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A B S T R A C T   

Radiation therapy is a frontline treatment option for cancer patients; however, the effects of radiotherapy on non- 
tumor tissue (e.g. radiation-induced dermatitis) often worsen patient quality of life. Previous studies have 
implicated the importance of redox balance in preventing dermatitis, specifically in reference to modulation of 
the nuclear factor (erythroid-derived 2)-like 2 (NRF2) signaling pathway. Due to the cytoprotective functions of 
transcriptional target genes of NRF2, we investigated how modulation of NRF2 expression could affect DNA 
damage, oxidative stress, and cell viability in response to radiotherapy. Specifically, it was noted that NRF2 
knockdown sensitized human skin keratinocytes to ionizing radiation; likewise, genetic ablation of NRF2 in vivo 
increased radiosensitivity of murine epidermis. Oppositely, pharmacological induction of NRF2 via the apoc
arotenoid bixin lowered markers of DNA damage and oxidative stress, while preserving viability in irradiated 
keratinocytes. Mechanistic studies indicated that topical pretreatment using bixin as an NRF2 activator antag
onized initial DNA damage by raising cellular glutathione levels. Additionally, topical application of bixin 
prevented radiation-induced dermatitis, epidermal thickening, and oxidative stress in the skin of SKH1 mice. 
Overall, these data indicate that NRF2 is critical for mitigating the harmful skin toxicities associated with 
ionizing radiation, and that topical upregulation of NRF2 via bixin could prevent radiation-induced dermatitis.   

1. Introduction 

Radiation therapy (RT) is an indispensable treatment modality, with 
nearly 50% of cancer patients receiving RT at some point during the 
course of their illness [1,2] Mechanistically, exposure to ionizing radi
ation (IR) causes tissue damage due to free radical/reactive oxygen 
species formation, electrophilic genotoxic stress, and inflammatory 
signaling, ultimately triggering cancer cell death. However, as many as 
95% of patients receiving RT may experience collateral tissue damage as 
a result of IR exposure [3]. Specifically, IR-induced damage underlies 
several pathological hallmarks of radiation-induced dermatitis 
including erythema and desquamation, telangiectasia, keratinocyte 
DNA damage and apoptosis, sunburn-like inflammatory dysregulation, 
and fibrotic tissue remodeling [4–8]. Importantly, radiation-induced 
dermatitis significantly impairs quality of life among cancer patients 
and survivors, yet treatment options are currently inadequate. Presently, 

standards of care recommend aqueous creams, saline soaks, and limiting 
irritant exposure including solar radiation to lessen the burden of 
radiation-induced dermatitis [1]; however, these methods only reduce 
pain and do not prevent initial burden. Therefore, development of novel 
molecular strategies for improved prevention of radiation-induced 
dermatitis might promise to benefit cancer patients in the near future. 

The redox-sensitive transcription factor nuclear factor (erythroid- 
derived 2)-like 2 (NRF2) orchestrates major cellular defense mecha
nisms by transcriptional upregulation of Antioxidant Response Element 
(ARE) bearing genes involved in phase-II detoxification metabolism, 
glutathione synthesis, redox homeostasis, inflammation, and DNA repair 
[9,10]; thus, NRF2 has emerged as a promising molecular target for the 
prevention of tissue damage resulting from exposure to environmental 
electrophilic stressors (e.g. solar ultraviolet (UV) light and IR) [11–14]. 
Recent studies strongly suggest a protective role for NRF2-mediated 
gene expression in the suppression of cutaneous photodamage induced 
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by solar UV radiation, and NRF2 activation has been shown to protect 
cutaneous keratinocytes and fibroblasts against the cytotoxic effects of 
UVA and UVB [12,14–26]. Constitutive genetic NRF2 activation protects 
against acute photodamage and chronic photocarcinogenesis [27]; thus, 
pharmacological modulation of NRF2 has now attracted considerable 
attention as a novel approach for skin photoprotection [22,24,28,29]. 
Our own studies have substantiated the photoprotective effects of 
pharmacological NRF2 activation in cultured human skin cells, recon
structed epidermal skin, and murine exposure models, which can be 
attributed to NRF2-dependent upregulation of cellular glutathione level 
and antioxidant encoding genes (e.g. TXN, TXNRD1, SRXN1, PRDXs, 
GPXs, GCLC/GCLM (GCS)), upregulation of DNA repair enzyme 
encoding genes (e.g. OGG1, RAD51, TP53BP1), and increased skin bar
rier function through induction of structural components (e.g. LCEs, 
SPRP, KRT) [15,23–26,28,30,31]. Strikingly, NRF2 activation also oc
curs in response to exposure to IR, consistent with the crucial involve
ment of free radical/ROS formation in driving the oxidative and 
genotoxic stress that underlies IR-mediated tissue damage [32–37]. 
Therefore, we tested the feasibility of NRF2 activation for skin radio
protection in a preclinical model, with the ultimate goal of translating 
said findings to benefit cancer patients receiving RT. 

