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Abstract

Wound healing is the critical event for maintaining skin function and barrier.
Inflammatory state in which a variety of cells are activated and accumulated is
important for wound healing. Bacterial infection in cutaneous wound is a
common problem and causes delay of wound healing. Our previous study
demonstrated that the salmon nasal cartilage proteoglycan (PG) has an
immunomodulatory effect in various mouse models of inflammatory disease. In
this study, we investigated the effect of PG on healing process of Staphylococcus
aureus-infected wound. PG accelerated wound closure in the initial phase of
both infected and non-infected wound healing. In addition, the bacterial number
in wounds of the PG-treated mice was significantly lower than that in the vehicle
group. Neutrophil and macrophage infiltration was intensively observed in the
PG-treated mice on day 2 after S. aureus inoculation, whereas neutrophil and
macrophage influx was highly detected on day 6 in the vehicle control.
Moreover, the production of TGF-B and IL-6 in the wound tissue was

significantly promoted compared to the vehicle control on day 1. In contrast, the
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production of IL-1B and TNF-a in PG-treated mice was significantly decreased
compared to the vehicle control on day 5. These data suggested that PG
modulates the inflammatory state in infected wounds leading to promote wound

healing.

Keywords: Microbiology, Pharmaceutical chemistry

1. Introduction

Wound healing is an important process for retaining tissue homeostasis leading to
restoration of barrier function. Inflammatory response is critically involved in the
initial phase of wound healing. The inflammatory response requires initial recruit-
ment of neutrophils and macrophages for defense against invasive microbes [1,
2]. The inflammatory response is followed by migration and proliferation of dermal
and epidermal cells. Extracellular matrix, then, fills the wound space and remodels
the skin function [3, 4]. In the wound healing process, several cytokines play an
important role in wound healing. Tumor necrosis factor (TNF)-o. and interleukin
(IL)-6 produced by neutrophils and macrophages induce inflammation to removal
of foreign matter [5]. Transforming growth factor (TGF)-f promotes re-
epithelialization [6]. Bacterial infection in cutaneous wound is a common problem
and it is one of the key reasons of wound healing impairment [7, 8]. Staphylococcus
aureus is one of the most common bacteria causing skin and soft tissue infections,
including impetigo, folliculitis and cellulitis [9, 10]. In addition, S. aureus has high
potential for tissue invasion and causes life-threatening infections such as endocar-
ditis and sepsis [11]. Proinflammatory cytokines such as IL-1p and IL-6 responses
are upregulated throughout the S. aureus infection [12].

Proteoglycan (PG) is a constituent of extracellular matrix and is widely distributed in
connective tissues such as skin, bone, cartilage and vascular wall by forming a com-
plex with collagen, fibronectin, laminin, hyaluronic acid and other glycoproteins. PG
consists of core protein and one or more covalently attached glycosaminoglycan
chain(s). We have previously demonstrated that PG extracted from salmon nasal
cartilage has a potent effect on suppression of inflammatory responses induced by
heat-killed Escherichia coli in mouse macrophages [13]. Daily oral administration
of PG attenuates the severity of experimental inflammatory colitis [14], autoimmune
encephalomyelitis [15] and collagen-induced arthritis [16]. In addition, PG has been
shown to be involved in cellular proliferation, adhesion and effective for wound
healing in vitro [17, 18, 19]. However, the healing effect of PG on infected wound

is not clear.

In this study, we investigated the effect of PG on the initial healing of S. aureus-in-

fected skin wound because anti-inflammatory response is critical for wound healing.
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To clarify the effect of PG, we assessed histology, recruitment of phagocytes and

cytokine responses in the skin wound of PG-treated mice.

2. Materials and methods

2.1. Mice

Male BALB/c mice, 8-week-old, were purchased from Clea Japan, Tokyo, Japan,
and maintained in a temperature-controlled room (22 °C) on a 12-h light-dark cycle
at Institute for Animal Experimentation, Hirosaki University Graduate School of
Medicine. All animal experiments were carried out in accordance with the Guide-
lines for Animal Experimentation of Hirosaki University. All mouse experiments
were approved by the Committee on the Ethics of Animal Experimentation of Hir-
osaki University (Permission number: M10003).

