
Abstract. Background: Recent studies suggest that light in
the UVA range (320-400 nm) activates signaling pathways
that are anti-inflammatory, antioxidative and play a critical
role in protection against cancer. These effects have been
attributed to NF-E2-related factor (NRF2)-mediated up-
regulation of ‘phase 2’ genes that neutralize oxidative stress
and metabolize electrophiles. We had previously shown that
small doses of blue light (400-500 nm) had selective toxicity
for cultured oral tumor cells and increased levels of
peroxiredoxin phase 2 proteins, which led to our hypothesis
that blue light activates NRF2 signaling. Materials and
Methods: A431 epidermoid carcinoma cells were treated in
culture and as nude mouse xenografts with doses of blue
light. Cell lysates and tumor samples were tested for NRF2
activation, and for markers of proliferation and oxidative
stress. Results: Blue light activated the phase 2 response in
cultured A431 cells and reduced their viability dose
dependently. Light treatment of tumors reduced tumor growth,
and levels of proliferating cell nuclear antigen (PCNA), and
oxidized proteins. Discussion: Cellular responses to these
light energies are worth further study and may provide
therapeutic interventions for inflammation and cancer.

With wavelengths of 400-500 nm, visible blue light energy has
been used extensively in dentistry to activate polymerization

of adhesives and resin composites, with no documented
adverse patient effects. However, the effect of exposure to blue
light on cells and tissues is less well-defined. Until recently,
most research has characterized blue light–tissue interactions
from the stand-point of biological safety, particularly in the
skin and retina, where blue light-induced reactive oxygen
species (ROS) are suspected mediators of skin aging and age-
related macular degeneration (1-3). Several studies have
reported that blue light disrupts cellular processes such as
mitosis, mitochondrial function, and DNA integrity, and that
light-induced ROS probably mediate these effects as well (3-
5). More recent studies have begun to examine cell signaling
pathways that are modulated by light energy. Again, most of
them have focused on UV wavelengths, but some have looked
at energies in the visible light range. Many of these studies
suggest that light in the UVA range (320-400 nm) may activate
cytoprotective pathways that are both anti-inflammatory and
antioxidative (6), and which play a critical role in protection
against cancer. These effects are thought to be mediated
through activation of the redox-sensitive transcription factor,
NF-E2-related factor (NRF2), and subsequent up-regulation of
genes that serve to help neutralize oxidative stress and
metabolize electrophiles. 

NRF2 is a stress-responsive transcription factor that, under
normal conditions, is kept sequestered in the cytoplasm by an
inhibitor protein called Kelch-like ECH-associated protein 1
(KEAP1) (7-10). When bound to KEAP1, a multi-lysine-
containing alpha helix of NRF2 is available that may serve to
receive ubiquitin and thus target NRF2 for proteosomal
degradation (11). Therefore, much like p53, NRF2 is constantly
synthesized and degraded but can accumulate rapidly to
respond to stress conditions. One way that the stress response
is thought to be activated is via reactive cysteine residues on
both NRF2 and KEAP1 that can respond to oxidative stress by
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forming disulfides, resulting in major conformational shifts that
ultimately lead to NRF2 release and translocation to the
nucleus (12). Once in the nucleus, NRF2 complexes with small
musculoaponeurotic fibrosarcoma proteins and binds to
enhancer sequences called antioxidant response elements that
activate transcription of sets of genes whose products help to
neutralize ROS and metabolize xenobiotics (10, 13). These
genes, often called the phase 2 response genes, include the
enzymes for synthesis of glutathione, the peroxiredoxins, and
heme oxygenase 1 (HO1) (14, 15).