Extensive research has highlighted that induction of NRF2, and thus 
its cytoprotective target genes, can be utilized in therapeutic interven
tion to avert and/or repair damage to cells [38]. In prior studies, we 
have reported that the apocarotenoid bixin is a potent activator of the 
NRF2 signaling pathway in cultured human skin keratinocytes, that 
topical administration of bixin activates NRF2 with potent protective 
effects against solar UV-induced skin damage in SKH1 mice, and that 
bixin-induced suppression of photodamage is observable in Nrf2+/+ but 
not in Nrf2− /− mice, confirming the NRF2-dependence of bixin-based 
anti-oxidant/anti-inflammatory effects [25,26]. As there is a signifi
cant overlap between the cellular responses to nonionizing (e.g. UV 
light) and ionizing (e.g. γ-rays) radiation, as well as their cutaneous 
phenotypic outcomes (manifestation as sunburn or radiation-induced 
dermatitis, respectively), we pursued the hypothesis that topical appli
cation of bixin could prevent radiation-induced dermatitis. 

To test the feasibility of this novel therapeutic approach, we first 
examined if loss of NRF2 in vitro and in vivo sensitizes skin keratinocytes 
to IR. Second, we tested whether IR-associated damage could be miti
gated by pharmacological induction of the NRF2 signaling pathway via 
bixin treatment. Indeed, herein we show for the first time that topical 
application of the apocarotenoid bixin can suppress radiation-induced 
dermatitis via NRF2 induction in both in vitro and in vivo models. 

2. Materials and methods 

2.1. Cell culture 

Skin keratinocytes (HaCaT) cells were purchased from American 
Type Culture Collection (ATCC) and were cultured in DMEM with L- 
Glutamine 4.5 g/L glucose and sodium pyruvate (Corning Cellgro) 
supplemented with 10% fetal bovine serum (Gibco) and 100 units/mL 
pen strep. Cells were incubated at 37 ◦C with 5% CO2. For knockdown, 
control (Qiagen [1027281]) or NRF2 (NFE2L2) siRNA (Thermo Fisher 
Scientfic [s9493] and Qiagen [S100657937]) were incubated with 
serum-free DMEM with HiPerfect (Qiagen) for 20 min prior to addition 
to HaCaT cells (final concentration 40 nM); cells were irradiated 72 h 
later. 

2.2. Radiation 

All radiation exposure was carried out by the Experimental Mouse 
Shared Resource (EMSR) at the University of Arizona using an iso
centrically mounted external beam Co60 γ-source/teletherapy machine 
(Theratron, Atomic Energy of Canada limited (AECL). With the excep
tion of the comet assay (10–40 Gy) and animal experiments (20–30 Gy), 

requiring higher radiation doses for the induction of biologically rele
vant damage endpoints, all cells received 4 Gy radiation. 

2.3. Antibodies and reagents 

Antibodies were purchased from Santa Cruz Biotechnology (NRF2, 
GCS, GAPDH), Cell Signaling Technologies (p-p53, γ-H2AX), and 
Thermo Fisher Scientific (DAPI). Secondary antibodies conjugated with 
horseradish peroxidase (HRP) were purchased from Sigma. Secondary 
fluorescent antibodies (Alexa Fluor 594) were purchased from Invi
trogen. Bixin was obtained from Spectrum (CAS number: 6983-79-5) as 
previously described [26]. For animal experiments, bixin was dissolved 
in polyethelene glycol 400 (PEG400) (EMD Millipore). Thiazolyl Blue 
Tetrazolium (MTT) was purchased from Sigma and dissolved in 
phosphate-buffered saline (PBS). N-acetyl-L-cysteine (NAC) and D, 
L-buthionine-SR-sulfoximine (BSO) were obtained from Sigma, and 
tris(2-carboxyethly)phosphine hydrochloride (TCEP) was purchased 
from GoldBio. 

