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Previous studies focused on the effects of sympathetic denervation with 6-hydroxydopamine (6-OHDA) on nondiabetic wounds,
but the effects of 6-OHDA on diabetic wounds have not been previously reported. In this study, treated mice received
intraperitoneal 6-OHDA, and control mice received intraperitoneal injections of normal saline. Full-thickness wounds were
established on the backs of mice. The wounds were sectioned (four mice per group) for analysis at 2, 5, 7, 10, 14, 17, and 21
days after injury. The wound areas in the control group were larger than those in the treatment group. Histological scores for
epidermal and dermal regeneration were reduced in the 6-OHDA-treated group on day 21. The mast cells (MCs) in each field
decreased after sympathectomy on days 17 and 21. The expression levels of norepinephrine, epidermal growth factor (EGF),
interleukin-1 beta, NG2 proteoglycan, and desmin in the treatment group were less than those in the control group. In
conclusion, 6-OHDA delays reepithelialization during wound healing in diabetic mice by decreasing EGF, but increases wound
contraction by reducing IL-1β levels and the number of MCs. Besides, 6-OHDA led to reduced pericyte proliferation in diabetic
wounds, which might explain the vascular dysfunction after sympathetic nerve loss in diabetic wounds.

1. Introduction

Diabetic foot ulcers (DFUs) are a common cause of hospital-
ization in diabetic patients [1]. Approximately 10–15% of
diabetic patients develop foot ulcers, and 15% of DFU
patients require amputation [2]. In contrast to nondiabetic
wounds, diabetic wounds are characterized by prolonged
inflammation, delayed wound closure [3], and impaired

angiogenesis [4]. The neuroimmune axis and successful
angiogenesis are essential for DFU healing [5, 6]. Although
great progress has been made in the treatment of DFUs, they
remain difficult to fully cure. Thus, there is a continuing need
to understand the mechanisms behind DFUs and to explore
new treatments.

Sympathetic efferents are important for the healing of
DFUs. Sympathetic nerve damage is an important feature
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of diabetic neuropathy [7] and impairs vasomotor control and
increases skin capillary permeability in diabetic patients [8].
Lumbar sympathectomy is a revascularization technique
used in diabetic patients with ischemic feet [9]. However,
the findings of Kokobelian et al. suggest that sympathec-
tomy is ineffective for DFUs [10]. Therefore, the role of
sympathetic nerve failure in the wound healing of DFUs
remains controversial.

6-Hydroxydopamine (6-OHDA) is a specific sympathetic
neurotoxin that selectively destroys peripheral sympathetic
nerve termini. Nerve regeneration after chemical sympathec-
tomy with 6-OHDA requires at least 1 month [11], which
allows for continued wound observation after sympathetic
denervation. Previous studies have shown the effects of
6-OHDA on nondiabetic wounds. Kim et al. [12] reported
that 6-OHDA reduces inflammation and significantly delays
epidermal wound healing in linear skin incisions in rats.
Saburo et al. [13] suggested that 6-OHDAmay decrease colla-
gen metabolism and reduce the number of capillaries during
the wound healing of animal burns. Souza et al. [14] found
that intraperitoneal administration of 6-OHDA in 1% ascor-
bic acid accelerated wound contraction during cutaneous
wound healing in rats. However, the effects of 6-OHDA on
diabetic wounds have not been reported.

The wound-healing process includes an inflammatory
change and proliferation phase, which includes fibroplasia,
angiogenesis, and reepithelialization [15]. Angiogenesis
during wound healing depends upon dynamic interactions
between endothelial cells, angiogenic cytokines, and the
extracellular matrix (ECM) [16]. NG2proteoglycan and
desmin are pericyte markers in mice [17]. To explore the role
of sympathetic denervation in the healing of DFUs, wound
reepithelialization, wound contraction, collagen fibers, mast
cell (MC) distribution, and the protein levels of norepineph-
rine (NE), epidermal growth factor (EGF), interleukin-1
beta (IL-1β), NG2 proteoglycan, desmin, and MMP-9 were
observed in cutaneous wound healing after chemical sympa-
thectomy with 6-OHDA in diabetic (db/db) mice.

2. Materials and Methods

2.1. Animals and Materials. Spontaneously diabetic female
mice (n = 56, BKS.Cg-Dock7m+/+Leprdb/JNju, aged 6 weeks)
were purchased from Nanjing Biomedical Institute, Nanjing
University, Nanjing, China. Their diabetes was generated by
a homozygous mutation in the leptin receptor gene, produc-
ing recognizable phenotypes characteristic of obesity and
diabetes. The diabetic mice were maintained on a normal-
fat and normal-sugar diet, and their blood sugar levels
increased from 4 to 8 weeks of age. The fasting random
glucose levels from the tail vein in the diabetic mice were
measured in both 6-OHDA-treated and control groups
during the experimental phase. 6-OHDA and ascorbic acid
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Primary antibodies for EGF, IL-1β, NG2 proteoglycan, des-
min, and MMP-9were purchased from Abcam (Cambridge,
UK), and a primary antibody for NE was purchased from
Lifespan (Cambridge, UK).

