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Abstract

This study examined the effect of monochromatic infrared energy (MIRE) on
diabetic wound healing. Fifteen diabetic rats were given MIRE intervention on their
skin wounds located on the dorsum and compared with 15 control diabetic rats.
Assessments were conducted for each group at weeks 1, 2 and 4 post wounding
(five rats at each time point) by calculating the percentage of wound closures
(WCs) and performing histological and immunohistochemical staining on sections of
wound tissue. Evaluations of WCs and histological examinations of reepithelialisation,
cellular content and granulation tissue formation showed no significant difference
between the MIRE and the control group at each time point. Through semi-quantitative
immunohistochemical staining, the deposition of type I collagen in the MIRE group
was found to have improved when compared with the control group at the end of
week 2 (P = 0.05). No significant differences in the myofibroblast population were
detected between the two groups. In conclusion, MIRE appeared to promote collagen
deposition in the early stage of wound healing in diabetic rats, but the overall wound
healing in the MIRE group was not significantly different from that of the control

group.

Diabetes mellitus is a chronic metabolic disease that causes
various complications. Foot ulcer is one of the most seri-
ous complications of diabetes, and it is estimated that around
10-25% of patients with diabetes would develop foot ulcers.
Among patients with diabetic foot ulcers, over half would
eventually receive a lower limb amputation (1-3). Therefore,
it is crucial to develop a better approach to managing diabetic
ulcers to prevent skin complications and the amputation of
limbs.

Key Messages

e previous clinical studies have suggested that monochro-
matic infrared energy (MIRE) promotes wound healing.
The aim of this study was to achieve an understanding
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of the effect of MIRE on dermal wound healing in
streptozotoxin (STZ)-induced diabetic rats by perform-
ing histological and immunohistochemical staining on
the wound tissues

there were no significant differences between the MIRE
and control group at each time point in the percentage
of wound closures and in the histological examination
of epithelialisation, cellular content, granulation tissue
formation and myofibroblast differentiation

the immunohistochemical results showed that the colla-
gen I deposition in the MIRE group was greater than
that of the control group at week 2

in conclusion, MIRE appeared to promote collagen
deposition in early stage of wound healing in diabetic
rats
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Normal wound healing involves a series of sequential
stages, including haemostasis, inflammation, remodelling of
granulation tissue and reepithelialisation (4). Immune cells
such as neutrophils and macrophages arrive at the wound
site, and phagocytose bacteria at the damaged tissues at the
site. The damaged epithelial layers then reepithelialise, and the
granulation tissue composed of inflammatory cells, fibroblasts
and myofibroblasts, as well as newly developed blood vessels,
forms at the wound site. Collagen deposition takes place at
a later stage, which allows the wound to be remodelled by
replacing the newly synthesised type III collagen with type I
collagen. The differentiation of fibroblasts into myofibroblasts
is a vital cellular activity that influences wound healing. With
its contractile ability to pull the edges of a wound together,
myofibroblast plays an important role in enhancing the clo-
sure of wounds. Larger myofibroblast populations are found in
highly vascularised wound tissues and smaller ones in wounds
with poor vascularity (5,6).

The mechanism of healing in chronic wounds such as dia-
betic ulcers is distorted, resulting in delays in the wound-
healing process (7). A recent review paper stated that delays in
the healing of diabetic foot ulcers could be due to microvascu-
lar dysfunction (8), which was supported by previous research
findings (9—11). It is believed that neuropathy contributes to
the risk of diabetic foot ulcers, while impairment in local
angiogenesis may lead to diminished peripheral blood flow,
which is one of the major causes of delay in the healing
of wounds for people with diabetes (1). Experiments using
diabetic animal models have also shown that abnormal gran-
ulation remodelling and a reduction in collagen synthesis and
deposition might also contribute to the delays in diabetic
wound healing (12,13).

Monochromatic infrared energy (MIRE) is a relatively new
electrophysical therapy device that has been shown to improve
sensation and reduce pain in patients with diabetic peripheral
neuropathy. Each treatment pad was embedded with gallium
aluminum arsenide diodes that emit near infrared with a
uniform wavelength of 890 nm (14). It was postulated that
the delivery of a near-infrared wavelength of 890 nm increases
microcirculation and enhances the release of nitric oxide, thus
promoting tissue healing (15,16). In two clinical studies, it
was reported that MIRE resulted in significant restoration
of peripheral sensation in diabetic patients (17,18). However,
contradictory findings have also been reported, in which MIRE
did not produce significant improvements in skin sensation,
pain intensity or quality of life (14,19).