2.4. Immunoblotting and immunofluorescence 

For immunoblotting experiments, cells were collected in 1x Sample 
Buffer (50 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 
10% glycerol, 100 mM dithiothreitol [DTT], 0.1% bromophenol blue) 
and boiled for 10 min. Cells were then sonicated using the Bioruptor 
(Diagenode) for 20 min. Samples were run on a 7.5% SDS-PAGE gel, 
then transferred to a nitrocellulose membrane (Prometheus). Mem
branes were blocked in 5% milk for 1 h, prior to incubation with primary 
antibody overnight at 4 ◦C. Membranes were washed 4 times for 15 min 
in 1x PBS then incubated with secondary antibody for 1 h in 5% milk. 
Following secondary incubation, membranes were washed with PBS (6 
times, 10 min each), then developed using an enhanced chemilumi
nescent (ECL) horseradish peroxidase (HRP) reaction (Thermo Fisher 
Scientfic) and imaged by the Azure c600 (Azure Biosystems). 

At 1 h post radiation (either 10 or 40 Gy), comet assay was started as 
outlined previously [39]. However, image analysis was done in ImageJ 
using the OpenComet Plugin; values shown represent average tail 
moment from individual comets selected across multiple images [40]. 

For indirect immunofluorescence, HaCaT cells were grown on glass 
cover slips (Fisher Scientific) to 70–90% confluence in 35-mm plastic 
cell culture dishes. At 1 h post radiation or times specified in Fig 4A, cells 
were fixed on cover slips using ice cold methanol for 20 min, washed 
with PBS 3 times, then incubated with (γ-H2AX) antibody diluted in 
10% FBS in PBS for 1 h. Next, cover slips were washed 3 times in PBS, 
then incubated with a fluorescent secondary antibody (Alexa Fluor 594 
[rabbit]) diluted in 10% FBS in PBS for 1 h. Cells were then mounted to 
glass slides using antifade mounting medium and imaged. All images 
were taken using the Zeiss Observer.Z1 microscope using Slidebook 
4.2.0.11 computer software (Intelligent Imaging Innovations, Inc.). 

2.5. Cell viability 

Cell viability was detected using an MTT assay. In a 96 well, 20 μL of 
a 2 mg/mL MTT in PBS solution was added directly to the cell culture 
media and allowed to incubate for 2 h. Media was then removed and 
isopropanol/HCl was added to cells and absorbance was measured at 
570 nm via a SpectraMax iD5 Multi-Mode Microplate Reader (Molecular 
Devices). Confluence was determined via images taken by the IncuCyte 
(Essen Biosciences) and analyzed using ZOOM software (blue lines in 
images outline empty space); timepoints outlined in results/figure leg
ends. Cells were counted using a hemocytometer. 

2.6. Histology 

Briefly, after harvesting, skin tissues were fixed in 10% formalin and 
embedded in paraffin. Staining for both hematoxylin and eosin (H&E) 
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was done at 21–22 days post radiation, whereas GCS and γ-H2AX 
staining were performed at 1 h post radiation as described previously 
[26]. For both staining types, images were taken via a Nikon Eclipse 50i 
microscope using Nikon NIS Elements F 4.0 software. 

2.7. Electron paramagnetic resonance (EPR) 

EPR was performed as outlined previously [41]. Briefly, relative 
production of reactive oxygen species is represented as the nanomolar 
concentration of oxidized spin trap divided by the time of trap incuba
tion, then normalized to the total milligrams of protein per well. At 30 
min post radiation, cells were incubated with spin trap in the presence of 
metal chelators (200 μM CMH, 25 μM DF, and 5 μM DETC in filtered 
KREBS-HEPES buffer) (Noxygen) for 30 min prior to collection and 
measurement. Cells were harvested in 1x RIPA buffer (10 mM sodium 
phosphate [pH 7.2], 150 mM NaCl, 1% sodium deoxycholate, 2 mM 
EDTA, 0.1% SDS, 1% NP-40), and protein concentration was determined 
via BCA kit. Mouse skin was collected 1 h post radiation and relative 
levels of reactive oxygen species were determined as described above. 

2.8. Glutathione-Glo assay 

Glutathione levels were detected 24 h post pharmacological modu
lation [bixin (40 μM), NAC (500 μM), BSO (1 mM), or a cotreatment of 
bixin and BSO] and/or genetic modulation [NRF2 siRNA] using a GSH- 
Glo assay kit (Promega) as per the manufacturer’s protocol including the 
use of TCEP (1 mM). 