Evidence is mounting for a role of the phase 2 proteins in
governing inflammation, with an overlapping influence on
tumorigenesis. Nrf2-knockout mice have exaggerated responses
to inflammatory challenge (16, 17), and, in some tumorigenesis
models, also generate more tumors in response to tumor
initiator/promoter treatment (18, 19). NRF2 is activated by
many phytochemicals, and this activation has been shown to
reduce inflammation and tumor cell growth in many studies
(18, 20-22). Most likely this effect is due to cross-talk between
NRF2 transcriptional regulation and nuclear factor-kappa B
(NF-ĸB), a major pro-inflammatory transcription factor (21,
23). Up-regulation of NRF2 and HO1 results in down-
regulation of many pro-inflammatory cytokines and enzymes
that are regulated by NF-ĸB (24, 25). In addition, constitutive
NF-ĸB activation is often associated with tumors because it
also regulates production of several pro-proliferative and anti-
apoptotic proteins. Therefore, the NRF2-mediated phase 2
response is becoming a popular target for therapeutic
interventions that can simultaneously up-regulate the phase 2
proteins and down-regulate NF-ĸB-mediated signaling.

Our laboratory previously showed that small, discreet
doses of blue-violet light (380-500 nm) delivered from a
quartz-tungsten-halogen (QTH) dental curing light source
has selective toxicity for cultured oral tumor cells, with no
apparent toxicity for normal keratinocytes (26). No pre-
loaded photoactivator compound is used as in photodynamic
therapy, so this toxicity is a result of light treatment alone.
Our previous studies showed that blue light treatment
induced generation of ROS and enhanced apoptosis of oral
tumor cells in culture, and proteomics analysis revealed
significantly increased levels of peroxiredoxins in THP-1
monocytic cells in response to blue light exposure (26).
Together, these results led us to the present study in which
we examined whether blue light exposure activated NRF2
and induced phase 2 responses in an epidermoid tumor cell
line, A431, and whether light treatment of A431 tumor
xenografts had a therapeutic effect in a nude mouse model. 

Materials and Methods
Cell culture. The human epidermoid carcinoma cell line A431 was
chosen because of its propensity to produce tumors in nude mice
without metastasis. A431 cells were purchased from the American
Type Culture Collection (Manassas, VA, USA) and cultured

according to their recommendations in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma, St. Louis, MO, USA) supplemented with
10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml
streptomycin. Cells were cultured in a humidified, 5% CO2
atmosphere at 37˚C.

Blue light exposure. Blue light was delivered from a QTH dental
curing light (500 mW/cm2; VIP, Bisco, Schaumburg, IL, USA). This
light source is manufactured to deliver defined intraoral doses of
light with a 400-500 nm spectral output without significant UV or
infrared components (see Figure 1), at uniform energy densities.
Fiberoptic tips (6.4 mm and 15.6 mm diameter) were used to
uniformly treat cell cultures in a 96- or 24-well format, respectively,
at a distance of 7.5 mm from the medium surface. Light units were
calibrated prior to each experiment using a Demetron radiometer
(Kerr Corp., Orange, CA, USA).

Mice. Female nu/nu athymic mice (4-6 weeks old) were purchased
from the National Cancer Institute (Bethesda, MD, USA), housed
under sterile conditions and treated in accordance to Georgia
Regents University Institutional Animal Care and Use Committee
established guidelines, protocol approval number 06-05-819.

Nude mouse xenografts. Cultured A431 human epidermoid
carcinoma cells were injected subcutaneously at a density of
1.5×106 cells/100 μl sterile PBS into the abdomens of female
nu/nu athymic mice (n=10) and xenograft growth was monitored
daily. At day 12, mice were divided randomly into control and
light-treated groups (five mice each). Tumors from the light-
treated animals were exposed daily to 45 J/cm2 (90 sec) doses of
blue light delivered from a QTH dental light curing unit. Tumor
volumes were assessed at days 1, 3, 5, 8, and 12 post-light
treatment by caliper measurement. The tumor volume was
calculated as the width2×length/2 (mm3). Tumors were harvested
at day 23. Each tumor was divided into equal parts that were flash-
frozen or fixed in 10% neutral-buffered formalin. Flash-frozen
tumors were ground in liquid nitrogen and homogenized in lysis
buffer (1% SDS, 1.0 mM sodium orthovanadate, 10 mM Tris-HCl,
pH 7.4, and 2 mM EDTA). Fixed tumors were embedded in
paraffin and sectioned at 5 μm.

