Does obesity without hyperglycemia delay wound
healing in an obese mouse model induced by a
high-fat diet?
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Abstract

It was unclear that wound healing was delayed in obesity without hypergly-
cemia. The purpose of this study was to compare the wound healing process
between obese and non-obese mice without hyperglycemia by attaching a
splint. Three-week-old male mice (C57BL/6N) were fed high-fat diets (60% of
calories from fat) in the obesity group, and commercial diets in the control
group for 15 weeks. Two circular (4 mm in diameter) full-thickness wounds
were made on the dorsal skin. Body weights and serum leptin levels were sig-
nificantly higher in the obesity group than in the control group until day 15
after wounding. Fasting blood glucose levels before wounding were lower in
the obesity group than in a hyperglycemic rodent model. The macrophage in-
filtration into subcutaneous fat before wounding in the obesity group was
negligible. The ratios of the wound area were not significantly different be-
tween the two groups. No significant differences were observed in the number
of neutrophils or macrophages or new blood vessels and ratio of myofibrob-
lasts or collagen fibers between the two groups. Our results demonstrated that
cutaneous wound healing was not delayed in the obesity group without
hyperglycemia and macrophage infiltration into the subcutaneous fat and
with high serum leptin levels.
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1. Introduction

Obesity is defined as the excessive accumulation of fat [1] [2]. Obesity is a major
intrinsic factor affecting wound healing [3] [4] [5]. Factors related to wound
impairments in obesity are wound tension, variations in adipokines, and type 2
diabetes mellitus (DM) [3].

Obese patients have been reported to exhibit tissue hypoperfusion [6]. As
intraabdominal pressure is also greater in obese than in non-obese individuals
[7], the increased tension at wound edges was due to the high intraabdominal
pressure in obese individuals. Tissue oxygen tension in obese patients was pre-
viously shown to be low at and near incisions [8], and contributed to wound de-
hiscence [3] [5]. Circular wounds in the obese mice changed to oval wounds [9].
Tension acted the oval wounds in obese mice. Epithelization and wound con-
traction between the minor axes of oval wounds may occur for a short time.
Therefore, we proposed a new splinting method that prevents tension and
maintains the shape of a wound without suturing peri-wound skin [10]. A splint
was made from an ostomy skin barrier/wafer that prevented sags and lines on
peri-stoma skin. A skin barrier was placed on peri-wound skin. Splints will sup-
port the epithelization and wound contraction between the circular wounds.
Splints will lighten wound tension. Lighter tension will not delay wound healing.
Therefore, we can evaluate that adipokines in obese mice delay wound healing.

Adipose tissue functions not only as a passive energy storage organ, but also as
a dynamic endocrine organ [11]. Adipokines are cell signaling proteins secreted
by adipocytes [12]. Obese adipose tissue is characterized by adipocyte hypertro-
phy [12]. In hypertrophied adipocytes, the expression of pro-inflammatory cy-
tokines, tumor necrosis factor alpha (TNF-a) is up-regulated, whereas that of
anti-inflammatory cytokines, adiponectin is down-regulated. Thus, obesity is
associated with a state of chronic, low-grade inflammation [3] [11]-[18]. In the
advanced stages of obesity, neutrophils and macrophages infiltrate obese adipose
tissue. Macrophage-derived TNF-a induces the release of saturated fatty acids
from adipocytes via lipolysis, which, in turn, induces inflammatory changes in
macrophages. This paracrine loop between adipocytes and macrophages consti-
tutes a vicious cycle, thereby further accelerating adipose tissue inflammation
[11] [12]. On the other hand, the decreased expression of adiponectin and in-
creased expression of MCP-1 in adipose tissue contribute to insulin resistance
[19] [20] [21], leading to type 2 DM [14] [22].

