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Abstract

Objective: Impaired wound healing in diabetic patients is a
clinical concern. However, exacerbation factors in diabetic wounds
are still not clear. Inflammatory cell infiltrates after skin wounding
and subsequent healing responses were investigated using diabetic
mice.

Methods:  Granulocyte colony-stimulating factor (G-CSF),
neutrophil infiltration and peptides from degraded collagen in
wounded tissue were examined using db/db and wild-type mice.

Results: The collagen peptides Pro-Hyp and Hyp-Gly in
wounded tissue were quantified. G-CSF was transiently secreted
from wounded tissue immediately after excision and then appeared
in peripheral blood. G-CSF levels were significantly lower in db/
db mice than in wild-type mice, and neutrophil infiltration into the
granulation tissue was lower in db/db mice. In wound tissue, only
Pro-Hyp increased during the 7-day study, and Pro-Hyp levels were
significantly lower in db/db mice. Wound closure was severely
impaired in db/db mice. However, topical recombinant human G-CSF
(rhG-CSF) administration accelerated healing, accompanied with
increased neutrophil infiltration and Pro-Hyp production.

Conclusion: The results show that decreased G-CSF secretion in
wound tissue may trigger delayed healing in diabetic mice and that
topical rhG-CSF administration increased Pro-Hyp production and
accelerated healing. Therefore, G-CSF-induced Pro-Hyp may play an
important role in wound healing.
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Introduction

With the increasing number of diabetic patients, treatment
for delayed healing of wounds, including foot diseases and
ulcerations, has become a serious medical concern worldwide
[1]. Many approaches to treatment have been developed;
Negative-pressure wound therapy is one option to remove the
harmful excess fluid that results from delayed wound healing and
improve blood circulation, leading to more favorable outcomes
[2]. It has also been shown that growth factor therapy using
basic fibroblast growth factor promotes wound healing through
its positive effects on fibroblast and keratinocyte growth and
neovascularization [3]. However, the available strategies to
address non-healing wounds that arise from various pathologies
are still limited. Therefore, it is necessary to explore the novel
tissue factors and/or mechanisms involved in delayed wound
healing.

An inflammatory cascade takes place after wounding, and
phagocytic cells, including neutrophils, are recruited from the
bloodstream [4-6]. The density of inflammatory cells and/or the
duration of inflammation are important factors that influence
wound healing. Prolonged production of proinflammatory
cytokines, reactive oxygen species, and protein-digestive
enzymes can give rise to uncontrolled leukocyte accumulation.
This pathological state can be observed in the chronic refractory
wounds that accompany peripheral vascular disease and
diabetes [7]. Wound healing is also delayed in a neutropenic
state [8]. Thus, there is a delicate balance between healing and
inflammation in healing wounds.

The mechanism of inflammatory cell infiltration following
injury has been thoroughly investigated [4]. When an injury
occurs, neutrophils are immediately mobilized from the bone
marrow and other storage organs. Neutrophils stimulated by
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IL-8 and leukotriene from the wounded tissue, recognize selectin
expressed on endothelial cells and start rolling, and then attach
to intercellular adhesion molecule-1. Neutrophils then penetrate
the endothelial monolayer through recognition of platelet/
endothelial cell adhesion molecule-1 and transmigrate into the
tissue matrix. Finally, the neutrophils reach the wound via the
gradient of migration factors.

Neutrophils are produced in the bone marrow following
stimulation with proinflammatory cytokines, stem cell factor
(SCF), and granulocyte colony-stimulating factor (G-CSF),
which induce their differentiation, and mature neutrophils are
mobilized into the bloodstream [9]. G-CSF is used clinically to
treat neutropenic patients and to harvest hematopoietic stem
cells. However, it is also known that G-CSF possesses a variety of
functions, such as, endothelial-progenitor cell mobilization [10],
stimulation of endothelial proliferation [11], mesenchymal stem
cell mobilization [12], and augmentation of antibacterial function
[13]. Since all these activities favor wound healing, many clinical
studies of G-CSF have been conducted on refractory wounds in
neutropenic patients [14], diabetic foot infections [15], and acute
myocardial infarctions [16].

The sequential steps in wound healing are inflammation,
granulation tissue formation, wound contraction, and epithelial
regeneration [6, 17, 18]. These steps proceed in a serial and
overlapping manner. Of these steps, the formation of granulation
tissue is critical because it acts as a scaffold for epidermal
regeneration and an axis for the blood supply needed to maintain
cellular activities [19]. The basic structure of granulation
tissue consists of fibroblasts and extra cellular matrix (ECM)
components, including collagens, which act as a scaffold for
endothelial cells to form neovascular networks [20]. In the final
step, a wound is covered by regenerative epithelial cells, and the
granulation tissue regresses.

An important function of neutrophils is ECM degradation,
which leads to the remodeling of healing tissue [18]. In studies
on mice that overexpress the collagen catabolic enzyme matrix-
metalloproteinase-8 (MMP-8) [21] and MMP-8 knockout mice
[21], wound healing is delayed. It has also been shown that
metabolites of collagen possess biological functions. Ingested
collagens are supposed to be digested to single amino acids.
However, collagen dipeptides, including proline-hydroxyproline
(Pro-Hyp) and hydroxyproline-glycine (Hyp-Gly), appear for
a certain time in the blood [22]. It has been shown that these
dipeptides exert biological effects on skin barrier function [23]
and fibroblast growth [24].

In the present study, with an aim to clarify the effect of G-CSF
administration on refractory diabetic wounds, we examined
the relationship between neutrophil infiltration and collagen-
derived peptides in wounds using genetically diabetic db/db
mice. This is the first report to clearly show that the collagen-
derived dipeptide Pro-Hyp is produced in inflamed wound tissue,
which may play a role in wound healing.
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Methods
Animals and wounds

Male db/db (C57BLKS/]Jlar-+Leprdb/+Leprdb) and wild-
type (C57BLKS/Jlar- m+Leprdb/m+Leprdb) 10-15-week-old
mice and male C57BL/6 8-10-week-old mice were used in this
study. All animals were purchased from Japan SLC Inc. (Shizuoka,
Japan). Hematological analyses, including red blood cell (RBC),
white blood cell (WBC), and platelet (PLT) counts (Celltac-a,
NIHON KODEN, Tokyo, Japan) and blood glucose concentration
(Glutest Sensor; Sanwa Chemical, Aichi, Japan), were performed
with blood collected from the orbital sinus with a heparinized 75-
uL capillary (Hirschmann Laborgerate, Germany). At the end of
study, the mice were sacrificed by lethal pentobarbital injection
and arterial hemorrhage.