MTT assay. To determine mitochondrial activity/cellular viability of
light-treated A431 cells, succinate dehydrogenase (SDH) activity
was measured via the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method. A431 cell samples
were treated with 0, 15 or 45 J/cm2 doses of light from a QTH
dental light curing unit and were incubated for 24, 48 or 72 h. At
the appropriate time point, 2% MTT solution in 0.25 M sodium
succinate was added and formazan crystal formation was allowed
to proceed for 1 hour. Cells were then formalin fixed and solubilized
in dimethylsulfoxide, and formazan production was quantified by
absorbance spectroscopy at 562 nm. The SDH activity was
expressed as a percentage of untreated controls. 

Cell fractionation. Cytosolic and nuclear fractions were prepared as
described previously (27). Briefly, control and blue light-treated
A431 cells were washed with phosphate buffered saline (PBS) to
remove media components, resuspended in hypotonic lysing buffer
and left on ice for 15 min to lyse the cells. Nuclei were pelleted by
centrifugation and the cytosolic fraction (supernatant) was removed,
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diluted with an equal volume of 2× Laemmli’s sample buffer, flash
frozen and stored at −80˚C. The nuclear fraction was resuspended in
hypertonic buffer, left on ice for 30 min, then nuclear membranes
were pelleted by centrifugation at 16000 × g for 30 min.
Supernatant containing nuclear proteins was removed, diluted with
an equal volume of 2× Laemmli’s sample buffer, flash frozen and
stored at −80˚C. All samples were boiled for 3 min prior to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Western blot analysis. Western blot analysis was performed on
nuclear and cytosolic protein lysates prepared from A431 cells grown
in 24 well plates, exposed to 0, 15, or 45 J/cm2 of blue light and
harvested at 0.5, 1, 2, and 6 h post-light treatment. Additional
analyses were performed on tumor samples from flash-frozen A431
xenografts. Proteins were separated by 9% SDS-polyacrylamide gel
electrophoresis, transferred to polyvinylidene fluoride (PVDF)
membranes (Immobilon, EMD Millipore, Billerica, MA, USA) by
semi-dry electrophoretic transfer, and exposed to antibodies specific
for NRF2, NF-ĸB, and proliferating cell nuclear antigen (PCNA;
tumor samples only) (all from Santa Cruz Biologicals, Santa Cruz,
CA, USA), or HO1 (Enzo Life Sciences, Farmingdale, NY, USA). β-
Actin (Santa Cruz Biologicals) staining was used as a loading control.

Protein lysates prepared from flash-frozen tissues were used in
western blot procedures to assess cell proliferation (PCNA levels)
and generalized protein oxidation (OxyBlot Protein Oxidation Kit;
Chemicon International, Temecula, CA, USA) of 2,4-
dinitrophenylhydrazine (DNPH)-derivatized carbonyl groups.
Oxidized protein profiles were derived from tumor samples
derivatized with the DNPH compound, then separated by 12% SDS-
PAGE and transferred to PVDF membranes. The proteins were
probed with antibody to DNPH, and scanned with an Odyssey
infrared scanner (LI-COR Biosciences, Lincoln, NE, USA). Five
major oxidized proteins were selected and quantified in each
sample. These values were then averaged in control and light-treated
samples. Protein–antibody complexes were identified using Odyssey
imaging analysis (LI-COR). 

Statistics. Where two conditions were compared, differences
between groups were assessed using two-tailed Student’s t-tests,
with p<0.05 as the limit of significance. Where multiple groups
were compared, one-way ANOVA was used to determine significant
differences, with Tukey pair-wise post-hoc analyses used to identify
specific differences between pairs (α=0.05).

Results

Assessment of mitochondrial function. MTT assay results
indicated that blue light treatment reduced the viability of A431
epidermoid carcinoma cells in a significant and dose-dependent
manner (Figure 2). Our modified MTT assay procedure treated
the cells in a buffer containing only succinate as an energy
source. Therefore, this procedure was considered to primarily
measure SDH activity and is thus an indirect measure of
mitochondrial function. Mitochondrial activity was reduced by
low-dose exposure (15 J/cm2) by ~25% at 24 h and >50% by
72 h. Higher dose exposure (45 J/cm2) was even more
effective, reducing mitochondrial activity by >40% at 24 h and
progressing to nearly an 80% reduction by 72 h. 

