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Heat delays skin wound healing in mice
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Abstract

In vivo studies have shown that the combination of infrared radiation (IR) and visible light (VIS) is responsible for the activation of
metaloproteinases, causing matrix degradation and damage to healthy skin. However, the role of heat originating from the VIS
spectrum on wound healing remains poorly understood. Our objective was to investigate the macroscopic, microscopic and
biochemical effects of heat induced by visible light on cutaneous wound healing in mice. Male mice were anesthetized, subjected
to a cutaneous excisional wound and divided into two groups (n = 10/group) exposed to 23°C or 43°C in a thermal chamber for
30 min every other day, for 13 days. On day 14, the animals were sacrificed, and their lesions were processed for histochemistry,
immunohistochemistry and protein expression analysis. The wound area was 42% greater 11 days (o < 0.01) and 29% greater 14
days (p < 0.001) after wounding in the 43°C group than in the 23°C group. The 43°C group presented a lower (17 %) percentage of
reepithelialized wounds (p < 0.001) 14 days after wounding. The length of the epidermal gap was greater in the 43°C group
(p <0.01). The volume density of myofibroblasts and the number of F4/80-positive macrophages was greater in the 43°C
group (p < 0.05). The 43°C group showed increased protein expression of type Ill collagen (o < 0.001), decreased protein expres-
sion of type | collagen (p < 0.05), increased MMP-1 expression (p < 0.05), and decreased MMP-2 activity (o < 0.001). The protein
expression of fibrillin-1 (p < 0.001), MMP-12 (p < 0.05), TGF- 1/2/3 (p < 0.01) and ERK activation (p < 0.05) was increased in the
43°C group. Our results suggest that heat delays the stages of wound healing in mice.
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SR The sunlight spectrum on the Farth's surface is
290-3000nm and is 6.8% ultraviolet radiation (UV) (UVB:
290-320nm and UVA: 320-400 nm), 38.9% visible light (VIS:
400-760nm) and 54.3% near-infrared radiation (IRA: 760-
1440 nm, IRB: 1440-3000nm and IRC: 3000nm to 1mm).”
UV radiation-induced effects on the skin include solar elas-
tosis, keratosis, skin cancer, and photo ageing.8

Although most studies about the adverse effects on the
skin involve SR and UV radiation,®'® the skin can be
exposed to a dose of 75]J/cm?/h of IR in the summer in
Munich, Germany." Skin temperature varies between
27.6°C and 33.1°C; while IRA penetrates into the subcuta-

Introduction

The skin acts primarily as a protective barrier against the
environment. The loss of the integrity of large skin portions
as a result of a lesion can lead to severe disability or even
death.! Cutaneous wound healing is a dynamic process that
includes inflammation, granulation, tissue formation, and
tissue remodelling.>® After injury, fibroblasts proliferate
and migrate to deposit a rich matrix in the lesion area.
A proportion of these fibroblasts differentiate into myofi-
broblasts, which are responsible for wound contraction.*
Thus, the process of wound healing can be affected when
the activities of dermal fibroblasts and myofibroblasts are

compromised by systemic and environmental factors.
Although studies indicate that local and systemic factors
may impair wound healing,” the effects of heat on cutane-
ous wound healing are not well understood.

Solar radiation (SR) is essential for life on Earth; however,
it is a major environmental risk factor for living organisms.
The involvement of the ozone layer exposes South Australia,
New Zealand and South America to high concentrations of
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neous tissue without raising the temperature of the skin,
IRB and IRC are absorbed into the epidermal layers and
increase the temperature up to 45°C.'*'* Studies have
shown that high doses of IR can damage human skin,'>"*®
whereas lower doses are widely used for the treatment of
inflammatory processes.

Recent studies indicate that exposure of human skin to IR
stimulates the expression of matrix metalloproteinase

Experimental Biology and Medicine 2017; 242: 258-266



(MMP-1), decreases type I procollagen, increases neoangio-
genesis, and induces the infiltration of inflammatory cells
and DNA oxidative stress.>'? A study comparing the effect
of heat with and without IRA on the healing of skin wounds
in rats showed that isolated heat delayed the closure of skin
wounds.?” Heat increases the expression of MMP-1, MMP-
3, MMP-12 and modulates the synthesis of elastin and
fibrillin.**?

In contrast to UV radiation and IR, which are known to
facilitate the cutaneous photo ageing and formation of free
radicals and reactive oxygen species (ROS), the possible
similar effects of VIS on human skin are poorly character-
ized. Vandersee and colleagues showed that VIS can pro-
duce free radicals and ROS in human skin through
radiation with blue-violet light® In vivo studies have
shown that the combination of IR and VIS is responsible
for the activation of MMPs, causing matrix degradation
and damage to healthy skin.?®> However, the role of heat
from the VIS spectrum remains poorly understood in
wound healing. However, some studies have shown that
a slight increase in the room temperature may improve
wound healing in diabetic patients (associated with elec-
trical stimulation)®* and in vitro studies suggest that an
increase in temperature may accelerate the wound healing
process, by accelerating fibroblast migration.”” Therefore,
due to this controversy in the literature and to the lack of
clear evidence from animal models, the aim of this study
was to investigate the macroscopic, microscopic, and bio-
chemical effects of heat induced by visible light on the heal-
ing of excisional skin lesions in mice.