All procedures were conducted under aseptic conditions,
using autoclaves, ethylene oxide gas, 70% ethanol, and povidone-
iodine. Mice were anesthetized with pentobarbital (Somnopentyl;
KYORITU SEIYAKU, Tokyo, Japan). After removing the dorsal hair
with a commercial depilatory, a circular tattoo (1 cm in diameter)
was made at the center of the lumbar area, and this section of
skin was completely excised with scissors. Finally, the wound
was covered with a polyurethane film dressing (Tegaderm;
SUMITOMO 3M, Tokyo, Japan).

Measurement of G-CSF

G-CSF was measured in blood and tissue samples. Blood
samples were obtained from the orbital sinus 3-96 hours after
wounding. Tissue samples were also obtained from the wounded
and normal subcutaneous tissue on the back of the same mice
3-24 hours after wounding. After weighing the tissue, it was kept
in ice-cold protein extraction buffer (RIPA Lysis Buffer; MERCCK
MILLIPORE Co., Darmstadt, Germany). The tissue was then
homogenized with a Biomasher (Nippi Inc.,, Tokyo, Japan). After
centrifugation at 9000 g for 15 min at 4°C, the supernatant was
used for measurement. The G-CSF concentration in blood and
tissue was determined with the mouse G-CSF immunoassay kit
(R&D Systems Inc., MN, USA), and the absorbance was measured
with a microplate reader (SUNRISE Rainbow RC-R; TECAN Japan,
Kawasaki, Japan) at 450 nm/540 nm.

Measurement of collagen peptides

Wounded and normal subcutaneous tissue samples (1 cm in
diameter) were collected at 1, 3, 5, and 7 days after skin excision
and weighed. Samples were immersed in 75% ethanol and
stored in a deep freezer until analysis. Tissue was homogenized
in a Biomasher and centrifuged at 9,000 g for 15 min at 4°C. The
supernatant was used to measure Hyp-Gly and Pro-Hyp levels.
Peptides in the samples were derivatized with 6-aminoquinolyl-
N-hydroxy succinimidyl carbamate using the AccQ Tag kit
(Waters, Milford, MA, USA). The derivatives were resolved by
reversed phase HPLC using an Inertsil ODS-3 column (2 mm x 250
mm; GL Sciences, Tokyo, Japan) with a binary gradient elution
consisting of 0.1% formic acid and 80% acetonitrile containing
0.1% formic acid and detected by MS/MS using a 3200 QTRAP
(SCIEX, Framingham, MA, USA) equipped with an electron spray
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ionization probe in multi-reaction monitoring (MRM) mode.
Optimization of the MRM conditions and quantification of the
peptides were performed using installed software, Analyst and
MultuQuant (AB CIEX, MA, USA), respectively.

Administration of recombinant human G-CSF

After skin excision, the subcutaneous splint model [25]
was used to mimic human wound healing. The wound was
sealed with a polyurethane film dressing, and 25 pg/100 pL
recombinant human G-CSF (rhG-CSF: filgrastim; Kyowa Hakko
Kirin Co. Ltd, Tokyo, Japan) or vehicle alone was injected
onto the wound surface. On days 0, 3, and 5, the wounds were
photographed along with a scale. The wound area was measured
using a computer-assisted morphometric analyzer (VH Analyzer
VH-H1AS5; KEYENCE Co., Osaka, Japan). On days 3 and 5, the
mice were sacrificed. Wounded tissue, including the splint, was
dissected, and used for histological examination.

Histological examination

The wound tissue was fixed in 10% buffered formaldehyde
(pH 7.4) for several days. Two cross-cut tissue samples from each
wound were excised and embedded in paraffin blocks using a
tissue processor (Tissue-Tec VIP Premiere; Sakura Seiki Co. Ltd.,
Nagano, Japan). Then, 4-pm-thick tissue sections were cut with
a microtome (RM2235; Leica Biosystems, Nufdloch, Germany).
For frozen specimens, another tissue sample was fixed in 10%
buffered formaldehyde (pH 7.4) containing 10% sucrose for 24
hours, and then washed with 15% and 20% sucrose-containing
buffer solutions (pH 7.4) for 24 hours. The tissue was immersed
in tissue compound (OCT; Sakura Seiki Co. Ltd.), vacuumed for 30
min, and frozen in liquid nitrogen. The frozen tissue block was
cut with a cryostat (CM3050S; Leica Biosystems) into 4-pum-thick
sections.

Histological staining

Tissue sections were stained with Hematoxylin and Eosin (HE)
and Masson’s Trichrome (MT) stains. For immunohistological
examination, the following primary antibodies were used: rabbit
anti-mouse G-CSF antibody (1:200; Biorbyt Ltd., Kenbridge, UK),
rat NIMP-R14 antibody (a Ly-6G/-6C neutrophil marker, 1:50;
Hycult Biotech, Netherlands), and rabbit anti-MMP-8 antibody
(1:200; Abcam plc, Tokyo, Japan) and diluted with Antibody
Diluent (DAKO Japan Inc., Tokyo, Japan). For the G-CSF and MMP-
8 antibodies, antigens were activated by heating in 0.01 M citrate
buffer (pH 6.0) for 10 minutes. Sections were incubated with the
primary antibody at 4°C overnight. The EnVision Kit (DAKO Japan
Inc.) and a rat ABC staining system (Santa Cruz Biotechnology
Inc.,, Santa Cruz, CA, USA) were used for visualization. In double
immunofluorescent staining, frozen sections were incubated
with the NIMP-R14 and MMP-8 antibodies at room temperature
for 2 hours in sequential order. After washing, sections were
incubated with a cocktail of Alexa Fluor 488-labeled goat anti-
rat IgG (1:2000; Thermo Fisher Scientific KK, Yokohama, Japan)
and TRTIC-labeled goat anti-rabbit IgG (1:100; Proteintech
Group Inc., Chicago, IL, USA). Sections were counterstained
with  4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich
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Japan, Tokyo, Japan). Stained sections were observed under a
microscope (Bio-Zero; KEYENCE Co., Osaka, Japan).

Evaluation of neutrophil infiltration and MMP-8
expression

Semi-quantitative  evaluations of NIMP-R14-positive
neutrophil infiltration and MMP-8 expression were performed
using reference positive-stained photographs (0: absent, 1:
several, 2: mild, 3: moderate, 4: severe, and 5: very severe).
During the evaluations, the image assessment was blinded to the
photographs that were used as evaluation criteria. Mean values
were used.

Statistical analysis

Values were expressed as mean #* standard error. The two
groups were compared using Student’s t-test. P values less than
0.05 were considered significant.

