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Abstract

Objective: The purpose of this study was to investigate whether low-level light therapy (LLLT) was capable of
modulating expression of ultraviolet (UV) light-responsive genes in vivo. Materials and methods: The effects
of 670 nm light- emlttmg diode (LED) array irradiation were investigated in a hairless SHK-1 mouse epldermls
model. Mice were given a single dose of UVA/UVB light, or three doses of red light (670nm @ 8 mW/cm” x
312 sec, 2.5 J/em? per session) spread over 24 h along with combinations of pre- and post-UV treatment with red
light. Levels of 14 UV-responsive mRNAs were quantified 24 h after UV irradiation by real-time quantitative
reverse transcription polymerase chain reaction (QRT-PCR). Results: The transcription of mRNAs encoding for
cluster of differentiation molecule 11b (CD11b) (p<0.05) and interferon (IFN)-y (p<0.012) increased after
irradiation with red light alone, whereas expression level of cyclooxygenase (COX)-2 (p<0.02) was down-
regulated. Genes unresponsive to UV did not change their expression levels after exposure to red light either.
Pretreatment with red light significantly modified response of Fos to UV exposure (p<0.01). A synergy of UV
and post-treatment with red light in reducing the transcription levels of CD11b (p<0.05) and inducible nitric
oxide synthase (iNOS) (p<0.05) was observed. Conclusions: This is an initial observation that in mouse red
light LLLT more often than not causes opposite gene expression changes or reduces those caused by moderate
UVA-UVB irradiation.

Introduction DNA damage and activates the associated repair mecha-
nisms in many cell and an1rna1 models, including direct UV

OW-LEVEL LIGHT THERAPY (LLLT) or photobiomo- irradiation of the skin.>® Several recent studies (reviewed in

dulation (PBM) frequently employs red and near infra-
red (NIR) light (600-1000 nm) for treating skin disorders.
Since its introduction in 1967, it has been adopted for re-
ducing pain and inflammation, augmenting tissue repair, and
promoting regeneration of damaged tissues.' Even at the low
doses used in LLLT, irradiation with red light results in
complex changes in the gene expression program.”> The
most likely mechanism of the therapeutic action of LLLT is
the alleviation of mitochondrial dysfunction through the re-
duction of oxidative stress, which, in turn, improves cell
metabolism and reduces inflammation.**
On the other hand, the predominantly damaging effects of
ultraviolet (UV) irradiation are well studied. UV induces

the article by Barolet and Boucher’) suggest that red and
NIR light exposure may protect against UV-induced skin
damage. In particular, repetitive irradiation of humans with
660 nm red light reduces their consequent response to UV
light in a way similar to sun protection factor-15 (SPF15)
sunscreen.” However, the underlying molecular mechanisms
of the effect of red light LLLT on the tissue response to
short-term UV exposure are largely unknown.

To date, a majority of studies concerning the effects of red
light on gene expression patterns have been performed using
cultured fibroblasts,>*'? with only a few studies completed
in animals.!>'> Here, we describe the effects of red light
exposure on expression patterns of select genes in the
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epidermis, in a well-established hairless SKH-1 mouse
model.'®!” In particular, we profiled an expression of genes
involved in wound remodeling and healing,'®'® and studied
whether the exposure to red LLLT produced by light-emitting
diode (LED) array was capable of attenuating the effects of
UV light on gene expression in the live healthy epidermis.

Materials and Methods
Animals

The experiment was conducted in the Laboratory of Laser
Surgery of Rochester General Hospital using 4- to 6-week-
old female SKH-1 mice (Charles River Laboratories, Wil-
mington, MA). SKH-1 strain mice are albino background
mice with fully functional immunity and health except for a
dysfunctional hair cycle gene Hrl resulting in near absence
of hair, which makes them a preferred model for photo-
irradiation studies.?**! All procedures were approved by the
Institutional Animal Care Committee. All irradiations were
administered on days 5-7 after arrival.

UV treatment

The home cages were covered with custom lids made by
covering the top with 1 mm chicken wire net at 9 mm pitch.
UV light source as described”' was composed of a bank of
four UV lamps (Q-Lab, Cat. UVA-340) installed in a generic
4-fluorescent-lamp fixture (Utilitech, Cat. 184346). UVA-340
lamps emit light between 295 and 390nm, covering both
UVA and UVB parts of the spectrum. The inner surface of
the fixture was covered with aluminum foil for better re-
flection. The fluence was measured using IL1700 light meter
(International Light Technologies, Peabody, MA) and an
SED240 UVB probe and an SED005 UVA probe to provide
23 uW/em® UVB and 1.4mW/cm® UVA at the level of the
mice’s backs. The mice were irradiated from above at a
distance of 35cm from the lamps to the mice. The UV

‘ Treatment groups |
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treatment consisted of a single irradiation for 2h 23 min,
which corresponds to a cumulative dose of 200 mJ/cm?
UVB and 11.8 J/em? UVA at the level of the mice (Fig. 1.).
This regimen was selected based on previous studies *'**2
to result in a moderate UV burn, which would become
visible by the end of treatment, peak in 1.5 days, and heal
by days 7-9.