2.9. Image analysis, quantifications, and statistics 

Results are normalized to their respective controls. All image anal
ysis was carried out using ImageJ software (NIH). Densitometry and 
erythema of mouse backs were measured via pixel density across an 
equal area of measurement. Epidermal thickness was measured via 
comparison to scale bars spanning the stained epidermis. A significant 
value was determined using t-test and is indicated by an ‘*’ and repre
sents a p value of <0.05; no significance is indicated by use of ‘n.s.’. All 
values are represented as the mean ± Standard Error of the Mean (SEM). 

2.10. Animal work 

All animal studies in the manuscript were carried out in accordance 
with the recommendations of the Guide for the Care and Use of Labo
ratory Animals and protocols were approved by the University of Ari
zona Institutional Animal Care and Use Committee. For knockout 
experiments, SKH1 Nrf2+/+ and SKH1 Nrf2− /− , between 8 and 12 weeks 
old, were irradiated with 20 Gy of radiation. Mice were placed in a 
manner where only the back skin was exposed to radiation, while the 
remainder of the body was protected via lead blocks. Post radiation mice 
were monitored and imaged for 22 d prior to sacrifice and collection of 
skin tissue for staining. For bixin experiments, SKH1 Nrf2+/+ mice be
tween 8 and 12 weeks old were randomly allocated into either control 
(PEG400) or treatment [1% bixin in PEG400 (w/w)] groups. Mice 
received topical treatment 48 and 24 h prior to 30 Gy radiation exposure 
to the back skin exclusively. Mice were monitored and imaged for 21 
d post radiation and then sacrificed for skin collection. 

3. Results 

3.1. Genetic ablation of NRF2 sensitizes skin to IR-induced dermatitis in 
vivo 

First, to evaluate the role of NRF2 in the response to radiotherapy in 
vivo, we generated an SKH1 Nrf2− /− hairless mouse and monitored 
radiation-induced dermatitis, a phenotypic indicator of post-irradiation 
skin damage, in irradiated Nrf2+/+ and Nrf2− /− mice. Nrf2+/+ and 

Nrf2− /− mice received 20 Gy of γ-radiation specifically to the back and 
were monitored for the next 22 days (Fig. 1a). Images were taken 
starting at d 10 coinciding with the appearance of dermatitis. Our results 
show that Nrf2− /− mice developed a severity of radiation-induced 
dermatitis that surpassed that of Nrf2+/+ SKH1 mice, with knockout 
mice exhibiting a 2-fold increase in erythema over the 22 day observa
tion period as compared to their wildtype counterparts (Fig. 1b–c). At 
d 22, mice were sacrificed and skin was collected and subjected to he
matoxylin and eosin (H&E) staining to assess epidermal thickening, an 
indicator of actinic skin damage; Nrf2− /− mice had an approximately 10 
μm (~4.5-fold) thicker epidermis than Nrf2+/+ mice (Fig. 1d–e). These 
data support a protective role for NRF2 in mitigating radiation-induced 
dermatitis, as loss of NRF2 enhances the inflammation and epidermal 
thickening caused by IR in vivo. 

3.2. Loss of NRF2 sensitizes skin keratinocytes to IR-induced damage 

Next, the effects of NRF2 status on radiation-induced dermatitis in 
vitro were assessed using an siRNA-based knockdown approach and 
subsequent measurement of sensitization of skin keratinocytes (HaCaT 
cells) to IR-induced cell death. Numerous prior studies have used HaCaT 
skin keratinocytes as a valid cellular model to study cutaneous effects of 
ionizing radiation [42–47]. Specifically, at 24 h post radiation, cell 
confluence decreased approximately 20% in NRF2 knockdown HaCaT 
cells (Fig. 2a–b). The loss of viable cells was further confirmed using an 
MTT assay, which indicated that at 24 h post radiation, viability 
decreased by approximately 30% (Fig. 2c). Next, the modulatory role of 
NRF2 on the DNA damage response following IR was assessed; to this 
end, DNA double strand breaks were detected via examining γ-H2AX 
foci formation in irradiated HaCaT cells post siRNA knockdown of NRF2 
(Fig. S1). As expected, 1 h post exposure, foci formation increased 
~5.5-fold in irradiated control cells; however, knockdown of NRF2 
increased foci formation nearly 8-fold compared to the non-irradiated 
control (Fig. 2d–e). Furthermore, knockdown of NRF2 enhanced acti
vation of the IR-induced cellular DNA repair response as evidenced by 
an approximately 10-fold increase in p-p53 levels compared to an only 
~6-fold increase in wildtype cells (Fig. 2f–g). To measure genotoxic 
stress, genomic integrity was assessed by alkaline gel electrophoresis 
(comet assay). At 1 h post radiation exposure, there was an approxi
mately 2-fold increase in tail moment in NRF2 knockdown irradiated 
HaCaT cells as compared to control (Fig. 2h–i). Based on the established 
role of ROS in causing DNA damage in response to IR, and the known 
involvement of NRF2 in antagonizing ROS formation, the effect of NRF2 
deficiency on sensitizing irradiated cells to formation and turnover of 
free radicals was assessed via electron paramagnetic resonance (EPR) 
spin trapping. As expected, loss of NRF2 itself in nonirradiated cells 
increased free radical levels slightly; however, when irradiated, these 
cells displayed nearly a 2-fold increase in ROS levels at 1 h post radiation 
(Fig. 2j). Overall, these data indicate that loss of NRF2 expression sen
sitizes skin keratinocytes to IR by increasing lethal DNA damage and 
ROS production. 

