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Structured Abstract

Objectives — This study tested whether or not gene expression in human
marrow stromal fibroblast (MSF) cells depends on light wavelength and
energy density.

Materials and Methods — Primary cultures of isolated human bone mar-
row stem cells (hBMSC) were exposed to visible red (VR, 633 nm) and
infrared (IR, 830 nm) radiation wavelengths from a light emitting diode
(LED) over a range of energy densities (0.5, 1.0, 1.5, and 2.0 Joules/cm?)
Cultured cells were assayed for cell proliferation, osteogenic potential,
adipogenesis, MRNA and protein content. mRNA was analyzed by micro-
array and compared among different wavelengths and energy densities.
Mesenchymal and epithelial cell responses were compared to determine
whether responses were cell type specific. Protein array analysis was
used to further analyze key pathways identified by microarrays.

Result — Different wavelengths and energy densities produced unique
sets of genes identified by microarray analysis. Pathway analysis pointed
to TGF-beta 1 in the visible red and Akt 1 in the infrared wavelengths as
key pathways to study. TGF-beta protein arrays suggested switching from
canonical to non-canonical TGF-beta pathways with increases to longer
IR wavelengths. Microarrays suggest RANKL and MMP 10 followed IR
energy density dose-response curves. Epithelial and mesenchymal cells
respond differently to stimulation by light suggesting cell type-specific
response is possible.

Conclusions — These studies demonstrate differential gene expression with
different wavelengths, energy densities and cell types. These differences



Guo et al. Light stimulates differential gene expression in MSF cells

in gene expression have the potential to be exploited for therapeutic

purposes and can help explain contradictory results in the literature when

wavelengths, energy densities and cell types differ.

Key words: Akt 1; infrared; low-level laser treatment; mesenchymal
stem cell; microarray; OPG; protein array; RANKL; TGF-beta

Introduction

Visible red (VR) and infrared (IR) wavelengths
have been used to treat pain (1) as well as bone
and muscle injury (2, 3). In dentistry, new
applications include accelerated osseointegra-
tion of implants (4) and accelerated orthodontic
tooth movement (5). The devices for light ther-
apy are considered safe as many devices have
FDA approval, yet the efficacy and mechanism
of action are not well understood. For example,
the literature contains contradictory outcomes
with different wavelengths and energy densities
(6). As VR and IR light can penetrate soft tissues
and bone, light treatment known as low-level
laser treatment (LLLT) is an attractive non-inva-
sive method for delivering a biological activator
that can target tissue in a dose-specific manner.
In bone, several studies demonstrated that LLLT
can accelerate fracture healing by facilitating
angiogenesis (7) and by promoting higher bone
cell proliferation (8) at the fracture site. These
studies present a model for accelerated bone
turnover which can be potentially exploited for
orthodontic tooth movement. A recent random-
ized clinical trial using continuous light at a
wavelength of 850 nm (9) showed a significant
increase in the rate of early alignment tooth
movement. To date, it has been difficult to
compare the results from clinical and basic sci-
ence studies because each study tended to
focus on one particular wavelength and energy
density which often differed from other studies.
Without a comparison of a range of experimental
conditions, it remains difficult to optimize the
conditions for a particular clinical application.
This study was developed to systematically
investigate two frequently used wavelengths of
light, 633 nm in the visible red region and
830 nm in the infrared region, at four energy

densities in a cell culture model. The strategy
was to test whether LLLT could produce effects
on gene expression and cell proliferation and to
look for patterns in the biological outcomes for
these two parameters. Our strategy used micro-
arrays and protein arrays, in addition to candi-
date gene approaches, to search for possible
genes and gene networks that were activated by
light. It was recognized that the response of a
cell might involve multiple interdependent
pathways. Given the controversy among the
published studies, it was not clear whether any
cell response or change in gene expression
would be reproducible or would follow a pat-
tern. Underlying this study was a hypothesis
that the clinical effects of LLLT stimulation of
cells are produced by altered gene expression
when compared to unlit control cells. To sim-
plify experiments and minimize effects of
repeated treatments, cells were stimulated once
in a non-pulsed manner and examined at a
later time point when cells would be expected
to undergo differentiation.