Red light treatment

The red light source was custom built by Kodak (Eastman
Kodak, Rochester, NY) to fit, power, and cool three LED
arrays developed by Quantum Devices (Barneveld, WI) for
NASA research.>® Each LED array was composed of 91
hybrid gallium-aluminum-arsenide (GaAlAs) LEDs. The
outputs were measured and mapped over their entire sur-
face using a Newport 835-C Power meter equipped with
an 818 SL detector head (Newport Corp., Irvine, CA). An
overall 85% light uniformity was achieved at the bottom
of the cage. The source produced continuous noncoherent
red light with a wide Gaussian-shaped spectral peak having
a maximum at 670 nm and a median range of 655-685nm
(670£20nm). Whole-body irradiation was achieved by
placing three awake, unanesthetized mice in a Plexiglas
chamber with ventilated walls as described.”> The mice
were given three irradiations at 8 mW/cm?® fluence for
312sec each during a period of 24h, resulting in a total
dose density of 2.5J/cm? per session (7.5J/cm?® for three
sessions) (Fig. 1).

Treatment groups

The treatment groups and treatments are summarized in
Fig. 1. The time dependence of red light exposure was tested
in two scenarios. UV irradiation was started 1 h after the last
red light treatment in Group 4 to provide the time for gene
expression changes, and red light treatment was started

--------------------- * Analyze

4. Red before UV (N=6) || Red |-{ Red |- Red |- ---------------

‘ 5. Red after UV (N=6) |- -------------

FIG. 1.
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Treatment groups and treatments. The mice from an immune-competent hairless SKH-1 strain were divided into

five groups and treated in parallel. Both types of light were administered as whole body irradiation. Red light irradiation was
produced with 670£20nm light-emitting diode (LED) array and consisted of three sessions lasting 5Smin 12sec each,
delivered over a pe eriod of 24 h, delivering a fluence of 8 mW/cm? and resulting in a cumulative dose density of 2.5 J/cm” per
session (7.5J/cm~ for three sessions). Ultraviolet (UV) 11% t irradiation was produced with a 295-390 nm bank of UVA-
UVB tube lights and consisted of one session at 23 uW/cm” UVB and 1.4 mW/cm? UVA fluence lasting 2 h 23 min resulted
in a cumulative dose density of 200mJ/cm® UVB and 11.8J/cm?* UVA. The mice were euthanized 1h after the last
irradiation and select epidermal mRNAs were quantified.
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immediately after the end of UV irradiation in Group 5
because UV irradiation was sufficiently long (2.4 h) for the
gene expression changes to take place.

Sample preparation

The mice were euthanized by CO, in their home cages.
Next, the backs were flattened by soft palpation to facilitate
later scraping. The mice were briefly wrapped in paper
towels, and placed individually under crushed dry ice. Upon
complete freezing, the mice were stored in a —=70°C freezer.
Later, areas of epidermis from skin that had been facing the
UV lamps were scraped from the back of each frozen mouse
in a cold CO, atmosphere (~—10°C, over crushed dry ice
in a large styrofoam box) into a cold plastic Petri dish using
a disposable scalpel. The scraping uniformly covered an
area of 9 cm? and was stopped when the amount of scraped
material reached 60-80mg. The epidermal powder was
placed in 1.3 mL room temperature Trizol (Sigma, St. Louis,
MO) using a pipette with a truncated 1 mL tip, then frozen
on dry ice and stored at —20°C.
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RNA extraction

Samples were thawed in room temperature water bath.
Zirconia beads (I mm diameter, Biospec Products, Bartles-
ville, OK) were added to fill the tube completely, and the
sample was homogenized by shaking in Mini-Beadbeater
(Biospec Products) for 3 min. The homogenate was trans-
ferred into a new tube, centrifuged at 12,000g for 15 min at
4°C. The aqueous phase was transferred into a new tube,
frozen and stored at —20°C. The samples were thawed at
room temperature, chloroform was added to final 20% v/v,
and samples were vortexed, incubated for 3 min, vortexed
again, and centrifuged for 15min at 4°C. The clear top
fraction of the supernatant was mixed with an equal volume
of 70% ethanol, and loaded onto Purelink columns (Micro-
to-Midi kit, Invitrogen, Waltham, MA). DNAse cocktail was
loaded on the column and RNA was extracted according to
the manufacturer’s protocol beginning with the addition of
Wash Buffer 1. Yield and quality of RNA were determined
by 260/280nm absorption spectrum using Nanodrop (Na-
noDrop, Wilmington, DE).
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FIG. 2. Selected epidermal transcripts were quantified by TagMan assays. The number of mice per group (6 or 8) is shown
in Fig. 1. Each transcript was normalized to an average of f-actin and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Cycle threshold (Ct) values of each sample were averaged per treatment group and normalized to the “‘no light”