In clinical settings, not all obese individuals have hyperglycemia [23] [24].
Therefore, two states: obesity with and without hyperglycemia, need to be con-
sidered separately. Wound healing delays in individuals with a hyperglycemic
state [25] [26] and DM [3]. Transgenic obese and hyperglycemic models, ob/ob
mice [27] and db/db mice [28] also delayed cutaneous wound healing [25] [29]
[30] [31]. In order to exclude the influence of hyperglycemia on wound healing,
transgenic obese and hyperglycemic models [32] [33] were excluded as the sub-

jects of this study. We created a diet-induced obese mouse model (refer to Ani-
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mals and diets); wild-type mice were fed a high-fat diet.

We hypothesized that wound healing is delayed in obese mice because the de-
gree of wound inflammation with obesity is greater and prolongs inflammatory
phase. And their blood glucose (BG) levels were lower than those in transgenic
obese and hyperglycemic models [25]-[33]. We then investigated the influence

of obesity and hypertrophied adipocytes on cutaneous wound healing.

2. Materials and Methods

2.1. Animals and Diets

Thirty-one 3-week-old male C57BL/6NCrSlc mice weighing 8.2 - 11.6 g were
used (Sankyo Labo Service Corporation, Inc., Tokyo, Japan). They were caged in
an air-conditioned room with a temperature of 25.0 + 2.0 degrees and lights on
from 08.45 to 20.45 hours. Water was given ad libitum. All animal experiments
conducted in this study were reviewed and approved by the Kanazawa Universi-
ty Animal Experiment Committee, and performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of Kanazawa University,
Japan (AP-153646). Mice were randomly divided into obesity and control
groups. The control group (n = 17) was fed a commercial diet (CRF-1; Charles
River Laboratories International, Inc., Kanagawa, Japan) and the obesity group
(n = 14) a high-fat diet (58Y1 Diet Induced Obesity Rodent Purified Diet with
60% Energy from Fat; PMI Nutrition International, St. Louis, USA) for 15 weeks
(the feeding period) (9). The high-fat diet had 1.4-fold the energy and 6.5-fold
the fat of the commercial diet fed to the control group (Table 1). In the evalua-
tion of mouse models, fasting blood glucose (FBG) in mice fasted for 14 hours
was assessed using GLUCOCARD (GT-1641; ARKRAY, Inc., Kyoto, Japan) at

15 weeks.

2.2. Wounding Procedure

Fifteen weeks after feeding with the high-fat or commercial diet, mice were
anesthetized with 1.75% isoflurane (Wako Pure Chemical Industries, Ltd., Osa-
ka, Japan) via an inhalation system. After mice had been anesthetized, the dor-
sum was shaved completely and hair removal cream was applied. Once mice re-
mained in an anesthetized state without a pain reaction, two circular (4 mm in

diameter) full-thickness skin wounds were made on the dorsal skin with a Kai

Table 1. Diet composition.

component in 100 g Control High-fat
Protein 21.9 23.1
Carbohydrate 55.3 259
Fat 5.4 34.9
Energy (kcal) 357 510

The control group was fed commercial pellets (CRE-1). The obesity group was fed a high-fat diet (58Y1).
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sterile disposable biopsy punch (Kai Industries, Gifu, Japan). Punch biopsy skin
was used to observe macrophages in skin, namely, subcutaneous tissue (refer to
the histological procedure and immunohistological staining). The sag in dorsal
skin was smoothed out, and a splint (Varicare® Wafer; ConvaTec Japan Inc.,
Tokyo, Japan) with a hole in the center was fixed on peri-wound skin. The inside
lines of splints were marked on the mouse dorsum to maintain the splints in the
same position. Wounds were covered with a circular (approximately 1.4 cm in
diameter) hydrocolloid dressing (Tegaderm®; 3M Health Care, Tokyo, Japan) to
maintain a moist environment (Figure 1), and the mouse was then wrapped
with adhesive bandages (SKINERGATE™; Nichiban, Tokyo, Japan). These circu-
lar dressings and bandages were changed every day. Splints were kept unless
they were damaged by wound exudates. The day when wounds were made was

designated as day 0 after wounding.