Quantification and cellular localization of phase 2 proteins.
Treatment of A431 cells with 15 and 45 J/cm2 doses of blue
light resulted in dose-dependent changes in phase 2 protein
levels and cellular localization as measured by western blot
analysis of cytosolic and nuclear fractions harvested at 30
min, 1, 2, and 6 hours post-light treatment. A representative
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Figure 1. Spectral output of quartz-tungsten-halogen curing lights used
in this study (VIP, Bisco).

Figure 2. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay: Cellular viability estimated by mitochondrial succinate
dehydrogenase activity (MTT method), displayed as the percentage of
untreated controls (set at 100%) at 24, 48, and 72 h post-light treatment
(15 J/cm2 and 45 J/cm2 doses). Error bars indicate 1 standard deviation
(n=3). *Significantly different from the control (ANOVA, Tukey post-hoc
pair-wise comparison tests, α=0.05); ‡significant difference between
doses at each time point (two-sided Student’s t-test, p<0.05).



western blot of samples collected from a 45 J/cm2

experiment is shown in Figure 3. NRF2 was essentially
undetectable in control samples, but rapidly increased and
translocated to the nucleus by 30 min post light treatment at
both exposures levels. IR imaging quantification of specific
proteins showed that nuclear levels of NRF2 and its
downstream target, HO1, were increased significantly (6- and

50-fold, respectively) at 0.5-h post-light treatment, as
compared to untreated controls. Both remained elevated
throughout the 6-h time course, and increased to higher
levels with increased light dose (Figure 3). In contrast,
nuclear levels of the redox-sensitive transcription factor NF-
ĸB increased only slightly in response to light treatment
(approximately 2-fold) (Figure 3). 
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Figure 3. A: Western blot (representative of three replicate experiments) of A431 cytosolic (C) and nuclear (N) proteins harvested at 0, 0.5, 1, 2, or
6 hours post-light treatment (45 J/cm2). B: Quantification of band intensity of the nuclear lanes of the blot shown in A, normalized to actin loading
controls (Odyssey image analysis).



Growth of human A431 tumor xenografts. Growth of nude
mouse A431 xenografts was slowed once light treatment was
initiated (Figure 4). Tumor growth was essentially identical in
both groups throughout the first 12 days after A431 tumor cell
injection. Daily light treatment (90 sec=45 J/cm2) of half of
the tumors was initiated on day 12. Tumor volumes were
measured daily and averaged for control and light-treated
groups. By four days after initiation of light treatment (day
16), the average volume of the light-treated tumors was
significantly lower than that in the untreated controls (p<0.05)
and was still significantly lower at harvest (day 23) (Figure 4).

Proliferation marker in human A431 tumor xenografts.
Harvested tumors were divided evenly and either formalin
fixed or flash frozen and solubilized. These tumor samples
were then tested for a marker of cell proliferation. PCNA
levels were assessed by western blot analysis of flash-frozen
tumor samples (Figure 5). Normalized values of quantified
PCNA from each sample were added and the mean values of
control and light-treated samples were compared. PCNA
levels were reduced significantly in light-treated tumors
relative to untreated controls, suggesting a decrease in cell
proliferation (Figure 5). 

Oxidation of proteins was assessed using DNPH-derivatized
carbonyls. The level of protein oxidation was assessed in
flash-frozen tumor samples using DNPH derivatization of
carbonyl groups. Oxidized protein profiles yielded five major
oxidized proteins that were selected and relatively quantified
in each sample. Overall, protein oxidation was significantly
lower in the light-treated samples when compared to controls
(Figure 6).

Discussion

A431 cells exposed to blue light exhibited suppressed
mitochondrial function as indicated by MTT assay. This
effect was dosage dependent and was sustained over the 
72-h period after a single 30- or 90-second treatment.
Previous studies have reported that long-term exposure to
blue light has major effects on mitochondria of retinal
ganglia cells and results in cytochrome c release, apoptotic
protease activating factor 1 activation and induction of
apoptosis (28). Since hemes and flavins absorb blue light
most efficiently and many heme-/flavin-containing proteins
are concentrated in the inner mitochondrial membrane, it is
not surprising that blue light causes changes there. Changes
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Figure 4. Growth of human A431 epidermoid tumor xenografts in nude mice. Light treatment began on day 12 (arrow). Error bars indicate one
standard deviation (n=10). *Significantly different from untreated controls at each time point (two-sided Student’s t-test, p<0.05).