group, resulting in normalized log-copy number averages,
whiskers indicate min and max values. (¥*p<0.05, **p <0.01

which were plotted. Boxes indicate 1st and 3rd quartiles,

, ¥*¥%p<0.001 by Mann—Whitney rank sum test.)
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Real-time reverse transcription polymerase chain
reaction (RT PCR)

cDNA was synthesized using a Superscript III first-strand
synthesis kit with random hexamer primer (Life Technolo-
gies, Grand Island, NY) and quantified by TagMan RT PCR
using TagMan assays (Life Technologies, Grand Island,
NY) for 13 genes: interleukin-6 (IL-6), cyclooxygenase
(COX)-2, c-Fos, inducible nitric oxide synthase (iNOS), c-
Jun, Langerin (CD207), chemokine (C-C motif) ligand 2
(Ccl-2), IL-4, interferon-y (IFN-y), tumor necrosis factor o
(TNF-a), cluster of differentiation molecule 11b (CD11b), B
cell surface antigen CD40, and cytosolic phospholipase A2
(cPla2).

The concentration of mRNA was normalized by a log
average of two housekeeping genes, f-actin and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH). The fact that
cycle thresholds (Ct) for f-actin and GAPDH were in good
agreement suggested that neither of them was affected by
UV and red light treatments, and, therefore, that they could
be used as reference genes. All TagMan assays were per-
formed with manufacturer-specified parameters in 96-well
plates using iCycler (BioRad, Hercules, CA). Melting
curves were used to validate product specificity. All samples
were amplified in triplicate from the same total RNA
preparation, and the mean value was used for further anal-
ysis. Ct values of target genes >37 were considered to be a
negative call, and assigned a value=37 for the purpose of
normalization. Ct values of control wells (i.e., no-template
control, positive control) were examined for each plate.
p-Values for pairwise comparison of treatment groups were
calculated by Mann—Whitney rank sum test assuming equal
variance and quasinormal distribution of Cts. The graphs
normalized to no light treatment and plotted in GraphPad
Prizm (GraphPad Software, La Jolla, CA).

Results
Selection of UV-responsive genes

We selected 13 genes for this study, namely, (IL-6),
COX-2, [also prostaglandin-endoperoxide synthase 2
(Ptgs2)], c-Fos (Fos), iNOS (also Nos2), c-Jun (Jun), Lan-
gerin (CD207), Ccl-2, IL-4, IFN-y (also Ifng), TNF-o,
cCDI11b, ITGAM, B cell surface antigen CD40, and cPla2,
and Pla2g4a. All these genes were previously identified as
UV inducible in a variety of experimental systems.'®'?

Four of these genes, Jun, cPla2, CD40, and IL-4, did not
significantly change their expression in the skin of UV-
irradiated mice, and were excluded from further discussion.

After exposure to UV light, the expression levels signif-
icantly changed for 9 out of 13 genes. The transcription of
mRNAs encoding for Ccl2 (p<0.006, all p values by
Mann-Whitney rank sum test), CD11b (p<0.008), IFN-y
(p<0.03), iNOS (p<0.009), Langerin (p<0.0007), and
TNF-o (p<0.045) were decreased after UV irradiation,
whereas COX-2 (p<0.0007), c-Fos (p<0.006), and IL-6
(p<0.005) were upregulated (Fig. 2).

Effect of red light alone on expression
of “UV-responsive” genes

Red light in the absence of UV caused a significant
change for three out of the nine UV-responsive genes as
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compared with unirradiated skin. The mRNA levels of
CD11b (p<0.05) and IFN-y (p<0.012) increased after ir-
radiation with red light alone, whereas the mRNA level of
COX-2 (p<0.02) was downregulated (Fig. 2).

The expression levels of four genes that were not re-
sponding to UV irradiation in our experimental system —
Jun, cPla2, CD40, and IL-4 — were quantified both before
and after exposure to red light, and were not significantly
affected by red light either.

Pretreatment with red light modifies UV response
of Fos

In skin samples of mice pretreated with red light before
UV, the expression levels of Fos were significantly lower
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FIG. 4. Epidermal CDI11b and inducible nitric oxide
synthase (iNOS) transcripts were quantified by TagMan
assays, cycle threshold (Ct) values were normalized to an
average of f-actin and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), averaged per treatment group, and
each group was normalized to the ‘“‘no light” group, re-
sulting in normalized log-copy number averages, which
were plotted. Boxes indicate 1st and 3rd quartiles, whiskers
indicate min and max values. (¥*p<0.05, **p<0.01 by
Mann-Whitney rank sum test.)
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than those in mice treated with UV only (p<0.01) (Fig. 3).
There was no significant difference in the mRNA levels of
Fos in untreated mice as compared with the mice receiving
red light before UV.

