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Introduction
Hypertrophic scars and keloids form as a result of aberra-
tions of physiologic wound healing and may arise following 
any insult to the deep dermis. These fibroproliferative dis-
eases of the skin present a major therapeutic dilemma and 
challenge to the plastic surgeon because they are disfiguring 
and frequently recur (Perry et al., 2010). During the past 
several decades, many studies have been performed to de-
termine the etiology of hypertrophic scarring (Bloemen et 
al., 2009; Henderson et al., 2011; Atiyeh and Janom, 2014). 
Several studies have shown that neural factor is an import-
ant molecule that promotes hypertrophic scarring (Citak 
et al., 2010; Feng et al., 2010; Hamed et al., 2011; Yagmur et 
al., 2011; Henderson et al., 2012). Earlier studies suggested a 
relation between blood levels of the inflammatory mediator 
interleukin-13 (IL-13) and the progression of wound heal-
ing, which resulted in further tissue destruction and finally, 
scar formation (Akaishi et al., 2008; Ngeow, 2010; Buckley et 
al., 2011; Park et al., 2011; Elsharawy et al., 2012). This study 
investigated the relationship between inflammation and skin 
nerve regeneration with hypertrophic scarring in a mouse 
model of hypertrophic scarring. 

Materials and Methods
Establishment of scar models 
Sixty clean, female C57BL/6 mice, aged 8 weeks old and 
weighing 20 ± 5 g, were provided by the Laboratory Animal 

Center of Shandong University in China (license No. SCXK 
(Lu) 2003-0004). They were administered water and food 
regularly and had no adverse factors. The protocols were 
consistent with the required animal ethics requirements. 
This research received permission of the Medical Ethics 
Committee of Shandong Provincial Hospital affiliated to 
Shandong University, China. Mice were equally and ran-
domly assigned to either the control or experimental groups. 

The mice were anesthetized by intraperitoneal injection 
of 3% pentobarbital (1 mL/kg). The model of hypertrophic 
scar was established as previously described (Aarabi et al., 
2007). In brief, biomechanical loading devices were con-
structed from 22-mm expansion screws (Great Lakes Ortho-
dontic Products, Tonawanda, NY, USA). A median incision 
approximately 2-cm long was made on the dorsum of the 
mouse, then sutured with 6–0 nylon sutures. At 4 days fol-
lowing injury, the sutures were removed from the scars, and 
a loading device was carefully fixed with 6–0 nylon sutures. 
Wounds in the experimental group were loaded every other 
day. Prior to applying tension, two points were identified 
on either side of the scars using a permanent marking pen. 
Tension on the wounds was created by carefully distracting 
the expansion screws by 2 mm at 4 days after injury and 4 
mm every other day thereafter. During the periods between 
distractions, stress relaxation was observed due to the natural 
elongation of skin resulting in a continuous decrease in the 
force acting on the wounds. To compensate, tension was reap-
plied every other day for up to 2 weeks. The loading devices 
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of the control group were not activated. The backs of the 
animals were shaved prior to morphometric measurements. 
Scar tissue was harvested at 2 and 5 weeks following the ini-
tiation of strain (15 mice at each time point in each group).

Hematoxylin-eosin staining
Five-µm-thick sections were dewaxed using xylene and 
washed with alcohol and water, followed by hematoxylin 
staining for 5 minutes. Sections were washed with tap water, 
differentiated with hydrochloric acid for 30 seconds, soaked 
in tap water for 15 minutes, and stained with eosin for 2 
minutes. Sections were then dehydrated, cleared and mount-
ed. Microstructural changes in tissues were observed by light 
microscopy (Type BX51, Olympus, Tokyo, Japan).

Immunohistochemical staining
The specimens were embedded in paraffin and cut into 
4-µm-thick sections for immunohistochemical staining. 
Tissue sections were deparaffinized and microwaved for 
antigen retrieval, followed by incubation in 3% H2O2 for 10 
minutes. Nonspecific binding of antibodies was inhibited 
by incubation in 5% normal goat serum for 20 minutes in a 
humidified chamber. Sections were washed with PBS three 
times, and incubated with rabbit anti-S100 polyclonal anti-
body (1:100; Abcam, Cambridge, MA, USA) for 40 hours at 
4°C. After three washes with PBS, tissue sections were incu-
bated with biotinylated goat anti-rabbit IgG (1:1,000; Boster, 
Wuhan, Hubei Province, China) for 30 minutes at room 
temperature. After washing with PBS, slides were incubated 
in streptavidin-peroxidase complex for 30 minutes at 37°C, 
washed three times, visualized using diazoaminobenzene, 
and counterstained with hematoxylin. As a negative control, 
sections were stained without the addition of a primary an-
tibody. Expression of S100 was quantitatively analyzed using 
morphological analysis software (Qwind Pro V3.3.1, Leica, 
Germany). All measurements were assessed by physicians 
blind to the group being studied.

