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ABSTRACT

Objective: The aim of the present investigation was to assess morphological, cellular, and molecular effects of
exposing wounded diabetic fibroblast cells to He-Ne (632.8 nm) laser irradiation at two different doses.
Background Data: An alternative treatment modality for diabetic wound healing includes low-level laser
therapy (LLLT). Although it’s used in many countries and for many medical conditions, too many health
care workers are unaware of this therapy, and there is still controversy surrounding its effectiveness. Methods:
Normal human skin fibroblast cells (WS1) were used to simulate a wounded diabetic model. The effect of
LLLT (632.8 nm, 5 and 16 J/cm?once a day on two non-consecutive days) was determined by analysis of cell
morphology, cytotoxicity, apoptosis, and DNA damage. Results: Cells exposed to 5 J/cm? showed a higher
rate of migration than cells exposed to 16 J/cm?, and there was complete wound closure by day 4. Exposure
of WS1 cells to 5 J/cm? on two non-consecutive days did not induce additional cytotoxicity or genetic
damage, whereas exposure to 16 J/cm? did. There was a significant increase in apoptosis in exposed cells as
compared to unexposed cells. Conclusion: Based on cellular morphology, exposure to 5 J/cm? was stimulatory
to cellular migration, whereas exposure to 16 J/cm? was inhibitory. Exposure to 16 J/cm? induced genetic
damage on WS1 cells when exposed to a He-Ne laser in vitro, whereas exposure to 5 J/cm? did not induce any
additional damage.

INTRODUCTION (fluence, intensity, and wavelength) need to be determined, and
it is these parameters that can lead to negative results. There is
THE UNIQUE PROPERTIES of laser light—monochromaticity, controversy surrounding some of the published results as laser
coherence, compressibility, and collimation—has allowed  light can cause inhibitory or stimulatory effects, which depend

for its use in a wide range of medical disciplines, and it has  upon the choice of parameters.*
become a new treatment modality in a wide range of disorders, Diabetes mellitus (DM) is a chronic metabolic disorder
with more applications under investigation.! Some uses caused by the inherited and/or acquired deficiency in the
include acceleration of wound healing; enhanced remodeling  production of insulin or by the ineffectiveness of the insulin
and repair of bone; restoration of normal neural function produced. Such a deficiency results in increased concentra-
following injury; pain attenuation; and modulation of the tions of glucose in the blood, which in turn damage many of
immune system.? A fair amount of research in laser therapy and  the body’s systems, in particular the blood vessels and nerves.
cellular biology has been conducted with the desire to obtain  Approximately 150 million people worldwide have DM, a fig-
reproducible, reliable, scientific results. A wide variety of cell  ure that is likely to double by the year 2025 due to population
types, including microorganisms, has and can be used as a  growth, aging, unhealthy diets, obesity, and sedentary
model and depends on experimental objectives, and various lifestyles.® The principal complications in DM arise from
end points have been looked at: proliferation, migration, colla-  diseases in the blood vessels (macro- and microangiopathy).
gen synthesis, and autocrine production of growth factors.>  Fat and muscle atrophy, combined with sensory loss, due to
Once a model has been chosen, irradiation parameters diabetic neuropathy can result in pressure sores on the feet,
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which may necessitate amputation at a later date.
Approximately 15% of diabetic patients will develop foot ul-
cers, and 6% of these will require hospitalization for the treat-
ment of such ulcers.® Amputation is one of the most costly
complications of diabetes and places an added economic bur-
den on society due to a loss of earnings—claiming approxi-
mately 8% of health budgets in developed countries.”