2.2. Chemical Sympathectomy. The mice were housed for 1
week before use. The animals were maintained at 22–24°C
under a 12/12 h light/dark cycle with free access to standard
laboratory food and water. Animal experiments were con-
ducted according to institutional guidelines and were
approved by the animal care committee. The mice were
divided randomly into 6-OHDA-treated and control groups.
The treatment mice received intraperitoneal injections of
100mg/kg 6-OHDA in 0.9% NaCl plus 10−7M ascorbic acid
on days −7 and −5 and 200mg/kg 6-OHDA on day −3. Con-
trol mice received intraperitoneal injections of 0.9% NaCl
plus 10−7M ascorbic acid [11, 18].

2.3. In VivoWound Closure. The mice were anesthetized with
0.6% pentobarbital sodium (40mg/kg), and skin punches
were used to generate two rounds of full-thickness dermal
wounds (0.6 cm in diameter, at a distance of at least 1.0 cm)
on both sides of the dorsal trunk. After the wounding pro-
cedure, the animals were housed individually in separate
cages. The wounds were imaged using a digital camera at
2, 5, 7, 10, 14, 17, and 21 days after injury. The wound sizes
were measured using Image-Pro Plus software (ver. 6.0;
Media Cybernetics Corp., Silver Springs, MD, USA) and
calculated against the original area (on day 0), which was
set at 100%. The wounds, including the tissue 2mm around
the edge of the wound, were sectioned under anesthesia
(four mice per group) for analyses at each time point.

2.4. Hematoxylin–Eosin (H&E) Staining. Samples were
harvested and fixed in 10% neutral formalin, dehydrated in
a graded series of ethanol, and embedded in paraffin for rou-
tine H&E staining. All slides were examined by a pathologist
with no prior knowledge of the treatment. The histological
scores for epidermal and dermal regeneration used in this
study were evaluated as previously described [19].

2.5. Masson’s Trichrome Staining. Specimens were fixed in
formalin and embedded in paraffin wax using routine labora-
tory techniques. Serial 5μm sections were cut and stained
with Masson’s trichrome to detect collagen fibers in the
wounds. Deparaffinized sections were incubated with hema-
toxylin for 10min, 0.5% hydrochloric acid/alcohol for 3 s,
and 0.6% ammonia for 30 s. After washing in tap water for
1min, sections were stained with Ponceau SP liquid for 1 h
and then washed in tap water for 1min. After 5min in
phosphomolybdic acid solution, sections were stained in
water-soluble aniline blue for 5min and then incubated in
1% acetic acid for 1min. After routine alcohol- and xylene-
based dehydration, the sections were fixed in 10% neutral
buffered formalin for light microscopy. A pathologist who
was blinded to the research design examined all sections
and described any pathological changes.

Additionally, Image-Pro Plus (ver. 6.0) was used to scan
and quantify the collagen deposition areas. The ratio of the
fibrotic areas to the whole area was calculated as a relative
objective index to assess the level of collagen fibers [20].
The results are presented as the mean of 10 different fields
in each section.
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2.6. Toluidine Blue Staining. Toluidine blue staining was
used to assess the presence of MCs. Paraffin wax sections
were deparaffinized and hydrated. Sections were stained
with 1% toluidine blue for 10min. The sections were washed
under running water for 2min and then differentiated with
95% and 100% alcohol. The sections were warmed and
cleared in xylene andmountedwithneutral resin. The number
of MCs in the wound area (between the bilateral edges of
the wound, 10 fields for each sample) was estimated by
blinded pathologists.

2.7. Immunohistochemistry. Paraffin wax sections (5μm)
were deparaffinized, washed three times in PBS for 5min,

and blocked with 5% serum for 30min. The slides were
subsequently incubated with primary antibodies against
EGF (1 : 100), IL-1β (1 : 200), NG2 proteoglycan (1 : 100),
desmin (1 : 200), or MMP-9(1 : 200) at 4°C overnight. After
rinsing three times with PBS, the slides were incubated with
horseradish peroxidase-labelled secondary antibodies at 37°C
for 20–30min and developed with 3,3′-diaminobenzidine
tetrahydrochloride solution.

2.8. Western Blots. Skin tissue was homogenized in 500μL of
cell lysate and transferred to a 1.5mL microcentrifuge tube.
The samples were lysed for 30min and then centrifuged
(14,000×g, 10min, 4°C), and the supernatant was collected.

Table 1: The glucose levels in both 6-OHDA-treated and control groups during this experimental phase.