Western blot assay
Total protein was extracted from scar tissue samples using 
T-PER Tissue Protein Extraction Reagent (Pierce, Rockford, 
IL, USA). Protein samples (20 µg/lane) were mixed with 5-µL 
loading buffer (50 mM Tris HCl, pH 6.8, 2% sodium dodecyl 
sulfate, 0.1% bromphenol blue, 10% glycerol) and 2-mercap-
toethanol (96 mM) and heated for 5 minutes. Lysates were 
fractionated on sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and transferred onto a nitrocellulose mem-
brane (Bio-Rad). The nitrocellulose membrane was blocked 
for 2 hours at 4°C in blocking solution containing 3% bo-
vine serum albumin in 1 × Tween 20 Tris buffered saline, 
supplemented with 20 mM Tris HCl, pH 7.4, 150 mM NaCl, 
and 0.1% Tween 20. After blocking, the membrane was in-
cubated with rabbit anti-IL-13 polyclonal antibody (1:1,000; 
Abcam), rabbit anti-mouse beta-actin monoclonal antibody 
(1:5,000; Sigma-Aldrich, St. Louis, MO, USA) and incubated 
for 2 hours at 37°C with gentle shaking on a platform shaker. 
After incubation with goat anti-rabbit IgG (1:2,000; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). Expression was 

detected by enhanced chemiluminescence kit (Amersham 
Biosciences, Little Chalfont, Buckinghamshire, UK). Film 
autoradiograms were exposed for 10–30 minutes. The absor-
bance values of the target protein were measured using the 
image analysis program Image J (Toronto Western Research 
Institute University Health Network, Toronto, ON, Canada). 
Beta-actin was used as an internal loading control. The op-
tical density ratio of target protein to internal reference was 
represented as the relative amount of target protein.

Statistical analysis
Data were analyzed by SPSS 10.0 statistical analysis software 
(SPSS, Chicago, IL, China), and experimental data are ex-
pressed as the mean ± SEM. The differences between the two 
groups were analyzed by independent samples t-test. P < 0.05 
was considered statistically significant.

Results
Histological observation of scars in a mouse model of 
hypertrophic scarring
Similar to human hypertrophic scars, the scars in mice in the 
experimental group were increased in numbers and showed 
epidermal thickening with adnexal structures and hair fol-
licles were absent in the dermis (Figure 1A). In all cases, the 
control wounds healed with almost no scarring (Figure 1B).

Skin nerves in a mouse model of hypertrophic scarring
S-100-immunoreactive nerve fibers, brown and shaped as 
dots, short bars or bean sprouts, were visible in the scar tis-
sue layer in the experimental group (Figure 2A). The control 
wounds demonstrated almost no S-100 Schwann cells (Fig-
ure 2B). The nerve fiber density in the experimental group 
was increased significantly compared with the control group 
(P < 0.05; Figure 2C).

Increased IL-13 expression in scars in a mouse model of 
hypertrophic scarring
IL-13 is an important pro-fibrotic cytokine for wound heal-
ing and scarring (Mandal et al., 2010; Wong et al., 2011). A 
western blot assay was used to measure IL-13 production in 
scars. At 2 weeks after injury, IL-13 levels in the experimental 
group increased significantly compared with the controls (P 
< 0.05).

At 5 weeks, IL-13 levels in the experimental group re-
mained significantly elevated above that of the control 
group. There were no significant differences in IL-13 levels 
between the two time points, at 2 and 5 weeks after injury in 
the experimental group (Figure 3).

Discussion
Healed partial thickness wounds including burns and donor 
sites cause hypertrophic scar formation and patient dis-
comfort. Although numerous factors are implicated in skin 
fibrosis, the exact pathophysiology of hypertrophic scarring 
remains unknown. Potential etiologies thought to under-
lie human hypertrophic scar and keloid formation include 
neural factors and inflammation (Scott et al., 2007; Pradhan 
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et al., 2009; Stein and Küchler, 2013). A large number of 
previous studies showed that neural factors are important in 
regulating wound healing; however, the relationship between 
neural regulation and scar formation after wound healing is 
poorly understood (Pradhan et al., 2009; Khattak et al., 2010; 
Anderson et al., 2011; Isoardo et al., 2012; Nakagaki et al., 
2013).