2.2. Preparation of PG

Salmon nasal cartilage PG was purchased from Kakuhiro Co., Ltd., Aomori, Japan.
Lyophilized PG powder was dissolved in sterile distilled water (DW) at concentra-
tions ranging from 0.4—10.0 mg/mL. DW was used as control.

2.3. Mouse model of excisional wound and PG administration

Skin wound was made on the back of mice as previously described [20]. In brief,
mice were anesthetized with an intraperitoneal administration of an anesthetic
mixture [0.075 mg/mL medetomidine (Zenoaq, Tokyo, Japan), 0.4 mg/mL midazo-
lam (Sandoz, Tokyo, Japan) and 0.5 mg/mL butorphanol (Meiji Seika Pharma Co.,
Ltd., Tokyo, Japan)] at 100 uL/10 g body weight. Hair on back skin was removed
using a mechanical shaver. After cleaning the skin with 70% ethanol, 6-mm-diameter
circular full-thickness wound was made using a skin biopsy punch (disposable bi-
opsy punch, Igarashi Ika Kogyo, Tokyo, Japan). Ten pL of PG (0.4, 2.0 and 10.0
mg/mL) or DW as the vehicle control was applied on the wound region once a
day for 14 days. Pictures of the wound were taken daily to monitor wound healing.
The wound area in photographs was measured using image analysis software (Pho-
toshop CS6; Adobe Systems, San Jose, CA). The data was expressed as a percentage

of wound area relative to the initial wound size.

2.4. Bacterial strain and culture condition

S. aureus strain 834, a clinical isolate [21], was used for infection of mice in this
study. The bacterial cells were grown in tryptic soy broth (BD Diagnosis Systems,
Sparks, MD) at 37 °C for 15 h, harvested by centrifugation and washed with
phosphate-buffered saline (PBS). The washed bacterial cells were diluted with
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PBS to 2.5 x 10” colony-forming units (CFU)/mL adjusted by spectrophotometric

measurement at 550 nm.

2.5. Inoculation of S. aureus into skin wounds

Mice were inoculated with 20 pL of 2.5 x 10° CFU/mL of S. aureus at the sites of
skin wound immediately after wounding. Ten pL. of PG (10 mg/mL) or DW was
applied on the wound region once a day for 6 days. Skin lesion tissues were collected

for further analysis at the indicated time after S. aureus inoculation.

2.6. Histological analysis

Skin lesion tissues were excised and fixed in 4% (w/v) paraformaldehyde buffer at 4 °C
for overnight. Tissues were then embedded in paraffin and cut into 5-pum thick sections.
Deparaffinized sections were stained with hematoxylin and eosin (H&E). To observe
localization of bacterial cells, the sections were stained with crystal violet, Lugol’s
iodine solution and picric acid. The stained sections were observed under BZ-X700 mi-

croscope (Keyence, Tokyo, Japan) and wound length was measured.

2.7. Quantitation of viable bacterial cells in wound tissues

Wound tissues were collected to determine the number of viable bacterial cells in the
infected wounds on day 2 after S. aureus inoculation. Individual tissues were ho-
mogenized in sterile Dulbecco’s Modified Eagle medium (DMEM, Nissui Pharma-
ceutical Co., Tokyo, Japan). Each sample was plated in triplicate on tryptic soy agar
plates. Plates were incubated for 16 h at 37 °C. The number of viable bacterial cells
in the wound was determined by counting the colonies on the plates. The data are

described as log10 number of CFU/wound.

2.8. Immunohistochemistry

Immunofluorescent analysis was conducted to determine localization of neutrophils
and macrophages in the infected wound tissue. Wound tissues were excised and
fixed as mentioned above. The tissues were then soaked in PBS containing 30% su-
crose and frozen in optimal cutting temperature medium (Sakura Finetek Japan, To-
kyo, Japan) at —80 °C. The frozen tissues were cut at 10-um thickness and the
sections were incubated with PBS containing 2% normal goat serum. The sections
were stained with rat anti-mouse Ly6G IgG (diluted 1:500; Abcam, United
Kingdom) or rat anti-mouse F4/80 IgG (diluted 1:200; Serotec Product, United
Kingdom) at 4 °C overnight and then with Alexa 568-conjugated donkey anti-rat
IgG (1:200; Invitrogen). The stained sections were observed under BZ-X700 micro-
scope. Ly6G positive cells and F4/80 positive cells were randomly counted from

eight histological sections.
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2.9. Measurement of cytokines