Days
2 d 5 d 7 d 10 d 14 d 17 d 21 d

Groups

Control 19.95± 0.74 20.83± 1.86 20.78± 3.72 20.30± 0.66 21.86± 3.96 21.95± 3.10 21.90± 3.73
6-OHDA treated 20.15± 0.66 19.65± 1.01 20.08± 1.40 21.90± 2.89 20.36± 0.81 20.15± 0.66 21.10± 2.80
p value 0.700 0.309 0.737 0.322 0.493 0.333 0.743
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Figure 1: Wound size in 6-OHDA-treated and control groups after the establishment of full-thickness wounds in diabetic mice. (a) Wound
size at different time points in the 6-OHDA-treated group (A–H) and the control group (I–P). (b) Significant differences in wound size in the
6-OHDA-treated group and the control group after the establishment of full-thickness wounds in diabetic mice. ∗p < 0 05, 6-OHDA-treated
versus control.
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Protein concentrations were determined using the BSA
method, and the skin lysates were denatured at 95°C for
5min in sample buffer. Then, 50μg of total protein was
resolved by 10% SDS-PAGE and transferred to PVDF
membranes. Membranes were blocked with 5% skim milk
for 1 h at room temperature and incubated with primary
antibodies against EGF (1 : 2000), NE (1 : 1500), IL-1β
(1 : 1000), desmin (1 : 800), NG2 proteoglycan (1 : 2000), or
MMP-9 (1 : 1000) overnight at 4°C. The membranes were
then washed and incubated for 1 h at room temperature with
an anti-rabbit or anti-mouse secondary antibody (1 : 10,000).
After washing, the membranes were incubated with detec-
tion reagent (Immobilon Western Chemiluminescent HRP
Substrate, Millipore Corp., Billerica, MA, USA). Band
intensities were quantified using Image-Pro Plus (ver.
6.0). Protein levels were calculated relative to the sample’s
GAPDH level.

2.9. Statistical Analyses. The data of the size of wound belongs
to the repeated measurement data, so we used the nonequidi-
stant repeated measure variance analysis with the SPSS
software (ver. 21; IBM). For the data of HE staining and
Western blot (which belongs to the quantitative data), we
found that the data in every group was homogeneity of
variance after homogeneity test of variance. Then,we analyzed
the data with independent-samples t-test. p values< 0.05 were
considered to indicate statistical significance.

3. Results

3.1. The Glucose Levels in Both Groups. The glucose levels in
the control group were not different from those in the
experimental group on days 2 (p = 0 700), 5 (p = 0 309),
7 (p = 0 737), 10 (p = 0 322), 14 (p = 0 493), 17 (p = 0 333),
and 21 (p = 0 743) (Table 1).
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Figure 2: (a) H&E staining: the arrow indicates wound reepithelialization in the treatment and control groups (the bar corresponds to
100μm). (b) The histological scores of epidermal and dermal regeneration in the 6-OHDA-treated and control groups. #p < 0 05,
6-OHDA-treated versus control.
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3.2. Wound Areas in the Diabetic Mice. All mice survived
until they were sacrificed. Wound areas in the control
group were larger than those in the experimental group
on days 2 (p = 0 009), 5 (p = 0 012), 7 (p < 0 001), 10
(p = 0 047), 14 (p = 0 027), 17 (p < 0 001), and 21 (p = 0 001)
(Figures 1(a) and 1(b)).

3.3. Histological Observation of Wounds through H&E
Staining. Skin structure in diabetic mice was shown in
Figure S1 available online at https://doi.org/10.1155/2017/
7614685, which had continuous epidermal structure and
hair follicles. Many inflammatory cells were observed in the
wounds during the early stage of healing. Throughout the
entire wound-healing process, collagen fibers increased
steadily, and the wound surface was gradually covered by

epidermal cells (Figure 2(a)). The histological scores for epi-
dermal and dermal regeneration in the 6-OHDA-treated
group were lower than those in the control group on days 5
(p = 0 550), 10 (p = 0 107), and 21 (p = 0 014) (Figure 2(b)).

3.4. Histological Observation of Wounds through Masson’s
Trichrome Staining. There are many blue-stained collagen
fibers in the extracellular matrix of the skin in diabetic mice
(Figure S2). On day 2, the skin wounds showed obvious
inflammatory responses. During the healing process, epithe-
lial cells proliferated and migrated to the wound bed, and the
number of collagen fibers increased in the wounds and
wound edges (Figure 3(a)). The ratio of the fibrotic area to
the whole area was higher in the treatment group than
in the control group on days 2 (p = 0 001), 5 (p < 0 001), 7
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Figure 3: (a) Histological analyses of Masson staining in dorsal skin after full-thickness wounds at different time points in the 6-OHDA-
treated group (A–C) and the control group (D–F). The bar corresponds to 100 μm. (b) The ratio of fibrotic area to the whole area in
diabetic wounds. #p < 0 05, 6-OHDA-treated versus control.
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(p = 0 012), 10 (p = 0 009), 14 (p = 0 007), 17 (p = 0 076), and
21 (p = 0 087) (Figure 3(b)).