Results
G-CSF production after skin excision

G-CSF production was evaluated in C57BL/6 mice. Basal
levels of G-CSF in the blood and normal subcutaneous tissue
without injury remained at minimum levels (Fig. 1A). However, 3
hours after skin excision, G-CSF levels in wounded tissue rapidly
reached a maximum, and gradually decreased thereafter over the
24 hours of the study. However, no such increase was observed
in the uninjured subcutaneous tissue on the same mice. Blood
levels of G-CSF also increased and reached a maximum value 6
hours after skin excision, and then decreased over time. G-CSF-
expressing cells were not detected in the exposed muscle fascia
1 hour after skin excision, but spindle- to oval-shaped cells were
detected after 3 hours (Fig. 1B).

Physiological changes in db/db and wild-type mice
after skin excision

Blood glucose and body weight of db/db mice were quite
high, whereas those of wild-type mice were in the normal range.
After skin excision/wounding, there was no significant difference
in body weight, WBC, RBC, or PLT between db/db and wild-type
mice, and no significant changes were detected during the 7 days
of the study (Table 1).

Plasma G-CSF concentration in db/db and wild-type
mice after skin excision

Plasma G-CSF levels were determined 6 hours after skin
excision (Fig. 2). Prior to the start of the study, plasma G-CSF
levels were significantly lower in the db/db mice than in the wild-
type mice (p < 0.01). After skin excision, G-CSF levels increased
significantly in both mice; however, the levels in the db/db mice
were significantly lower than those in the wild-type mice (p <
0.01).

Neutrophil infiltration and collagenase expression

Acute phase neutrophil infiltration and MMP-8 expression
after skin excision were examined in serial sections.
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Representative photographs on days 3 and 5 are shown in
Figure 3A. Infiltrated NIMP-R14-positive neutrophils and MMP-
8-positive cells in both mice increased with time. On day 3,
intracellular MMP-8 expression was detected, and it was also
detected in the ECM on day 5, especially in the wild-type mice.
Semi-quantitative analysis of neutrophil infiltration and MMP-8
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Figure 1: G-CSF production in tissue and blood in mice following skin
wounding.

A: Time course of G-CSF production in wounded and normal subcuta-
neous tissues (upper panel) and blood (lower panel). Data are mean
+ SEM (n = 3). B: Immunohistochemical detection of mouse G-CSF in
the exposed muscle fascia 1 and 3 hours after total skin excision. G-CSF
expression was detected in spindle- to oval-shaped cells at 3 hours post
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expressing cells (Fig. 3B) showed no significant difference in the
mice on days 3 and 5. However, both of them were significantly
greater in wild-type mice than in db/db mice.

Colocalization of MMP-8 and NIMP-R14-positive neutrophils
in wound tissue from a wild-type mouse was analyzed by double
fluorescent immunostaining (Fig. 3C). Many of the NIMP-R14-
positive neutrophils also stained positive for MMP-8. MMP-
8-positive but NIMP-R14-negative cells were also detected.
Based on their structure, these cells may be other types, such as
macrophages or endothelial cells.

Collagen peptide production in wound tissue

The granulation tissue that develops after wounding is
remodeled by inflammatory cell infiltration. In this process,
collagen, a major ECM component, is degraded by MMPs,
including MMP-8. Here, we analyzed the changes in collagen
dipeptide content in wounded and normal tissues in db/db and
wild-type mice (Fig. 4). The levels of Hyp-Gly and Pro-Hyp in the
wounded tissue were significantly lower in the db/db mice than
in the wild-type mice. Pro-Hyp levels in wounded tissue gradually
increased in both mice during the 7-day study; however, the
levels were significantly lower in the db/db mice than in the
wild-type mice. In contrast, in normal tissue obtained from the
same mice, Pro-Hyp levels were unchanged during the study. In
addition, no changes were observed in the Hyp-Gly levels in wild-
type and db/db mice during the study.

Effect of topical rhG-CSF administration treatment on
wound healing

The effects of topical rhG-CSF administration (25 pg/100 uL)
on wound healing were examined. After administration of rhG-
CSF, no significant changes in WBC, RBC, and PLT were observed
(Fig. 5A). Wound healing, as shown by the percent wound
closure 5 days after wounding, was more delayed in db/db
mice than in wild-type mice (Fig. 5B). However, wound closure,
measured as percent wound closure, was accelerated by rhG-
CSF administration in db/db mice (p < 0.05), but was decreased
(although not significantly) in wild-type mice.

wounding.
Bar = 50 pm. The histological characteristics of the granulation tissue 7
Table 1:Physiological data after skin excision.
Mouse do d1 d3 d5 d7
Wwild 24.4+0.06 25.9+£.079 24.5.x074 25.8+1.03 26.13+0.49
Body weight (g)
db/db 48.3+0.95* 46.9+0.50* 48.1+0.90* 48.9+0.64* 49.03+0.50*
wild 72.7+5.24 58.0£5.99 54.5+11.82 59.5+4.30 71.5+9.65
WBC (x102/pL)
db/db 62.01+1..02 66.3+4.91 70.7£6.12 65.5+4.44 68.0+£5.00
wild 979.0+8.00 893.0+46.00 894.8+31.36 887.7+12.11 907.3+26.90
RBC (x10*/pL)
db/db 1081.7+£39.84 989.3+34.07 896.7+32.10 940.0+52.60 941.3+44.21
wild 45.6+7.13 59.7+14.5 67.0£7.30 59.8+6.86 65.1+4.31
PLT (x10*/puL)
db/db 78.0£10.35 78.7£0.90 82.0+4.22 97.3+8.46 84.4+8.59
*: p<0.01 vs. wild-type, (n=3)
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Figure 2: Plasma G-CSF levels before (pre) and 6 hours after skin exci-
sion (6 h) in wild-type (wild) and db/db mice. Data are mean + SEM (n
=3).
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Figure 3: Neutrophil infiltration and MMP-8 expression in wild-type
and db/db mice.

A: NIMP-R14-positive neutrophils and MMP-8 expression in wounded
tissue after skin excision are shown by immunohistochemical staining.
Bar =100 um.

B: Semi-quantitative analysis of NIMP-R14-positive neutrophil infiltra-
tion in wounded tissue.

*:p <0.01. Data are mean = SEM (n = 5).

C: Double satining of NIMP-R14 and MMP-8 in wounded tissue. Wound
tissue was obtained from wild-type mice 5 days after skin excision. Tis-
sue was doubly stained for neutrophil (NIMP-R14) and MMP-8 expres-
sion. Neutrophils with MMP-8 expression are shown by arrows.

