, UVA induced ROS
induces extensive protein oxidation, including potentially the inactivation of essential DNA
repair proteins. A recent study demonstrates that DNA repair, including nucleotide excision
repair, is inhibited by UVA induced ROS (McAdam et al., 2016). By reducing UVA induced
ROS, redox cycling nitroxides could help preserve nucleotide excision repair mechanisms,
preventing the accumulation of directly induced mutations. In addition to well established
links between UV induced oxidative stress and skin cancer, there is also an established link
between UVR induced ROS production, mtDNA damage, and skin aging that supports the
use of the mitochondrial targeted redox cycling nitroxides for the prevention or treatment of
photoaging (Anderson et al., 2014). In this context, it has been suggested that ROS induced
mtDNA damage in the skin could be a useful tool for screening therapeutic antioxidants
(Oyewole et al., 2014). The role of mitochondrial damage in UVR induced skin damage and
in diverse skin diseases (Feichtinger et al., 2014, Boulton et al., 2015) and the protective
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mechanisms of mitochondrial targeted antioxidants (Oyewole et al., 2015) have recently
been reviewed. Finally, it is important to note that there are currently no evidenced based
interventions to ameliorate radiation induced skin damage in the setting of radiotherapy
(Singh et al., 2016). Our results with JP4-039 suggest that topical antioxidants applied
before or during radiotherapy could reduce the incidence of radiation dermatitis, reducing
morbidity and improving therapeutic efficacy by reducing treatment interruptions and
enabling more effective treatment regimens. Taken together, studies presented here provide
strong support for future clinical trials designed to determine the therapeutic potential of
topical JP4-039 in these and related clinical applications.

Chemical synthesis and formulation

JP4-039 was synthesized in the laboratory of P. Wipf at the University of Pittsburgh as
previously described (Wipf et al., 2005) and dispersed in PBS with the help of a lipid carrier,
formulation F-14 (sesame oil: egg yolk phosphatidylcholine: tween 80: span 85 =
50:25:12.5:12.5 w:w), at a concentration of 2 mg/ml and a drug to carrier weight ratio of
1:50 (w/w) (Goff et al., 2011). A brief sonication with an energy output of 10 W was used to
reduce the particle sizes to approximately 250 nm. Control F-14 formulation was prepared
identically but contains no drug.

Irradiation procedure

Human skin

All C57BL/6NHsd mice were maintained in an AAALAC approved facility and were treated
according to the NIH Guide for the Care and Use of Laboratory Animals. Approximately
24h prior to irradiation the right rear leg of each mouse was shaved and the depilatory agent
Nair was applied to the bare skin. Three minutes after application the Nair was washed off
and the mice were allowed to recover. Approximately 5 min prior to irradiation, each mouse
was anesthetized by injecting 1.25 mg/kg of Nembutal. A 6 MeV electron beam from a
Varian 23EX linear accelerator was used to generate beta-irradiation burns. Irradiation was
conducted using a 25 cm x 25 cm applicator, a dose rate of 1000 MU/min and a source-to-
mouse skin surface distance of 100 cm. A specifically designed cutout with five 2cm x 2cm
openings, each separated from the other by solid cerrobend alloy, was fabricated to enable
five mice to be irradiated simultaneously. During irradiation, five mice were placed side-by-
side on a 3 cm thick bolus. The setup is such that only the shaved upper right rear leg of each
mouse is exposed to an irradiation field of 2cm x 2cm. All monitor units were calculated by
incorporating the appropriate applicator factor and cut-out factors such that the doses
delivered to mouse skin was 35 Gy. Control mice received sham irradiation. For prevention
studies 0.5, 24 and 48h after irradiation 50uL of the radio-mitigating agent JP4-039 or
formulation alone were topically applied to the skin. In a second study designed to test
mitigating capacities, the same quantity of JP4-039 was applied at 24, 48 and 72h post
irradiation.

explants

De-identified discarded freshly excised human skin samples were irradiated with 60 Gy as
described above and were cultured as raft cultures epidermal-side up on top of sterile
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stainless steel mesh screens (0.1 mm pore) placed inside 6 well plates containing serum-free
Aim V medium as previously described (Killeen et al., 2013; Larregina et al., 2001a;
Larregina et al., 2001b; Morelli et al., 2005). Skin explants were cultured sterilely at the
liquid air interface for 24h. Skin explants were irradiated as described. Thirty minutes after
irradiation 50uL of JP4-039 or formulation alone were topically applied to groups of skin
explants as detailed in the text.