3.5. MC Staining. There were some purple cells (MCs) in the
skin of diabetic mice without wound (Figure S3). Few MCs
were observed in the skin wounds by toluidine blue staining
on days 2, 5, 7, or 10. MCs were localized primarily in healthy
skin tissue and the wound edges. MCs became more apparent
during the healing of the diabetic wounds (Figure 4(a)).
Fewer MCs were observed in each field in the treatment
group than in the control group on days 2 (p = 0 642), 5
(p = 0 513), 7 (p = 1 000), 10 (p = 0 549), 14 (p = 0 917),
17 (p < 0 001), and 21 (p < 0 001) (Figure 4(b)).

3.6. Expression of Proteins in Wounds. The expressions of
EGF, IL-1β, desmin, NG2 proteoglycan, and MMP-9 in the
skin of diabetic mice are indicated in Figures 4, 5, 6, 7, and
8. Immunohistochemistry results for EGF, IL-1β, desmin,

NG2 proteoglycan, and MMP-9 are shown in Figures 5, 6,
7, 8, and 9. EGF was found in normal epithelial cells
(Figure 5). IL-1β is a member of the IL-1 cytokine family
and is produced by activated macrophages as a proprotein
to induce various acute-phase reactions [21] (Figure 6).
Desmin filaments exist in smooth muscle cells [22]
(Figure 7). NG2 proteoglycan was invariably expressed by
the mural cell component of mouse neovascular structures
[23] (Figure 8). MMP-9 (Figure 9) is a matrix metallopro-
teinase and was widely distributed in various tissues and
body fluids.

Protein levels detected by Western blot are shown in
Figure 10(a). EGFwas reduced in the treatment group on days
2 (p < 0 001), 5 (p = 0 001), 7 (p < 0 001), 10 (p = 0 001), 14
(p = 0 224), 17 (p < 0 001), and 21 (p < 0 001) (Figure 10(b)).
The levels of IL-1β in the treatment group were lower on days
2 (p = 0 048), 5 (p = 0 001), 7 (p = 0 139), 10 (p = 0 408),
14 (p = 0 008), 17 (p < 0 001), and 21 (p = 0 116) after
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Figure 4: (a) Histological analyses of dorsal skin stained with toluidine blue after full-thickness wounds at different time points in the
6-OHDA-treated group (A–C) and the control group (D–F). Arrows indicate positive staining within MCs. The bar corresponds to
100μm. (b) The number of MCs in each field in the 6-OHDA-treated and control groups. ∗p < 0 05, 6-OHDA-treated versus control.
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injury (Figure 10(c)) compared with those in the control
group. Desmin expression in the treatment group was
significantly less than that in the control group on days
2 (p < 0 001), 5 (p < 0 001), 7 (p < 0 001), 10 (p < 0 001),
14 (p = 0 442), 17 (p = 0 698), and 21 (p = 0 869)
(Figure 10(d)). The expression of NG2 proteoglycan in the
6-OHDA-treated group was lower than that in the control
group on days 2 (p < 0 001), 5 (p < 0 001), 7 (p < 0 001), 10
(p = 0 001), 14 (p < 0 001), 17 (p < 0 001), and 21 (p < 0 001)
(Figure 10(e)). MMP-9 expression in the experimental
group exceeded than that of the control group on days 2
(p < 0 001), 5 (p < 0 001), and 7 (p = 0 115). However,
MMP-9 expression in the control group increased and
surpassed that of the treatment group on days10 (p = 0 056),
14 (p < 0 001), 17 (p = 0 777), and 21 (p < 0 001)
(Figure 10(f)). NE levels decreased significantly after

sympathectomy on days 2 (p < 0 001), 5 (p < 0 001), 7
(p < 0 001), 10 (p = 0 004), 14 (p = 0 009), 17 (p < 0 001),
and 21 (p = 0 025) (Figure 10(g)).

4. Discussion

Wound healing requires successive phases of inflamma-
tion, cell proliferation, cell migration, angiogenesis, and
reepithelialization [5]. Sympathetic denervation, prolonged
inflammatory responses, and impaired angiogenesis are
often present in patients with DFUs. The relationship
between these three features in the diabetic foot is not
completely clear. Sympathetic nerve activity may correlate
with reepithelialization, neurogenic inflammation [12],
collagen metabolism, and angiogenesis [6]. The role of
sympathetic nerve failure in DFUs remains controversial.
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Figure 5: EGF immunohistochemistry. EGF is expressed in normal epithelial cells and fibroblasts. Arrows indicate positive staining within
epithelial cells. The bar corresponds to 100 μm.
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Figure 6: IL-1β immunohistochemistry. IL-1β is widely expressed on fibroblasts, macrophages, and epidermal cells. Arrows indicate positive
staining within fibroblasts. The bar corresponds to 100 μm.
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Sympathetic nerves are located near pericytes in the
microvessels [6]. It has not been reported how sympa-
thetic denervation affects inflammation and angiogenesis
in DFUs.