2.3. Macroscopic Observations

The wound healing process was observed from day 0 to day 15 after wounding.
Wound edges were traced on polypropylene sheets and wound photographs
were taken every day. The traces on the sheets were captured with a scanner
onto a personal computer using Adobe Photoshop Elements 7.0 (Adobe System
Inc., Tokyo, Japan), and wound areas were calculated using the image analysis
software ImageJ ver. 1.42q (Wayne Rasband, National Institutes of Health, Be-
thesda, Maryland, USA). The ratio of the wound area to the initial wound area
was calculated every day. Macroscopic wound re-epithelization was estimated by
the difference between the total lesion area and wound area still not covered with
an epidermis [34] [35]. The ratio of macroscopic wound re-epithelization was

calculated on days 7, 9, 11, 13, and 15 after wounding.

2.4. Histological Procedure and Immunohistological Staining

Mice were euthanized by an IP injection of an overdose of pentobarbital sodium

on days 3, 7, 11, and 15 after wounding. Wounds and the surrounding intact

Ostomy skin barrier/wafer

1.5cm

2cm

25cm
Hydrocolloid dressing

Figure 1. Splint size and wound dressing. The sag in dorsal
skin was smoothed out, and a splint (Varicare® Wafer) with
a hole in the center was fixed on peri-wound skin. Wounds
were covered with a circular (approximately 1.4 cm in di-
ameter) hydrocolloid dressing (Tegaderm®) to maintain a
moist environment.
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skin were harvested, stapled onto transparent plastic sheets to prevent the
over-contraction of specimens, and fixed in 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) overnight. Specimens were dehydrated in an alcohol
series, cleaned in xylene, and embedded in paraffin to prepare 5-pm-thick serial
sections. Each serial section was stained with hematoxylin-eosin (H-E) and
Azan, and was also subjected to immunohistochemical staining. The procedure
for unmasking antigens was antigen-dependent, as described below.

Immunohistochemistry was performed for neutrophils using a rat monoclonal
antibody to neutrophils (Abcam, ab2557, Tokyo, Japan) at a dilution of 1:100,
for macrophages using Purified Rat Anti-Mouse Mac-3 (BD Pharmingen,
550292, Tokyo, Japan) at a dilution of 1:100, for a-smooth muscle actin (a-SMA)
using RbpAb to a-SMA (Abcam, ab5694, Tokyo, Japan) at a dilution of 1:300.

In secondary antibody staining, polyclonal rabbit anti-rat immunoglobulins/
HRP (Dako Denmark A/S, Glostrup, Denmark) at a concentration of 1:300 with
0.003% mouse serum (Dako Denmark A/S, Glostrup, Denmark) in phos-
phate-buffered saline (PBS) with 0.1% Tween-20 was used as an anti-neutrophil
antibody and anti-mouse Mac-3 antibody, the Dako Envision+ system -
HRP-labeled polymer anti-rabbit (ready to use) (Dako North America, Califor-
nia, USA) was used as an anti-a-SMA antibody.

The process applied was the same for all immunohistochemical stains. In ac-
cordance with a previous study [36], after deparaffinization and rehydration, an-
tigen unmasking was accomplished by heating slides in a water bath followed by
an incubation in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20,
pH 6.0) at approximately 100°C for 20 minutes. Slides were washed with PBS
with 0.1% Tween-20 and then incubated with each antibody at 4°C overnight. In
order to detect primary antibodies, slides were incubated with the secondary an-
tibody with HRP at room temperature for 30 minutes, and then incubated in the
Dako Liquid DAB+ Substrate Chromogen System (Dako North America, Cali-
fornia, USA) (brown chromogen) at room temperature for 5 minutes or until
staining was detected. Light hematoxylin counterstaining was applied for 1
minute for the visualization of cell nuclei. Negative controls were obtained by

omitting each primary antibody.