Materials and methods
Animals

Male Swiss mice aged 8-10 weeks (25-35 g) had free access
to food and water and were maintained in a room at 23°C
and with a 12-h light/dark cycle. All procedures were per-
formed in accordance with the Brazilian legislation regard-
ing animal experimentation (no. 11.794, from October 8§,
2008). This study was approved by the Ethical Committee
for Animal Use of the State University of Rio de Janeiro
(CEA/022/2014).

Heat exposure chamber

Heat exposure was conducted in a wooden box that was
15 mm thick?® with the indicated external (52 cmlong, 24 cm
wide and 21 cm high) and internal (42.5cm long, 21.5cm
wide and 18.8 cm high) dimensions. The temperature was
controlled by a rotary dimmer (Pratis-Pial Legrand, Sao
Paulo, Brazil) coupled to two incandescent bulbs (100 W)
(Philips Standard, 100 W, 127 v, Barueri, Brazil). The tem-
perature of 43°C and the time of exposure were chosen
based on the study of Shin et al.”” In a pilot study (data
not shown), we performed daily exposure to heat during
the first three days only. In the pilot study as well as in
the present study, heat exposure delayed closure of skin
wounds.
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The measurement of the intensity of visible light

The intensity of visible light was measured with a spec-
trometer (Ocean Optics Red Tide 650, average of 50 scans,
USA). This lamp has a colour temperature of 2700K.
The luminous flux of 1350lm and average lux were
assessed every 5min for 30min and were 35.5+0.4lux
(Digital light meter - Minipa MLM-1332). To measure the
temperature and humidity inside and outside of the box, a
digital thermo-hygrometer was employed (INCOTERM,
Porto Alegre, Brazil).

Temperature measurement

The skin surface temperature was measured using a non-
contact thermometer®® (OEM, Mainland, China) before the
heating process and at 5-min intervals thereafter.

Experimental design

Mice (n = 20) were intraperitoneally anesthetized with keta-
mine (150mg/kg b. wt.) and xylazine (15mg/kg b. wt.).
The hair on the back of the mice was shaved. Using a tem-
plate, a square (1 cm?) was drawn on the animal’s back and
a full-thickness excisional wound was created, using scis-
sors, with the excision of the epidermis, dermis and hypo-
dermis, exposing the panniculus carnosus.”’ The wound
was not sutured or covered and healed by second intention
(does not have its margins approximated by sutures). After
the injury, the animals were divided as follows: the 23°C
group (n =10) - the mice were placed in the exposure cham-
ber with the lamps turned off for 30 min; and the 43°C
group (n=10) - the mice were exposed to 43°C in the
heat exposure chamber for 30 min. For exposure to heat,
the two lamps were lit to full power until an internal tem-
perature of 43°C was reached, and then the power was
reduced to stabilize the temperature. When the temperature
was stable, the animals were placed in the heat exposure
chamber for 30 min. Exposure to heat started on the first
day after the injury and lasted for 13 days, with exposure
occurring every other day.”’

Macroscopic analyses

To evaluate wound contraction and reepithelialization
(macroscopically), immediately after wounding and 3, 7,
11 and 14 days later, a transparent plastic sheet was
placed over the wound, and the lesion’s margins were
traced.*® The wound area was measured using Image J soft-
ware (National Institutes of Health, Bethesda, MD). The
results were expressed as a percentage of the original
wound area (mean =+ standard mean error). The percentage
of reepithelialized wounds was estimated by the number of
closed wounds per group 14 days after wounding.

Tissue harvesting and microscopic analyses

Fourteen days after wounding, the mice were killed by CO,
exposure. Five lesions and adjacent normal skin per group
were collected, fixed in formalin (pH 7.2) and embedded in
paraffin. The paraffin-embedded sections were stained with
haematoxylin-eosin to analyze the wound area and the
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length of the epidermal gap. Lesions from five animals per
group were collected and frozen at —70°C for each group.
The frozen lesions were macerated in lysis buffer, and the
total protein concentration was determined using a bicinch-
oninic acid protein assay (Thermo Fisher Scientific,
Rockwood, TN, USA). The lysate was used to perform
immunoblotting.

Sections (5 um thick) were stained with haematoxylin-
eosin to measure the epidermal gap, which is defined as the
distance in micrometres (um) between the edges of the
lesion. For this, the slides were digitized using a
Pannoramic Digital Slide Scanner (3DHistech Ltd,,
Budapest, Hungary). The length of the epidermal gap was
measured using Panoramic Viewer software (3DHistech
Ltd., Budapest, Hungary).