6-OHDA can reduce NE concentrations [24] and can be
used to create animal models of sympathetic denervation,
which was also shown in our study (Figure 10(g)). We show
here that chemical sympathectomy with 6-OHDA accelerates
wound contraction in diabetic wounds (Figures 1(a) and
1(b)). There were more collagen fibers in the 6-OHDA-
treated group than in the control group (Figures 3(a) and
3(b)). This result differs from the report of Kokobelian et al.
[10], who concluded that sympathectomy was ineffective
for the treatment of DFUs.

Epithelialization is an important aspect of the healing
process. We found that the reepithelialization rate in

wounds was reduced after sympathectomy (Figures 2(a)
and 2(b)), suggesting that the delayed reepithelialization in
DFUs [25] may be due to sympathetic nerve failure. Previous
studies also showed that chemical sympathectomy with
6-OHDA can delay reepithelialization in cutaneous wounds
[12, 14]. EGF plays an essential role in wound healing
by stimulating epidermal and dermal regeneration [26].
EGF was found to be decreased in diabetic wounds after
sympathectomy (Figures 5 and 10). Thus, 6-OHDA may
delay reepithelialization in diabetic wounds by reducing
their EGF levels.

MCs participate in the inflammatory process of wound
healing and in obesity and diabetes [27]. The number of
degranulated MCs was found to be increased in the
unwounded forearm and foot skin of diabetic patients and
in the unwounded dorsal skin of diabetic mice [28]. MCs
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10 d 14 d 21 d

(a) (b) (c)
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100 �휇m

Figure 7: Immunohistochemical staining of desmin in the wounds of diabetic mice. Desmin is expressed by pericytes. The bar corresponds
to 100μm.
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Figure 8: Immunohistochemical staining of NG2 proteoglycan in the wounds of diabetic mice. NG2 proteoglycan is expressed by the mural
cell component of mouse neovascular structures. The bar corresponds to 100 μm.
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recruit inflammatory cells directly and indirectly [27] and act
as transducers between peripheral nerves and local inflam-
matory events [29]. We found few MCs in inflamed skin
wounds (Figure 4(a)), but MCs began to increase rapidly
during the remodeling phase. This finding is consistent with
a report by Nishikori et al. [30]. Additionally, in our experi-
ment, MCs were significantly decreased after sympathectomy
(Figure 4(b)). Similarly, Souza et al. [14] demonstrated that
chemical sympathectomy led to reduced MC migration
during cutaneous wound healing in rats. This finding
suggests that a reduction in MCs may promote diabetic
wound healing in 6-OHDA-treated animals.

IL-1β is upregulated during the inflammatory phase of
diabetic wounds [31]. Inhibiting the IL-1β pathway in the
wounds of diabetic mice led to an increase in the levels of
wound growth factors and improved wound healing [32].
We found that 6-OHDA reduced the levels of IL-1β in
diabetic wounds (Figures 6 and 10). Kim et al. [12] showed
that 6-OHDA significantly reduced neurogenic inflamma-
tion in animal skin incisions. This finding suggests that sym-
pathetic denervation can inhibit the prolonged inflammatory
response induced by IL-1β and MCs in diabetic wounds.

The process of angiogenesis includes endothelial cell
activation, the degradation of the vascular basement mem-
brane, and vascular sprouting [33]. Angiogenesis depends
upon the balance of pericytes and endothelial cells. Pericytes
embedded within the basement membrane of capillaries and
postcapillary venules play an important role in endothelial
cell proliferation, migration, and stabilization [34]. An
imbalance of pericytes and endothelial cells will impair the
development of functional capillaries in DFUs [35]. Few
studies have evaluated the effect of sympathetic denervation
on angiogenesis in DFUs.

In this experiment, lower expression levels of desmin and
NG2 proteoglycan were observed in the 6-OHDA-treated
group (Figures 7, 8, and 10). Previous studies demonstrated
that surgical sympathectomy may cause a reduction in peri-
cyte markers (platelet-derived growth factor-BB (PDGF-

BB) and NG2 proteoglycan) in rat retinas [36]. Thus, pericyte
proliferation in diabetic wounds may be inhibited by sympa-
thectomy. Pericytes are derived from hematopoietic stem
cells [37]. The number of hematopoietic stem and progenitor
cells (HSPC) mobilized by granulocyte colony-stimulating
factor was dramatically reduced in 6-OHDA-lesioned mice
[38]. Adrenergic receptors were found to be present in endo-
thelial cells and pericytes [6]. Therefore, reduced levels of
pericytes in 6-OHDA-treated diabetic mice may be due to
abrogated HSPC migration.