Wound tissues were homogenized in DMEM containing complete protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany) and then were centrifuged for 10
min at 1000 g. Supernatants were used to determine TGF-f3, IL-6, IL-18 and TNF-o.
levels using commercial ELISA kits according to the manufacturer’s

recommendation.

2.10. Statistical analysis

Data were expressed as means =+ standard deviations, and p < 0.05 from unpaired
student’s ¢ test in Figs. 1, 2, and 3 or Dunnet test analysis in Figs. 4 and 5 were used

to determine the significance of the differences.

3. Results
3.1. PG administration accelerated initial healing of skin wound

To investigate the effect of PG on wound healing, digital images of the wounds were
captured at a fixed distance and angle for planimetric measurement. PG significantly
accelerated wound closure compared with the vehicle control in the initial phase un-
til day 7 after wounding (Fig. 4). The effect of PG on the initial wound closure was
shown in a dose dependent manner (Fig. 4). Although wound contraction of PG-
treated mice was occurred earlier than that of vehicle control, the period of time

for complete repair was comparable (Fig. 6).

A Day 2 B

Wound length (mm)

=2 L

Scale bar =500 um 0

2 4 6
Days after wounding

*:p<0.05
Fig. 1. Effect of PG on S. aureus-inoculated wound length. Mice were inoculated with 20 pL of 2.5 x 10°
CFU/mL of S. aureus at the sites of skin wound immediately after wounding, and then treated with 10 pL of
10 mg/mL PG daily. On days 2, 4 and 6 after infection, the skin tissues were collected and paraffin sections
were prepared. After staining with H&E, the length of infected wound was measured (5 mice per group per
each experiment). The pictures of histology are representative (A). The length of infected wound is
expressed as the means = SD of 2 independent experiments (B). An asterisk (p < 0.05) indicates that
the value is significantly different from the DW control group.
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Fig. 2. Effect of PG on S. aureus infection in wound. Mice were inoculated with 20 uL of 2.5 x 10°
CFU/mL of S. aureus at the sites of skin wound immediately after wounding, and then treated with
10 pL of 10 mg/mL PG daily. On day 2, the skin tissues were collected and paraffin sections were pre-
pared. The sections were stained with crystal violet, Lugol’s iodine solution and picric acid (A). Bacterial
cells (dark blue) localized on yellow background of mouse tissue. The bacterial number of homogenates
of whole wounds was determined (B). The data are representative (A) and the results are expressed as the
means £ SD of 2 independent experiments (5 mice per group per each experiment) (b). An asterisk (p <
0.05) indicates that the value is significantly different from the DW control group.
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Fig. 3. Effect of PG on recruitment of neutrophils and macrophages to S. aureus-inoculated wounds.
Mice were inoculated with 20 pL of 2.5 x 10° CFU/mL of S. aureus at the sites of skin wound imme-
diately after wounding, and then treated with 10 pL of 10 mg/mL PG daily. On days 2, 4 and 6 after
infection, the skin tissues were collected and frozen sections were prepared. Immunofluorescent staining
was performed using anti-Ly6G antibody for neutrophils (A) and anti-F4/80 antibody for macrophages
(C). Ly6G™ cells (B) and F4/807 cells (D) were randomly counted from eight histological sections. The
data are representative of 2 independent experiments (4 mice per group per each experiment) (B, D). An
asterisk (p < 0.05) and double asterisks (p < 0.01) indicate that the value is significantly different from

the control group, respectively.
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Fig. 4. Effect of PG on skin wound healing. Skin wound (6-mm-diameter circular full-thickness) was
made on back of mice using a skin biopsy punch as described in materials and methods. Ten pL of
PG (0.4, 2.0 and 10.0 mg/mL) or DW as vehicle control was applied on the wound region once a
day for 14 days. The data was expressed as a percentage of wound area relative to the initial wound
size. The results are expressed as the means = SD of 3 independent experiments (5 mice per group
per each experiment). An asterisk (p < 0.05) indicates that the value is significantly different from the

DW control group.