To analyze cell density, scanned images were used.
A stereological tool (point counting) was employed as pre-
viously described by our group.

Immunohistochemistry and quantification

Immunohistochemistry was used to investigate the num-
bers of neutrophils (myeloperoxidase) and macrophages
(F4/80). The following antibodies were used: rat monoclo-
nal to myeloperoxidase (#71674; Santa Cruz Biotechnology,
Santa Cruz, CA, USA; 1:500) and rat monoclonal to F4/80
(#497; Serotec Inc., Raleigh, NC, USA; 1:500), as previously
described.’*** To quantify the number of immunostained
cells, five random fields per animal (14,978 um?) were ana-
lyzed as previously described.***®> The results were pre-
sented as cells per mm?.

Quantification of myofibroblasts was performed using
sections immunolabelled with mouse monoclonal antibody
to a-smooth muscle actin (#0851, DAKO, Carpinteria, CA,
USA; 1:100) and the anti-mouse EnVision System (#4001,
DAKO; 1:20), as previously described.** The volume density
of myofibroblasts was evaluated using point counting and a
video microscopic system, as previously described.’>*>?°
The results were presented as the volume density of myofi-
broblasts (Vv(s1)).

Immunoblotting

Five lesions per group were collected and frozen at —80°C.
Frozen lesions were macerated in lysis buffer (20mM
Tris-HCl pH 7.5, 138 mM sodium chloride, 10% glycerol,
1% Triton X-100, 2mM ethylenediaminetetraacetic acid,
10 pg/mL leupeptin, 0.025% phenylmethylsulfonyl fluor-
ide; Sigma-Aldrich, St Louis, MO, USA). After centrifuga-
tion, the total protein concentration was determined using a
bicinchoninic acid protein assay (Thermo Fisher Scientific,
Rockwood, TN, USA). Proteins (30 or 50 pug) were resolved
by 8 or 10% sodium dodecylsulfate-polyacrylamide gels
(SDS) and were transferred to polyvinylidene fluoride
(PVDF) membranes. Protein molecular weight standards
(Bio-Rad, Hercules, CA, USA) were included. The mem-
branes were blocked with 5% non-fat milk in powder
form (Nestlé, Sao Paulo, Brazil) dissolved in phosphate
buffer containing 0.05% Tween-20 and were probed
overnight at 4°C with rabbit anti-type I collagen
precursor (Col-1p) (Millipore, Temecula, CA, USA,

1:1000), mouse anti-type III collagen (Col-3) (Millipore,
1:600), mouse anti-MMP-1 (Santa Cruz Biotechnology,
1:200), goat anti-fibrillin-1 (Santa Cruz
Biotechnology, 1:200), rabbit anti-MMP-12 (Santa Cruz
Biotechnology, 1:200), rabbit anti-precursor transforming
growth factor (TGF)-p 1/2/3 antibody (Santa Cruz
Biotechnology, = 1:200),  rabbit  anti-pERK  (Santa
Cruz Biotechnology, 1:200), and mouse anti-ERK (Santa
Cruz Biotechnology, 1:200). The membranes were then
washed and incubated with peroxidase-conjugated anti-
mouse (1:100) (DAKO), anti-goat (1:200) or anti-rabbit
(1:500) secondary antibodies, all from Santa Cruz
Biotechnology. Bound antibodies were detected by enhanced
chemiluminescence (Santa Cruz Biotechnology). For chemilu-
minescence detection, the ChemiDoc MP system (Bio-
Rad Laboratories Inc., Hercules, CA, USA) was used.
Subsequently, the membranes were stripped and reprobed
with a mouse anti-B-actin antibody (42 kDa, Sigma-Aldrich).
The bands were quantified by densitometry analysis, which
was performed using Adobe Photoshop version 7.01 (Adobe
Systems, San Jose, CA, USA), and the results were expressed
as arbitrary units.

Zymography

The gelatinase activity of matrix metalloproteinase-2
(MMP-2) was analyzed by zymography in five samples of
frozen scar tissue per group, as described previously.””
Frozen fragments of each wound were placed in 1mL of
lysis buffer (20mM Tris-HCl, pH 7.5, 138 mM NaCl, 10%
glycerol, 1% Triton X-100, 2mM EDTA, 10 mg/mL leupep-
tin, and 1mM phenylmethylsulfonyl fluoride), macerated
and centrifuged at 3.864 ¢ for 30min at 4°C. The lysates
were collected and stored at —80°C. Twenty micrograms
of protein from each lysate was resolved on an 8% SDS-
polyacrylamide resolving gel containing 1mg/mL gelatin
(Sigma-Aldrich) layered with a 4% SDS-polyacrylamide
stacking gel. Lysate from a human placenta was used as a
positive control for gelatinolytic activity.*® Protein molecu-
lar weight standards (Amersham Pharmacia Biotech,
Buckinghamshire, UK) were included for molecular
weight estimation. Following protein separation, the gels
were washed in 2.5% Triton X-100 and incubated in devel-
opment buffer, pH 8.4 (50 mM Tris-HCI, 5mM CaCl,.2H,0,
and 2mM ZnCl2), for 12h at 37°C without agitation. The
gels were then stained with 0.25% Coomassie Brilliant Blue R
solution for 30 min and then destained (50% methanol, 10%
glacial acetic acid, and 40% distilled water) to obtain a contrast
between the gelatinolytic bands and the gel background.
Images captured with the ChemiDoc MP system (Bio-Rad
Laboratories) were used for detection. Densitometry was per-
formed on the scanned images using Adobe Photoshop soft-
ware version 7.01 (Adobe Systems, San Jose, CA, USA), and
the results were expressed as arbitrary units.

