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ABSTRACT

Objective: The purpose of this study was to assess the changes in pgene expression of near-infrared light ther-
apy in a modcl of impaired wound healing. Background Data: Light-Emitting Diodes (LED), originally devel-
aped for NASA plant growth experiments in space, show promise for delivering licht deep into tissues of the
body to promote wound healing and human tissue growth. In this paper we present the effects of LED treat-
ment on wounds in a genetically dinbetic mouse model. Materials and Methods: Polyvinyl acctal (PVA)
sponges were subhcutanenusly implanted in the dorsum of BKS.Cg-m +/+ Lepr# mice. LED treatments were
given once daily, and at the sacrifice day, the sponges, incision line and skin over the sponges were harvested
and vsed for RNA extraction. The RNA was subsequently analyzed by cDNA array. Results: Ouar studies have
revealed certain tissue regenerating genes that were significantly upregulated vpon LED treatment when
compared to the untreated sample. Integrins, laminin, gap junction proteins, and kinesin superfamily motor
proteins are some of the genes involved during regeneration process. These are some of the genes that were
identified upon gene array experiments with RNA isolated [rom sponges from the wound site in mouse with
LED ireatment. Conclusion: We believe that the use of NASA light-emitting diodes (LLEDY) for light therapy
will greatly enhance the natural wound healing process, and more guickly return the patient fo a pre-
injuryfillness level of activity. This work is supported and manaped through the Defense Advanced Research
Projects Agency (DARPA) and NASA Marshall Space Flight Center—SBIR Program.

INTRODUCTION Laser light has been widely acclaimed to speed wound heal-
ing of ischemic, hypoxic. and infected wounds.! Lasers pro-
THE NEED T CARE for a population with chronic wounds is  vide low energy stimulation of tissues that results in increased
a growing challenge that requires innovative approaches.  cellular activity during wound healing.2? These activities in-
Cne approach that specifically addresses the identified patho-  clude collagen praduction and angiogenesis. 4
physiological processes involved in wound healing is light Wound healing has three phases: first a substeale s Laid
therapy. We believe that the use of NASA light-emitting  down, then cells protiferate, and finally there is remodeling of
diodes (LED) for light therapy will grearly enhance the natural  tissue. The data published so far suggests that laser biostimula-
wound healing process. This will save valuable time and re-  tion produces its primary etfect during the cell proliferation
sources for beth patients and health care facilities. Further-  phase of the wound healing process. It has been demonstrated
more, _improved wound healing will reduce the risk of thal mitochondria are receptive to monochromatic near-
infection for the patient, decrease the amonnt of costly dress-  infrared light and that laser light likely increases respiratory
ings required, and more quickly return the patient 1o a pre- metsholism of certain cells.235 Processes such as fibroblast
injury/illness level of activity, proliferation. attachment and synthesis of collagen and pro-
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collagen, growth factor production [including keratinocyte
growth factor (KGF), transfornung growth factor (TGF) and
platclet-derived growth factor (PDGY)|, macrophage stimula-
tion, lymphocyte stimulationt and greater rate of extracellular
matrix production have been reported with laser light treat-
ment.”~'* Animal studics on the cnhanced wound heating effect
of taser light of low power density have been performed in
touds, mice, 1afs, guinea pigs, and swine.!5'$ Human studies
with lager light have derponstrated greater amounts of epithe-
lialization for wound closure and stimulation of skin graft heal-
ing.)® An excellent review of recent human experience with
near-infrared Night therapy for wound healing was published by
Conlan et al. in 1996,

Lasers, however, have some inherent characteristics which
make there use in a clinical setting problematic, including lim-
itations in wavelength capabilities and beam width. The com-
bined wavclengths of the light for optimal wound healing
cannot be ctficiently produced, the size of wounds which may
be treated is limited {due to laser production of a beam of light;
a fact inconsistent with treating large areas), heat production
feoen the laser light itself can actually damage tissue, and the
pin-point beam of laser light can damage the eye. NASA-
developed LEDs offer an effective alternalive to lasers. These
diodes can be configured to produce multiple wavelengths, can
be arranged in large, flal amayy (allowing treatment of large
wounds), and produce no heat. It is also of importance to note
that LED light therapy has been deemed a nonsignificant risk
by the FDA; thus, FDA approval for the use of LEDs in hu-
mans for light therapy has been obtajned.