Bar = 50 pum.
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days after wounding were compared (Fig. 5C). Granulation tissue
in all treatment groups consisted of spindle-shaped fibroblasts,
round-shaped inflammatory cells, and MT-positive collagen
fibers. In wild-type mice, no apparent differences were detected
between rhG-CSF-treated and untreated mice. However, in the
db/db mice, thickened collagen fibers were deposited in the
matrix of rhG-CSF-treated mice. Such changes were detected in 4
out of 5 db/db mice (80%).

Neutrophil infiltration and MMP-8 expression in
granulation tissue after rhG-CSF administration

Neutrophilinfiltration and MMP-8 expression were quantified
and assessed as 1 of 6 grades. Neutrophils and MMP-8 expressing
cells were scarce in unwounded subcutaneous tissue. After skin
excision, the extent of neutrophil infiltration into granulation
tissue was lower in db/db mice than in wild-type mice (Fig.
6A). The number of neutrophils in the granulation tissue was
analyzed 3 and 5 days after topical administration of rhG-SCF
on the wounds. The number of neutrophils did not change or
decreased slightly in the wild-type mice, but tended to increase
in the db/db mice on day 5. MMP-8 expression in the granulation
tissue also exhibited a similar tendency as found in neutrophil
infiltration (data not shown).

Collagen peptide after rhG-CSF

administration

production

After topical administration of rhG-CSF on the wounds, Hyp-
Gly and Pro-Hyp contents in granulation tissue was measured on
day 5 (Fig. 6B). No differences in Hyp-Gly content in the db/db
and wild-type mice with/without rhG-CSF administration were
detected. In contrast, Pro-Hyp content in the db/db mice was
significantly increased by rhG-CSF administration (p < 0.05); no
such change was detected in the wild-type mice.

Discussion

It has been reported that plasma levels of G-CSF increase
in response to severe inflammation in acute appendicitis [26].
It has also been reported that inflammation-related products,
such as IL-1 and lipopolysaccharide, stimulate G-CSF production
by fibroblasts originating from the skin [27]. In this study, we
showed that G-CSF levels in wounded tissue reached a plateau
as early as 3 hours after total skin excision, and spindle- to oval-
shaped mesenchymal cells (probably fibroblasts) in the wounded
tissue express G-CSF. The time gap between peak expression in
the tissue and blood (6 hours) may be due to the time required
to reach the blood stream. Thereafter, G-CSF levels in tissue and
blood decreased rapidly. Such a transient but sensitive response
in G-CSF production in the peripheral tissue suggests that G-CSF
is an important cytokine connecting tissue injury to the organs
that produce/store neutrophils.

G-CSF can strongly mobilize not only granulocytes but
also hematopoietic stem cells and progenitor cells from the
bone marrow, and it is clinically used for the treatment of
leukocytopenia and hematopoietic stem cell collection [28]. It
has also been shown that bone marrow cells have therapeutic
potential for neovascularization and wound healing [29]. These
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Figure 4: Changes in collagen dipeptide content in wound tissue after skin excision. After skin excision, wounded tissue (filled columns) and normal
subcutaneous tissue (open columns) was obtained from the same mice. The levels of the collagen dipeptides Hyp-Gly and Pro-Hyp in wild-type and
db/db mice was measured on days 1, 3, 5, and 7 after skin excision. Normal tissue vs. wounded tissue; *: p < 0.05, **: p < 0.01. Data are mean = SEM
(n=3).

Hematological data of wounded mice with and without topical
rhG-CSF administration.

G-CSF do d3 d5
wild - 84.5+7.82 70.1%4.45 54.3+14.33
+ 7534828 79.148.06 56.7413.13
WBG (X 10/uL)
db/db - 69.8+6.14 89.8+7.95 79.24506
+ 78.2410.05 94.044.95 67.125.37
wild - 955742391 815948627 775325184
+ 970342456 914423048  824.045.13
RBC (X 10*/uL)
db/db - 980143818  9115+1192 912822254
+ 102036127  9457+3152  936.5+2892
wild - 7534555 76241399  688+1362
+ 68.920.99 69.0212.19 71.12955
PLT ( X 10*/uL)
db/db - 97.626.12 80.7210.84 88.0+7.80
+ 115.0+325 92.5+10.96 70.0+9.77
60 7
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c |
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0
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Figure 5: The favorable effect of rhG-CSF administration on wound healing in db/db mice. After skin excision, rhG-CSF (filled columns) or vehicle
alone (open column) was topically administered on the wound of wild-type and db/db mice. A: Hematological data, B: percent wound closure 7 days
after wounding, and C: developed granulation tissue stained by MT staining. Data are mean + SEM (n = 5). Bar = 20 pm.
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Figure 6: The effect of rhG-CSF administration on neutrophil infiltration
and collagen peptide production. After skin excision, rhG-CSF (filled) or
vehicle alone (open) was administered once, and db/db (circles) and
wild-type (squares) mice were sacrificed on days 3 and 5.

A: The number of neutrophils infiltrated in the granulation tissue on
days 3 and 5 was graded (see Materials and Methods). Data are mean +
SEM (n = 5). Representative photographs are also shown. Bar =100 pm.
B: After skin excision, wounded (filled columns) and normal subcutane-
ous (open columns) tissue samples were obtained from the same mice.
Hyp-Gly and Pro-Hyp content was measured on day 5. Normal tissue vs.
wounded tissue; *: p < 0.05, **: p < 0.01. Data are mean + SEM (n = 3).

previous findings suggested the possible utility of additional
G-CSF supplementation. Therefore, many interventional trials
and double-blinded trials using G-CSF had been performed,
especially for acute myocardial infarction and diabetic foot ulcers
[15, 16]. However, its effects are still controversial. It is known
that capacity of neutrophils from diabetic wounds to produce
reactive oxygen species is deteriorated [30], and that in diabetic
patients with foot infections, reactive oxygen species production
was restored by G-CSF administration [31]. In addition, delayed
wound healing in neutropenic patients was also improved by
administration of G-CSF [14]. This evidence suggests that G-CSF
has beneficial effects on wound healing, which may involve
augmentation of neutrophil numbers and/or function.

Plasma levels of G-CSF were significantly lower in the db/db
mice than in wild-type mice. There was no difference in the initial

Copyright: ©
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number of WBCs between these mice, and the numbers did not
change after skin excision. However, the number of infiltrated
neutrophils in the granulation tissue of db/db mice was lower
than that in the tissue of wild-type mice. These results suggest
that infiltration capacity may be impaired in the diabetic mice.
Moreover, in contrast to the wound healing in wild-type mice,
wound healing in db/db mice was accelerated by topical rhG-
CSF administration, which was accompanied by an increase in
neutrophil infiltration. These findings indicate that neutrophil
infiltration after wounding is an essential initial event for
subsequent healing. However, why neutrophil infiltration was
decreased or unchanged after rhG-CSF administration in the wild-
type mice is unclear, although a negative feedback mechanism
may be involved, since nondiabetic mice secrete enough G-CSF to
induce neutrophil infiltration.