in mitochondrial membrane potential would also result in
release of ROS that could then activate the phase 2
response. Indeed, we detected rapid accumulation and
nuclear translocation of NRF2 and HO1 following light
treatment of A431 cells. The very rapid and robust
accumulation of nuclear HO1 was surprising. However,
there is evidence in other cell models that HO1 transcripts
accumulate and are very rapidly translated in response to
stress conditions. 

NF-ĸB is found constitutively in the nucleus of A431
cells, as is often the case for many tumor cell lines. NF-ĸB
target genes such as cyclin D and B-cell lymphoma 2 among
others are thought to provide pro-survival/anti-apoptotic
contributions to tumorigenicity (29). Importantly, light
treatment had relatively little effect on levels of NF-ĸB in the
nucleus, possibly allowing blue light-induced up-regulation
of nuclear NRF2 levels and target genes to interfere with 

NF-ĸB function and counteract its pro-tumorigenic effects.
Many previous studies have looked at the crosstalk between
NRF2 and NF-ĸB signaling pathways to identify areas where
NRF2 signaling has as an anti-inflammatory effect. Whereas
these studies have not yet provided definitive evidence of
direct NRF2–NF-ĸB interactions, some have shown that
NRF2 competes with NF-ĸB for co-activator proteins such
as p300 histone deacetylase (30), and thus may influence
activator efficiency indirectly.

Heme oxygenase is a major enzyme in heme metabolism
and produces breakdown products of biliverdin, iron, and
carbon monoxide. Carbon monoxide signaling has also
become a topic of much interest in recent years and may play
a role in the anti-inflammatory properties of HO1, as well as
in protection against photocarcinogenesis in response to
UVB exposure (31). In addition, heme oxygenase has been
reported to translocate to the nucleus and act as a
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Figure 5. A: Equal amounts of protein derived from control and light-treated A431 epidermoid tumor xenografts (n=5 mice each) were separated by
9% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a polyvinylidene fluoride membrane and exposed to antibody to
proliferating cell nuclear antigen (PCNA). B: Quantification of the bands of the blot shown in A (Odyssey image analysis). Data are the means; error
bars indicate one standard deviation. *Significantly different from untreated controls (two-sided, Student’s t-test, p<0.05).



transcriptional repressor of NF-ĸB-regulated target genes
(32) and may support NRF2-mediated anti-inflammatory and
anti-tumorigenic effects in this way.

Analysis of A431 xenografts showed that growth of light-
treated tumors slowed significantly. Evaluation of the PCNA
levels of control and light-treated tumors suggests a general

suppression of proliferation in response to blue light
treatment. Oxidation levels in light-treated tumors were
decreased overall, as would be expected with up-regulation
of the phase 2 antioxidant response. Reduction in ROS in the
light-treated tumors may serve to reduce the pro-proliferative
effects of oxidative stress (33).
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Figure 6. Protein oxidation analysis via dinitrophenylhydrazine (DNPH)-derivatized carbonyls (OxyBlot). A: Representative immunoblot of equal
amounts of DNPH-derivatized protein from tumor lysates separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins
containing oxidized carbonyl groups were identified via antibody to DNPH and quantified via Odyssey scanning and analysis. Arrows indicate 5
specific bands used for quantitation analysis. The negative control (−) was tissue lysate from normal mouse skin. B: Scanning results of each sample,
with the means of all groups in the far right set of columns. Error bars indicate one standard deviation (n=5). *Significantly different from untreated
controls (two-sided Student’s t-test, p<0.05).



In conclusion, this study showed that blue light activates the
phase 2 response in cultured epidermoid carcinoma cells and
reduces their viability in a dose-dependent fashion. This effect
translated to an in vivo xenograft model that showed decreased
tumor cell growth, proliferation, and oxidation levels in light-
treated tumors. These results suggest that cellular responses to
these light energies is worth further study and may provide
future therapeutic interventions for inflammation and cancer.
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