Materials and methods
hBMSC isolation and culture

Commercially available human bone marrow
aspirates from two healthy adult donors were
purchased from AllCells (Emeryville, CA).
Human bone marrow stem cells (HBMSCs) were
isolated from the aspirates following published
protocols(10, 11) and then cultured in «-MEM
supplemented with 10% FBS, 100 uM L-ascorbic
acid-2-phosphate, 2 Mm L-glutamine, 100 U/ml
penicillin, and 100 ug/ml streptomycin as
reported previously, at 37°C in a humidified tis-
sue culture incubator with 5% CO,. The med-
ium was changed 2 or 3 times every week, and
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cells from the third passages were used for
assays.

NHEK-Neo culture

Neonatal normal human epidermal keratinocytes
were purchased from Lonza (Walkerville, MD),
seeded at 3500 cells/cm in either serum-free
KGM-Gold (keratinocytes growth medium) per
manufacturer’s specifications or with 10% fetal
bovine serum. All cultures were incubated with
EpiLife keratinocyte supplement (Life technolo-
gies) 1 pg/ml gentamycin sulfate and 2.5 pg/ml
amphotericin B at 37°C in a humidified tissue
culture incubator with 5% CO,. The medium
was changed every 2-3 days and tested at 40%
confluence.

Capacity for multipotent differentiation of isolated hBMSC

To induce osteogenic differentiation, hBMSCs
were seeded into 6-well plates at a density of
2 x 10° cells/well in MSC growth medium. The
medium was replaced with osteodifferentiation-
inducing medium (200 ml complete culture
medium containing 1 mM dexamethasone,
500 nM isobutylmethylxanthine and 50 mM
indomethacin) after 24 h adherence. After
4 weeks, bone mineralization was assayed and
quantified using Alizarin red staining.

Adipogenic differentiation

hBMSCs were cultured in adipogenesis-inducing
medium supplemented (Lonza, Walkerville, MD)
with 1 mM dexamethasone, 500 nM isobutylm-
ethylxanthine and 50 mM indomethacin and the
differentiated adipocytes were identified and
quantified by Oil Red O staining.

LED irradiation

To test a range of energy densities, arrays of
light emitting diodes (LEDs) that emitted
633 nm visible red (VR) and 830 nm infrared
(IR) wavelengths were custom-built and used to
produce even illumination of culture wells. The
light energy output was measured with a laser
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Table 1. Different experimental conditions comparing light
at 830 nm and 633 nm at four energy densities against unlit
control cultures.

Light energy (Joules/cm square)

Light Jlem? Wavelength
C None 0 No light
[-0.5 Infrared 0.5 830 nm
[-1.0 Infrared 1.0
[-1.5 Infrared 1.5
-2.0 Infrared 2.0
R-0.5 Visible red 0.5 633 nm
R-1.0 Visible red 1.0
R-1.5 Visible red 1.5
R-2.0 Visible red 2.0

meter (Ophir Laser Power/Energy Meter, Jerusa-
lem, Israel). Immediately after media changes,
the hBMSCs in the test groups were exposed to
LED irradiation for different exposure times to
produce energy densities of 0.5, 1.0, 1.5, and
2.0 Joules/cm?® (Table 1). All assays were run in
duplicate and compared with an unlit control
group under identical culture conditions. The
cells were subsequently placed in osteogenic
media for BrdU, Western blot, and microarray
assays (Fig. 1).