Statistical analysis

The values for all measurements are expressed as the mean-
+ the standard error of the mean (SEM). Analysis of the
data was performed using repeated measures ANOVA
(Geisser-Greenhouse) with Dunn’s post test for wound



closure and unpaired t-test for the other parameters, with
p <0.05 as the least significant level. InStat GraphPad soft-
ware was used to perform the statistical analysis (GraphPad
InStat version 6.00, GraphPad Software, San Diego,
CA, USA).

Results

Heat exposure delays wound healing and
reepithelialization

During the exposure period, the temperature and humidity
of the chamber were constant (online Supplementary Figure
1). The light used to heat the chamber was visible light with
a maximum spectral emission between 614-628 and
661-677nm. The emission spectrum can be seen in online
Supplementary Figure 2.

The average mouse body temperature before exposure
was 31.8+0.31°C and during the exposure to 43°C peaked
at 33.5+0 19°C in 30 min. Five minutes after exposure to
43°C for 30min, the mouse body temperature was
32.34+0.09°C (online Supplementary Figure 3).

To investigate the effects of heat on wound healing, we
analyzed the area of the wound, reepithelialization and epi-
dermal gap length. The 43°C group lesions showed 42%
and 29% increases in area 11 (p <0.01) and 14 (p <0.001)
days after wounding, respectively, compared with the
23°C group (Figure 1(a) and (b)).

The percentage of reepithelialized wounds was reduced
in the 43°C group (Figure 1(c)). When reepithelialization
was measured, we verified that the percentage of reepithe-
lialized wounds in the 43°C group was decreased by 17%
(p <0.001) compared with the 23°C group, indicating
incomplete reepithelialization 14 days after wounding
(Figure 1(d)). Furthermore, the 43°C group showed an
increased epidermal gap length compared with the 23°C
group (p <0.01) 14 days after wounding (Figure 1(e)).

Heat exposure increases the number of myofibroblasts
and macrophages

The number of cells was evaluated 14 days after the injury
to analyze the granulation of tissue; both groups showed
similar numbers of inflammatory cells (Figure 2(a)). The
43°C group had a higher volume density of myofibroblasts
(p <0.01) (Figure 2(b)), a similar number of MPO-positive
neutrophils (Figure 2(c)), and a greater number of F4/80-
positive macrophages (p <0.05) compared with the 23°C
group (Figure 2(d)).

Effect of heat exposure on the components of the
extracellular matrix in the wound healing area

To investigate the influence of heat on the expression of
extracellular matrix proteins during wound healing, the
protein expression of TGF-f 1/2/3, type I and III collagen,
and MMP-1, and MMP-2 gelatinolytic activity was investi-
gated. The protein expression of TGF-B 1/2/3 was greater
in the 43°C group (p < 0.01) than in the 23°C group 14 days
after injury (Figure 3(a)). Fourteen days after wounding,
the 43°C group presented increased expression of type III
collagen (p <0.001) and decreased expression of type I
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collagen (p <0.05) compared with the 23°C group (Figure
3(b)). This result corresponds with the increase in MMP-1
expression (p <0.05) and the reduction of MMP-2 activity
(p <0.001) observed in the 43°C group compared with the
23°C group (Figure 3(c) and (d)), indicating an imbalance
between degradation and collagen deposition 14 days after
wounding.

To investigate the effect of heat exposure on the elastic
components of the extracellular matrix, we analyzed the
expression of fibrillin-1, a component of elastic fibres, and
MMP-12, an elastase. The expression of fibrillin-1 (p < 0.001)
and MMP-12 (p <0.05) increased in the 43°C group com-
pared with the 23°C group (Figure 3(e) and (f)). Our results
suggest that the increased production of fibrillin-1 induced
by heat may have contributed to the accumulation of elastic
material in the extracellular matrix of the wound area.

Heat induces the activation of ERK mitogen-activated
protein kinase pathways

The expression of MMPs is associated with the coordinated
activation of mitogen-activated protein kinases (MAPKSs).
Thus, we investigated ERK activation by exposure to heat.
Fourteen days after wounding, the 43°C group showed
increased activation of pERK compared with the 23°C
group (p < 0.05) (Figure 4).