NASA LEDs stimulate the basic energy processes in the mi-
tochondria {energy compartments) of each cell, particularly
when near infrared hight is used to activate the wavelenpth sen-
sitive _constituents inside (chromophores, cvtochrome sys-
tems). Optimal light wavelengths (proven in prior studies of
laser and LED light*##.1-14.17 1o speed wound healing include
680 nm. 730 nm, and 8§80 nm. These wavelengths can be pro-
duced accuratcly be NASA LEDs. which have a bandwidth of
250m. The depth of near-infrared light penetration into human
tissue has been measured spectroscopicatly 2398 Spectra taken
from the wrist flexor muscles in the forearm and muscles in the
calf of the leg demonstrate that most of the photons at wave-
lengths of 630-800 nm travel approximately 22 cm through the
skin surface (light input) and muscle, exiting at the photon de-
tector. Data collection and cataloging to elucidate the absorp-
ton coefficients of the various human tissues is currently
underway by this principle investigator.

We have used the ¢cDNA array technology to discover the
cxpression of various genes that are induced upon LED treat-
ment and followed through the entire process of healing trying
to identify some of the carly mid and late evenis at the molecu-
lar level. Knowledge gained from determining cellular and
molecular mechanisms will direct our improvements in non-
invasive therapeutic technologics.

MATERIALS AND METHODS

Eighty genetically diabetic mice (BKS.Cg-m +/+ Lepri)
from Jackson Laboratory (Bar Harbor, ME) were divided into
two groups of 40 mice each. The groups included a control and
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a group treated with a 670-nm LED. The LED treatments were
given daily at a fluence of 4 J/emZ for 14 days.

Animal care and surgery were performed in accordance with
an approved protocol by the Animal Resource Center at the
Medical College of Wisconsin. The animals were anesthetized
through inhalation of Isoflurane. The dorsum of the anes-
thetized animal was shaved and disinfected with Betadine.
Using ascptic technique, two 0.5-cm incisions were made on
either side of the spinc just inferior to the scapulae. Two indi-
vidual, subcutaneous pockets were dissected caudally from the
incisions. Two PVA sponges (Merocel, Mystic, CT) that mea-
sured 3 X 3} X Smm were inscrtcd into the pockets (one
sponge per pocket). The incisions were closcd with 6-0 Ethilon
(Ethicon, Somerville, NI). The animuls were caged individu-
ally and given food and water ad libitum. -

Once per day, the animals were placed in an open-tup Plexi-
glas restrainer, and the 670-nm LEI> was placed over the animals.
The LED treatments were given at a power of 28 mW/cm? for
2 min and 24 sec to achieve a dose of 4 J/cm?.

Each of the two groups were subdivided into four groups of
10 animals each. On days 2, 4, 7, and 14 of the treatment pe-
riod, animals were sacriticed and samples were collected for
c¢DNA microarray analysis. The incision line was excised, the
sponges were removed, and the skin overlying the sponges was
excised. These samples were immediatcly placed in Trizol
reagent (lovitrogen, Carlsbad, CA). The samples trom each
group were pooled, homogenized using a polytron, and the
RNA was precipitated using the manufacturer’s instructions.
The precipitated RNA was stored on ethanol at —80°C. The
samples were shipped on dry ice for microamay analysis.

RNA isolation and microarray

RNA obtained using the Trizol method'? was further pro-
cessed for DNAse digestion and purification.

For RNA samples obtaincd during the study, we used mouse
cDINA arrays containing ~1,200 gencs. For cach ¢DNA array
RNA was labeled with °F and exposed to a Kodak screen that
was scanned using BIORAD Multiflour Scanner FX, The
scanned images were then analyzed using ATT.AS Tmage 2.0
software. The data obtained was then analyzed for gene clus-
tering using Cluster and TreeView programs.20 The nnsuper-
vised clustering algorithm was applied to microarray analysis
of those samples. More comprehensive analysis of the differ-
ential gene expression was carried out using GeneSpring from
Silicon Genetics,

RESULTS

Our initial studies with skin wound healing model in mouse
have revcaled cortain patterns of genc expression induced by
LED. Tissue regencrating genes were significantly upregulated
upon LED treatment when compared to the untreated sample.
Integrins, nidogen, laminin, actin, kinesin motor proteins are
some of the genes that have been reported to be involved dur-
ing regencration process. These are some of the penes that
were ideniified upon gene array experiments with RNA iso-
lated from sponges from_the wound site in mouse with and
without LED treaiment.
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LED Irradiation for Wound Healing in Diabetic Mice

A wound hesling impaired type 2 diabetic mouse model has
been studied. As previously reported, penetically diabetic mice
treated with low level laser irradiation demonstrated signifi-
cantly enhanced wound closure grossly, and iraproved wound
epithelialization, cellular content, granulation tissue formation,
collagen deposition, and extensive neovascularization on his-
tological evaluation.” In our study, type 2 diabetic mice with
cxcisional skin wounds were treatcd with LEDs at individual
wavelengths of 680 nm. 730 nm, and 880 nm at 4 J/cin? and
50 mW/cm?2 LED treatment produced increased healing rates,
compared to surgical controls as seen in Figure 1.