2.5. Microscopic Observations

Images were obtained using a digital microscopic camera (DP2-BSW, Olympus
Corporation, Tokyo, Japan). The distance between the edges of the wound and
the length of the new epithelium were measured, and the latter was divided by
the former (length of the new epithelium/total wound length; the epithelization
ratio). To analyze neutrophils, macrophages, and a-SMA-positive cells in the
granulation tissue, their respective positive cells were counted in three wound
areas at a magnification of x40 using ImageJ to determine their numbers per
mm?® on days 3, 7, 11, and 15 after wounding. The average number of macro-

phages in non-wounded skin was counted at 40x magnification in 1 - 3 areas
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(right, center, and left areas in subcutaneous adipocytes), and each number was
calculated per mm®. The ratio of collagen (which was stained blue) was ex-
pressed as blue color pixels in the wound/total wound pixels using Adobe Pho-
toshop Elements 7.0. The number of blue pixels was divided by the total number
of pixels within the wound area. These histological evaluations were performed

as described in a previous study [37].

2.6. Serum Leptin Levels

Mice were euthanized on days 3, 7, 11, and 15 after wounding. Serum was pre-
pared from blood collected from each mouse through cardiac puncture. Blood
was left to stand at room temperature for 60 minutes, then stored at 4°C for 4
hours. It was then centrifuged at 3000 rpm for 15 minutes (4°C) and stored at
-20°C until assayed. Serum leptin levels were measured by ELISA (Biovendor
Laboratory Medicine, the Czech Republic, COSMO BIO CO., LTD.) according
to the manufacturer’s guidelines.

Briefly, 96-well microplates pre-coated with the anti-mouse leptin antibody
were used. Samples from the obesity group (days 3 and 7 after wounding) and
control group (day 3 after wounding) were diluted 20x with Dilution Buffer just
prior to the assay. On the other hand, samples from the obesity group (days 11
and 15 after wounding) and control group (days 7, 11, and 15 after wounding)
were diluted 2x with Dilution Buffer. Standard wells included 100 uL of serially
diluted concentrations of mouse leptin: 4000, 2000, 1000, 400, 200, 100, and 0
pg/mL. Sample wells included 100 pL of diluted serum samples. The plate was
then covered with adhesive film and incubated at room temperature for 1 hour
with shaking at ca. 300 rpm on an orbital microplate shaker. All wells were au-
tomatically washed four times with washing buffer, followed by the addition of
100 uL of the biotin-labeled polyclonal anti-mouse leptin antibody to the wells,
and the plate was then covered with adhesive film and incubated with the cap-
tured leptin at room temperature for 1 hour. All wells were automatically
washed four times with washing buffer, followed by the addition of 100 pL of the
streptavidin-HRP conjugate. After a 30-minute incubation and the last washing
step, the remaining conjugate was allowed to react with 100 uL of the substrate
solution (tetramethylbenzidine) and the plate was incubated at room tempera-
ture for 10 minutes. The reaction was stopped by the addition of 100 pL of an
acidic solution and the absorbance of the resulting yellow product was measured
using a microplate reader (MTP-310Lab, CORONA ELECTRIC Co., Ltd., Ibara-
ki, Japan) at 450 nm and 570 nm. Absorbance was proportional to the concen-

tration of leptin.

2.7. Statistical Analysis

Data are presented as the mean * standard deviation. Data were assessed using
unpaired #test comparisons between the obesity and control groups with a

commercially available statistics package (JMP°®8.0.1; SAS Institute Inc., Cary,
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NC, USA). Differences were considered significant at p < 0.05.

3. Results
3.1. Evaluation of the Obesity Status

Fifteen weeks after feeding, the final body weight in the obesity group was ap-
proximately 42% heavier than that in the control group (p < 0.01) (Table 2).
FBG levels at week 15 after feeding in the obesity group were significantly higher
than those in the control group (p < 0.01) (Table 2). The FBG level in the obesi-
ty group, a mean of 186.8 + 19.0 mg/dl, was lower than that in a diabetic rodent
model such as ob/ob mice and GK rats (295 + 66.8 and 229 mg/dl, respectively;
industry data, Japan SLC, Inc., Hamamatsu, Japan). Although body weights in
the obesity group gradually decreased after wounding, they were still signifi-
cantly higher than those in the control group for 15 days after wounding (Figure
2). On day 15 after wounding, mean body weight in the obesity group was 33.6 £
2.9 g, while that in the control group was 26.6 + 1.3 g (p < 0.01) (Figure 2).