The roles of neutrophils in wounded tissue are not only
killing bacteria and phagocytizing unfavorable materials but also
degradation of the ECM. The ECM is simultaneously remodeled
through the corporative action of neutrophils and fibroblasts
[18]. It has been reported that the degradation products of orally
ingested collagen appear in the blood as dipeptides, such as Pro-
Hyp and Hyp-Gly [22], and oral intake induced a physiologically
favorable effect on the skin [23]. In our study, Pro-Hyp levels in
granulation tissue gradually increased during the 7 days after
wounding, whereas Hyp-Gly levels did not. Different mechanisms
may exist in the digestive tract and wound tissue in terms of the
inherent metabolism in different organs. The specific production
of Pro-Hyp in wounded tissue is first addressed in this study.
We hypothesized that Pro-Hyp may be produced by collagen
digestive enzymes in wounded tissue. Therefore, we examined
MMPs expression. In analysis using serial sections, its expression
pattern was quite similar to that of NIMP-R14-positive neutrophils
in wound healing process with/without G-CSF administration.
Infiltrated neutrophils primarily expressed MMP-8, but other
types of cells, such as endothelial cells, also expressed MMPs.
Pro-Hyp production was lower in the db/db mice, which was
accompanied by a decrease in neutrophil infiltration and MMP-8
expression. Furthermore, Pro-Hyp production in the db/db mice
was significantly increased by rhG-CSF administration, which
was also accompanied by an increase in neutrophil infiltration
and MMP-8 expression. These results suggest the involvement of
Pro-Hyp in the wound healing process.

The granulation tissue that developed in normal and db/db
mice after skin excision was quite different; normal granulation
tissue was observed in wild-type mice, which has an organized
fibrous structure. However, in db/db mice, many lipid-filled
adipocytes with cholesterol clefts in the small amount of
ECM were observed. Under diabetic conditions, the defect in
inflammatory cell infiltration in the wounded tissue may be due
to a decrease in not only their attachment to endothelial cells and
migratory capacity [28] but also ECM quality, including glycation
of collagens, which may acquire resistance to MMPs [32].

It has been shown that the growth of cultured dermal
fibroblasts is stimulated by Pro-Hyp [24, 33], and that keratin
gene expression in keratinocytes cocultured with fibroblasts
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is also increased by the addition of Pro-Hyp [34]. In addition,
osteoblastic differentiation of MC3T3-E1, accompanied by an
increase in Runx2 and Collal gene expression, is induced by
Pro-Hyp [35]. These in vitro studies may also support our in vivo
findings.

Conclusion

The present study shows that delayed wound healing in
diabetic mice may be related to the decreases in G-CSF secretion,
inflammatory cell infiltration, and Pro-Hyp production after
wounding. Supplementation of diabetic wounds with G-CSF
accelerated wound healing and Pro-Hyp production. Therefore,
Pro-Hyp produced in wound tissue may play a central role in
healing. The more precise mechanisms underlying G-CSF-induced
wound healing should be clarified. Clarification of the role of Pro-
Hyp in diabetic wound healing is also an important challenge, and
one which we are currently pursuing for our next study.

Acknowledgements

The authors express their sincere gratitude to Arisa Okabe,
Mizuki Iwata, Misako Yamada and Tomoko Yahiro for their
excellent technical help. This study was supported by the
funds (No. 131032) from Central Research Institute of Fukuoka
University and the Grant-in-Aid for Scientific Research (C) Grant
Number 16K07735.

Declarations

All of the authors disclose NA for Conflict of Interest on this
work.

Ethical Approval: All animals used in this study received
humane care. This animal study was approved by the Fukuoka
University Animal Experiment Committee (No. 1212618). Study
protocols were in compliance with the institution’s animal care
guideline.

References

1. Tsourdi E, Barthel A, Rietzsch H, Reichel A, Bornstein SR. Current
aspects in the pathophysiology and treatment of chronic wounds
in diabetes mellitus. Biomed Res Int. 2013;2013:385641. doi:
10.1155/2013/385641.

2. Garwood CS, Steinberg JS. What’s new in wound treatment: a critical
appraisal. Diabetes Metab Res Rev. 2016;32 Suppl 1:268-274. doi:
10.1002/dmrr.2747.

3. FuX, ShenZ, ChenY, Xie], Guo Z, Zhang M, et al. Randomised placebo-
controlled trial of use of topical recombinant bovine basic fibroblast
growth factor for second-degree burns. Lancet. 1998;352(9141):1661-
1664; Barrientos S, Brem H, Stojadinovic O, Tomic-Canic M. Clinical
application of growth factors and cytokines in wound healing. Wound
Repair Regen. 2014;22(5):569-578. doi: 10.1111/wrr.12205.

4. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in
health and inflammation. Nat Rev Immunol. 2013;13(3):159-175. doi:
10.1038/nri3399.

5. LiW, Dasgeb B, Phillips T, Li Y, Chen M, Garner W, et al. Wound-healing
perspectives. Dermatol Clin. 2005;23(2):181-192. doi: 10.1016/j.
det.2004.09.004.

6. Schreml S, Szeimies RM, Prantl L, Landthaler M, Babilas P. Wound

Copyright: ©
2017 Jimi, et al.

healing in the 21st century. ] Am Acad Dermatol. 2010;63(5):866-881.
doi: 10.1016/j.jaad.2009.10.048.

7. Dovi]V, He LK, DiPietro LA. Accelerated wound closure in neutrophil-
depleted mice. ] Leukoc Biol. 2003;73(4):448-455; Feiken E,
Romer ], Eriksen ], Lund LR. Neutrophils express tumor necrosis
factor-alpha during mouse skin wound healing. ] Invest Dermatol.
1995;105(1):120-123; Pierce GF. Inflammation in nonhealing
diabetic wounds: the space-time continuum does matter. Am J Pathol.
2001;159(2):399-403. doi: 10.1016/S0002-9440(10)61709-9.

8. Devalaraja RM, Nanney LB, Du ], Yu Y, Devalaraja MN, et al. Delayed
wound healing in CXCR2 knockout mice. ] Invest Dermatol.
2000;115(2):234-44. doi: 10.1046/j.1523-1747.2000.00034.x; Mori
R, Kondo T, Nishie T, Ohshima T, Asano M. Impairment of skin wound
healing in beta-1,4-galactosyltransferase-deficient mice with reduced
leukocyte recruitment. Am ] Pathol. 2004;164(4):1303-1314.