BrdU staining

After light irradiation, hBMSCs were cultured for
60 h and cell proliferation was measured using
BrdU (bromodeoxyuridine) labeling and direct
cell counts (7). Cultured cells were exposed to
1 M BrdU in the culture medium for 2 h at
37°C, then washed twice with 0.1 M PBS, fixed
in 90% ethanol for 10 min, and washed in PBS.
The fixed cells were incubated with anti-BrdU
monoclonal antibody (1:100 dilution) for 1 h at
room temperature, washed in PBS, and incu-
bated with fluorescein-conjugated goat anti-
mouse immunoglobulin G (IgG, 1:40 dilution)
for 1 h. To confirm the presence of cells, the
specimens were washed three times with cyto-
skeleton-stabilizing (CS) buffer and incubated
for 30 min at 4°C with tetramethyl rhodamine
isothiocyanate (TRITC) phalloidin (Molecular
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Fig. 1. Custom LED array for even illumination of cell cultures (A) Photograph of array and culture plates. (B) Schematic illustra-
tion. Culture plates (six well, Life Technologies, Grand Island, NY) were removed from culture incubators and exposed to light in
a sterile hood at fixed distances. Energy density varied according to time of light exposure based on calculations by P Matthews.
Power density was confirmed with laser meter (Ophir, Jerusalem, Israel).

Probes, Eugene, OR; 1:40 dilution). After three
additional washes in 0.1 M PBS, the cells were
enclosed with glycerol-PBS solution containing
1,4-diazabicyclo [2.2.2] octane (Sigma, 100 mg/ml)
to prevent fluorescence decay.

The samples were examined using a fluores-
cence microscope (Olympus Optical, Tokyo,
Japan), and the proliferation rate (BrdU-positive
cells per phalloidin-positive cells) was calculated
in 10 randomly selected fields for each of the
two samples.

Human gene ST arrays

RNA was isolated (Qiagen, Santa Clara, CA) from
duplicate cultures collected after 14 days post-
illumination. At the Children’s Hospital Los
Angeles/USC Microarray Core facility, the mRNA
was reverse transcribed and assayed for RNA
integrity, using 5 and 3’ probes, and analyzed
using Human Exon 1.0ST arrays (Affymetrix,
Santa Clara, CA) containing 1.4 million probe
sets covering 32 020 coding transcripts with 40
probes per gene. Computation analysis of the
exon expression profile and pathway analysis for
illuminated and unlit control conditions utilized
a twofold screen (Ingenuity pathway analysis,
Redwood City, CA and Partek Inc., St. Louis,
MO).

Quantitative RT-PCR analysis

To confirm energy density dose-response pat-
terns in the microarray data, RNA was extracted
from the cell cultures using Trizol reagent
(Invitrogen, Carlsbad, CA) according to the

manufacturer’s protocol. The RNA was digested
with DNase to eliminate any contamination
from genomic DNA before performing quantita-
tive RT-PCR. After DNase treatment, the RNA
was purified using RNeasy Plus Mini Kits (Qia-
gen, Valencia, CA). Quantitative PCR was per-
formed by Qiagen qPCR services (SA
Biosciences, Valencia, CA) using proprietary PCR
sequences and SYBR green/probe/multiplex
detection with a Rotor-Gene Q cycler for genes
encoding IL-la, MMP10, glyceraldehydes-3-
phosphate dehydrogenase (GADPH) and f-actin.

Antibody array: protein expression profiling

Based on mRNA microarray analyses, certain
pathways and extracellular matrix proteins were
predicted to show differences in expression
among the different combinations of wave-
lengths and energy densities. Proteins were
extracted and analyzed using the Explorer anti-
body array (Full Moon Biosystems, Sunnyvale,
CA), which contained 656 antibodies for proteins
produced from nine biochemical pathways. This
array was used to compare proteins produced
by control cells and cell cultures exposed to IR
or VR light at energy densities of 0.5 and
2.0 Joules/cm?®. The Explorer array was used to
confirm the changes in extracellular proteins
observed in the cultures exposed to 2.0 Joules/
cm. A TGF-beta array with 176 highly specific
and well-characterized phosphorylated and non-
phosphorylated antibodies was used to analyze
TGF-beta signaling patterns in proteins from
control cells and cultured cells exposed to IR
and VR light at an energy density of 0.5 Joules/

Orthod Craniofac Res 2015;18(Suppl.1):50-61 | 53



Guo et al. Light stimulates differential gene expression in MSF cells

cm?®. Antibody arrays were performed in five rep-
licates. The TGF-beta antibody array was used to
confirm switches that occurred in TGF-beta sig-
naling in cells exposed to VR and IR light.