Patients with DM require complex continuous medical
attention to prevent acute complications and reduce the risk of
long-term complications.® Foot ulceration is a major cause of
disability in diabetic patients, and every effort and treatment
available should be accessible to these patients to prevent or
delay adverse outcomes and lower the incidence of amputation.
There is a variation in the treatment of foot wounds in diabetic
patients, and some of the established treatments include off-
loading, debridement, dressings, infection management, vascular
reconstruction, amputation, and adjunctive medical therapies
(e.g., normalization of blood glucose and treatment of edema).®
Low-level laser therapy (LLLT) has been used in a variety of
animal and human models in the treatment of diabetic wounds.
It has been shown that laser therapy increases wound closure,
improves wound epithelialization, cellular content, granulation
tissue, and collagen deposition in diabetic mice.” There is a
rapid decrease in the inflammatory reaction, cleansing, and
acceleration of regeneration processes in infected wounds in
diabetic patients.!®!! LLLT has been shown to induce wound
healing in conditions of reduced microcirculation,'>!3 enhance
wound tensile strength,'* accelerate collagen production,!>!6
and enhance angiogenesis.!’

METHODS

Cell culture

All materials and cells used for cell culture were supplied
through Adcock S.A. unless otherwise stated. Human skin
fibroblast (HSF) cells, WS1 (ATCC CRL 1502), were grown to
confluence in complete Eagle Earle’s minimum essential media
(EMEM, 12-136F) containing 10% fetal bovine serum (FBS,
14-501AI), 2 mM L-glutamine (17-605F), 0.1 mM non-essential
amino acid (NEAA, 13-114E), 1 mM sodium pyruvate (13-115E),
and 1% Pen-strep fungizone (17-74SE), at 37°C in 5% carbon
dioxide and 85% humidity. A diabetic wound model was based
on the published work of Hamuro et al. (2002),'® who examined
the effect of elevated extracellular glucose, thus simulating
diabetes,'®2* on cellular migration. A diabetic cell model was
achieved by culturing the cells in complete media containing an
additional 17 mMol/L D-glucose.!® To determine the effects of
the laser, cells were detached from the culture vessels by
trypsinization (1 ml/25 cm?, 0.25% trypsin [17-160E]/0.03%
EDTA), and approximately 6 X 10° cells were seeded into
3.3-cm-diameter culture plates as determined by the Trypan blue
exclusion test. Plates were incubated overnight to allow the cells
to attach, and a central scratch, using a sterile pipette, was intro-
duced to simulate a wound.**

Laser set-up and irradiation

Cells were exposed once per day on days 1 and 4. Cells
were exposed to a He-Ne laser (Spectraphysics; model 127,
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wavelength 632.8 nm), with an output power of 3 mW/cm?.
The laser beam was expanded and clipped to give a truncated
Gaussian beam with a spot size of 3.3 cm in diameter. Output
power was measured before each exposure using a Newport
Optical Meter (model 80) and averaged approximately 33 mW.
A dose of either 5 or 16 J/cm? was used, corresponding to an
exposure time of 26 min 33 sec and 84 min 23 sec, respec-
tively. Unexposed wounded normal and unexposed wounded
diabetic induced cells were treated in the same manner and
were used as controls. Cells were exposed in 2000 pL of cul-
ture media; the culture media was not replaced as it was used in
some of the tests. Each experiment was repeated in triplicate
and each test in duplicate.

Morphology, cellular, and genetic parameters

The effect of the laser was determined by looking at cellular
morphology, viability, cytotoxicity, apoptosis, and genetic in-
tegrity. Cellular morphology was determined by inverted mi-
croscopy (Olympus S.A. CKX41); the formation of
spindle-shaped cells in wounded cultures was evaluated, char-
acterizing normal processes involved in wound healing.?*
Colony formation, haptotaxis, chemotaxis, and the number of
cells in the central scratch were also evaluated. After laser ex-
posure, the culture media was removed and kept for further test-
ing. Cells were removed by trypsonization and re-suspended to
a final concentration of approximately 1 X 107100 pL using
the Trypan blue exclusion test. An equal volume of cells was
mixed with 0.4% Trypan blue (Sigma S.A. T8154), in Hanks
balanced salt solution (Adcock S.A. 10-543F), and the number
of viable and non-viable cells was counted using a light micro-
scope (Olympus S.A. BX41).