3.2. The Ratio of the Wound Area

Wounds in the obesity group maintained the circular shape (Figure 3(a)).

Wound areas in the obesity group peaked on day 4, while those in the control

Table 2. Initial and final body weights (BW) and fasting blood glucose (FBG) levels.

Parameter Control Obesity
Initial BW (g) 9.4+1.1 10.4 +0.9*
Final BW (g) 329+25 46.8 + 2.8
FBG (mg/dL) 154.8 £24.5 186.8 + 19.0**

Body weights were calculated as initial (upon the initiation of the control or high-fat diet) and final weights
(the day of making wounds) in each group. Fasting blood glucose levels were assessed at week 15 after
feeding. n = 17 in the control group and n = 14 in the obesity group (Initial and Final BW), and n = 9 in the
control and obesity groups (FBG). Unpaired #test. *p < 0.05, **p < 0.01.

60 -
%%
50 4 ******
%%k

S 4 [ T e Kk kk kk kk kk kK ga
> I
(o) 4
= '\Iﬁ—l—iﬂ*-r I —
% ™ i —
Q 20 A
o

10 A

0 — T T T T T T T T T T T

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
———Obesity == Control day after wounding

Figure 2. Body weights after wounding. Body weights after wounding are shown on line
graphs. Control group n = 6, Obesity group n = 5. Values are means, with their stan-
dard deviation represented by vertical bars. The mean value was significantly different
from that in the control group (unpaired #-test comparisons: **p < 0.01).
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Day 0 Day 1 Day 3 Day 5 Day 7 Day 9 Day 11 Day 13 Day 15

Control

Obesity

—— 5mm

()

Ratio of wound area

0 — T T T T T T

0 1 2 3 4 5 6 7 8 8 1011 1213 14 15
———QObesity ===Control day after wounding
(b)
Figure 3. Macroscopic wound healing. (a) Wounds that were 4 mm in diameter were
made, and the healing process was recorded by photography. Bar, 5 mm. (b) The ratio of
the wound area. The ratio was calculated as the wound area on each day divided by that
on day 0. The value on day 0 was the baseline. Control group n = 11, Obesity group n =
10. Values are means, with their standard deviation represented by vertical bars. The
mean value was significantly different from that in the control group (unpaired #test
comparisons: *p < 0.05).

group peaked on day 3; therefore, the day at which the wound area reached its
maximum was similar in the two groups. On days 1 - 4, the ratio of the wound
area was lower in the obesity group than in the control group (day 2: p < 0.05).
On day 15 after wounding, all wounds formed scars. The ratio of the wound area
in the obesity group on day 15 was 0.16 + 0.08, while that in the control group
was 0.19 £ 0.09 (p = 0.83) (Figure 3(b)). The wound healing process for 15 days
appeared to be similar in both groups.

3.3. Re-Epithelization

The new epithelium gradually covered the wound surface as wound healing
progressed in both groups. On day 11 after wounding, the ratio of
re-epithelization in the obesity group was 100%, namely, re-epithelization was
completed. The ratio of re-epithelization in the control group was also 100%
(Figure 4(a)). The ratio of macroscopic re-epithelization in the two groups was
100% on day 13 after wounding (Figure 4(b)). The re-epithelization was not

significantly different between the two groups.
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Figure 4. Macroscopic wound healing and evaluation of re-epithelization. (a) The ratio of
re-epithelization. The ratio of re-epithelization was calculated as new epidermis length
divided by wound length. (b) The ratio of macroscopic wound re-epithelization. Macros-
copic wound re-epithelization was macroscopically estimated by the difference between
the total lesion area and wound area still not covered with an epidermis. (c) The length of
re-epithelization. The length of re-epithelization was calculated as new epidermis length.
(a) Control group n =5, 5, 6, and 11, Obesity group n = 6, 5, 6, and 10 (on days 3, 7, 11,
and 15 after wounding, respectively). (b) Control group n = 10, Obesity group n = 9 (on
days 7, 9, 11, 13, and 15 after wounding). (c) Control group n = 5, 5, Obesity group n = 6,
5 (on days 3 and 7 after wounding, respectively). Values are means, with their standard
deviation represented by vertical bars.