There are several case reports indicating that MIRE appears
to promote the healing of diabetic ulcers (15,20). Horwitz
et al. (15) showed that MIRE promoted the healing of ulcers
in two patients with type 1 diabetes. They delivered MIRE
for 30 minutes on two patients using different protocols (one
patient received treatment on alternate day for 5 months;
but the other patient received treatment once a week for
3 months). They showed complete wound closure (WC) in
both patients after the treatment period. In another case report,
four patients with diabetic foot ulcers that had failed to heal
for at least 1 month showed complete healing after receiving
MIRE treatment for a period ranging from 21 to 52 days, with
the frequency of treatment being three times per week (20).
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However, there have been very few previous studies examin-
ing the mechanisms of MIRE on promoting diabetic wound
healing. Recently, our group showed that MIRE increased
microcirculation by enhancing capillary blood cell velocity
and superficial skin blood flow in healthy subjects (21). Thus,
we hypothesised that MIRE may help to promote diabetic
wound healing. In this study, we examined whether MIRE
would promote the cutaneous wound healing in streptozotoxin
(STZ)-induced diabetic rat model.

Materials and methods

Diabetic rat model

The study was conducted by Department of Rehabilitation
Sciences, The Hong Kong Polytechnic University. All animal
experiments were conducted with the approval of the Animal
Subjects Ethics Sub-Committee of the Hong Kong Polytechnic
University. The study protocol complied with the guideline
of The Hong Kong Polytechnic University and all animals
received humane care. Thirty male Sprague—Dawley rats (10
weeks, 280—320 g) supplied by the Centralised Animal Facil-
ities of the same university were housed in a temperature-
controlled animal holding room with a 12-hour light/dark
cycle. The rats were allowed to acclimate to their environment
for 1 week before the experiment. Each rat was then given
a single intraperitoneal injection of STZ (Sigma-Aldrich, St
Louis, MO; 55 mg/kg in citrate buffer) and its blood glucose
was measured 1 week after the injection. Rats with a blood
glucose level of >300 mg/dl (16.7 mmol/l) were defined as
having been successfully induced with diabetes (22,23).

Excisional skin wounds

After anaesthesia administered via an intraperitoneal injection
of a mixture of ketamine and xylazine (100 mg and 10 mg/kg
body weight, respectively; Alfasan International, Woerden,
Holland), the rats were shaved on the dorsum and cleansed
with a betadine solution. A 2 x 2 cm full-thickness square-
shaped skin wound was then created on each rat (24). The
wound was covered with sterile gauze to avoid exposure and
prevent infection.

MIRE intervention

The MIRE intervention was given on postoperative day 2.
Thirty diabetic rats were randomly allocated into either the
MIRE group (n = 15) or the control group (n = 15) without
treatment. MIRE with a wavelength of 890 nm (Anodyne
Therapy Professional System 480; Anodyne Therapy, Tampa,
FL) was used and the intensity was set at level 6, that is
85% of full power, so that the temperature of the wound bed
would not exceed 37°C after 30 minutes of treatment (14).
The animals received 30 minutes of MIRE three times a week
before they were euthanised. The animals in the control group
were handled according to the same procedure as that used
on the MIRE group, except that the MIRE machine was not
switched on in their case.

© 2012 The Authors
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Assessment of wound healing

The wound area (WA) was assessed immediately after the
creation of the wound (day 0) and also on postwound-
ing days 7, 14, 21 and 28. Photographs of the wounds
were taken using a digital camera (Nikon coolpix P5100;
Nikon Corp, Tokyo, Japan). The WA on day 0 (WAg) and
the WA on the date of assessment (WAy) were calculated
using computer software called the Verge Videometer Mea-
surement Documentation (VeV MD) system (VERG Inc.,
Winnipeg, MB). The percentage of WC (%) was then calcu-
lated using the following formula: WC % = (WAo—WAy) X
100%/WAy.