Pericytes are crucial for the survival of endothelial
cells and may control endothelial cell proliferation [39].
Pericyte-derived NG2 promotes endothelial cell migration
and morphogenesis during the early stages of neovasculariza-
tion [40]. The number of endothelial cells and pericytes was
significantly reduced in the retina of NG2-knockout mice
[41]. This finding suggests that a reduction in pericytes after
sympathectomy may lead to a decrease in endothelial cells.

MMP-9 is involved in the dynamic remodeling of the
ECM, which is essential for all stages of angiogenesis [33].
An increased ratio of serum MMP-9 has been observed in
DFU patients [42]. In our study, MMP-9 expression in
the treatment group was significantly higher than in the
control group on days 2 and 5. With the effect of sympathetic
denervation gradually diminishing, MMP-9 expression
increased in the control group and surpassed the treatment
group on days10, 14, 17, and 21. Thus, increased MMP-9
expression in diabetic wounds may result in part from
sympathetic denervation.

Previous studies found that inflammatory factors, such as
MCs and IL-1β, were upregulated in the skin and wounds of
diabetic patients. Excessive inflammatory responses are
harmful in diabetic wounds; thus, the control of inflamma-
tion by 6-OHDA can promote wound contraction. The level
of angiogenesis in wounds often correlates with the
inflammatory response, largely because inflammatory cells
produce an abundance of proangiogenic mediators [43].
In this study, the selective reduction of inflammation and

(e) (f)
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Figure 9: Immunohistochemical staining of MMP-9 in the wounds of diabetic mice. MMP-9 is widely distributed in various tissues and
bodily fluids. The bar corresponds to 100 μm.
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Figure 10: (a) Western blot results. (b)–(g) Relative protein expression levels of EGF, IL-1β, desmin, NG2, MMP-9, and NE in the wounds of
diabetic mice. Protein expression levels were calculated relative to GAPDH from the same sample. The values shown are the mean± standard
deviations, n = 4 specimens per group at each time point. p < 0 05, 6-OHDA treated versus control (one-way analysis of variance (ANOVA)).
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angiogenesis were both found after sympathectomy in dia-
betic wounds. The relationship between inflammation and
angiogenesis is complex, and further research is required
to determine which process plays the more predominant
role in diabetic wound healing.

In conclusion, as Souza et al. ’s report in normal rats [14],
sympathetic denervation accelerates wound contraction but
delays reepithelialization in diabetic mice. We further
proved that 6-OHDA decreased EGF, IL-1β levels, and the
number of mast cells (MCs). Besides, the sympathetic dener-
vation caused by 6-OHDA led to reduced pericyte prolifera-
tion in diabetic wounds, which might explain the vascular
dysfunction after sympathetic nerve loss in diabetic wounds.

Conflicts of Interest

The authors declare that they have no conflict of interest.

Authors’ Contributions

Zhifang Zheng was responsible for paper writing. Zhifang
Zheng, Yu Wan, Yishu Liu, and Yu Yang completed the
experiments. The study was designed by Biao Cheng and
Jianbing Tang.

References

[1] S. Vuorisalo, M. Venermo, and M. Lepantalo, “Treatment of
diabetic foot ulcers,” The Journal of Cardiovascular Surgery,
vol. 50, pp. 275–291, 2009.

[2] J. Ahmad, “The diabetic foot,” Diabetes & Metabolic
Syndrome, vol. 10, pp. 48–60, 2016.

[3] T. Dinh, F. Tecilazich, A. Kafanas et al., “Mechanisms involved
in the development and healing of diabetic foot ulceration,”
Diabetes, vol. 61, pp. 2937–2947, 2012.

[4] E. Drela, K. Stankowska, A. Kulwas, and D. Rosc, “Endothelial
progenitor cells in diabetic foot syndrome,” Advances in
Clinical and Experimental Medicine : Official Organ Wroclaw
Medical University, vol. 21, pp. 249–254, 2012.

[5] L. Pradhan, C. Nabzdyk, N. D. Andersen, F. W. LoGerfo, and
A. Veves, “Inflammation and neuropeptides: the connection
in diabetic wound healing,” Expert Reviews in Molecular
Medicine, vol. 11, article e2, 2009.

[6] L. Pan, J. Tang, H. Liu, and B. Cheng, “Sympathetic nerves:
how do they affect angiogenesis, particularly during wound
healing of soft tissues?,” Clinical Hemorheology and Microcir-
culation, vol. 62, pp. 181–191, 2016.

[7] P. J. Watkins and M. E. Edmonds, “Sympathetic nerve failure
in diabetes,” Diabetologia, vol. 25, pp. 73–77, 1983.