EPR analysis of partitioning and distribution of nitroxides in the skin

Nitroxide partitioning of JP4-039 into subcellular compartments was determined with
electron paramagnetic resonance (EPR). Liposomes containing 4mg/mL of JP4-039 or
TEMPO (Sigma) were applied to the depilated backs of mice for 30 minutes. The skin was
thoroughly washed and skin biopsies were homogenized. To isolate subcellular
compartments by differential centrifugation the homogenate was centrifuged at 900xG for
10 min at 4 °C. The supernatant was then centrifuged at 10,000xG for 15 min at 4 °C and
collected as the cytosolic fraction. The pellet containing the mitochondria was then washed
gently with 2 mL PBS and centrifuged at 10,000xG for 4 min at 4 °C (Roy et al., 2009).

Subcellular fractions were mixed with dimethyl sulfoxide (DMSO) (1:1 v/v) and 2 mM of
potassium ferricyanide to convert nitroxides to EPR-detectable radical forms (23). EPR
measurements were made with a JEOL-RE2X EPR spectrometer (Jeol, Tokyo, Japan) with
the following settings: center field, 335.0 mT; sweep width, £5.0 mT; frequency, 9.4 GHz;
microwave power, 20 m\W; sweep rate, 0.23 min/mT; field modulation, 0.079; response time
0.1 sec. Using the signal magnitude and isolated volumes, the concentration of JP4-039 or
TEMPO were calculated for each sample (Wipf et al., 2005).

Visualization of JP-Bodipy in mitochondria

JP-Bodipy was synthesized as described previously (Bernard et al., 2011; Frantz et al., 2013)
and incorporated into liposomes as described earlier. Liposomes containing 4 mg/mL of
Bodipy conjugated JP4-039 were applied to the shaved backs of mice for 30 min, and skin
was processed and biopsied as described above. Skin was cultured in 50uM Mitotracker
Red-CMXROS (Life Technologies M-7512) for 30 minutes, frozen in OCT and cut in 8uM
sections. Samples were then fixed and nuclei were stained with DAPI prior to photographing
with confocal microscope (600X). Merged samples confirm localization of JP4-039-Bodipy
in the mitochondria. For isolated keratinocytes, the epidermis was isolated by incubating
skin dermal side down in 0.3% trypsin at 37 °C for 90 min, followed by manual
disaggregation. Epidermal cells were plated on a coated coverslip and allowed to attach for
24 h. After washing, cells were DAPI stained as described above.

Skin barrier function

TEWL measurements were determined with a VapoMeter ( SWL, Delfin Kuopio, Finland)
using the standard adaptor with an 11mm diameter opening as previously described (Brand
and Jendrzejewski, 2008). Data were normalized with the average reading at 35 GY set to
100% and from 0 GY control mice to 0% using GraphPad Prism (GraphPad, La Jolla, CA)
algorithm.
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Leg contracture

A jig was constructed that enabled accurate measurement of maximal leg extension for each
leg (Stone, 1984). Differential leg extension is defined as extension in the control leg minus
extension in irradiated leg, with a higher difference indicating greater damage.

Collagen deposition

Biopsy samples were placed in 10% formalin for 24 h, bisected along the longitudinal axis,
embedded in paraffin and cut into 5um sections. Relative collagen levels were assed using
Masson’s Trichrome staining. Slides were examined by a dermatopathologist for signs of
fibrosis.