Mesenchymal vs. epithelial cell comparison

Both serum and serum-free conditions were
used to compare hBMSC and NHEK-Neo cul-
tures 1 day following IR and VR light exposures
at energy densities of 0.5 and 2.0 Joules/cm?. All
groups were compared with control cell cultures.
mRNA was extracted as described above for use
with HuEx 1.0 ST arrays (Affymetrix, Santa Clara,
CA) and analyzed using Partek and Ingenuity
softwares (Ingenuity pathway analysis, Redwood
City, CA and Partek Inc.).

Results
IR light produces differences in cell proliferation

All mesenchymal cell cultures were positive for
bone formation and for adipocyte cell differenti-
ation. Clear differences in cell proliferation were
observed between control cell cultures and cells
exposed to IR light at particular energy densities.
A maximum of 40% change was observed in
BrdU staining consequent to exposure to IR light
at an energy density of 0.5 J/cm? (Fig. 2).

Different wavelengths and energy densities produce
different profiles of gene expression

A microarray assay was performed using a two-
fold (2x) screen to analyze the effect of LLLT
on the expression of all the exon genes in RNA
isolated from cells of the eight different test
conditions and additional control group. Table 2
illustrates the range of responses to different
conditions of light exposure. Each experimental
condition produced a unique set of expressed
genes that varied in number. Depending on the
wavelength and energy density, the number of
genes with expression levels two times above or
below control cells varied from four genes to
1900 genes. Figure 3 shows that the 2 x screen
analysis identified uniquely expressed genes as
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Fig. 2. Test of light effects on cell proliferation. BrdU stain-
ing of (A) illuminated (visible red 0.5 Joules/cm?) vs. (B) unlit
control hBMSC cell cultures. Human bone marrow primary
cell culture were seeded at the same initial cell density and
then manually counted at 12-h time points for 60 h when
the cultures were assayed for BrdU labeling.

Table 2. ANOVA identified the above number of signifi-
cantly deregulated genes vs. control (P < 0.05 with false
discovery rate correction)

Energy density (J/cm?) Infrared Visible red
0.5 299 1210
1.0 7 27
1.5 166 4
2.0 24 1900
Total 418 2612

well as genes with overlapping expression fol-
lowing exposure of cells to IR and VR light. Of
418 genes and 2612 genes deregulated by IR
and VR light, respectively, there were an addi-
tional 292 genes that were deregulated by both
IR and VR wavelengths. For each wavelength,



Genes deregulated by IR

Fig. 3. (A) Venn diagram compar-
ing two wavelengths of light: IR— /286
infrared (830 nm), and VR—visi- [
ble red (633 nm) at four energy
densities ranging from 0.5 to
2.0 J/cm? (B) Three-dimensional
Venn diagram showing overlap
among the four energy densities
(0.5, 1.0, 1.5, and 2.0; J/cm?) for
830 nm (IR—infrared) and 633 nm
(VR—uvisible red) wavelengths of
light.

among the four different energy densities tested,
there was vertical overlap of gene deregulation.
With respect to genes deregulated by both IR
and VR, some of these shared genes showed
dose-response curves. Figure 4 shows candidate
genes reported to be involved in the early stage
of tooth movement and are associated with reg-
ulation of bone resorption. Levels of mRNA
encoding RANKL and MMP 10 increased in a
dose-dependent manner with increasing energy
in the infrared red (830 nm) but not in the VR
wavelength (633 nm). OPG, the RANKL decoy
receptor/inhibitor did not change in mRNA
content when RANKL mRNA was increasing
with increased energy density. Similarly, the
level of mRNA for TIMP1, an MMP inhibitor,
did not change while MMP10 mRNA expression
increased in a dose-dependent manner in the
IR wavelength. These patterns did not occur
under exposure to light in the VR wavelength.
Ingenuity and Partek bioinformatic softwares