Cytotoxicity was measured using the CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega S.A. G4000). This
assay quantitatively measures lactate dehydrogenase (LDH), a
stable cytosolic enzyme that is released upon cell lysis. Maxi-
mum LDH values for diabetic induced and normal HSF cells
was obtained from samples incubated at —80°C; this value was
then used to determine the percentage of cytotoxicity. An equal
volume of culture media and substrate was incubated for
30 min in the dark at room temperature. Stop solution was
added (100 p.l), absorbance was read (Bio-Rad S.A. Benchmark
Plus Microplate Spectrophotometer A, ), and percentage of
cytotoxicity was determined. Background absorbance from phe-
nol red in the culture media was corrected by including and sub-
tracting a culture medium background control from the results.

Apoptosis was determined by measuring caspase-3 and -7
using the Caspase-Glo™ 3/7 assay (Promega, S.A. TB323).
Addition of reagent results in cellular lysis followed by sub-
strate cleavage by caspase-3 and -7 and a luminescent signal is
generated by luciferase. Negative controls consisted of reagent
and culture media without cells. A positive control was in-
cluded by inducing apoptosis in 1 X 10° cells/mL using
0.5 pg/mL Actinomycin D. An equal volume of reagent was
added to cells; the contents were mixed and incubated at room
temperature for 3 h. Luminescence was read using the Junior
EG&G Berthold Luminometer. Luminescence is proportional
to the amount of caspase activity present.

Genetic integrity was determined by measuring DNA dam-
age using the Comet assay, which was performed according to
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Collins.?> Approximately 2 X 10* cells was embedded in 1%
low melting point agarose (Sigma S.A. A-9414) and lyzed in
lysis solution (2.5 mM NaCl, 0.1 M EDTA, 10 mM Tris, 1%
Triton X-100) for 1 h at 4°C. Damaged DNA underwent alka-
line unwinding in electrophoresis solution (0.3 M NaOH,
1 mM EDTA). The relaxed coils were pulled out of the nu-
cleoid “head” towards the anode, forming the “tail” of a comet-
like image during electrophoresis at 25 V at 4°C for 30 min.
Gels were neutralized (0.4 M Tris, pH 7.5) stained with 20 pL
of a 1 pg/mL 4’6-diamidine-2-phenylindol dihydrochloride
(DAPI,; Scientific Group S.A. 32804803), and viewed on a flu-
orescent microscope, (Olympus S.A. BX41/BX51). One hun-
dred comets per gel were visually analyzed at random, and
cells were scored according to the five recognizable classes of
comets, ranging from class O (undamaged, no discernible tail)
to class 4 (almost all DNA in tail, insignificant head).

Houreld and Abrahamse

Statistical analysis

Unexposed control cells were included in each experiment, the
average of which is represented in each graph. Statistical analysis
was done using the one-tailed Student 7 = test using SigmaPlot
Version 8.0 and was considered statistically significant at
p < 0.05 (plotted using positive and negative standard error bars).

RESULTS

Cellular morphology

Number and intensity of colony formation, haptotaxis,
chemotaxis, and number of cells in the central scratch were
evaluated to determine fibroblast activity. There was no differ-
ence in cell structure between diabetic induced and normal

FIG. 1. Diabetic induced, wounded WS1 cells (40X magnification). Unexposed diabetic wounded cells. (a) Day 1: A wound
margin and the central scratch can be clearly seen to the left of the picture. (b) Day 2: There is evidence of haptotaxis and chemo-
taxis; the cells are changing their direction of growth and are migrating towards the central scratch. (¢) Day 3: There is still
evidence of haptotaxis and chemotaxis, with cells in the center of the central scratch. (d) Day 4: The central scratch can still be
clearly seen and there is incomplete wound closure. Diabetic wounded cells exposed once a day on days 1 and 4 to 5 J/cm?.
(e) Day 1: After laser irradiation, there is colony formation; cells begin to accumulate and group at the wound margin. (f) Day 2:
There is a much more rapid rate of chemotaxis and haptotaxis; a lot more cells can be seen in the central scratch. (g) Day 3: Cells
can be seen in the center of the central scratch. (h) Day 4: After laser irradiation complete wound closure is noted. Diabetic
wounded cells exposed once a day on days 1 and 4 to 16 J/cm?. (i) Day 1: After laser irradiation, there is some colony formation.
(j) Day 2: There is chemotaxis and haptotaxis; cells are migrating towards the central scratch. (k) Day 3: Cells can be seen in the
center of the central scratch. (1) Day 4: After laser irradiation incomplete wound closure is noted.
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FIG. 2. The release of LDH (A,