Histological staining

At postwounding days 7, 14 and 28, five rats were randomly
selected from each of the control and the MIRE groups and
were euthanised by giving them an overdose of ketamine and
xylazine. These time points were chosen according to the
reported timeline of the wound-healing process in animals
and humans (15,20,25,26). For histological assessment, the
wound tissue was excised in full-thickness with subcutaneous
fat and including a margin of at least 5 mm of healed
skin. The specimens were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS, pH 7.4) and were processed
for embedding in paraffin. Sections with a thickness of 5 um
were cut for routine haematoxylin and eosin (H & E) staining
and immunohistochemistry.

In the histological examination, the levels of reepitheliali-
sation, cellular content and granulation tissue in each wound
were rated using the previously reported scoring scales (26,27)
(Table 1). The scoring was completed by two blinded eval-
uators who were specialised in the pathology of laboratory
animals. The deposition and distribution of type I and type III
collagen were examined by immunofluorescence staining. The
presence of myofibroblast was examined using immunofluo-
rescence staining for a-smooth muscle actin (a-SMA), which
represents the actin isoform typical of vascular smooth mus-
cle cells as well as of the fibroblast/myofibroblast phenotypic
transition (28,29).

Monochromatic infrared energy on diabetic wound healing

In the process of immunofluorescence staining, tissue
sections were deparaffinised and rehydrated through graded
alcohol into water and finally washed with PBS. After incu-
bating with 5% normal horse serum in PBS for 1 hour to
prevent non specific binding, the tissue sections were incu-
bated with individual primary antibodies (a-SMA, 1:50000;
Sigma-Aldrich; type I collagen, 1:250 and type III collagen,
1:100, both from Novus Biologicals, LLC, Littleton, CO)
at 4°C overnight. The sections were subsequently incubated
with appropriate Alexa Fluor dye-conjugated secondary anti-
bodies (1:300; Molecular Probes Inc., Eugene, OR). Finally,
the sections were mounted with Vectashield containing DAPI
(Vector Lab, Burlingame, CA) for nuclei visualisation. Images
of six randomised views of each slide under magnifications of
200x or 400x were taken using a Nikon 80i Eclipse epiflu-
orescent microscope (Nikon Instruments Inc, Melville, NY)
and a SPOT RT-SE™ digital camera (Diagnostic Instruments
Inc., Sterling Heights, MI). An antigen-retrieval approach for
collagen III was performed by autoclaving the slides with tis-
sue sections in 0.01 M sodium citric solution (pH 6) at 120°C
for 20 minutes before the step of blocking.

The histological and immunohistochemical staining pro-
cesses were performed at least three times for each section
of tissue.

Statistical analysis

Descriptive data were presented as the mean = SEM. An
independent 7-test was conducted to compare the difference
between the MIRE and the control groups. Average score of
the staining calculated for each group at each time point was
tested using the Mann—Whitney U-test to determine whether
there were differences between the groups. The level of sig-
nificance was set at P < 0.05 for all outcome measures.

Results

Wound closure

The photographs of representative wounds taken at differ-
ent time points from each experimental group are shown

Table 1 Scoring system for histological and immunohistochemical examinations*

ltems 0 1 2 3 4
Reepithelialisation None to Minimal to Almost Completely Thicker epithelial
(by H & E staining) minimal moderate completely reepithelialised, layer
reepithelialised thin layer
Cellular content (by H None to Few More fibroblasts Predominately Mature fibroblast
& E staining) minimal fibroblasts fibroblast in dermis
Granulation tissue (by None to spare Thin layer at Thin layer across Uniformly thick Clearing
H & E staining) edges wound
Collagen deposition None Few collagen Moderate amount Extensive Dense and
(by immunofluores- fibres of collagen collagen fibre organised
cence fibre
staining)

H & E, haematoxylin and eosin.

*On the basis of the scoring system reported in Kawalec et al. (26) and Yu et al. (27).

© 2012 The Authors
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in Figure 1A. Overall, no significant differences were found
between the MIRE and the control groups in terms of the per-
centage of WC throughout the 4-week experimental period
(Figure 1B).

Wound reepithelialisation, cellular content and
granulation tissue formation

In H & E staining, no significant differences were found
between the MIRE and the control groups in the mean score
for wound reepithelialisation, granulation tissue formation and
cellular contents throughout the 4-week experimental period
(Figure 1C).