Increasing data suggest that the skin nervous system is in-
volved in wound healing, and that its innervation is related  to  
physiological functions and pathological changes of the skin 
(Moore et al., 2009; Buckley et al., 2011; Rashmi et al., 2012; 
Yasui et al., 2012). Recent studies demonstrated that periph-
eral nerves are closely related to the progress of scarless fetal 
wound healing (Antony et al., 2010; Yates et al., 2012; Akita et 
al., 2013; Hu et al., 2014; Liu et al., 2014; Morris et al., 2014). 
Mammoto et al. (2008) suggested that local application of 
nerve growth factor improved ligament healing by promoting 
both reinnervation and angiogenesis, and resulted in the for-
mation of scars with enhanced mechanical properties. Wang 
et al. (2010) suggested that hypertrophic scars exhibited a 
greater number of nerve fibers with more serious pathologies 
compared with mature scars. However, the remodeling of re-
generating nerve fibers during wound healing was observed, 
which changed nerve innervation density (Feng et al., 2010; 
Ishiguro et al., 2010; Anderson et al., 2011; Kim et al., 2011).

Most previous studies focused on the function of neural 
factors and wound healing speed (Stout, 2010; Sun et al., 
2010; Tan et al., 2010; Yasui et al., 2012; Shen et al., 2013). 
However, there have been few reports regarding the rela-
tionship between neural factors and inflammation. Collagen 
production is down regulated by pro-inflammatory cyto-
kines such as interferon-γ and tumor necrosis factor-α (An-
derson et al., 2011; Soller et al., 2012; Reichard et al., 2014). 
While the causes of fibrosis are unknown, inflammatory 
mediators such as IL-13 that stimulate collagen production 
have been implicated in the disease process. The stimulation 
of collagen production in fibroblasts is dependent on Smad 
and STAT6 signaling pathways induced by tumor growth 
factor-β and IL-13, respectively (Malin et al., 2009; Zhang et 
al., 2010; Romano et al., 2014). However, these inflammatory 
mediators have not been investigated in tissues locally at the 
site of mechanical loaded trauma (Spits and Di Santo, 2011; 
Kumar, 2014).

This study used a mouse model of hypertrophic scars 
that are grossly and histologically identical to human hy-
pertrophic scars, produced by applying exogenous mechan-
ical forces onto healing mouse wounds. Our study showed 
that IL-13 levels were increased in scar tissue induced by 
mechanical strain. These findings are consistent with pre-
vious histological findings of increased IL-13 levels during 
wound healing process (Barron and Wynn, 2011; Nguyen et 
al., 2011; Ferrante and Leibovich, 2012; Gaspar et al., 2013; 
Hofmann et al., 2014). Although acute inflammation is nec-
essary for normal wound repair, chronic inflammation can 
lead to pathological fibrosis (Semlali et al., 2010; Wang and 
Zhao, 2010; Oh et al., 2011; Novak and Koh, 2013; Weisser et 
al., 2013; Wise et al., 2013; Niu et al., 2014). Our study sug-
gested that hypertrophic scars induced by mechanical strain 

exhibited a greater number of nerve fibers, with more seri-
ous pathologies compared with control scars. Furthermore, 
mechanical forces modulate wound repair and hypertrophic 
scarring via neurogenic inflammatory pathways in tissues. 

The association between neural factors and inflammation 
in hypertrophic scars is a novel finding, as there have been no 
previous reports of this relationship. Here, we demonstrate 
that focusing on the neural inflammatory pathways involved 
in skin fibrosis might be a useful strategy to identify new ther-
apeutic approaches for the treatment of hypertrophic scars.
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Figure 2 Nerve fiber and nerve density in a 
mouse model of hypertrophic scarring. 
(A, B) Nerve fiber of skin (immunohistochem-
ical staining, × 40). (A) Experimental group 
(formation of a hypertrophic scar by mechanical 
loading on the dorsum): brown S-100-immu-
noreactive nerve fibers, dot, short bar or bean 
sprout shapes. (B) Control group: no immuno-
reactivity of S-100 in scars. (C) Nerve density 
(nerve number/total dermal area) in scar tissues. 
Data are expressed as the mean ± SEM. *P < 0.05, 
vs. control group (independent samples t-test).

Figure 1 Histological observation of scars 
in a mouse model of hypertrophic scarring 
(hematoxylin-eosin staining,  × 10).
(A) Mouse-loaded scars in the experimental 
group (formation of a hypertrophic scar by 
mechanical loading on the dorsum). (B) Con-
trol group developed very little fibrosis. Arrows 
show scars. 

Figure 3 IL-13 expression in a mouse model of hypertrophic scarring (western blot assay). 
I: Control group at 2 weeks; II: experimental group (formation of a hypertrophic scar by mechanical loading on the dorsum) at 2 weeks; III: exper-
imental group at 5 weeks; IV: control group at 5 weeks. Data are expressed as the mean ± SEM. **P < 0.01, vs. control group (independent samples 
t-test). IL: Interleukin. 
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