[8] J. D. Lefrandt, E. Bosma, P. H. Oomen et al., “Sympathetic
mediated vasomotion and skin capillary permeability in dia-
betic patients with peripheral neuropathy,” Diabetologia,
vol. 46, pp. 40–47, 2003.

[9] N. A. Shor, F. Chumak Iu, V. P. Reuka, and O. A. Zhukov,
“Revascularization of the lower limbs for ischemic diabetic
foot with pyonecrotic tissue lesions,” Angiologiia i Sosudistaia
Khirurgiia = Angiology and Vascular Surgery, vol. 10, pp. 85–
89, 2004.

[10] A. R. Kokobelian and I. M. Zigmantovich, “Syndrome of dia-
betic foot and atherosclerosis of the lower extremity arteries,”
Vestnik Khirurgii Imeni I. I. Grekova, vol. 165, pp. 74–78, 2006.

[11] W. Qi, J. Tian, C. Zhang et al., “Potential role of HPA axis and
sympathetic nervous responses in depletion of B cells induced
by H9N2 avian influenza virus infection,” PLoS One, vol. 7,
article e51029, 2012.

[12] L. R. Kim, K. Whelpdale, M. Zurowski, and B. Pomeranz,
“Sympathetic denervation impairs epidermal healing in cuta-
neous wounds,” Wound Repair and Regeneration : Official
Publication of the Wound Healing Society [and] the European
Tissue Repair Society, vol. 6, pp. 194–201, 1998.

[13] K. Saburo, K. Hiroshi, and M. Toshihiro, “The role of sympa-
thetic catecholaminergic nerves in wound healing,” Burns,
Including Thermal Injury, vol. 9, pp. 135–141, 1982.

[14] B. R. Souza, J. F. Cardoso, T. P. Amadeu, A. Desmouliere, and
A. M. Costa, “Sympathetic denervation accelerates wound
contraction but delays reepithelialization in rats,” Wound
Repair and Regeneration : Official Publication of the Wound
Healing Society [and] the European Tissue Repair Society,
vol. 13, pp. 498–505, 2005.

[15] A. Kasuya and Y. Tokura, “Attempts to accelerate wound
healing,” Journal of Dermatological Science, vol. 76, pp. 169–
172, 2014.

[16] M. Felcht, R. Luck, A. Schering et al., “Angiopoietin-2 differ-
entially regulates angiogenesis through TIE2 and integrin
signaling,” The Journal of Clinical Investigation, vol. 122,
pp. 1991–2005, 2012.

[17] A. P. Hall, “Review of the pericyte during angiogenesis and its
role in cancer and diabetic retinopathy,” Toxicologic Pathology,
vol. 34, pp. 763–775, 2006.

[18] K. M. Grebe, K. Takeda, H. D. Hickman et al., “Cutting edge:
sympathetic nervous system increases proinflammatory cyto-
kines and exacerbates influenza A virus pathogenesis,” Journal
of Immunology, vol. 184, pp. 540–544, 2010.

[19] D. Altavilla, A. Saitta, D. Cucinotta et al., “Inhibition of lipid
peroxidation restores impaired vascular endothelial growth
factor expression and stimulates wound healing and angiogen-
esis in the genetically diabetic mouse,” Diabetes, vol. 50,
pp. 667–674, 2001.

[20] B. L. Chen, J. Peng, Q. F. Li, M. Yang, Y. Wang, and W. Chen,
“Exogenous bone morphogenetic protein-7 reduces hepatic
fibrosis in Schistosoma japonicum-infected mice via trans-
forming growth factor-β/Smad signaling,” World Journal of
Gastroenterology, vol. 19, pp. 1405–1415, 2013.

[21] C. A. Dinarello, “Interleukin-1 and the pathogenesis of the
acute-phase response,” The New England Journal of Medicine,
vol. 311, pp. 1413–1418, 1984.

[22] D. Paulin and Z. Li, “Desmin: a major intermediate filament
protein essential for the structural integrity and function of
muscle,” Experimental Cell Research, vol. 301, pp. 1–7, 2004.

[23] U. Ozerdem, K. A. Grako, K. Dahlin-Huppe, E. Monosov, and
W. B. Stallcup, “NG2 proteoglycan is expressed exclusively by
mural cells during vascular morphogenesis,” Developmental
Dynamics : an Official Publication of the American Association
of Anatomists, vol. 222, pp. 218–227, 2001.

[24] S. Yamada, H. I. Yamamura, and W. R. Roeske, “Effects of
chemical sympathectomy with 6-hydroxydopamine on α-
and β-adrenoceptors and muscarinic cholinoceptors in rat
kidney,” European Journal of Pharmacology, vol. 121,
pp. 345–353, 1986.