Collagen deposition

With immunofluorescence staining, positively stained type I
and type III collagen fibres were rarely detected in either the
MIRE group or the control group in week 1 post wounding. In
week 2, collagen I fibres were observed across the entire area
of the wound in the MIRE group (Figure 2A) in contrast to
sparse collagen I fibres distributed in a dispersed manner in a
thin layer under the wound in the control group (Figure 2B).
The score for collagen I fibre in the MIRE group was signifi-
cantly greater than that in the control group (collagen I: 3 £ 0
versus2.4 + 0.245, P = 0.05) in week 2 (Figure 2C). How-
ever, by week 4, dense and well-aligned type I collagen fibres
were seen in the wounds of both the MIRE and control groups,
with no significant difference between the groups (Figure 2C).
No significant difference in the immunoreactivity of type III
collagen fibres was found between the MIRE and the control
group throughout the experimental period (Figure 2C).
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Myofibroblast formation

With immunofluorescence staining, a-SMA-positive myofi-
broblasts were detected in the granulation tissue of the dermal
layer in both the MIRE (Figure 3A) and the control groups
(Figure 3B) by week 1 post wounding, indicating that myofi-
broblasts were present at the early healing stage of the diabetic
wound in a rat model. Although only a marginally significant
difference in the myofibroblast population score was found
between the control and the MIRE groups (P = 0.058), myofi-
broblasts appeared to be less populous in the former than in
the latter (Table 2).

In week 2, the population of myofibroblasts and the inten-
sity of their a-SMA staining had increased markedly in both
the MIRE and the control groups (Table 2 and Figure 3C and
D) as compared with week 1. The myofibroblast population
and intensity score in the control group were somewhat lower
than that in the MIRE group but the differences were not statis-
tically significant. In week 4, when the wound-healing process
is supposed to be approaching the final stage, myofibroblasts
were no longer seen in any of the wound tissue sections in
the control group (Figure 3E) or the MIRE group, with the
exception of those for one animal (Figure 3F and Table 2),
which we regard as an individual variation.

Discussion

Delayed wound healing is a common complication of dia-
betes. Diabetic wounds commonly involve impaired cellu-
lar infiltration, inadequate formation of granulation tissue,
reduced angiogenesis and inadequate deposition of colla-
gen (30). Previous studies have shown that MIRE produces
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Figure 1 Comparisons of the wounds of the monochromatic infrared energy rats and control rats at various time points in terms of (A) healing status,
(B) percentage of wound closure (WC), (C) average score of cellular content, epithelialisation and granulation tissue. Scale bar = 1 cm.
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Figure 2 Comparisons of collagen deposition between the monochromatic infrared energy (MIRE) rats and control rats. (A) Collagen | deposition of
wounds in the MIRE rats at week 2; (B) Collagen | deposition of wounds in the control rats at week 2. (C) The average scores for collagen | and
collagen Il deposition labelled by immunofluorescence staining. * represents significant group difference (P < 0.05) in collagen | found between the

MIRE and control rats at week 2. Scale bar = 50 um.

sensory restoration in people with diabetic peripheral neuropa-
thy (31-33). In addition, we have recently showed that MIRE
increases microcirculation in healthy subjects (21). Therefore,
we explored the possibility that MIRE might also help to pro-
mote wound healing by using the diabetic rat model.

Using H & E staining, we have examined the extent
of reepithelialisation, cellular content and granulation tissue
formation, all of which are well-accepted outcome measures
for monitoring the progress of wound healing. On the basis of
the treatment protocols adopted in this study, results from
our histological examinations did not support that MIRE
was effective in promoting wound healing in our diabetic
rat model. However, it was noted that the deposition of
type I collagen fibre was significantly more at week 2 post
wounding upon MIRE intervention as compared with the
control. In addition, myofibroblast formation was also found
to have been promoted in the wounds treated with MIRE,
although the effect did not reach statistical significance. Unlike
fibroblasts, myofibroblasts possess the ability to contract,
through the presence of a-SMA in their cytoskeleton, allowing
the cells to contract and pull the wound tissues together
to close the wound. It is also thought that myofibroblasts