3.3. Pharmacological induction of NRF2 protects skin keratinocytes from 
IR-induced damage 

Next, after observing that loss of NRF2 sensitized skin to IR, the ef
ficacy of pharmacological activation of NRF2 in protecting non-tumor 
tissue from the effects of radiotherapy was tested in HaCaT cells. 
Following our previous prototype studies, bixin, a potent topical NRF2 
inducer with pronounced solar photoprotective activity when applied to 
mouse skin, was selected to assess IR-directed radioprotective efficacy of 
NRF2 modulation. Cell viability, DNA damage response, and ROS levels 
were measured as a function of bixin-dependent radioprotection. Our 
results demonstrate that bixin pretreatment significantly attenuated cell 
death 6 d post radiation (Fig. 3a–b). Additionally, bixin pretreatment 
prevented cell death over an extended period of time (up to 10 d post 
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radiation exposure), as bixin treatment prevented the approximately 
40% decrease in cell viability observed in untreated irradiated cells 
(Fig. 3c). While IR increased γ-H2AX foci formation approximately 6- 
fold in untreated HaCaT cells, pretreatment with bixin attenuated foci 
formation by more than 50% (Fig. 3d–e). Additionally, immunoblot 
analysis indicated that bixin-mediated induction of NRF2 attenuated IR- 
induced upregulation of p-p53 levels as compared to controls (Fig. 3f–g). 
Furthermore, bixin pretreatment suppressed IR-induced impairment of 
genomic integrity as assessed by comet analysis (Fig. 3h–i); likewise, IR- 
induced ROS formation was attenuated by bixin pretreatment (Fig. 3j). 
Overall, these data indicate that bixin-induced NRF2 activation atten
uates IR-damage in cultured human keratinocytes. 

3.4. Induction of NRF2 suppresses an early IR-induced keratinocyte 
genotoxic stress response 

As NRF2 regulates a wide array of target genes that are involved in 

DNA repair, but also key redox defense systems, our further examination 
focused on mechanisms that might contribute to NRF2-control of cuta
neous radiation damage [9]. First, occurrence of IR-induced γ-H2AX foci 
was examined, demonstrating that number of foci per cell was signifi
cantly suppressed in cells pretreated with bixin compared to untreated 
cells, an observation applicable to the entire time course of the experi
ment (Fig. 4a–b). Additionally, bixin pretreatment affected the DNA 
damage response in irradiated HaCaT cells, as p-p53 levels were sup
pressed throughout each timepoint post radiation in bixin pretreated 
cells compared to control cells receiving IR (Fig. 4c). Furthermore, 
quantitative immunoblot analysis indicated a pronounced attenuation of 
IR-induced p-p53 levels as a result of bixin treatment up to 240 min post 
radiation (Fig. 4d). To examine if an NRF2-dependent increase in 
cellular glutathione (GSH) levels could contribute to radioprotection, 
GSH levels following bixin or NAC preincubation were assessed in 
HaCaT cells transiently transfected with either control or NRF2 siRNA. 
After 24 h exposure, GSH levels increased approximately 1.5-fold in 