IRO.5
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IR VR

Genes deregulated by VR

IR 2.0 VRO5 VR 2.0

were used to identify the top gene networks
associated with each wavelength. The top gene
networks for visible red light were associated
with skeletal and muscular system development
and function, tissue development, and amino
acid metabolism. These gene networks regulate
bone turnover. With respect to infrared light,
the top gene networks identified were associ-
ated with cancer, skin diseases, genetic disor-
ders, and immune diseases. The pathway
analysis for visible red (633 nm) light was
mapped (Fig. 5) and resulted in a convergence
of pathways at TGF-beta 1. In contrast, the
pathway mapped for infrared (830 nm) light
showed no TGF-beta 1 convergence, and the
appearance of a new pathway node through Akt
1 via the phosphoinositide 3-kinase (P13K) com-
plex. In summary, the mRNA microarray path-
way analysis pointed to two pathways, with a
TGF-beta 1 response to visible red light and an
Akt 1 response to infrared light.

Orthod Craniofac Res 2015;18(Suppl.1):50-61 | 55
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Fig. 4. Microarray analysis of candidate genes: (A) RANKL, (B) OPG, (C) MMP10, and (D) TIMP

Differential effects of visible and infrared light on canonical

and non-canonical TGF-beta 1 pathways

To confirm whether the changes in mRNA con-
tent were translated into similar changes in pro-
tein content, protein arrays were performed on
cell samples exposed to the lowest and highest
energy densities for each wavelength as these
conditions produced the greatest differences in
gene expression. Figures 5 shows that visible red
light exposure was associated with an upregula-
tion of TGF-beta 1 and TGF-beta 3, but not TGF-
beta 2 (Fig. 6A), and an upregulation of TGF-beta
receptors 1 and 2 (Fig. 6A) and of Smadl and
Smad2 (Fig. 6B). The TGF-beta array also
detected increased phosphoserine 179 of Smad3
and phosphothreonine 220 of Smad2. Addition-
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ally, there was a less than twofold increase in
phosphoserine 187 of Smadl. This canonical
TGF-beta 1 response was reversed with exposure
to 830 nm infrared light and was replaced with an
upregulation of the non-canonical TGF-beta
components SEK1/MMK4, JNK, PAK1, PAK2, and
PAK3, and Rho/RacGNEF (Fig. 6C). The maxi-
mum differences in TGF-beta 1 proteins following
exposure to visible or infrared light occurred at
lowest energy density of 0.5 J/ cm? (Fig. 6A, C).

Protein array profiles changes in expression of oncogene,
c-Myc, Akt 1 pathway components, and extracellular matrix
genes with exposure to infrared light

Based on the microarray pathway map predict-
ing the involvement of Akt 1, an Explorer
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Fig. 5. Pathway analysis illustrating (A) convergence of TGF-beta 1 in VR and (B) emergence of Akt 1 pathways in IR networks.
The 126 IR genes and 2320 VR genes were uploaded into Ingenuity Systems Pathway Analysis 9.0. Red = upregulation;

green = downregulation

protein array was used to examine this path-
way as well as other response-related proteins.
The protein arrays (Fig. 6D) showed an upreg-
ulation of Akt 1 and PP2a with infrared light
exposure. With IR wavelengths, the protein
arrays also detected an increase in Akt 1 phos-
phorylated serine 124, serine 246 and threonine
450, phosphorylated mTOR threonine 2446.

The predominant pathway at 633 nm was the
TGF-beta 1 pathway whereas at 830 nm, it was
the Akt 1 pathway. In addition, there was an
upregulation of c-myc (Fig. 6B). There was also
an increase in proteins that potentially are
involved in controlling an inflammatory
response, the cytokines cd51, cd37, cd63, and
cd84, and in the late tissue repair alkaline
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Fig. 7. Principle component analysis of epithelial (NHEK-
Neo) vs. mesenchymal cell (hBMSC) cultures stimulated by
LLLT under serum and serum-free conditions. Each axis
measures variance between data points of gene sets identi-
fied by the Affymetrix HuEx 1.0 ST microarrays for the three
different variables: mesenchymal vs. epithelial cell type, trea-
ted (IR 2.0 J/cm® vs. control and serum vs. serum-free
media. Large distances between data points suggest dissimi-
larity (Partek Inc.).

phosphatase, type II collagen, fibronectin, and
tenascin.