9. Roberts AW. G-CSF: a key regulator of neutrophil production,
but that’'s not all! Growth Factors. 2005;23(1):33-41. doi:
10.1080/08977190500055836.

10.Takeyama K, Ohto H. PBSC mobilization. Transfus Apher Sci.
2004;31(3):233-243. doi: 10.1016/j.transci.2004.09.007.

11.LiJ,ZouY, Ge], Daifu Zhang, Aili Guan, Jian Wu, et al. The effects of G-CSF
on proliferation of mouse myocardial microvascular endothelial cells.
Int ] Mol Sci. 2011;12(2):1306-1315. doi: 10.3390/ijms12021306.

12.Urdzikova L, Jendelova P, Glogarova K, Burian M, Hajek M, Sykova E.
Transplantation of bone marrow stem cells as well as mobilization
by granulocyte-colony stimulating factor promotes recovery after
spinal cord injury in rats. ] Neurotrauma. 2006;23(9):1379-1391. doi:
10.1089/neu.2006.23.1379.

13.Roilides E, Walsh TJ, Pizzo PA, Rubin M. Granulocyte colony-stimulating
factor enhances the phagocytic and bactericidal activity of normal and
defective human neutrophils. ] Infect Dis. 1991;163(3):579-583.

14.Besner GE, Glick PL, Karp MP, Wang WC, Lobe TE, White CR, et al.
Recombinant human granulocyte colony-stimulating factor promotes
wound healing in a patient with congenital neutropenia. ] Pediatr Surg.
1992;27(3):288-290; Cody DT, 2nd, Funk GF, Wagner D, Gidley PW,
Graham SM, Hoffman HT. The use of granulocyte colony stimulating
factor to promote wound healing in a neutropenic patient after head
and neck surgery. Head Neck. 1999;21(2):172-175.

15.Gough A, Clapperton M, Rolando N, Foster AV, Philpott-Howard ],
Edmonds ME. Randomised placebo-controlled trial of granulocyte-
colony stimulating factor in diabetic foot infection. Lancet.
1997;350(9081):855-859. doi: 10.1016/S0140-6736(97)04495-4.

16.Cruciani M, Lipsky BA, Mengoli C, de Lalla F. Granulocyte-
colony stimulating factors as adjunctive therapy for diabetic foot
infections. Cochrane Database Syst Rev. 2013(3):CD006810. doi:
10.1002/14651858.CD006810.pub2; Zohlnhofer D, Ott I, Mehilli
J, Schomig K, Michalk F, Ibrahim T, et al. Stem cell mobilization
by granulocyte colony-stimulating factor in patients with acute
myocardial infarction: a randomized controlled trial. JAMA.
2006;295(9):1003-1010. doi: 10.1001/jama.295.9.1003.

17.Diegelmann RF, Evans MC. Wound healing: an overview of acute,
fibrotic and delayed healing. Front Biosci. 2004;9:283-289; Gurtner
GC, Werner S, Barrandon Y, Longaker MT. Wound repair and
regeneration. Nature. 2008;453(7193):314-321. doi: 10.1038/
nature07039.

18.Eming SA, Martin P, Tomic-Canic M. Wound repair and regeneration:
mechanisms, signaling, and translation. Sci Transl Med.
2014;6(265):265sr6. doi: 10.1126/scitranslmed.3009337.

Citation: Jimi S, Sato K, Kimura M, Suzumiya ], Hara S, et al. (2017) G-CSF Administration Accelerates Cutaneous Wound Healing [BE¥ee) 8 of 9 IIII

Accompanied With Increased Pro-Hyp Production In db/db Mice. Clin Res Dermatol Open Access 4(2): 1-9.


https://www.ncbi.nlm.nih.gov/pubmed/23653894
https://www.ncbi.nlm.nih.gov/pubmed/23653894
https://www.ncbi.nlm.nih.gov/pubmed/23653894
https://www.ncbi.nlm.nih.gov/pubmed/23653894
https://www.ncbi.nlm.nih.gov/pubmed/26452442
https://www.ncbi.nlm.nih.gov/pubmed/26452442
https://www.ncbi.nlm.nih.gov/pubmed/26452442
https://www.ncbi.nlm.nih.gov/pubmed/9853438
https://www.ncbi.nlm.nih.gov/pubmed/9853438
https://www.ncbi.nlm.nih.gov/pubmed/9853438
https://www.ncbi.nlm.nih.gov/pubmed/9853438
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4812574/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4812574/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4812574/
https://www.ncbi.nlm.nih.gov/pubmed/23435331
https://www.ncbi.nlm.nih.gov/pubmed/23435331
https://www.ncbi.nlm.nih.gov/pubmed/23435331
https://www.ncbi.nlm.nih.gov/pubmed/15837149
https://www.ncbi.nlm.nih.gov/pubmed/15837149
https://www.ncbi.nlm.nih.gov/pubmed/15837149
https://www.ncbi.nlm.nih.gov/pubmed/20576319
https://www.ncbi.nlm.nih.gov/pubmed/20576319
https://www.ncbi.nlm.nih.gov/pubmed/20576319
https://www.ncbi.nlm.nih.gov/pubmed/12660219
https://www.ncbi.nlm.nih.gov/pubmed/12660219
https://www.ncbi.nlm.nih.gov/pubmed/7615965
https://www.ncbi.nlm.nih.gov/pubmed/7615965
https://www.ncbi.nlm.nih.gov/pubmed/7615965
https://www.ncbi.nlm.nih.gov/pubmed/7615965
https://www.ncbi.nlm.nih.gov/pubmed/11485896
https://www.ncbi.nlm.nih.gov/pubmed/11485896
https://www.ncbi.nlm.nih.gov/pubmed/11485896
https://www.ncbi.nlm.nih.gov/pubmed/10951241
https://www.ncbi.nlm.nih.gov/pubmed/10951241
https://www.ncbi.nlm.nih.gov/pubmed/10951241
https://www.ncbi.nlm.nih.gov/pubmed/15039218
https://www.ncbi.nlm.nih.gov/pubmed/15039218
https://www.ncbi.nlm.nih.gov/pubmed/15039218
https://www.ncbi.nlm.nih.gov/pubmed/15039218
https://www.ncbi.nlm.nih.gov/pubmed/16019425
https://www.ncbi.nlm.nih.gov/pubmed/16019425
https://www.ncbi.nlm.nih.gov/pubmed/16019425
https://www.ncbi.nlm.nih.gov/pubmed/15556471
https://www.ncbi.nlm.nih.gov/pubmed/15556471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3083707/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3083707/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3083707/
https://www.ncbi.nlm.nih.gov/pubmed/16958589
https://www.ncbi.nlm.nih.gov/pubmed/16958589
https://www.ncbi.nlm.nih.gov/pubmed/16958589
https://www.ncbi.nlm.nih.gov/pubmed/16958589
https://www.ncbi.nlm.nih.gov/pubmed/16958589
https://www.ncbi.nlm.nih.gov/pubmed/1704903
https://www.ncbi.nlm.nih.gov/pubmed/1704903
https://www.ncbi.nlm.nih.gov/pubmed/1704903
https://www.ncbi.nlm.nih.gov/pubmed/1380074
https://www.ncbi.nlm.nih.gov/pubmed/1380074
https://www.ncbi.nlm.nih.gov/pubmed/1380074
https://www.ncbi.nlm.nih.gov/pubmed/1380074
https://www.ncbi.nlm.nih.gov/pubmed/10091988
https://www.ncbi.nlm.nih.gov/pubmed/10091988
https://www.ncbi.nlm.nih.gov/pubmed/10091988
https://www.ncbi.nlm.nih.gov/pubmed/10091988
https://www.ncbi.nlm.nih.gov/pubmed/9310604
https://www.ncbi.nlm.nih.gov/pubmed/9310604
https://www.ncbi.nlm.nih.gov/pubmed/9310604
https://www.ncbi.nlm.nih.gov/pubmed/9310604
https://www.ncbi.nlm.nih.gov/pubmed/19588405
https://www.ncbi.nlm.nih.gov/pubmed/19588405
https://www.ncbi.nlm.nih.gov/pubmed/19588405
https://www.ncbi.nlm.nih.gov/pubmed/19588405
https://www.ncbi.nlm.nih.gov/pubmed/16507801
https://www.ncbi.nlm.nih.gov/pubmed/16507801
https://www.ncbi.nlm.nih.gov/pubmed/16507801
https://www.ncbi.nlm.nih.gov/pubmed/16507801
https://www.ncbi.nlm.nih.gov/pubmed/16507801
https://www.ncbi.nlm.nih.gov/pubmed/14766366
https://www.ncbi.nlm.nih.gov/pubmed/14766366
https://www.ncbi.nlm.nih.gov/pubmed/18480812
https://www.ncbi.nlm.nih.gov/pubmed/18480812
https://www.ncbi.nlm.nih.gov/pubmed/18480812
https://www.ncbi.nlm.nih.gov/pubmed/18480812
https://www.ncbi.nlm.nih.gov/pubmed/25473038
https://www.ncbi.nlm.nih.gov/pubmed/25473038
https://www.ncbi.nlm.nih.gov/pubmed/25473038