Discussion

The role of heat produced by the visible light spectra during
wound healing is not clear. In 2012, the production of ROS,
pro-inflammatory cytokines, and MMP-1 expression in
human skin after visible light exposure was reported.”
Another study showed that exposure to approximately
27°C delayed the healing of cutaneous wounds in rats com-
pared with the rats exposed to 27°C added to the infrared
radiation.”® Our study showed that exposure to 43°C,
achieved by exposure to visible light, delayed the closure
of wounds 11 and 14 days after injury.

It is possible that heat plays a role during the inflamma-
tory stage of cutaneous tissue repair. After skin injury,
neutrophils are attracted to the wound site, followed by
macrophages.*” Neutrophils are more active in the early
stages of inflammation, and in the absence of infection,
the infiltration of neutrophils ceases within a few days.?
The number of neutrophils in granulation tissue was similar
in the mice exposed to 27°C and the mice exposed to 27°C
associated with infrared radiation.”® In our research, we
observed a similar number of MPO-positive neutrophils,
regardless of the temperature, indicating that the heat did
not influence the action of neutrophils during wound
healing.

Additionally, macrophages release TGF-B during the
inflammatory phase, which attracts fibroblasts to the area
of injury, initiating the formation of granulation tissue, thus
playing an essential role in the transition between inflam-
mation and fibroplasia*' and accelerating wound healing.**
However, the permanence of macrophages in the later
stages of tissue repair indicates delayed healing. In our
study, we observed an increase in the number of F4/
80-positive macrophages and the extent of TGF-B 1/2/3
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Figure 1 Macroscopic analysis of wound healing in heat-exposed mice. (a) Photographs of the wounded mice exposed to 23°C and 43°C at 3, 7, 11, and 14 days
after wounding. (b) Percentage of original wound area at 3, 7, 11, and 14 days after wounding (graphical representation). (c) Percentage of reepithelialised wounds 14
days after wounding (graphical representation). (d) Representative images of the epidermal gap in the 23°C and 43°C groups 14 days after wounding. Left, macroscopic
images; the dotted line represents the border of the non-reepithelialised region. Right, histological images of the epithelial gap. The area between the lines represents
the epithelial gap. Hematoxylin-eosin, bar =500 um. (e) Epidermal gap 14 days after wounding (graphical representation). Data (n = 10 per group) are expressed as the
mean + SEM. **p < 0.01, **p < 0.001 compared between the 23°C vs 43°C groups (non-parametric repeated measures ANOVA with Dunn’s post test for wound area,
and unpaired t-test for percentage of reepithelialized wounds and epithelial gap). (A color version of this figure is available in the online journal.)
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Figure 2 Microscopic analysis of wound healing on heat-exposed mice. (a) Volume density of inflammatory cells (Vv %) in the wound area 14 days after wounding. (b)
Stereological analysis showing the volume density of myofibroblasts (Vv %) in the a-SMA-positive myofibroblasts in the wound area 14 days after wounding. (c) MPO-
positive neutrophils and (d) F4/80-positive macrophages in the wound area 14 days after wounding. Data (n =6 per group) were expressed as the mean + SEM.

*p <0.05, *p < 0.01 compared between the 23°C vs 43°C groups (Unpaired t test). Bar =50 um. (A color version of this figure is available in the online journal.)

protein expression in the 43°C group compared with the
23°C group 14 days after injury.

The proliferative phase is characterized by the migra-
tion of fibroblasts to the site of injury, to synthesize and
deposit collagen to form new tissue or scar tissue.*>**
Toyokawa et al. showed an increase in fibroblast infiltration
in mice exposed to IR associated with 27°C exposure up to
seven days post wounding.” An increase in the expression
of TGF-B1 and TGF-B2 24 hours after heating the skin of the
buttocks to 43°C for 90min was observed in another
study.*® During the remodelling phase, extracellular
matrix synthesis is reduced, and the majority of endothelial
cells, myofibroblasts and macrophages die by apoptosis to
reduce the cellularity of the granulation tissue.***
Fourteen days after injury, myofibroblasts of the 43°C

group showed a higher bulk density and a higher
number of F4/80-positive macrophages than the 23°C
group; this is a feature typical of a delayed wound healing
process.