[25] K. Anderson and R. L. Hamm, “Factors that impair wound
healing,” The Journal of the American College of Clinical
Wound Specialists, vol. 4, pp. 84–91, 2012.

11Journal of Diabetes Research



[26] R. J. Bodnar, “Epidermal growth factor and epidermal growth
factor receptor: the Yin and Yang in the treatment of cutane-
ous wounds and cancer,” Advances in Wound Care, vol. 2,
pp. 24–29, 2013.

[27] M. A. Shi and G. P. Shi, “Different roles of mast cells in obesity
and diabetes: lessons from experimental animals and
humans,” Frontiers in Immunology, vol. 3, p. 7, 2012.

[28] A. Tellechea, E. C. Leal, A. Kafanas et al., “Mast cells regulate
wound healing in diabetes,” Diabetes, vol. 65, pp. 2006–2019,
2016.

[29] H. P. Kleij and J. Bienenstock, “Significance of conversation
between mast cells and nerves,” Allergy, Asthma, and Clinical
Immunology : Official Journal of the Canadian Society of
Allergy and Clinical Immunology, vol. 1, pp. 65–80, 2005.

[30] Y. Nishikori, N. Shiota, and H. Okunishi, “The role of mast
cells in cutaneous wound healing in streptozotocin-induced
diabetic mice,” Archives of Dermatological Research, vol. 306,
pp. 823–835, 2014.

[31] J. Berlanga-Acosta, C. Valdéz-Pérez, W. Savigne-Gutiérrez
et al., “Pro-inflammatory cytokines as tumor necrosis factor-
alpha (TNF-α) and interleukin-1β (IL-1β) are increased in
diabetic wounds with negative local and remote conse-
quences,” Biotecnología Aplicada, vol. 27, pp. 255–261, 2010.

[32] R. E. Mirza, M. M. Fang, W. J. Ennis, and T. J. Koh, “Blocking
interleukin-1beta induces a healing-associated wound macro-
phage phenotype and improves healing in type 2 diabetes,”
Diabetes, vol. 62, pp. 2579–2587, 2013.

[33] D. R. Senger and G. E. Davis, “Angiogenesis,” Cold Spring
Harbor Perspectives in Biology, vol. 3, article a005090, 2011.

[34] D. Ribatti, B. Nico, and E. Crivellato, “The role of pericytes in
angiogenesis,” The International Journal of Developmental
Biology, vol. 55, pp. 261–268, 2011.

[35] L. Qiao, S. L. Lu, J. Y. Dong, and F. Song, “Abnormal regula-
tion of neo-vascularisation in deep partial thickness scalds in
rats with diabetes mellitus,” Burns : Journal of the Interna-
tional Society for Burn Injuries, vol. 37, pp. 1015–1022, 2011.

[36] L. A. Wiley, G. R. Rupp, and J. J. Steinle, “Sympathetic inner-
vation regulates basement membrane thickening and pericyte
number in rat retina,” Investigative Ophthalmology & Visual
Science, vol. 46, pp. 744–748, 2005.

[37] I. Rajantie, M. Ilmonen, A. Alminaite, U. Ozerdem, K. Alitalo,
and P. Salven, “Adult bone marrow-derived cells recruited
during angiogenesis comprise precursors for periendothelial
vascular mural cells,” Blood, vol. 104, pp. 2084–2086, 2004.

[38] Y. Katayama, M. Battista, W. M. Kao et al., “Signals from the
sympathetic nervous system regulate hematopoietic stem cell
egress from bone marrow,” Cell, vol. 124, pp. 407–421, 2006.

[39] H. P. Hammes, J. Lin, O. Renner et al., “Pericytes and the
pathogenesis of diabetic retinopathy,” Diabetes, vol. 51,
pp. 3107–3112, 2002.

[40] J. Fukushi, I. T. Makagiansar, and W. B. Stallcup, “NG2 pro-
teoglycan promotes endothelial cell motility and angiogenesis
via engagement of galectin-3 and α3β1 integrin,” Molecular
Biology of the Cell, vol. 15, pp. 3580–3590, 2004.

[41] U. Ozerdem and W. B. Stallcup, “Pathological angiogenesis is
reduced by targeting pericytes via the NG2 proteoglycan,”
Angiogenesis, vol. 7, pp. 269–276, 2004.

[42] Z. Li, S. Guo, F. Yao, Y. Zhang, and T. Li, “Increased ratio of
serum matrix metalloproteinase-9 against TIMP-1 predicts
poor wound healing in diabetic foot ulcers,” Journal of Diabe-
tes and its Complications, vol. 27, pp. 380–382, 2013.

[43] L. A. DiPietro, “Angiogenesis and wound repair: when enough
is enough,” Journal of Leukocyte Biology, vol. 100, pp. 979–984,
2016.

12 Journal of Diabetes Research



Submit your manuscripts at
https://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