Fig. 1. Genetic ablation of NRF2 sensitizes skin to radiation-induced dermatitis in vivo. (a) Scheme indicating experimental timeline of radiation, images taken, 
and sacrifice of animals. (b) Dorsal images of SKH1 Nrf2+/+ and Nrf2− /− mice at 0, 10, 13, 16, 19 d post radiation (20 Gy). (c) Quantification of dorsal erythema from 
(b) (n = 3). (d) At 22 d post radiation, mice were sacrificed, and back tissue was harvested and subjected to staining (scale bar represents 10 μm). (e) Using images 
from (d) epidermal thickness was quantified (n = 6); (*p < 0.05). 
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both bixin and NAC treated control siRNA skin keratinocytes; however, 
when NRF2 was knocked down, bixin was unable to increase GSH levels 
relative to control whereas NAC maintained its ability to elevate GSH 
(Fig. 4e). To further explore if the protective effects of bixin occur 
through the NRF2 signaling pathway impacting cellular oxidative stress, 
IR-induced ROS levels were measured following NRF2 knockdown plus 
bixin pretreatment. While bixin was able to reduce ROS levels following 
radiation in control siRNA transfected HaCaT cells, the ability of bixin to 
attenuate ROS levels was lost when NRF2 was knocked down (Fig. 4f). 
Further confirmation of NRF2-dependent protective effects of bixin was 
obtained by assessment of viability and DNA damage (Fig. S2). 
Furthermore, the protective effects of bixin were predominately attrib
uted to increased GSH levels as BSO, a pharmacological inhibitor of GSH 
synthesis, prevented bixin protection of skin keratinocytes against 
radiation-induced DNA damage (Fig. S3). Thus, bixin-dependent upre
gulation of NRF2 leading to increased cellular GSH levels might be 
involved in diminishing initial DNA damage inflicted by IR-induced 
ROS. 

3.5. Topical application of bixin prevents radiation-induced dermatitis 

Next, to test if pharmacological induction of NRF2 could prevent 
radiation-induced dermatitis in vivo, topical application of bixin, an 
established NRF2 inducer known to activate the pathway in murine skin, 
was employed. To this end, wildtype SKH1 (Nrf2+/+) mice received 
topical application of either PEG400 (control) or bixin to skin 48 and 24 
h prior to 30 Gy radiation exposure to the back (Fig. 5a). Images taken at 
7 d were used as a baseline control because no dermatitis had yet 
developed; however, at 10, 13, and 16 d post radiation severity of ery
thema was increased up to 3-fold in control mice compared to bixin- 
pretreated mice (Fig. 5b–c). When mouse skin was examined at d 21, 
histochemical analysis indicated a ~4-fold epidermal thickening 
observable in carrier-treated versus bixin-treated mice (Fig. 5d–e). 
Additionally, in an independent acute exposure model (30 Gy), at 1 h 
post IR, an increased γ-H2AX nuclear staining was detectable in control 
epidermis, consistent with radiation damage-induced DNA strand 
breaks, that was attenuated by bixin-pretreatment (Fig. 5f). 

Fig. 2. Loss of NRF2 sensitizes skin keratinocytes to IR-induced damage. HaCaT cells were transiently transfected with either control or NRF2 siRNA for 72 h 
prior to radiation (4 Gy). (a) Representative images of cell confluence at 24 h post radiation, which were quantified in (b) (n = 8). (c) At 24 h post radiation viability 
was tested via MTT assay (n = 8). (d) To assess DNA damage, indirect immunofluorescence analysis was done on HaCaT cells 1 h post radiation for γ-H2AX (scale bar 
represents 10 μm) (inset shows magnified nuclei). (e) Number of γ-H2AX foci was quantified from the images in (d) (n = 3 images). (f) Immunoblot analysis showing 
DNA damage marker (p-p53) protein levels 1 h post radiation that was quantified in (g) (n = 3). (h) DNA damage as assessed via comet assay 1 h post radiation (10 
Gy) that was quantified in (i) (n = 3–6 images). (j) Reactive oxygen species levels as measured 1 h post radiation via electron paramagnetic resonance spectroscopy 
(n = 3); (*p < 0.05). 
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Furthermore, in this experiment, immunohistochemical staining anal
ysis indicated that at 1 h post radiation, both irradiated and nonirradi
ated bixin pretreated skin had increased GCS levels, compared to control 
treated mice (Fig. 5g). This indicates that pretreatment with bixin pro
motes upregulation of NRF2 target gene expression to confer protection 
from radiation. It should be noted that in the context of this analysis skin 
tissues were harvested 1 h after IR-exposure, and therefore, at the time 
point, while γ-H2AX reaches a peak, NRF2 and its target genes are not 
yet expected to be notably induced by radiation. 

As an independent measure of cutaneous free radical and ROS 
burden, EPR spin trapping was performed using skin tissue harvested 1 h 
post radiation (Fig. 5h). Indeed, quantitative comparison of spin trap 
EPR-signal intensity indicated that skin from bixin-pretreated mice 
displayed reduced ROS levels (~2-fold attenuation of signal intensity) as 
compared to irradiated control skin. Overall, these murine experiments 
suggest that topical application of bixin could serve as a protectant 
against IR-induced cutaneous damage. 