) from frozen WS1 cells (representing maximum LDH) was used to determine percentage

cytotoxicity in WS1 cells exposed once a day on days 1 and 4 to either 5 or 16 J/cm?, mean + SEM of triplicate. There is a statis-
tical increase when WS1 cells are incubated in 17 mMol/L D-glucose and exposed to He-Ne laser irradiation at a dose of 5 and
16 J/cm?. There is a significant difference between NWC and DWC (p < 0.0001), NWC and DW5 (p = 0.0010), NWC and DW16

(p <0.0001), and DWC and DW16 (p = 0.0010).

WS1 cells, and no marked morphological changes were
observed following LLLT. Corresponding with work con-
ducted by Loevschall and Arenholtd-Bindslev,?° cells remained
long and slender in shape.

Unexposed, normal and diabetic induced, wounded WS1
cells showed signs of haptotaxis and chemotaxis after
overnight incubation at 37°C (Fig. 1a—d). Spindle-shaped cells
were seen migrating towards the central scratch. By day 3,
fibroblast cells could be seen in the center of the central
scratch, and on day 4, there were areas of “incomplete wound
closure.” Cells from either end of the wound margin did not
make contact.

Wounded, diabetic induced cells exposed once a day to 5
J/ecm? on days 1 and 4 remained intact and showed complete
wound closure by day 4 (Fig. 1e-h). After irradiation on day 1,
there was colony formation, with a dense cluster of cells along
the wound margin. After overnight incubation, there was a
much quicker rate of chemotaxis and haptotaxis, cells showed
structural changes sooner, and cells in the central scratch were
more numerous compared to unexposed cells. By day 3, spindle-
shaped cells were seen in the center of the central scratch, and
there was complete wound closure on day 4. Cells from either
end of the wound margin made contact.

However, when exposed to 16 J/cm?, there was incomplete
wound closure by day 4, when wounded, diabetic induced cells
were exposed once a day to 16 J/cm? on days 1 and 4, (Fig. 1i-1).
After laser irradiation on day 1, there was colony formation,
with cells beginning to cluster along the wound margin. By day 2,
there was evidence of chemotaxis and haptotaxis, with spindle-
shaped cells beginning to migrate towards the central scratch.
On day 3, there was still evidence of haptotaxis and chemo-
taxis, and on day 4, after laser irradiation, there was incomplete
wound closure.

Cytotoxicity

Percent cytotoxicity as a measure of LDH released into the
culture media by lyzed cells was determined spectrophoto-
metrically (A,q, ). Simulating diabetes in WS1 cells by
growing them in 17 mMol D-glucose increased the amount of
released LDH (Fig. 2). There was a significant increase in
percentage of cytotoxicity in diabetic wounded unexposed
cells as compared to normal wounded unexposed cells
(p < 0.0001). Exposure of diabetic wounded WS1 cells to
5 J/cm? on days 1 and 4 did not induce additional damage on
cells when compared to diabetic wounded unexposed cells
(p = 0.5476), although there was a significant increase when
compared to normal wounded unexposed cells (p = 0.0010).
On the other hand, exposure of cells on days 1 and 4 at a dose
of 16 J/cm? significantly increased the amount of cellular
lysis and damage compared to diabetic wounded unexposed
cells (p = 0.0010); however, the increase compared to cells
exposed to 5 J/cm? was not significant (p = 0.1084). There
was also a significant difference between normal wounded
unexposed cells and diabetic wounded cells exposed to
16 J/cm? (p < 0.0001).