© 2012 The Authors
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promote wound healing by secreting more collagen fibre
and accelerating the process of tissue repair (28,34). We
speculated that an increase in myofibroblast formation in the
MIRE groups resulted in an increase in collagen content
observed in week 2. A previous study using non diabetic
Wistar rats showed that myofibroblasts were absent in the
dermal layer until the sixth day post wounding, peaked at
the 15th, but decreased thereafter and disappeared 30 days
after the wounding (12). Darby et al. (35) reported a delay
in the appearance of myofibroblasts in diabetic wounds as
compared with non diabetic wounds in mice. In our study,
myofibroblasts showed up in the experimental rats as early
as 1 week post wounding. Although there was no statistical
significance, more myofibroblasts were present in the MIRE-
treated wounds than in those of the control group at week 1
postwounding, and the myofibroblast population and intensity
score for the former group were apparently higher by week 2
than for the latter group, indicating that MIRE may account
for the earlier formation of myofibroblasts.

This study is the first to explore the effect of MIRE on
diabetic wound healing in an animal model. To examine the
optimal intensity of the anodyne, we conducted a pilot study
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Figure 3 Comparisons of myofibrob-
last distribution by immunofluores-
cence staining against o-smooth mus-
cle actin (SMA; arrows: blood vessels;
arrowheads: a-SMA labelled myofibrob-
lasts). (A) Monochromatic infrared energy
(MIRE) group at week 1; (B) Control
group at week 1; (C) MIRE group at
week 2; (D) Control group at week 2;
(E) Disappearance of myofibroblasts in
four out of five wounds in the MIRE group
and all wounds in the control group at
week 4; (F) Existence of myofibroblasts in
one of the five rats in the MIRE group at
week 4. Scale bar = 50 um.

(unpublished data) to measure the temperature at the centre of
each wound using a sensitive electronic thermometer. When
the intensity of MIRE was set at level 10 (maximum), the tem-
perature of the wound bed rose to above 38°C by the end of
30 minutes of treatment. This may have an adverse effect on
the fresh diabetic wound. On the basis of our pilot study, we
set the intensity at level 6 to control the maximum temperature
to below 37°C so as to avoid detrimental effects on the fresh
wound due to overheating. Therefore, we believe that the
unsatisfactory effect of MIRE reported in this study was not
because of suboptimal intensity. However, further studies are
needed to verify whether other treatment protocols of MIRE,

Y. He et al.

for example, using different levels of intensity, longer treat-
ment durations or different pad placements, would be effective
in promoting diabetic wound healing.

Although several clinical studies have focussed on the
effects of MIRE in reversing diabetic peripheral neuropa-
thy (14,18,19), the findings are still controversial. Some
recent findings have suggested that MIRE is not effective
in improving the condition of diabetic peripheral neuropathy
(14,19,25,36).

Likewise, this study showed that with our present protocols,
a MIRE treatment did little to enhance the wound healing
process for diabetic ulcers in the SD rat model.

© 2012 The Authors
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Table 2 Comparing the population and intensity of the myofibroblasts in the MIRE group and control group

Population* Intensity "
. Treatment MIRE Control MIRE Control
Timepoints
Week 1 ++ + + +
++ + ++ ++
++ ++ ++ ++
+++ ++ + +
+++ o ++ ++
Week 2 ++ - ++ -
++ + +++ +
+++ ++ +++ -+
+++ +++ +++ +++
++++ ++++ ++++ ++++
Week 4 — — — —
+++ - +++ -
MIRE, monochromatic infrared energy.
*Population of myofibroblasts [marked by a-smooth muscle actin (SMA)]: ‘=" indicates that there were no myofibroblasts to spare of those scattered in

the section; '+ indicates a-SMA-marked myofibroblasts distributed in <25% of the specimen where fibroblasts existed; ‘++" indicates that 25-50%
of fibroblasts were stained; ‘+++" indicates that 50-75% of fibroblasts were stained; ‘++++" indicates that >75% of fibroblasts were stained.
TIntensity of a-SMA-marked myofibroblasts: —, No positive staining; +, weak expression; 4++, obviously stained; +++, strongly stained; ++++,

uniformly strongly stained.

Conclusion

This study showed that MIRE promotes the deposition of type
I collagen and likely enhances the differentiation of fibrob-
lasts into myofibroblasts during the early stage of cutaneous
wound healing in diabetic rats. However, no significant effect
was observed in the overall wound healing process in terms of
WG, reepithelialisation, cellular content and granulation tissue
formation.
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