Post-treatment with red light enhances UV response
of INOS and Cd11b

A synergy between UV and subsequent red light treat-
ments was observed in the reduction of the mRNA levels of
CD11b (p<0.05) and iNOS (p<0.05) (Fig. 4). The com-
plete set of graphs is provided in Supplementary Fig. S1 (see
supplementary material at www.liebertpub.com/pho).

Discussion

Because of its noninvasive nature and ease of use, LLLT
is increasingly being used as an option to treat a multitude of
conditions that require relief from or reduction of inflam-
mation, and subsequent healing of the lesion. Several studies
have suggested that LLLT may counter the acute inflam-
matory sequelae of cutaneous UV exposure. This makes the
potential use of LLLT for skin damage prophylaxis and for
the treatment of cutaneous sun burns an appealing possi-
bility. However, the mechanisms for the beneficial effect of
LLLT are poorly understood, in striking contrast to the
substantial degree of understanding gleaned regarding the
acute inflammatory and immunological events associated
with cutaneous UV exposure.® We subjected hairless SKH-1
mice to UV irradiation at a moderate dose accompanied by an
exposure to red light in two modes, a preventive mode with
red light pretreatment and a therapeutic mode with low-level
red light exposure of UV-irradiated skin (Fig. 1) in order to
obtain an insight into the mechanisms of LLLT protection in
UV exposure-related skin damage. Expression levels for a
number of genes known for their involvement in response to
UV exposure were profiled at baseline and basic combina-
tions of acute UV and red light, as is shown in Fig. 2.

Importantly, not every UV-responsive gene changes its
expression in all experimental systems studied. In our in vivo
model, 5 out of 14 UV-responsive genes, TNFRSF1A, Jun,
Pla2g4a, CD40 and IL-4, did not significantly change their
expression levels, and were excluded from further studies.
Importantly, none of these genes changed their expression in
response to red light exposure either.

Interestingly, three out of the nine UV-responsive genes
were also responsive to red light alone. It is possible that the
red light-dependent increase in expression of CD11b and
IFN-7 can be explained by migration of CD11b+ infiltrating
leukocytes into light-exposed skin. Irradiation with UV also
increases infiltration with CD11b+ leukocytes that then
would serve as a major source of oxidative stress in irradi-
ated skin.>* In keratinocytes, these reactive oxygen species
(ROS) stimulate the NF-kB gathway that, in turn, activates
an expression of COX-2.27® Interestingly, in our model of
LLLT, an increase in the levels of CD11b mRNA was ac-
companied by a decrease in expression levels of COX-2;
therefore, ROS-producing CD11b+ leucocytes are unlikely
to be a source of red light-induced increase in the expression
of CDI1l1b-encoding genes. Additional support of the hy-
pothesis that red light induced an increase in the expression
of CDI1b-encoding mRNA may be that the response of
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some other cellular type rests on the observation that the
peak of UV-induced skin infiltration by leukocytes is ob-
served between 48 and 72 h after UV exposure,24 whereas
we collected our samples <24 h after treatment with red light
(Fig. 1). Recent studies showed that CD11b+ dermal den-
dritic cells have a phenotype that overlaps with that of
dermal macrophages, and are substantially more abundant in
steady state epidermis than in activated infiltrating cells.?” It
is tempting to speculate that an increase in expression of
CDI11 after LLLT was the result of de novo expression of
the CD11b marker in the dendritic cells or other nonin-
flammatory skin dwellers.

Conclusions

The most important observation of our study was that
pretreatment with red light substantially decreased the
degree of UV stimulation in the expression of Fos, a
component of the activator protein 1 (AP-1) transcription
factor and a well-known regulator of cell proliferation,
differentiation, and apoptosis.”® In UV-irradiated skin, an
induction of Fos results in an increase in the release of
matrix metalloproteinases and subsequent erosion of the
skin.>*2° Moreover, Fos is among the key molecular
components contributing to DNA damage after exposure to
uv light.31 Consistent with this observation, our results
show a marked increase in Fos expression after exposure
to UV, whereas pretreatment with the red light substan-
tially alleviated an elevation in Fos-encoding mRNA.
Post-treatment with LLLT also resulted in a trend toward a
decrease in the magnitude of the Fos mRNA elevation,
although the difference was not statistically significant.
These observations indicate that therapeutic exposure to
red light may decrease UV-mediated skin damage by
modulating the Fos response.
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