4. Discussion 

The concept of NRF2-directed topical radioprotection and preven
tion of radiation-induced dermatitis has remained largely unexplored 
[1,33–37,48–50]. Herein, we have elucidated the critical role that NRF2 
plays in mitigating IR-induced damage and tested the efficacy of topical 
application of bixin to negate the effects of RT in non-tumor tissue, 
specifically radiation-induced dermatitis. Building on its excellent safety 
record as an FDA-approved food additive, bixin has demonstrated 
antigenotoxic and antioxidant cytoprotective activities, and topical use 
of bixin has been shown previously to display anti-inflammatory activity 
and enhance skin wound healing [25]. Bixin as an experimental NRF2 
inducer is of particular interest because of its water solubility, lack of 
provitamin A activity, and impressive safety record as documented 
extensively in mice and humans [28,51–55]. Importantly, bixin ADI 
(acceptable daily intake) over a lifetime without an appreciable health 
risk surpasses that of any other carotenoid approved as a food additive 
[56]. Interestingly, other prior studies have presented experimental 
evidence that NRF2 activators may protect against radiation-induced 
dermatitis; however, these studies utilize synthetic triterpenoid NRF2 

Fig. 3. Pharmacological induction of NRF2 protects skin keratinocytes from IR-induced damage. HaCaT cells were treated with 40 μM bixin (24 h) prior to 
radiation (4 Gy). (a) Representative images of cell confluence 6 d post radiation that were quantified in (b) (n = 3). (c) Cell viability measured via MTT at 10 d post 
radiation (n = 5–6). (d) Images of γ-H2AX foci measured via indirect immunofluorescence analysis 1 h post radiation (scale bar represents 10 μm) (inset shows 
magnified nuclei). (e) Quantification of foci per cell from (d) (n = 3 images). (f) Immunoblot analysis of DNA damage marker (p-p53) at 1 h post radiation; quantified 
in (g) (n = 3). (h) Comet images 1 h post radiation (40 Gy). (i) Quantification of tail moment from (h) (n = 3–4 images). (j) Reactive oxygen species as detected 1 h 
post radiation using electron paramagnetic resonance spectroscopy (n = 3); (*p < 0.05). 
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activators, whereas in our study we repurposed an FDA approved food 
and cosmetic additive [37,49]. In our own studies, bixin was identified 
as the result of a screen for diet-derived small molecule NRF2 activators 
targeting oxidative stress and redox dysregulation in epithelial cells [15, 
24,26,28,57,58]. This current research examines for the first time the 
efficacy of bixin-based topical activation of cutaneous NRF2 for skin 
radioprotection and suppression of radiation-induced dermatitis. Addi
tionally, the use of our established genetic mouse model unequivocally 
demonstrates mechanistic involvement of topical NRF2 activation in 
bixin-based skin radioprotection, paving the way toward translational 
development of this FDA-approved phytochemical. 

Overall, this study demonstrates that modulation of NRF2 is a critical 
determinant of the cutaneous IR response. Specifically, genetic ablation 
of NRF2 worsens radiation-induced dermatitis in vivo, suggesting that 
NRF2 is necessary to combat the toxicities of radiotherapy (Fig. 1). 
Moreover, genetic downregulation of NRF2 renders skin keratinocytes 
sensitive to DNA damage, oxidative damage, and IR-induced cell death 
caused by radiotherapy (Fig. 2). Oppositely, pretreatment of skin kera
tinocytes with bixin lowered initial DNA damage, ROS, and cell death 
caused by radiation, thus suggesting the protective effects of NRF2 in
duction in skin (Fig. 3). Specifically, the results demonstrated that bixin 
pretreatment increased GSH levels and lowered overall DNA damage 
response following IR exposure (Fig. 4, S2, S3); thus, the NRF2 

dependent radioprotective effects observed in our experiments may be 
attributed to antioxidant modulation antagonizing oxidative damage 
associated with IR. Remarkably, topical application of bixin was effec
tive at preventing collateral skin damage that occurs as a consequence of 
IR exposure, mitigating IR-induced ROS levels and epidermal thickening 
in vivo (Fig. 5). By reducing dose limiting cutaneous toxicity, topical 
bixin application might not only increase patient quality of life but may 
also allow the utilization of a higher dose regimen improving thera
peutic outcome of RT. In addition to substantiating radioprotection, 
these data are of further clinical relevance as increased ROS levels are 
associated with several other complications, including secondary cancer 
development, thus, negation of ROS via NRF2 induction supports the 
therapeutic potential of bixin [59]. While our data indicate that loss of 
GSH is critical in mediating the IR-induced DNA damage response 
(Fig. S3), IR can also have a non-ROS dependent genotoxic effect; NRF2 
control of DNA repair factors is well substantiated, and future consid
erations should therefore explore the specific role of NRF2 upregulation 
in facilitating DNA repair following IR exposure [9]. 