Microarrays suggest that keratinocytes and marrow stromal

fibroblast (MSF) cells differ in their response to light

Principle component analysis (PCA mapping,
Ingenuity software) compared the response of
epithelial and mesenchymal cells to light under
serum-containing and serum-free culture con-
ditions. If the response to light was universal,
regardless of cell type, then the treatment
responses for the different cell types should
converge. The PCA map summary (Fig. 7) sug-
gested that the gene profiles for epithelial and
mesenchymal cells, for both control and light-
treated conditions, remained distinct despite
common treatments. The treatment response
could be large, but there was no convergence
of data points for treated cells regardless of
cell type or culture conditions. This data
suggest a tissue-specific responses to the light
stimulus.
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Discussion

These findings of this study suggest that data
from laser or light activation studies could be
difficult to replicate whenever the experimental
conditions vary in timing, distance from the light
source, tissue type, energy density, wavelength
of light, and cell type as each experimental con-
dition produced a different panel of expressed
genes. Our microarray data were supported by
tight pairing of data points, quantitative PCR
and protein arrays. To determine whether the
changes were universal among cell types, we
repeated the experiments comparing mesenchy-
mal and epithelial cells. According to our com-
parative microarray analyses, the epithelial cells
and mesenchymal cells expressed different
profiles of genes. We did not see much overlap
in the panel of activated genes between the two
cell types. Although the capacity to respond to
visible or infrared light via increased cyto-
chrome-mediated ATP production (12, 13) may
be present in all cells, there does not appear to
be a common shared gene expression response
to light between epithelial and mesenchymal
cells. Observed differences could be due to
inherent differences between an epithelial and a
mesenchymal cell. From a clinical application
point of view, light therapy might be exploited
to target specific cell types as all cells will not be
stimulated in the same manner (14).

The differential gene expression induced by
light of different wavelengths and energy levels
represents a powerful adjunctive tool for stem
cell research. Stem cells may be considered a
repository of different cellular signals involved in
tissue repair that can be released at specific
stages of activation, differentiation, and function
(15). Depending on the stage of repair and the
wavelength and dosage used, light could poten-
tially stimulate the expression of sets of genes
that activate stem cells, target a distant injury site
though systemic effects (16), or potentiate and
accelerate certain repair processes at the early
immunomodulatory stage or at the late tissue
remodeling stage. The VR and IR light switching
of canonical and non-canonical pathways for



TGF-beta 1 raises the question of whether light
might stress the cells (17, 18), thereby turning off
canonical pathways and activating alternative
pathways to achieve similar cell function. Light
also activated cell proliferative pathways such as
Akt 1 and therefore has additional risks and side
effects. These functions are tightly regulated in
development and tissue repair and are abnor-
mally expressed in cancer cells (19, 20). The use
of LLLT in human subjects carries the risk of acti-
vating the Akt 1 pathways expressed during onco-
genesis (21). Our study did not test for return to
baseline gene and protein expression following
removal of the light stimulus, an important future
experiment needed for the development of light-
mediated activation of MSF cells.

Interestingly, TGF-beta 1 is a growth factor
that can have multiple, even opposite, functions
depending on the cell type and tissue (20, 22).
TGF-beta 1 plays a role in bone homeostasis
(20). Specifically, when activated by bone resorp-
tion it can promote migration of precursor cells
and differentiation of cell phenotypes (22). The
TGF-beta 1 pathway has been implicated in
modulation of odontoblast differentiation by
LLLT at wavelengths of 810 nm (23). This study
differed from our work because of the longer
light wavelength, repetitive treatments, high
energy density (3 J/ cm?), and short time course.
Our data showed that TGF-beta 1 expression
was above control at 830 nm but that the maxi-
mal change was at 0.5 J/cm® for VR light at a
wavelength of 633 nm. The exact conditions for
exploiting TGF-beta 1 and Akt 1 responses need
to be explored for different cell and tissue
responses. The current study points to these two
pathways as important gene networks to con-
sider in developing future therapeutics.