Apoptosis

Apoptosis or programmed cell death was significantly in-
creased in cells exposed to either 5 or 16 J/cm? (Fig. 3). When
cells were exposed to 5 J/cm?, the increase in caspase-3 and -7
activity was increased as compared to normal wounded unex-
posed and diabetic wounded unexposed cells (p = 0.0002 and
p=0.0001, respectively). The increase in cells exposed to 16 J/cm?
was also significant when compared to normal wounded unex-
posed and diabetic wounded unexposed cells (p = 0.0003 and
p =0.0002, respectively). There was no change between 5 and
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FIG. 3. Apoptosis was determined by measuring caspase-3 and -7 activity in WS1 cells exposed once a day on days 1 and 4 to
either 5 or 16 J/cm?, mean + SEM of duplicate. There is a statistical increase in apoptosis when cells are exposed to 5 and 16 J/cm?
as compared to NWC (p = 0.0002 and p = 0.0003, respectively) and DWC (p = 0.0001 and p = 0.0002, respectively).

16 J/cm?. Diabetic wounded unexposed cells had less apoptosis
than normal wounded unexposed cells (p = 0.0006).

Genetic integrity

The amount of DNA damage was assessed by the Comet
assay, performed according to Collins.>> One hundred comets
were scored according to the class they fell into: class 0—4. The
class number multiplied by the number of comets in each class
gave an arbitrary unit of 0-400. The higher the arbitrary unit,
the more DNA damage present. There was no change in dia-

betic wounded unexposed cells as compared to normal
wounded unexposed cells; thus, growing WS1 cells in a hyper-
glycemic environment for up to 5 days did not induce addi-
tional DNA damage (Fig. 4). When WS cells were exposed to
5 J/ecm? once a day on days 1 and 4, there was no change as
compared to diabetic wounded unexposed cells and normal
wounded unexposed cells. Thus, such an exposure regime
in vitro did not induce additional DNA damage on cells. How-
ever, when WS1 cells were exposed to 16 J/cm? once a day on
days 1 and 4, there was a significant increase as compared to
normal wounded unexposed cells (p = 0.0007) and diabetic
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FIG. 4. Genetic integrity was determined by the Comet assay. Comets were scored manually and represented as arbitrary units.
WSI1 cells were exposed once a day on days 1 and 4 to either 5 or 16 J/cm?, mean + SEM of triplicate. There is a statistical in-
crease in DNA damage in cells exposed to 16 J/cm?. There is a statistical difference between NWC and DW16 (p = 0.0007), DWC
and DW16 (p = 0.0165), and between DW5 and DW16 (p = 0.0010).
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wounded unexposed cells (p = 0.0165), as well as when com-
pared to cells exposed to 5 J/cm? (p = 0.0010).

DISCUSSION

From the cellular morphology, it can be seen that exposure
to 5 J/cm? increases cell migration and wound closure in dia-
betic induced wounded WS1 cells. After a single exposure,
there is evidence of colony formation as cells begin to group
and accumulate at the wound margin. There is also a greater
rate of chemotaxis and haptotaxis and complete wound closure
by day 4 as compared to unexposed cells. Exposure to 16 J/cm?
once a day on days 1 and 4 inhibits cellular migration, cells do
not make contact in the central scratch, and there is incomplete
wound closure.

Simulating diabetes in WS1 cells by growing them in
17 mMol D-glucose does not have an effect on cellular migra-
tion or genetic integrity; it does however increase cellular lysis
as measured by LDH release. When percentage viability is cal-
culated using the Trypan blue exclusion test, there is no change
in cell viability in wounded diabetic induced cells as compared
to normal wounded unexposed cells; this contradicts with re-
sults obtained from LDH release. Trypan blue is a stain that
enters cells through a damaged membrane; thus, viable cells
remain unstained, and non-viable cells stain blue. However,
this test does not take into account cells that have lyzed and
will be seen as fragments under the microscope, and is thus not
as sensitive as the other methods.

In vitro exposure of diabetic wounded WS1 cells to 5 J/cm?
on days 1 and 4 using a He-Ne laser (33 mW) does not induce
additional damage to cells. There is no adverse effect on cellu-
lar viability (as determined by Trypan blue), cytotoxicity, and
DNA damage. On the other hand, exposure to 16 J/cm? is dam-
aging; there is an increase in cytotoxicity and DNA damage.
Laser exposure using a He-Ne laser induces apoptosis in cells
exposed to both 5 and 16 J/cm?.