Interestingly, studies have shown that systemic upregulation of 
NRF2 can be radioprotective [60], while our own previous work has 
indicated that bixin can upregulate NRF2 systemically causing skin 
photoprotection [28,61]. However, in the context of this study, topical 
bixin administration seems preferable as it could limit NRF2 induction 

Fig. 4. Induction of NRF2 suppresses an early IR-induced keratinocyte genotoxic stress response. (a) Images of indirect immunofluorescence analysis of 
γ-H2AX at 0, 30, 60, 120, or 240 min post radiation in HaCaT cells treated with bixin (24 h) prior to IR exposure (4 Gy) (scale bar represents 10 μm) (inset: magnified 
nuclei). (b) Quantification of γ-H2AX foci per cell from (a) (n = 3 images). (c) Immunoblot analysis of p-p53 in HaCaT cells at 0, 30, 60, 120, and 240 min post 
radiation with and without bixin pretreatment. (d) Densitometry analysis of (d) (n = 3); (*p < 0.05). (e) Total glutathione levels in HaCaT cells at 72 h post siRNA 
(control or NRF2) transfection with bixin or NAC treatment (24 h) prior to measurement (n = 3). (f) Reactive oxygen species were measured 1 h post radiation in 
HaCaT cells that were transfected with siRNA 72 h prior to radiation and treated with bixin (24 h) prior to radiation (n = 3). 
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to the skin, thus minimizing NRF2 modulation throughout the body, and 
ultimately maintaining the desired sensitivity of specific tissues to 
radiotherapy [62–64]. While IR effects on cultured and epidermal ker
atinocytes are the primary focus of these experiments, the role of in
flammatory factors including immune cell infiltration and response, all 
of which might be subject to modulation by NRF2, deserves further 
studies as it was not addressed in this prototype investigation. Future 
work should focus on the systemic upregulation of NRF2 as a 
whole-body protectant against IR, with particular observance of the 
resistance of cancer cells with and without pharmacological NRF2 
activation. As tumors with constitutively active NRF2 should be unre
sponsive to NRF2-inducing pharmacological intervention, systemic 
administration of bixin could serve as a whole-body protectant against 
IR without further desensitizing the tumor to RT. Thus currently, mod
ulation of NRF2 levels continues to have a context- and 
temporal-dependent relationship in cancer treatment [65]. 

Taken together, our data make a link between the cytoprotective 
effects of bixin and mitigation of radiation-induced dermatitis. As NRF2 
is a crucial factor in redox homeostasis and cell survival, we suggest that 
by upregulating NRF2 via bixin prior to IR exposure, we can lower initial 
DNA damage and ROS levels in the cell, ultimately preventing cell death. 
Our in vivo data provides stark evidence that modulation of the NRF2 
signaling pathway correlates with radiation-induced dermatitis. We are 
the first to establish that bixin, an FDA-approved food additive, acts as a 
radioprotectant against IR in skin. Due to its limited off-target effects 
and high ADI, topical bixin may represent a promising translational 
approach to mitigate radiation-induced dermatitis that might benefit 
cancer patients receiving RT. 
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Fig. 5. Topical application of bixin prevents radiation-induced dermatitis. (a) Scheme of timeline indicating that SKH1 mice received topical dorsal application 
of either PEG400 (control) or 1% bixin (w/w) 48 and 24 h prior to radiation exposure (30 Gy). Images were taken of animals 7, 10, 13, 16 d post radiation, prior to 
sacrifice and tissue collection (d 21). (b) Dorsal images of SKH1 mice (7, 10, 13, 16 d post radiation). (c) Quantification of erythema of images in (b) (n = 5). (d) 
Representative images (d 21 post radiation) of back tissue subjected to H&E staining (scale bar: 10 μm). (e) Images from (d) were analyzed using ImageJ determining 
epidermal thickness (n = 3). At 1 h post radiation, irradiated and nonirradiated skin was harvested for IHC staining of (f) γ-H2AX and (g) GCS (scale bars represents 
20 μm). (h) At 1 h post radiation, skin was harvested from the backs of mice and reactive oxygen species were measured via electron paramagnetic resonance 
spectroscopy (n = 3); (*p < 0.05). 
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