DOI: 10.4236/health.2017.912122

1668 Health


https://doi.org/10.4236/health.2017.912122

T. Uraietal.

3.4. Neutrophils and Macrophages

In non-wounded skin, the number of macrophages was 54.5 + 27.0 cells/mm” in
the control group (n = 4) and 85.6 + 62.7 cells/mm?” in the obesity group (n = 5)
(Figure 5(a)), with no significant difference being observed between the two
groups (p = 0.39). On day 3 after wounding, a large number of macrophages
were found in wounds in the two groups, and did not markedly change from the
number observed on day 7 after wounding. No significant differences were
noted in the numbers of macrophages between the two groups in non-wounded
skin or in wounded skin on days 3 and 7 after wounding (Figure 5(b) and Fig-
ure 5(c)).

Control group Obesity group

Control |+ . *
group |*

\ﬁ. .
Obesity | & o7
group 2

J

2000

1500

1000

500 A

Macrophage counts (mm?2)

o | i i

Day 0 Day 3 Day 7

H Control m Obesity
(©

Figure 5. Macrophages. (a) Macrophages (arrow heads) stained with an anti-Mac-3 an-
tibody were observed in non-wounded skin and (b) wound tissue on days 3 and 7. Bar, 20
pm. (c) Number of macrophages per mm?. Control group n = 4, 6, 5, Obesity group n = 5,
6, 6 (on days 0, 3, and 7 after wounding, respectively). Values are means, with their stan-
dard deviation represented by vertical bars.
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On day 3 after wounding, a large number of neutrophils were also detected in
wounds in the two groups, and this number decreased on day 7 after wounding.
No significant differences were observed in the numbers of neutrophils between
the two groups on days 3 and 7 after wounding (Figure 6(a) and Figure 6(b)).

3.5. Angiogenesis, Collagen Deposition, and Wound Contraction

The number of new blood vessels peaked on day 11 after wounding in both
groups. On day 15 after wounding, the number of new blood vessels in each
group slightly decreased (Figure 7(a) and Figure 7(b)). The ratio of myofibrob-
lasts peaked on day 11 after wounding in the obesity group and on day 7 after
wounding in the control group. The ratio of myofibroblasts in each group
peaked on different days (Figure 7(a) and Figure 7(c)). The ratio of collagen fi-
bers increased gradually from days 7 to 15 after wounding (Figure 8(a) and
Figure 8(b)).

No significant differences were observed in the number of new blood vessels
or ratios of myofibroblasts and collagen fibers between the two groups on days 7,
11, and 15 after wounding.

Control group [~

Obesity group [*.%

2000 1

1500 4

1000 4

500 -

Neutrophil counts (mm2)

Day 3 Day 7
u Control m Obesity

(®)

Figure 6. Neutrophils. (a) Neutrophils (arrow heads) stained with
an anti-neutrophil antibody were observed in wound tissue on days
3 and 7. Bar, 20 pm. (b) Number of neutrophils per mm?. Control
group n = 6 and 5, Obesity group n = 6 and 6 (on days 3 and 7 after
wounding, respectively). Values are means, with their standard
deviation represented by vertical bars.
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Figure 7. New blood vessels and wound contraction. (a) New blood vessels (black arrow
heads) stained with an anti-a-SMA antibody on days 7, 11, and 15. Myofibroblasts (white
arrow heads) stained with the anti-a-SMA antibody on days 7, 11, and 15. Myofibroblasts
appeared at wound edges on granulation tissue. Insets highlight regions of the wound
edge on granulation tissue at a higher magnification. Bar, 20 um. (b) The number of new
blood vessels per mm? and (c) the ratio of myofibroblasts (%) are shown on box graphs.
(b), (c) Control group n = 5, 5, and 6, Obesity group n = 6, 6, and 9 (on days 7, 11, and 15
after wounding, respectively). Values are means, with their standard deviation
represented by vertical bars.