3.2. PG administration induced accumulation of neutrophils and
macrophages in the early healing process of skin wound

To determine accumulation of immune cells in wound area, we carried out immuno-
fluorescent staining using anti-Ly6G antibody or anti-F4/80 antibody for neutrophils
and macrophages, respectively. Neutrophil infiltration was intensively observed in
the PG-treated mice on day 2 after wounding (Fig. 7A). In contrast, neutrophil influx
was highly detected on day 6 in the vehicle control (Fig. 7A). There was no differ-
ence in macrophage infiltration between the PG-treated mice and the control animals
(Fig. 7B).

3.3. PG administration accelerated initial wound healing of S.
aureus-infected skin

To determine whether PG promotes the initial healing of infected wound, skin
wound was infected with S. aureus and then treated with 10 pL of 10 mg/mL PG
once a day. On days 2, 4 and 6 after infection, the skin tissues were collected and
the length of infected wound was measured. The length of PG-treated wound was
significantly shorter than that of the vehicle control on days 2 and 4 after infection
(Fig. 1A, B).
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Fig. 5. Effect of PG on cytokine production during S. aureus infection in wound. Mice were inoculated
with 20 pL of 2.5 x 10° CFU/mL of S. aureus at the sites of skin wound immediately after wounding,
and then treated with 10 pL of 10 mg/mL PG daily. On days 1 and 5, skin tissues were collected and
homogenized. Production of TGF- (A), IL-6 (B), IL-1B (C) and TNF-a (D) in wound tissues was deter-
mined by ELISA. The results are expressed as the means = SD of 2 independent experiments (5 mice per
group per each experiment). An asterisk (p < 0.05) indicates that the value is significantly different from
the DW control group. PG group: S. aureus-infected and PG-treated, DW group: S. aureus-infected and
PG-untreated control, NI group: non-infected and PG-untreated control.

PG
(mg/mL)

Fig. 6. Effect of PG on skin wound healing. Representative digital images of non-infected wounds were
captured over 13 days during wound-healing period.

3.4. PG administration reduced bacterial number on day 2 after
infection

To determine the effect of PG on bacterial invasion into wound tissue, we

observed the localization of S. aureus and enumerated the bacterial number
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Fig. 7. Effect of PG on recruitment of neutrophils and macrophages to non-infected wounds. On days 2

and 6 after infection, the skin tissues were collected and frozen sections were prepared. Immunofluores-
cent staining was performed using anti-Ly6G antibody for neutrophils (A) and anti-F4/80 antibody for
macrophages (B). The data are representative of 2 independent experiments (3 mice per group per
each experiment).

in the wound tissues. Most of all bacterial cells localized on the surface of
crust in the PG-treated mice and the vehicle control (Fig. 2A). The bacterial
number in PG-treated mice was significantly lower than that in the vehicle

group (Fig. 2B).

3.5. PG administration induced accumulation of neutrophils and
macrophages in the early healing process of infected wound

To determine accumulation of immune cells in wound area, we carried out immuno-
fluorescent staining using anti-Ly6G antibody or anti-F4/80 antibody for neutrophils
and macrophages. Neutrophil infiltration was intensively observed in the PG-treated
mice on days 2 and 4 after S. aureus inoculation (Fig. 3A). Neutrophil number of the
PG-treated mice was 160% increase compared with the control group (Fig. 3B). In
contrast, neutrophil influx was highly detected on day 6 in the vehicle control
(Fig. 3A). The number of neutrophils in PG-administered mice was 40% decrease
compared with the vehicle control (Fig. 3B). The similar pattern of macrophage infil-
tration was also found. Macrophage infiltration was intensively observed on day 2
after S. aureus inoculation in the PG-treated mice (Fig. 3C). The number of macro-
phages in the PG-treated mice was 670% increase compared with the control group
(Fig. 3D). On day 4, nearly the same macrophage infiltration was found in both PG-
treated and control mice (Fig. 3C, D). On day 6, the number of macrophages in the
vesicle control was significantly higher than that in the PG-treated mice (Fig. 3D).
The macrophage influx in the PG-treated mice was 70% decrease compared with
that in vehicle control (Fig. 3D).
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3.6. Cytokine production was promoted in the early phase and
suppressed in middle phase of wound healing by PG