Throughout the remodelling phase, type III collagen, a
major component of granulation tissue, is gradually
replaced by type I collagen, the main dermal protein.*?
Exposure to temperatures of 41°C for 1h twice a week
increases collagen production in healthy skin,*® whereas
pulse exposure to 45°C and 60°C increases the regulation
of procollagen type I and IIT in human dermal fibroblasts.*”
This process is dependent on MMPs secreted by macro-
phages, endothelial cells and fibroblasts, whose activity is
controlled by tissue inhibitors of metalloproteinases
(TIMPs).* Normal tissue repair requires a balance between
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Figure 3 Collagen and MMP expression and activity during wound healing in heat-exposed mice. (a) Protein expression of TGF-$1/2/3. (b) Protein expression of type
Il collagen and type | collagen. (c) Protein expression of MMP-1. (d) Activity of MMP-2 by a zymographical assay of matrix metalloproteinase (MMP-2). (e) Protein
expression of fibrillin-1 and (f) MMP-12. Densitometry expressed as arbitrary units (a.u.) for immunoblotting of TGF-p1/2/3 (47 kDa), type | collagen (70-90 kDa), type IlI
collagen (138 kDa), MMP-1 (52 kDa), fibrillin-1 (330-350 kDa) and (f) MMP-12 (59 kDa) and the zymographical assay of MMP-2. 3-Actin (42 kDa) was used as a

constitutive protein for normalization. Data (n =5 per group) were expressed as the mean + SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 compared between the 23°C vs
43°C groups (unpaired t-test)

the activity of MMPs and TIMPs.2-Our study showed that There is no consensus on whether IR or the heat
14 days after injury, exposure to 43°C increased the expres-  generated by IR can induce the activation of MMPs.
sion of type III collagen and decreased the expression of  Shin et al. demonstrated that healthy hairless mice exposed
type I collagen. to 43°C for 15 or 30min for 6 weeks showed increased
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MMP-13 expression but unchanged MMP-2 and MMP-9
expression.”” We observed that heat increased MMP-1
expression and reduced MMP-2 activity. These findings
suggest that the heat activated MMP-1, causing degradation
of type I collagen. Type I collagen degradation products
were consumed by the gelatinase activity of MMP-2.

Elastin, which contributes to the elasticity of the skin,
reappears at the end of the remodelling phase; however,
scar tissue does not have the same elastic properties as
healthy tissue.**> Heat from sunlight modulates the synthe-
sis of tropoelastin, elastin, and fibrillin-1, resulting in the
development of solar elastosis. Fibrillin-1 expression
increases in the dermis of aged skin. While the gene expres-
sion of fibrillin-1 decreases with acute heat exposure, it
increases with chronic exposure in cultured fibroblasts of
human skin. Heat increases the expression of the fibrillin-1
gene in the epidermis while reducing its expression in the
dermis, which leads to a set of abnormal elastic fibres.?!
In our study, we observed increased protein expression of
fibrillin-1 and MMP-12 in the mice exposed to 43°C 14 days
after wounding.

Santos-Silva et al. Heat delays healing

Previous studies have shown the relationship between
the expression of MMP-1 and MAPK activation. Park et al.
observed that heat increases the gene and protein expres-
sion of MMP-1 and MMP-3, but not MMP-2, by ERK
pathway activation via an IL-6 dependent autocrine mech-
anism.”* We observed that the mice exposed to 43°C heat
showed increased protein expression of phosphorylated
ERK 14 days after wounding.

In conclusion, we have shown that heat delayed the heal-
ing of skin wounds in mice. This delay was characterized by
an increase in the wound area and the gap associated with a
reduction of the reepithelialized area. Our findings suggest
a possible role of heat in the imbalance between the depos-
ition and the degradation of collagen and elastic fibres in
the extracellular matrix.

Authors’ contribution: MASS designed the experiments,
conducted the research, analyzed the data and wrote the
manuscript; ETLT and FSS conducted the research and ana-
lyzed the data; AMAC designed the experiments, analyzed
the data, critically revised and reviewed the manuscript for
important intellectual content.

ACKNOWLEDGEMENTS

We thank Dr CE Fellows from Federal Fluminense University
for the excellent technical assistance in determining the irradi-
ation spectral range.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

This work was supported by grants from the Higher Education
Personnel Improvement Coordination (CAPES) and
Foundation Carlos Chagas Filho Research of the Rio de
Janeiro State (FAPER]). Santos-Silva, MA holds a fellowship
from CAPES.

REFERENCES

1. Singer AJ, Clark RA. Cutaneous wound healing. New Engl | Med
1999;341:738-46

2. LiJ, Chen J, Kirsner R. Pathophysiology of acute wound healing. Clin
Dermatol 2007;25:9-18

3. Reinke JM, Sorg H. Wound repair and regeneration. Eur Surg Res
2012;49:35-43

4. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and
regeneration. Nature 2008;453:314-21

5. Guo S, Dipietro LA. Factors affecting wound healing. | Dent Res
2010;89:219-29

6. Yamamoto T, Akiyoshi H, Yoshikiyo K, Takahashi T, Tanabe, Kudoh Y,
Kudoh S, Imura S, Yamamoto N. A spectroscopic study on the effect of
ultra-violet solar radiation in Antarctica on the human skin fibroblast
cells. Geosci Frontier 2013;4:647-53

7. Schieke SM, Schroeder P, Krutmann J. Cutaneous effects of infrared
radiation: from clinical observations to molecular response mechanisms.
Photodermatol Photoimmunol Photomed 2003;19:228-34

8. MacKie RM. Long-term health risk to the skin of ultraviolet radiation.
Prog Biophys Mol Biol 2006,92:92-6



266 Experimental Biology and Medicine Volume 242 February 2017

9. Norval M, Halliday GM. The consequences of UV-induced immuno- associated with deep and surrounding wound infection. Adv Skin

10.

suppression for human health. Photochem Photobiol 2011;87:965-77
Sklar LR, Almutawa F, Lim HW, Hamzavi I. Effects of ultraviolet radi-
ation, visible light, and infrared radiation on erythema and pigmenta-
tion: a review. Photochem Photobiol Sci 2013;12:54-64

29.