Inflammation and damage

Apoptosis

Skin sections were evaluated for signs of inflammation and skin damage via hematoxylin
and eosin (H&E) stains, by measuring dermal and epidermal thickening and cellular
infiltrate using the methods described in Flanders et al (Flanders et al., 2002). For epidermal
thickness, 5 images were taken of each slide at 200X, starting with an area of interfolicular
acanthosis and photographing four adjacent fields. Epidermal thickness was measured from
the outer edge to the epidermal-dermal interface using Image J Software (NIH). Five
measurements were taken of each image and the 5 images were averaged to determine an
average for each slide. Dermal thickness was measured in a similar manner, except photos
were taken at 100X and distance from the dermal-epidermal junction and fatty layer were
obtained. Cellular infiltrate was determined by counting the number of cells in a 100,000
pixel area (400X) on each of five images per slide. An average of each of the five images
resulted in a single value per animal.

Paraffin embedded sections were analyzed by TUNEL assay (DermaTACS, Trevigen,
Gaithersburg MD) counterstained with Nuclear Red (Vector Laboratories, Burlingame CA).
Cell death was quantitated by photographing four consecutive fields. The percent of
apoptotic cells was determined by counting the number of epidermal blue apoptotic cells and
dividing by the total number of epidermal cells in the field. In addition to the histologic
assessment described above, we quantitatively evaluted apoptosis by measuring caspase-3
activity in the supernatant of homogenized tissue samples using the luminescence Caspase-
GloR 3/7 assay kit (Promega, Madison, WI). Three 6 mm punch biopsies were homogenized
in 300 pl of PBS+2mM EDTA and were centrifuged at 1000 g for 10 min. Results were
normalized to mg tissue for mouse skin and mg protein for human skin.

Oxidative stress

Glutathione (GSH) levels were estimated in supernatants from skin homogenates using
GSH —glo assay kit (Promega, Madison, WI). Results were normalized to mg tissue for
mouse skin and mg protein for human skin.

Carbonyl protein levels were determined using the OxyElisa kit (Millipore, #57250,
Billerica, MA). Homogenized skin protein concentration was determined by staining with
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coomassie. Oxyelisa plates were coated overnight at 4 °C with skin homogenate
supernatants diluted to a protein concentration of 0.025 ug/mL in Lysis Buffer. Oxyelisa
assay was performed following the Millipore protocol.

DNA damage was determined by assessing 8h-hydroxyguanosine by immunohistochemistry.
Slides were deparrafinized and rehydrated. Antigen retrieval was performed using sodium
citrate buffer and 0.1% trypsin according to manufacturer’s protocol (Abcam). Slides were
blocked, stained with Polyclonal Goat anti 8-Hydroxyguanosine primary antibody (Abcam,
ab10802), stained with Horseradish Peroxidase conjugated Rabbit anti-Goat 1gG (Abcam,
ab6741) and developed with 3,3" Diaminobenzidine (Dab) substrate kit (Abcam, ab64238)
according to manufacturer’s protocol with the exception of a 1 min incubation with the Dab.

Data were converted to % change from control which is defined as (Treated/Control — 1)
*100 and then presented as mean + s.e.m. Statistical differences were determined via 1 way
ANOVA followed by a Bonferonni Post-Test with p<0.05 set for statistical significance. All
calculations were performed using GraphPad Prism (GraphPad, La Jolla, CA).

Study Approval

All mouse experiments were approved by the University of Pittsburgh IACUC committee.
All human samples were procured in accordance with Declaration of Helsinki protocols and
University of Pittsburgh Institutional Review Board approval. Informed consent was
received prior to human tissue acquisition.
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Figure 1. Topical JP4-039 localizes to keratinocyte mitochondria
Whole skin homogenates and subcellular fractions were derived from mouse skin 30 min

after topical application of JP4-039 or Tempo. Typical EPR spectra of JP4-039 nitroxide
radical in unfractionated cell homogenates and mitochondrial and cytosolic subfractions are
shown (a). EPR spectra were used to quantitate levels of nitroxide radicals present in each
fraction in JP4-039 or Tempol treated skin (n=4) (b). JP4-039 bodipy treated intact skin (c)
and isolated keratinocytes (d) were labeled with Mitotracker Red-CMXROS and Dapi and
imaged by confocal microscopy. Merged images confirm localization of JP4-039-Bodipy in
the mitochondria (bar=10um. Statistical significance was determined using a t-test.
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Figure 2. Topical JP4-039 prevents skin damage from radiation induced oxidative stress
Mice were irradiated with 35 Gy and left untreated or treated topically with JP4-039 or