A repeated measures analysis was conducted using a Gen-
eral Lincar Model with Sgridrea as the dependent varzable amd
Trear as the iondependeni vadable. The interaction effect
Day*Treat is significant (p = 0.0095), indicating that there is a
significant difference between treatments on some days. This
test is of primary interest in this situation, because it shows that
the treatments are effective for some part of the treatment pe-
rniod. This analysis was carried out using the SAS statistical
software package, published by The SAS Institute, Inc.

Gene changes induced by LED can be catcgorized into two
major groups, gene that were upregulated (Fig. ZA) m both
time periods and genes that were downregulated in both time
periods (Fig. 2B). LED stimulated genes coding for improved
tissue regeneration and basement membrane repair.

Basement membrane and tissue regenerating penes were
signilicantly upregulated in LED versus unireated conirol.

Downregulated genes were clustered using the hierarchicat
cluster, and genes that were downregulated in both time peri-
ods were selected (Fig. 2B).

The basement membrane consists of a supramolecular net-
work of collagen type IV, laminin (LN}, nidogen, and associated
proteoglycans. Increased expression of basement membrane
components during sequential phases of wound angiogenesis
and healing was repeatedly observed upon LED treatment.

Few selected genes out of approximately 306 genes that
were significantly altcred have been compared for their expres-
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FIG. 1. Type 2 diabetic mice with excisional skin wounds
treated with combined LED wavelengths, 4 Jfem?, 50 mW/em?.
The square root of wound area 1s used in the dependent vari-
able in the analysis. This transformation was needed to correct
for non-constant error in the Genera] Linear Model. SqriArea
could be interpreted as being proportional to the radius of a cir-
cular wound. The interaction effect Day*Treat is significant
(p = 0.0093).
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sion levels at the two time points studied after LED treatment
(Fig. 3). These preliminary results are based on gene array ex-
periments however they wound need to be confirmed by other
gquantitative technigues.

Laminin, nidogen, myosin were among the many genes
that are part of the basement membrane were upregulated at
both time points by LED. Genes from the kinesin soperfamily
proteins that are involved in rcgencration were also altered.
Kinesin superfamily motor proteins are invelved during
regeneration.

Semaphorins/collapsins, a family of genes with a sema-
phorin domain conserved from insects through to mammals,
have been shown to be involved in axon guidance during neu-
ronal! development in addition ta the axon repellent lunction of
semaphorin D. Semaphorins are involved in axon guidance
during neuronal development in addition to the axon repellent
function of semaphorin H.

Galectin-7 is a beta-galactoside binding protein of the lectin
famuly, specifically expressed in stratified epithelia and no-
tably in cpidermis. Its production coincides with the degree of
stratification of the epithelia. It can be considered as a marker
of all subtypes of keratinocytes. This gene was upregulated at
day 2 and continued to be elevated after 14 days of LED treat-
ment (Fig. 3).

Fibroblast growth Tactor 7 and 12 were also upregulated by
2 days vpon LED treatment in the sponge site of diabetic mice,
These are growth factors known to be involved in the regen-
eration process (Fig. 3) Genes for TGF-beta 1 and thrombo-
spendin 1 (TSP-1) were however upregulated by 14 days of
LED treatment.

Calcium regulated genes, Calpacting, were also altered
by LED treatment. Calpactins are a family of related Ca2+-
regulated cytoskeletal proteins. The light chamn is a member of
the S100 family known to be associated with cell differentia-
tion, malignant transformation, and S-phasc of cell cycle.

Gcenes such as receptor for cytokines, cytokincs such as
interleukin-1, IL-10, macrephage inflammatory protein-2, and
proapoptosis associated genes are a few that were downregu-
lated at both time points studied (Fig. 4).

Expression levels of each of these genes have been observed
only by several gene array experiments. However each of these
selected genes will need to be confirmed by other quantitative
technigues such as real-time PCR (RT-PCR).

DISCUSSION

The biochemical mechanism by which LED enhances the
process of wound healing is not known. The current theory is
that the infrared light is absorbed by some photoreceptors,
which then trigger a cascade of reactions in a cell. The major
biclogical photoaceeptors in the ncar-infrared range have been
determined te be hemoglebin, myoglobin, and cytochrome ox-
tdase. LD treatment effectively energized the cells by stimu-
lating their cytochrome axidase!213 and (nggered a cascade of
cellufar and molecular events that have significant hiolngical
benefits.

Using the gene array technology, we observed a variety of
gene families such as basement membrane components to be
upregulated by LED when compared to the untreated controls.
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FIG. 3. Expression pattern of a few selected genes induced by LED at both time points in the sponge site of the wound.