To determine whether PG affects cytokine production, we measured TGF-§, IL-6,
IL-1B and TNF-a levels in the wound tissues. In the PG-treated mice, the production
of TGF-B (35%) and IL-6 (56%) in the wound tissues was significantly promoted
compared with the vehicle control on day 1 (Fig. 5A, B). However, the production
of IL-1B (25%) and TNF-a. (64%) in the PG-treated mice was significantly decreased
compared with the vehicle control on day 5 (Fig. 5C, D).

4. Discussion

It has been reported that closing and moist environment promotes wound healing
and reduces the pain [22]. In this study, PG administration accelerated initial healing
of non-infected skin wound in a dose-dependent manner (Fig. 4). Similarly, PG
administration accelerated initial healing of skin wound infected with S. aureus
(Fig. 1). In addition, PG administration reduced bacterial number in the early phase
of healing (Fig. 2). PG shows no antibiotic activity against S. aureus (unpublished
data). Therefore, the reduction of bacterial number is possibly mediated by host im-
mune response. Neutrophil and macrophage influx is an early inflammatory response
of wound healing. This event is essential for the clearance of bacteria and cellular
debris in infected wound [23]. Bacterial clearance by neutrophils is a key event
requiring for wound healing [24]. Alternatively, wound healing is delayed by contin-
uous influx of neutrophils [25]. PG administration enhanced the accumulation of
neutrophils and macrophages in the early healing process of infected wound,
whereas fewer neutrophils were observed in the wound tissue in the middle phase
(Fig. 3). The comparable results were observed in non-infected wound (Fig. 7).
These results suggest that PG administration enhanced the accumulation of neutro-

phils and macrophages only in the early phase.

PG administration significantly augmented IL-6 and TGF-f production in the wound
tissue in the early phase of healing (Fig. 5A, B). IL-6 has the mitogenic and prolifer-
ative effects on keratinocytes and is a neutrophil chemoattractant [26, 27]. TGF-f has
been shown to play a critical role in inflammation, angiogenesis, re-epithelialization,
and connective tissue regeneration [28]. In the middle phase of healing, PG adminis-
tration reduced proinflammatory cytokine production such as TNF-o. and IL-1f
(Fig. 5C, D). TNF-a and IL-1f are important proinflammatory cytokines that raise
inflammation for bacterial clearance and healing of infected wound, while prolonged
inflammation by these cytokines causes the development of chronic wounds [29]. Our
results suggested that PG administration accelerates the inflammatory response in the
initial step of healing in the infected wounds leading to promote infected wound heal-

ing. This finding implied that early resolution of wounds may contribute to faster
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healing. The mechanism of enhancement of inflammatory response by PG in the
initial step of wound healing is still unclear. TNF-stimulated gene 6 has been shown
to be an important receptor involving in glycosaminoglycan-induced cell-mediated
inflammation [30]. Moreover, the binding of salmon nasal PG to CD44 on mouse fi-
broblasts is the primary mechanism for the effect on in vitro wound closure [19].
Therefore, these receptors may be involved in inflammatory response and wound
healing promoted by PG administration. We have reported that PG has an anti-
inflammatory effect on mouse models of various inflammatory diseases. The anti-
inflammatory effect of PG depends on induction of Foxp3™ regulatory T cells [14,
15]. Therefore, regulatory T cells might be induced in infected wounds in the middle
phase and contribute to suppression of inflammatory response. Regarding high mo-
lecular weight of PG, a component(s) of PG which is responsible for wound healing
action remains to be clarified. Finally, this finding implied that PG may therefore be a

useful substance in the drug delivery of wound healing active agent.

In conclusion, our present results demonstrated that PG has a prophylactic effect by
modulation of inflammatory responses in infected wounds. These results suggest the
existence of novel interaction of extracellular matrix components in inflammatory

responses during bacterial infections on wound healing.
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