Wound Care 2015;28:11-6

Cardoso JF, Souza BR, Amadeu TP, Valenca SS, Porto LC, Costa AM.
Effects of cigarette smoke in mice wound healing is strain dependent.
Toxicol Pathol 2007;35:890-6

11. Schieke S, Stege H, Kurten V, Grether-Beck S, Sies H, Krutmann J. 30. Romana-Souza B, Porto LC, Monte-Alto-Costa A. Cutaneous wound
Infrared-A radiation-induced matrix metalloproteinase 1 expression is healing of chronically stressed mice is improved through catechol-
mediated through extracellular signal-regulated kinase 1/2 activation amines blockade. Exp Dermatol 2010;19:821-9
in human dermal fibroblasts. | Invest Dermatol 2002;119:1323-9 31. Amadeu T, Braune A, Mandarim-de-Lacerda C, Porto LC,

12. Cho S, Shin MH, Kim YK, Seo JE, Lee YM, Park CH, Chung JH. Effects Desmouliere A, Costa A. Vascularization pattern in hypertrophic scars
of infrared radiation and heat on human skin aging in vivo. | Investigat and keloids: a stereological analysis. Pathol Res Pract 2003;199:469-73
Dermatol Symp Proc/the Society for Investigative Dermatology, Inc [and] 32. Assis de Brito TL, Monte-Alto-Costa A, Romana-Souza B. Propranolol
European Society for Dermatological Research 2009;14:15-9 impairs the closure of pressure ulcers in mice. Life Sci 2014;100:138-46

13. Kleesz P, Darlenski R, Fluhr JW. Full-body skin mapping for six bio- 33. Costa RA, Ruiz-de-Souza V, Azevedo GM Jr, Gava E, Kitten GT,
physical parameters: baseline values at 16 anatomical sites in 125 Vaz NM, Carvalho CR. Indirect effects of oral tolerance improve wound
human subjects. Skin Pharmacol Physiol 2012;25:25-33 healing in skin. Wound Repair Regen 2011;19:487-97

14. Shin MH, Moon Y], Seo JE, Lee Y, Kim KH, Chung JH. Reactive oxygen 34. Cardoso JF, Souza BR, Amadeu TP, Valenca SS, Porto LC, Costa AM.
species produced by NADPH oxidase, xanthine oxidase, and mito- Effects of cigarette smoke in mice wound healing is strain dependent.
chondrial electron transport system mediate heat shock-induced MMP- Toxicol Pathol 2007;35:890-6
1 and MMP-9 expression. Free Radic Biol Med 2008;44:635-45 35. Baddeley AJ, Gundersen HJ, Cruz-Orive LM. Estimation of surface area

15. Darvin ME, Haag SF, Meinke MC, Sterry W, Lademann J. Determination from vertical sections. | Microsc 1986;142:259-76
of the influence of IR radiation on the antioxidative network of the 36. Gundersen HJ, Bagger P, Bendtsen TF, Evans SM, Korbo L,
human skin. | Biophotonics 2011;4:21-9 Marcussen N, Moller A, Nielsen K, Nyengaard JR, Pakkenberg B,

16. Krutmann J, Morita A, Chung JH. Sun exposure: what molecular Sorensen FB, Vesterby A, West M]. The new stereological tools: disector,
photodermatology tells us about its good and bad sides. | Invest fractionator, nucleator and point sampled intercepts and their use in
Dermatol 2012;132:976-84 pathological research and diagnosis. APMIS 1988;96:857-81

17. Schroeder P, Calles C, Benesova T, Macaluso F, Krutmann J. 37. Varelias A, Cowin AJ, Adams D, Harries RH, Cooter RD, Belford DA,
Photoprotection beyond ultraviolet radiation-effective sun protection Fitridge RA, Rayner TE. Mitogenic bovine whey extract modulates
has to include protection against infrared A radiation-induced skin matrix metalloproteinase-2, -9, and tissue inhibitor of matrix metallo-
damage. Skin Pharmacol Physiol 2010;23:15-7 proteinase-2 levels in chronic leg ulcers. Wound Repair Regen