3.6. Serum Leptin Levels

On day 3 after wounding, serum leptin levels were significantly higher in the
obesity group (30.5 £ 3.5 ng/ml) than in the control group (6.7 + 3.8 ng/ml). On
day 7 after wounding, serum leptin levels in the obesity group markedly de-
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Figure 8. Collagen fibers. (a) Azan staining on days 7, 11, and 15. Collagen fibers, which
stained blue, were observed in granulation tissue. Bars, 500 um (day 7) and 200 pm (days
11 and 15). (b) The ratio of collagen fibers (%) is shown on box graphs. Control group n
=5, 6, and 6, Obesity group n = 6, 6, and 7 (on days 7, 11, and 15 after wounding, respec-
tively). Values are means, with their standard deviation represented by vertical bars.

creased to 12.5 + 3.7 ng/ml; however, this level was significantly higher than that
in the control group (2.8 * 1.1 ng/ml). Although serum leptin levels in the obes-
ity group decreased gradually by days 11 and 15 after wounding (day 11: 7.8 +
0.9 ng/ml, day 15: 4.5 + 2.2 ng/ml), they were significantly higher than those in
the control group (day 11: 3.3 + 1.3 ng/ml, day 15: 1.4 + 0.8 ng/ml). Serum leptin
levels were significantly higher in the obesity group than in the control group

until day 15 after wounding (Figure 9).

4. Discussion

We previously investigated circular (diameter of 6 mm) full-thickness skin
wound healing in diet-induced obese mice, and found no significant differences
in the progression of wound healing between obese and non-obese mice [9]. We
identified two factors that contributed to wound healing in obese mice; wound
tension and stress of wounding.

In our previous study [9], circular wounds became oval after wounding, and,
thus, wound distances in the minor axis became short without a splint. In the

present study and our previous study [10], the use of a splint decreased tension
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Figure 9. Serum leptin levels. Systemic leptin levels. Control group n = 3,
5, 3, and 6, Obesity group n = 3, 3, 3, and 5 (on days 3, 7, 11, and 15 after
wounding, respectively). Values are means, with their standard deviation
represented by vertical bars. The mean value was significantly different
from that in the control group (unpaired #test comparisons: *p < 0.05,
D < 0.01).

because it maintained the shape of the circular wound in obese mice. This new
splinting method was effective for evaluating wound healing.

The amount of food consumed by obese mice markedly decreased after
wounding. Consequently, mean body weights did not significantly differ be-
tween obese and non-obese mice. This may have been due to the stress induced
by having 6-mm wounds. Mean body weights were significantly higher in obese
mice than in non-obese mice after wounding because the stress of wounding was
decreased by changing to a circular wound size that was 4 mm in diameter.
Therefore, we established experimental conditions to evaluate wound healing in
obese mice without wound tension and the maintenance of body weight.

In spite of these experimental conditions, the progression of wound healing
appeared to be similar in both groups for 15 days, with all wounds ultimately
healing and forming scars on day 15 after wounding. This result indicates that
the progression of cutaneous wound healing was not significantly different be-
tween obesity without hyperglycemia and non-obesity. Our results appear to
differ from previous findings [34] [35].