G-CSF Administration Accelerates Cutaneous Wound Healing Accompanied With Increased

Pro-Hyp Production In db/db Mice

19.Shaterian A, Borboa A, Sawada R, Costantini T, Potenza B, Coimbra
R, et al. Real-time analysis of the kinetics of angiogenesis and
vascular permeability in an animal model of wound healing. Burns.
2009;35(6):811-817. doi: 10.1016/j.burns.2008.12.012.

20.Balaji S, King A, Crombleholme TM, Keswani SG. The Role of Endothelial
Progenitor Cells in Postnatal Vasculogenesis: Implications for
Therapeutic Neovascularization and Wound Healing. Adv Wound Care
(New Rochelle). 2013;2(6):283-295. doi: 10.1089/wound.2012.0398.

21.Danielsen PL, Holst AV, Maltesen HR, Bassi MR, Holst P], Heinemeier
KM, et al. Matrix metalloproteinase-8 overexpression prevents
proper tissue repair. Surgery. 2011;150(5):897-906. doi: 10.1016/j.
surg.2011.06.016.

22.Iwai K, Hasegawa T, Taguchi Y, Morimatsu F, Sato K, Nakamura
Y, et al. Identification of food-derived collagen peptides in human
blood after oral ingestion of gelatin hydrolysates. ] Agric Food Chem.
2005;53(16):6531-6536. doi: 10.1021/jf050206p.

23.Shimizu J, Asami N, Kataoka A, Sugihara F, Inoue N, Kimira Y, et
al. Oral collagen-derived dipeptides, prolyl-hydroxyproline and
hydroxyprolyl-glycine, ameliorate skin barrier dysfunction and alter
gene expression profiles in the skin. Biochem Biophys Res Commun.
2015;456(2):626-630. doi: 10.1016/j.bbrc.2014.12.006.

24.Shigemura Y, Iwai K, Morimatsu F, Iwamoto T, Mori T, Oda C, et al.
Effect of Prolyl-hydroxyproline (Pro-Hyp), a food-derived collagen
peptide in human blood, on growth of fibroblasts from mouse skin. ]
Agric Food Chem. 2009;57(2):444-449. doi: 10.1021/jf802785h.

25.Jimi S, Francesco FD, Ferraro GA, Riccio M, Hara S. A novel skin splint
for accurately mapping and quantifying dermal remodeling and
epithelialization during wound healing. ] Cell Physiol. 2016.

26.Allister L, Bachur R, Glickman ], Horwitz B. Serum markers in
acute appendicitis. ] Surg Res. 2011;168(1):70-75. doi: 10.1016/j.
j$5.2009.10.029.

27.Watari K, Ozawa K, Tajika K, Tojo A, Tani K, Kamachi S, et al.
Production of human granulocyte colony stimulating factor by various
kinds of stromal cells in vitro detected by enzyme immunoassay and

Copyright: ©
2017 Jimi, et al.

in situ hybridization. Stem Cells. 1994;12(4):416-423. doi: 10.1002/
stem.5530120409.

28.Averbuch D, Engelhard D, Pegoraro A, Cesaro S. Review on efficacy and
complications of granulocyte transfusions in neutropenic patients.
Curr Drug Targets. 2016.

29.Lee N, Thorne T, Losordo DW, Yoon YS. Repair of ischemic heart
disease with novel bone marrow-derived multipotent stem cells. Cell
Cycle. 2005;4(7):861-864. doi: 10.4161/cc.4.7.1799; Tepper OM,
Capla JM, Galiano RD, Ceradini D], Callaghan MJ, Kleinman ME, et al.
Adult vasculogenesis occurs through in situ recruitment, proliferation,
and tubulization of circulating bone marrow-derived cells. Blood.
2005;105(3):1068-1077. doi: 10.1182/blood-2004-03-1051.