CONCLUSION

Growing WS cells in additional 17 mM D-glucose to simu-
late diabetes does not inhibit cellular migration; this corre-
sponds with work done by McDermott et al.,' on SV40
transformed human corneal epithelial cells grown in 17 mM D-
glucose. Diabetic wounded WS cells irradiated with a He-Ne
laser (632.8 nm) to a dose of 5 J/cm? show structural and cellu-
lar resilience comparable to that of normal and diabetic
wounded unexposed skin fibroblast cells. These results may be
indicative of the cellular value of LLLT in vitro.

Normal and diabetic induced wounded fibroblast cells
respond better when incubated overnight; cells show a higher
rate of migration and proliferation; and cells are able to
respond, adapt, and recover. Human skin fibroblast cells
exposed to 5 J/cm? in vitro to a He-Ne laser respond better
than unexposed control cells; and there is a higher rate of
migration across the central scratch, with complete wound
closure by day 4. Cells exposed to 16 J/cm? once a day on 2
non-consecutive days show little migration from the wound
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margin; there is no migration across the central scratch, indi-
cating an inhibitory effect of irradiation at such a dose. Irradi-
ating diabetic induced WS1 cells to a He-Ne laser to lower
fluences (5 J/cm?) is stimulatory on cellular migration, an im-
portant factor in wound healing, whereas higher fluences
(16 J/cm?) are inhibitory.

In a similar study conducted by Hawkins and Abrahamse,?’
there was a statistical decrease in percentage of viability after
a single exposure to 5 J/cm?. Our results show that cells ex-
posed to 5 J/cm? on 2 non-consecutive days show similar val-
ues as unexposed cells. The increase in cytotoxicity as
compared to normal wounded unexposed cells is most likely
due to growth in a hyperglycemic media, as there is no differ-
ence between cells exposed to either 5 or 16 J/cm? and
diabetic wounded unexposed cells. Thus, LLLT on 2 non-
consecutive days to a He-Ne laser at a dose of 5 or 16 J/cm?
does not induce additional cellular lysis; it does however in-
duce apoptosis.

A dose of 5 J/cm? does not inflict genetic damage when
exposed on non-consecutive days. Hawkins and Abrahamse?’
found a significant increase when WS1 cells are exposed once
to 5 J/cm?. This initial damage appears to be repairable, and it
is likely that there may be an adaptive response, and cells are
able to respond and adapt to the second exposure. More work
on DNA damage and repair is warranted.

On the other hand, when cells are exposed on non-consecu-
tive days to 16 J/cm?, there is a significant difference between
unexposed cells and cells exposed to 5 J/cm?; the damage
inflicted on cells is not repaired. A dose of 16 J/cm? may not
sound very high or capable of inducing a significant amount of
damage; however, it should be remembered that when expos-
ing cells in vitro the energy absorbed by the cells cannot be dis-
persed as occurs in vivo leading to systemic effects. Energy
absorbed by the cells in vitro is limited to the culture environ-
ment and can thus lead to cellular and molecular damage pro-
vided the dose is above the threshold limit.

People with diabetes are 10-15 times more likely to have
lower limb amputations than non-diabetic individuals,?® and
these account for 50% of all non-traumatic amputations.'?
Due to the costs involved in the treatment of diabetic wounds,
particularly foot ulcers and amputations, and the economic
burden placed on patients, caregivers, and society, this
research fulfills an ever increasing need to develop a reliable,
safe, and cost-effective treatment modality, not only for dia-
betic wound healing, but also for wound healing in other dis-
ease conditions. Despite all efforts in the prevention of lower
limb amputation in diabetic patients in the past decade, the in-
cidence continues to rise; thus, appropriate techniques for
wound care that can reduce amputation rates are essential.?”
LLLT might be of benefit in selected indications if the exist-
ing preliminary data can be confirmed by further prospective
and well-controlled studies.>
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