18. Zastrow L, Groth N, Klein F, Kockott D, Lademann ], Renneberg R, 2006;14:28-37
Ferrero L. The missing link-light-induced (280-1,600 nm) free radical 38. Niu R, Okamoto T, Iwase K, Nomura S, Mizutani S. Quantitative ana-
formation in human skin. Skin Pharmacol Physiol 2009;22:31-44 lysis of matrix metalloproteinases-2 and -9, and their tissue inhibitors-1

19. Kim MS, Kim YK, Cho KH, Chung JH. Regulation of type I procollagen and -2 in human placenta throughout gestation. Life Sci 2000;66:1127-37
and MMP-1 expression after single or repeated exposure to infrared 39. Liebel F, Kaur S, Ruvolo E, Kollias N, Southall MD. Irradiation of skin
radiation in human skin. Mech Age Dev 2006;127:875-82 with visible light induces reactive oxygen species and matrix-degrading

20. Toyokawa H, Matsui Y, Uhara J, Tsuchiya H, Teshima S, Nakanishi H, enzymes. | Invest Dermatol 2012;132:1901-7
Kwon AH, Azuma Y, Nagaoka T, Ogawa T, Kamiyama Y. Promotive 40. Stramer BM, Mori R, Martin P. The inflammation-fibrosis link? A Jekyll
effects of far-infrared ray on full-thickness skin wound healing in rats. and Hyde role for blood cells during wound repair. | Invest Dermatol
Exp Biol Med (Maywood) 2003,228:724-9 2007;127:1009-17

21. Chen Z, Seo JY, Kim YK, Lee SR, Kim KH, Cho KH, Eun HC, Chung JH. 41. Mahdavian Delavary B, van der Veer WM, van Egmond M, Niessen FB,
Heat modulation of tropoelastin, fibrillin-1, and matrix metalloprotei- Beelen RH. Macrophages in skin injury and repair. Immunobiology
nase-12 in human skin in vivo. | Investigat Dermatol 2005;124:70-8 2011;216:753-62

22. Park CH, Lee M]J, Ahn J, Kim S, Kim HH, Kim KH, Eun HC, Chung JH. 42. Yu W, Naim JO, Lanzafame R]. Expression of growth factors in early
Heat shock-induced matrix metalloproteinase (MMP)-1 and MMP-3 are wound healing in rat skin. Lasers Surg Med 1994;15:281-9
mediated through ERK and JNK activation and via an autocrine inter- 43. Darby IA, Laverdet B, Bonte F, Desmouliere A. Fibroblasts and myofi-
leukin-6 loop. | Invest Dermatol 2004;123:1012-9 broblasts in wound healing. Clin Cosmet Investig Dermatol 2014;7:301-11

23. Vandersee S, Beyer M, Lademann J, Darvin ME. Blue-violet light 44. Desmouliere A, Redard M, Darby I, Gabbiani G. Apoptosis mediates the
irradiation dose dependently decreases carotenoids in human skin, decrease in cellularity during the transition between granulation tissue
which indicates the generation of free radicals. Oxidat Med Cell Longevity and scar. Am | Pathol 1995;146:56-66
2015;2015:579675 45. Seo HR, Chung DY, Lee Y], Lee DH, Kim ]I, Bae S, Chung HY, Lee SJ,

24. Lawson D, Petrofsky JS. A randomized control study on the effect of Jeoung D, Lee YS. Heat shock protein 25 or inducible heat shock protein
biphasic electrical stimulation in a warm room on skin blood flow and 70 activates heat shock factor 1: dephosphorylation on serine 307
healing rates in chronic wounds of patients with and without diabetes. through inhibition of ERK1/2 phosphorylation. | Biol Chem
Med Sci Monitor: international medical journal of experimental and clinical 2006;281:17220-7
research 2007;13:CR258-63 46. Mayes AE, Holyoak CD. Repeat mild heat shock increases dermal

25. Rattan SI, Fernandes RA, Demirovic D, Dymek B, Lima CF. Heat stress fibroblast activity and collagen production. Rejuvenation Res
and hormetin-induced hormesis in human cells: effects on aging, 2008;11:461-5
wound healing, angiogenesis, and differentiation. Dose-response: a pub- 47. Danno K, Mori N, Toda K, Kobayashi T, Utani A. Near-infrared
lication of International Hormesis Society 2009;7:90-103 irradiation stimulates cutaneous wound repair: laboratory experiments

26. Alvarenga ES, Saliba WA, Milagres BG. Montagem de camara com on possible mechanisms. Photodermatol Photoimmunol Photomed
lampada de ultravioleta de baixo custo. Quim Nova 2005;28:927-8 2001;17:261-5

27. Shin MH, Seo JE, Kim YK, Kim KH, Chung JH. Chronic heat treatment
causes skin wrinkle formation and oxidative damage in hairless mice.

Mech Age Develop 2012;133:92-8
28. Mufti A, Coutts P, Sibbald RG. Validation of commercially available (Received April 28, 2016, Accepted September 15, 2016)

infrared thermometers for measuring skin surface temperature