30.Alba-Loureiro TC, Munhoz CD, Martins JO, Cerchiaro GA, Scavone
C, Curi R, et al. Neutrophil function and metabolism in individuals with
diabetes mellitus. Braz ] Med Biol Res. 2007;40(8):1037-1044.

31.Peck KR, Son DW, Song JH, Kim S, Oh MD, Choe KW. Enhanced
neutrophil functions by recombinant human granulocyte colony-
stimulating factor in diabetic patients with foot infections in vitro. ]
Korean Med Sci. 2001;16(1):39-44. doi: 10.3346/jkms.2001.16.1.39.

32.Mott D, Khalifah RG, Nagase H, Shield CF, 3rd, Hudson JK, Hudson
BG. Nonenzymatic glycation of type IV collagen and matrix
metalloproteinase susceptibility. Kidney Int. 1997;52(5):1302-1312.

33.0hara H, Ichikawa S, Matsumoto H, Akiyama M, Fujimoto N, Kobayashi
T, et al. Collagen-derived dipeptide, proline-hydroxyproline,
stimulates cell proliferation and hyaluronic acid synthesis in cultured
human dermal fibroblasts. ] Dermatol. 2010;37(4):330-338. doi:
10.1111/j.1346-8138.2010.00827 x.

34.Le Vu P, Takatori R, Iwamoto T, Akagi Y, Satsu H, Totsuka M, et al.
Effects of Food-Derived Collagen Peptides on the Expression of
Keratin and Keratin-Associated Protein Genes in the Mouse Skin. Skin
Pharmacol Physiol. 2015;28(5):227-235. doi: 10.1159/000369830.

35.Kimira Y, Ogura K, Taniuchi Y, Kataoka A, Inoue N, Sugihara F, et
al. Collagen-derived dipeptide prolyl-hydroxyproline promotes
differentiation of MC3T3-E1 osteoblastic cells. Biochem Biophys Res
Commun. 2014;453(3):498-501. doi: 10.1016/j.bbrc.2014.09.121.

Citation: Jimi S, Sato K, Kimura M, Suzumiya ], Hara S, et al. (2017) G-CSF Administration Accelerates Cutaneous Wound Healing [BE¥ee) 9 of 9 IIII

Accompanied With Increased Pro-Hyp Production In db/db Mice. Clin Res Dermatol Open Access 4(2): 1-9.


https://www.ncbi.nlm.nih.gov/pubmed/19423227
https://www.ncbi.nlm.nih.gov/pubmed/19423227
https://www.ncbi.nlm.nih.gov/pubmed/19423227
https://www.ncbi.nlm.nih.gov/pubmed/19423227
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3751266/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3751266/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3751266/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3751266/
https://www.ncbi.nlm.nih.gov/pubmed/21875735
https://www.ncbi.nlm.nih.gov/pubmed/21875735
https://www.ncbi.nlm.nih.gov/pubmed/21875735
https://www.ncbi.nlm.nih.gov/pubmed/21875735
https://www.ncbi.nlm.nih.gov/pubmed/16076145
https://www.ncbi.nlm.nih.gov/pubmed/16076145
https://www.ncbi.nlm.nih.gov/pubmed/16076145
https://www.ncbi.nlm.nih.gov/pubmed/16076145
https://www.ncbi.nlm.nih.gov/pubmed/25498544
https://www.ncbi.nlm.nih.gov/pubmed/25498544
https://www.ncbi.nlm.nih.gov/pubmed/25498544
https://www.ncbi.nlm.nih.gov/pubmed/25498544
https://www.ncbi.nlm.nih.gov/pubmed/25498544
https://www.ncbi.nlm.nih.gov/pubmed/19128041
https://www.ncbi.nlm.nih.gov/pubmed/19128041
https://www.ncbi.nlm.nih.gov/pubmed/19128041
https://www.ncbi.nlm.nih.gov/pubmed/19128041
https://www.ncbi.nlm.nih.gov/pubmed/27626888
https://www.ncbi.nlm.nih.gov/pubmed/27626888
https://www.ncbi.nlm.nih.gov/pubmed/27626888
https://www.ncbi.nlm.nih.gov/pubmed/20097375
https://www.ncbi.nlm.nih.gov/pubmed/20097375
https://www.ncbi.nlm.nih.gov/pubmed/20097375
https://www.ncbi.nlm.nih.gov/pubmed/7524894
https://www.ncbi.nlm.nih.gov/pubmed/7524894
https://www.ncbi.nlm.nih.gov/pubmed/7524894
https://www.ncbi.nlm.nih.gov/pubmed/7524894
https://www.ncbi.nlm.nih.gov/pubmed/7524894
https://www.ncbi.nlm.nih.gov/pubmed/26844563
https://www.ncbi.nlm.nih.gov/pubmed/26844563
https://www.ncbi.nlm.nih.gov/pubmed/26844563
https://www.ncbi.nlm.nih.gov/pubmed/15970686
https://www.ncbi.nlm.nih.gov/pubmed/15970686
https://www.ncbi.nlm.nih.gov/pubmed/15970686
https://www.ncbi.nlm.nih.gov/pubmed/15388583
https://www.ncbi.nlm.nih.gov/pubmed/15388583
https://www.ncbi.nlm.nih.gov/pubmed/15388583
https://www.ncbi.nlm.nih.gov/pubmed/15388583
https://www.ncbi.nlm.nih.gov/pubmed/15388583
https://www.ncbi.nlm.nih.gov/pubmed/17665039
https://www.ncbi.nlm.nih.gov/pubmed/17665039
https://www.ncbi.nlm.nih.gov/pubmed/17665039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3054577/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3054577/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3054577/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3054577/
https://www.ncbi.nlm.nih.gov/pubmed/9350653
https://www.ncbi.nlm.nih.gov/pubmed/9350653
https://www.ncbi.nlm.nih.gov/pubmed/9350653
https://www.ncbi.nlm.nih.gov/pubmed/20507402
https://www.ncbi.nlm.nih.gov/pubmed/20507402
https://www.ncbi.nlm.nih.gov/pubmed/20507402
https://www.ncbi.nlm.nih.gov/pubmed/20507402
https://www.ncbi.nlm.nih.gov/pubmed/20507402
https://www.ncbi.nlm.nih.gov/pubmed/25721900
https://www.ncbi.nlm.nih.gov/pubmed/25721900
https://www.ncbi.nlm.nih.gov/pubmed/25721900
https://www.ncbi.nlm.nih.gov/pubmed/25721900
https://www.ncbi.nlm.nih.gov/pubmed/25285626
https://www.ncbi.nlm.nih.gov/pubmed/25285626
https://www.ncbi.nlm.nih.gov/pubmed/25285626
https://www.ncbi.nlm.nih.gov/pubmed/25285626