Expression of basement membrane companeats occurs during
sequential phases of wound healinpg and anpiogenesis. Nidogen
is one such protein along with gap junction proteins, actin that
were upregulated by LED treatment. Lamunin and nmidogen
transcripls are greatest during the early proliferative-migratory
phase of angiogenesis but deercase significantly in later
phases, when vesscl maturation and tube formation predomi-
nate. There are reports that suggest that wound-induced epithe-
lial cell migration is a finely tuned process that is dependent
upon the regulaled funcion and localizalion of specific
taminins and their integrin receptors. 22

Integrin alpha 7 bera 1 is a specific cetlular receptor for the
basement membrane protein laminin-1, as well as for the
laminin isoforms -2 and -4. The alpha 7 subunit is expressed
mainly in skeletal and cardiac muscle and has been suggesied o
be involved in differentiation and migration processes during
myogenesis. Both integrins and laminins were among the many
upregulated genes upon LED treatment when compared to the
untreated controls. Principal stages of epidermal wound healing
in human skin implies a linkage between BM assembly, integrin
distribution and the compartment of proliferation competent

cells, which in turn determines the onset of differentiation. Thus,
aparl from the balance of diffusible growth regulators, there is
positional control of keratinocytes, largely accomplished by
integrin -matrix interactions, which seems to be prerequisite to
establishment and maintenance of tissue homeostasis.?

Homeobox genes are another family of genes, which were
altered by LED treatment. Hox 7 and Hox 8 genes are known
to play a role for the msh-like family of genes in mesodermal
and muscle differentiation and patterning and may acl as a Key
factor up-regulating a variety of proangiogenic stimuli.?* The
formation of new blood vessels from pre-existing blood ves-
sels ix thought e be eritical for wound repair.

We_have identified semuphorins/ecollapsins to be markedly
increased upon exposure o LED that may in urm decrease
pain. Mouse semaphorin H functions as 4 chemorepellent o
guide or block sensory peripheral nerve ingrowth, most likely
via neuropilin as a receptor.2® With the increase of semaphot-
ing D> at the site of the wound, nerve growth would likely be di-
rected to occur around, rather than through the wound area.
Numerous studies have shown that pain slows the healing pro-
cess probably due to CNS-directed recruitment of inflamma-
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tory cells to the site of injury and their subsequent release of
cytokines/eicosanoids and other mediators.

A cluster of calcium binding proteins was altered upon LED
treatment. Calpactins are a family of related Cal+-regulated cy-
toskeletal proteins that were upregulated upon LED treatment.
The calpactin [ complex is composed of two heavy chain (39 K}
and two light chain (11 K) subumts. The heavy chain is a mem-
ber of a protein family that includes lipocorting, cndonexin,
and chromobindins, while the light chain is a member of the
3100 family {seven distinct members are known). Many new
members of the 5-100 genes are known to be associated with
cell differentiation, malignant iransformation, and cell cycle.
The messenger RNA levels of Calpactins have been reported to
increase parallel to the § phase population of cells. Calpactins [
and II are proteins that bind Ca?+, phospholipids, actin and
spectrin; they are alse major substrates of oncogene and
growth-factor-receptor tyrosine kinases,

Transtorming growth factor—beta (TGF-beta), a potent regu-
lator of wound healing and scar formation, is thought to have a
key role in the response to injury.2® TSP-1 promotes angiogen-
¢sis in the rat aorta model. TSP-1 has a predominant role in the
activation of latent TGF-beta in malignant glioma cells.?” TSP-1
15 known to up-regulate the plasminogen activator system
through a mechanism invelving the activation of TGF-beta 1 28
Both TGF beta-1 and TSP-1 were upregulated by 14 days of
LED treatment in the current study suggesting they play an im-
portant role in the wound healing process.

A large number of proapoptotic genes along with cytokines
and their receptors were downregulated by LED. Activator of
apoptosis harakiri (HRK), programmed cell death 1 protein
precursor (PDCD-1; PD-1) and RIP were among the many
genes involved in apoptosis that were inhibited by LED.
Receptor-interacting protein (RIP}, a Ser/Thr kinase component
of the tumor necrosis factor (I'NF} receptor-1 signaling com-
plex, mediates activation of the nuclear factor kappaB (NF-
kappaB) pathway.?? RiP2 has a C-terminal death domain, and
RIP2, which has a4 C-terminal caspase activation and recruit-
ment domain. These cell death-associated genes were down-
rerulated upon LED treatment in the mouse model, which
suggests that there is increased proliferation induced by 1LED.

CONCLUSION

Using gene discovery technigues, one can begin to under-
stand the biochemical mechanisms that are triggered by LED
and may be playing a role in ultimately enhancing the healing
process. LED effects the expression of genes involved in
wound healing and possibly pain modulation thus enhancing
the healing process. This work will directly lead to improve-
ments in manipulating basic mechanisms to enhance rapid
LED healing of acute combat trauma.
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