In hypertrophied adipocytes, the expression of TNF-a is up-regulated. TNF-a
is also produced by macrophages. Inflammatory responses were previously re-
ported to be increased in a co-culture of adipocytes and macrophages [13], and
the infiltration of macrophages was detected in adipose tissue from day 21 after
the initiation of high-fat feeding and then in epididymal fatty tissue [38]. The
number of macrophages in subcutaneous adipose tissue positively correlated
with adipocyte size and body mass [39]. Furthermore, inflammation was en-
hanced in the adipose tissue of obese mice in these previous studies [21] [38]
[39] [40]. On the other hand, our results showed no significant difference in the
number of macrophages in subcutaneous adipose tissue between the control and

obesity groups on the day before wounding. This result differed from previous
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findings showing that macrophages infiltrated adipose tissue 12 weeks after the
injtiation of a high-fat diet (56% of calories from fat) [21]; 16 weeks and 60%
[38], 12 weeks and 45 % [39] and 15 weeks and 60% [40]. We consider this to be
one of the reasons why wound healing was not delayed in obese mice and indi-
cates that if macrophages are not induced by numerous hypertrophied adipo-
cytes under obese conditions, cutaneous wound healing in obese mice does not
significantly differ from that in non-obese mice.

Topically applied leptin has been shown to accelerate wound healing by in-
creasing keratinocyte proliferation [41] [42], enhancing angiogenesis [42] [43],
and up-regulating collagen production by dermal fibroblasts [44]. In this study,
we did not observe the blood leptin concentration on the day before wounding.
However, at 15 weeks after feeding, the day before wounding, the leptin concen-
tration in the obesity group (42.3 + 3.5 ng/mL) was significantly higher than that
in the control group (3.5 + 1.1 ng/mL) [9]. In this study and our previous study,
obese mice were fed the same diet for the same period. Therefore, in this study,
serum leptin levels in the obesity group were also higher than that in the control
group. Since serum levels of leptin in the present study were significantly higher
in the obesity group than in the non-obese mouse until day 15 after wounding,
its efficacy in cutaneous wound healing may have negated wound healing delays
associated with obesity. Therefore, cutaneous wound healing was similar be-
tween obese and non-obese mice. A high serum level of leptin appears to pro-
mote cutaneous wound healing in obese mice.

Obesity is a major cause of type 2 DM [45], which clinically exhibits hyper-
glycemia [46] [47]. Previous studies reported wound healing delays in patients
with DM [3] and a hyperglycemic state [25] [26]. Hyperglycemia affects
re-epithelization [3] [26], neovascularization [3], and collagen accumulation [3]
[25] [26] in wounds. Although our previous finding [9] and our present results
showed that FBG levels were significantly higher in the obesity group than in the
control group, FBG levels in our obese mouse model were lower than those in
transgenic hyperglycemic models [27] [28] [48]. The ratio of myofibroblasts
peaked on days 11 and 7 after wounding in the obesity and control groups, re-
spectively. Wound contraction is mostly due to myofibroblasts [49]. Although
the ratio of myofibroblasts in each group peaked on different days, the ratio of
the wound area on days 7 - 15 after wounding was not significantly different
between the two groups. Therefore, a different peak of the ratio of myofibrob-
lasts did not affect wound contraction in this study. Additionally, the ratio of
collagen deposition and the numbers of macrophages, neutrophils, and new
blood vessels in the obesity group did not also significantly differ from those in
the control group. Therefore, undelayed wound healing was observed in the ob-
esity group. This result indicates that hyperglycemia exerts stronger effects on
wound healing than the excessive accumulation of adipose tissue. There is no
evidence to demonstrate that obesity does not delay wound healing; therefore,

further studies are warranted.
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5. Conclusion

Our hypothesis that obesity without hyperglycemia delays cutaneous wound
healing is not correct because wound healing did not significantly differ between
the obesity and control groups. Our results demonstrated that cutaneous wound
healing was not delayed in the obesity group without hyperglycemia and ma-
crophage infiltration into the subcutaneous fat and with high serum leptin levels.
Our study also suggests that not all types of obesity delay wound healing; there-
fore, not all individuals with obesity will have delayed wound healing in clinical
settings. We need to conduct further research to clarify why few macrophages

infiltrated subcutaneous adipose tissue in our obese mouse model.
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