formulation alone 0.5, 24 and 48 h after irradiation. Shown are representative clinical
photographs 21 days post-irradiation are shown (a), skin barrier function determined with
TEWL (b), differences between extension of irradiated and non-irradiated legs (c) and
collagen fibers (d) (bar = 80um). Representative H&E stained sections are provided in (e)
with arrows delineating dermal and epidermal thickness (bar = 40um). Dermal (f) 100X) and
epidermal (g) thickness (200X) were measured. Infiltrating cells in 400X sections were
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counted (h). All data are presented as mean £ SEM (n=10-20). Statistical significance was
determined by ANOVA followed by a Bonferroni post-test set at p<0.05.

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuey Joyiny

1duosnuely Joyiny

Brand et al.

35GY

Page 18

0 GY

35GY + FORM

35GY+JP4-039

Tk

200 —p=00203 | d)

1duosnuepy Joyiny

1duosnue Joyiny

9 3 ; 2
2 150{ p=0.0144 o
g = 28
s 100 . g5
£ 50 M =
o ee M W o =
EE 04 ..- AAAAAA Yov @ E
oG a5GY cor® _(x3P
'5350‘-\-? 35(',‘(
€ 3 30 =0.0032 f) -
© —
S p=0.00001 A
5 ' i P
£ 200 - o6 g
g Ny a
| AW oS
@ ° T
& % ﬁ 0 50 v (o] ¢]
8 0 o o
N N ! \4 N N \4
[ CAIIPX T c) of xd 08" 250 of™ )
3356s(&? ,55(3‘( '53564-\'? 350‘(
9) 300
p=0.000001
& 2591 F—{p=0.0000003 |
S ©200 u
%a 150 - M
§§1oo Ty
= vy
50 [
()}

Figure 3. Topical JP4-039 prevents radiation induced cutaneous apoptosis, inflammation,
antioxidant depletion, and DNA damage

35 Gy irradiated mice were treated or not 0.5h after irradiation. Shown are representative
H&E sections 4 h after irradiation (bar = 40um) (a), quantified cellular infiltrates (b),
TUNEL stained sections (b) with positive cells staining blue and negative cells red (bar =
20um), quantification of TUNEL positive cells (d), and Caspase 3/8 levels determined in
homogenates (e). GSH levels were determined enzymatically from skin homogenates (f).
DNA damage was evaluated by 8-oxoguanine staining and expressed as percent positive
cells (g). Results are presented as % increase (((treated/untreated average)—1)*100). Data are
presented as mean + SEM (n=13-22). Statistical significance was determined by ANOVA
followed by a Bonferroni post-test with significance set at p<0.05.
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Figure 4. JP4-039 applied to human skin demonstrates potent antioxidant function and prevents
skin damage from radiation induced oxidative stress

60 Gy Irradiated human skin was treated topically with JP4-039 or not 30 min after
irradiation and harvested 24h later for analysis. Depicted are H&E stained sections (bar =
40um) (a), apoptosis as determined by TUNEL (b), percent positive TUNEL cells (d), and
Caspase 3/7 levels (e). GSH levels were determined enzymatically (f). DNA damage was
determined by 8-oxoguanine antibody (inset bar = 10um) (c), and percentage of positive
cells quantitated (g). Carbonyl protein levels were determined by ELISA (h). Data were
analyzed as described in Figure 3.
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Figure 5. Topical JP4-039 mitigates skin damage from radiation induced oxidative stress
Mice were irradiated with 35 Gy and left untreated or treated topically with JP4-039 or

formulation alone 24, 48 and 72h after irradiation. Representative clinical photographs from
21 days post-irradiation are shown (a). Changes in skin barrier function were determined
with TEWL (b). Differences between extension of irradiated and non-irradiated legs is a
functional measure of fibrosis (c). Collagen fibers identified with Masson’s Trichrome
staining (bar = 80um) (d). Representative H&E stained sections are provided in (e) with
arrows delineating dermal and epidermal thickness (bar = 40um). Dermal (f) (100X) and
epidermal (g) thickness (200X) were measured. Infiltrating cells in 400X section were
counted (h). Data were analyzed as described in Figure 2.
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