If tooth movement can be thought of as a form
of regional acceleratory phenomenon (24), then
our findings support studies reporting that infra
red light (830 nm) can upregulate RANKL and
OPG synthesis and assist the initial resorptive
phase of the tooth movement process by activat-
ing osteoclasts (25, 26). At this wavelength,
RANKI, an activator of osteoclasts, was expressed
in a dose-response curve on exposure to light
energy whereas expression of OPG, its decoy

Guo et al. Light stimulates differential gene expression in MSF cells

receptor/inhibitor, remained unchanged. With
exposure to the visible red wavelength (633 nm),
the difference between the responses of RANKL
and OPG were insignificant. In rat studies on
tooth movement, similar LLLT responses in
RANKL and OPG protein expression were reported
by Fujita et al. (25). Thus, light-induced changes in
the RANKL/OPG ratio could potentially mimic
tooth movement and the osseous changes caused
by injection of RANKL for accelerated tooth move-
ment and of OPG for retention (27). In addition to
RANKL upregulation at 830 nm, MMP10 was up-
regulated in a dose-dependent manner while
TIMP 1, its inhibitor was unchanged. Randomized
human clinical trials (9) appear to agree with the
830 nm wavelength as one wavelength for acceler-
ating tooth movement.

There are inherent limitations in the use of
microarray data. For example, microarray data
are based on mRNA content and do not consider
post-transcriptional regulation such as miRNA
silencing, translation, post-translational modifi-
cations, secretion, synergistic protein functions,
and intercellular cross-talk control of a particular
gene. Such data also lack tissue context in terms
of time, position and cell type interactions.
Hence, interpretation of microarray data can pro-
duce an incomplete biological picture of how
LLLT works in patients. In addition, a twofold
screen for gene expression changes pre-supposes
that nature works only with large changes in gene
expression. It may be that tissue responses could
be associated with smaller changes in gene
expression. Our study generally corroborates a
previous microarray study by Wu et al. (28) that
describes the Akt 1 pathway as being a principle
pathway that is activated by LLLT. An earlier
study by Zhang (29) used H27 newborn foreskin
fibroblast cells exposed to a LLLT energy density
of 0.88 J/cm energy density, reported similar
functional categories of genes activation as was
reported here. The current study is one of the
largest microarray experiments conducted to date
for multiple conditions which included two wave-
lengths of light at four different energy densities.
We will place our data in the Gene Expression
Omnibus (GEO) public repository operated by
the National Center for Biotechnology Informa-

Orthod Craniofac Res 2015;18(Suppl.1):50-61 | 59



Guo et al. Light stimulates differential gene expression in MSF cells

tion. To further advance our understanding, we
are presently conducting a time-dependent series
of microarrays to capture the cascade effects
occurring immediately after illumination and at
time points within the first 24 hours. Functional
assays are needed to confirm the mechanisms
behind the TGF-beta 1 and Akt 1 pathways. Wang
et al. (30) previously showed that there were
time-dependent changes in cell proliferation and
cell cycle-associated genes. Preliminary data
showed that the expression panels of early vs. late
gene expression were different. This implies that
the differences between timing of treatment and
collection of data may also contribute to the con-
fusion when comparing data from different stud-
ies. Despite these concerns, use of LLLT offers
the possibility of altering pathway responses in a
dose-specific manner that can target particular
cell types and tissues and is not limited by biolog-
ical vectors and carriers. As a possible therapeutic
approach, light exposure therefore represents a
promising method for potentiating tissue
responses, altering oncogenic pathways, and acti-
vating stem cell functions.

Conclusions

Changes in light wavelengths and energy densi-
ties can produce unique sets of deregulated
genes that were identified by microarray analy-
sis. Pathway analysis pointed to TGF-beta 1 in
the visible red and Akt 1 in the infrared wave-
lengths as key pathways to study. TGF-beta pro-
tein arrays suggest switching from canonical to
non-canonical TGF-beta pathways as the wave-
length shifted from visible to infrared wave-
lengths. Microarrays suggest RANKL and MMP10
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