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Evaluation of Wound Healing Properties of Adiponectin
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Abstract The main function of adiponectin has been considered as storage of triglycerides. Adiponectin was considered
harmful for healing extensive and deep burns because of poor circulation and easy liquefaction in wound beds, which offer an
excellent culture medium for bacteria. However, these traditional concepts have been challenged with the discovery of the
endocrine function of adiponectin. In this study, we elucidated the involvement of adiponectin in cutaneous wound healing in
vitro and in vivo. Normal human keratinocytes expressed adiponectin receptors, and adiponectin enhanced proliferation and
migration of keratinocytes in vitro. This proliferative and migratory effect of adiponectin was mediated via
AdipoR1/AdipoR2 and the ERK signaling pathway. To investigate the effects of adiponectin treatment on wound healing, we
created full-thickness wounds on each side of the back of male mouse. The wounds were randomly divided to receive normal
saline (0.5 mL; controls), adiponectin (0.01 m/kg/cm?), basic fibroblast growth factor (50 U/cm?), and epidermal growth
factor (50 U/cm?). Reduction in wound area and wound volume was accelerated with adiponectin treatment as compared with
growth factor or control treatment. The thickness of the regenerated epidermis and the number of new vascular nets were
markedly increased in adiponectin-treated wounds. Biopsy of adiponectin-treated wounds showed enhanced expression of
proliferation cell nuclear antigen (PCNA) and Factor VIll-related antigen, which indicated active cell differentiation and
proliferation. Collectively, these results indicate that adiponectin is a potent mediator in the regulation of cutaneous wound
healing. We propose that upregulation of systemic and/or local adiponectin levels is a potential and very promising

therapeutic approach for dealing with diabetic wounds.
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1. Introduction

Adiponectin tissue, located beneath the skin, was initially
recognized merely as a site of energy storage. However,
increasing evidence indicates that adiponectin tissue secretes
various bioactive molecules and exerts multiple functions in
concert with the epidermis and dermis via endo-, para-, and
autocrine pathways [1, 2]. Adiponectin tissue is now
considered to be a key participant in the development of skin
pathophysiology.

Bioactive molecules secreted from adipocytes are termed
adipokines. Most adipokines, including TNF-o, IL-6, and
resisitin, increase the risk of metabolic syndrome [3]. In
contrast, another adipokine, adiponectin, ameliorates insulin
resistance and mediates antidiabetic effects in liver and
skeletal muscle [4, 5]. Adiponectin-deficient mice exhibit
insulin resistance and glucose intolerance. Administration of
adiponectin increases glucose uptake and fat oxidation in
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muscle, reduces glucose production in liver, and improves
insulin sensitivity [6]. Thus, adiponectin is a crucial factor in
the pathogenesis of diabetes. Adiponectin is present at
relatively high concentrations 3-30 pg/ml in circulation, and
adiponectin levels are lower in obese and type 2 diabetes
patients [7]. Accumulated evidence shows that adiponectin is
involved in the various pathological conditions associated
with diabetes, such as arterial sclerosis, nephropathy,
collateral vessel development, and ocular complications
[8-10].

Wound healing, a response to injury initiated to
reconstruct damaged tissue, involves cell proliferation and
migration, matrix protein synthesis and deposition, and
tissue remodeling. Cutaneous wound healing requires
precise coordination of epithelialization, dermal repair and
angiogenesis. [11] Epithelialization ultimately depends on
the migratory, proliferative, and differentiation abilities of
keratinocytes. The growth and differentiation of
keratinocytes is regulated mainly by growth factors, 9 of
which the members of the epidermal growth factor (EGF)
family and fibroblast growth factor (FGF) family are the
most important for skin wound healing. [12]

EGF is a polypeptide of 53 amino acids that was first
isolated from the mouse submaxillary gland. EGF facilitates
epidermal cell regeneration and plays an essential role in the
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process of wound healing through stimulation of
proliferation and migration of keratinocytes. [13] In addition,
EGF not only promotes formation of granulation tissue but
also stimulates fibroblast motility that induces cell-cell
adhesive properties consistent with an epithelial phenotype,
thereby enhancing early wound closure. [14]

Twenty-two members of FGF are in both humans and
mouse. [15] FGF is expressed in dermal and hair follicular
cells and can promote growth and differentiation of a broad
spectrum of cell types, including dermal fibroblasts,
keratinocytes, endothelial cells, and melanocytes and
regulate the hair growth and skin regeneration. [16] Because
of its powerful mitogenic and angiogenic abilities, it can
also influence tissue remodeling, wound healing, and
neovascularization. [17]

In this study, to investigate the role of adiponectin during
the cutaneous wound healing, we first focused on the
functions of keratinocytes, key mediators of the
re-epithelialization process, and performed functional
analyses regarding proliferative and migratory effects. We
also examined how adiponectin would be involved in vivo
during the wound repair process, using a mouse model of
excisional skin wound healing in full-thickness wound of
mice. The results of this study indicate that adiponectin
enhances proliferation and migration of Kkeratinocytes
through AdipoR1/AdipoR2 and the ERK signaling pathway
in vitro and that adiponectin regulates the skin wound
healing process in vivo by promoting Kkeratinocyte
proliferation and migration.

2. Materials and Methods

Reagent

Recombinant human adiponectin was isolated and
purified as described previously [18]. We verified that
purified recombinant adiponectin was free of endotoxin
using an endotoxin detection kit (GenScript, Piscataway, NJ).
Abs against ERK, p-ERK, p38, p-p38, JNK, p-JNK, Akt,
p-Akt, and B-actin were obtained from Cell Signaling
Technology (Beverly, MA). Abs against adiponectin,
AdipoR1, and AdipoR2 were from Abcam (Cambridge,
U.K.). Abs against Ki67 and loricrin were obtained from
Novo Castra Laboratories (Newcastle, U.K.) and Covance
(Berkeley, CA), respectively. PD98059, U0126, wortmannin,
LY294002, SB203580, and SP600125 were also purchased
from Cell Signaling Technology.

Cell culture

Normal human epidermal keratinocytes were cultured
with MCDB153 medium supplemented with insulin (5
pg/ml), hydrocortisone (I pM), ethanolamine (0.1 mM),
phosphoethanolamine (0.1 mM), bovine hypothalamic
extract (BHE) (50 pg/ml), and Ca®* (0.1 mM) as described
previously [19, 20]. Third or fourth passage cells were used
in this study.
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Animal model and treatment methods

Ten weeks young, healthy, male BL6 mice (25-30 g) were
used in this study. The mouse fasted at least 8 hours before
surgery and were anesthetized with sodium pentothal (40
mg/kg) intravenously. After clipping the hair on the back of
the mouse (about 40x30 cm), the skin was sterilized with
75% alcohol. A sterile template of 3.0 x 2.5 cm was placed
on the back, 0.5 cm away from the midback, and a
full-thickness wound to the deep fascia corresponding to the
template was made by excising the skin. We created wounds
from the anterior to the posterior aspect on each side of each
animal, for two wounds per animal (Figure 1A). The wounds
on each side were randomly divided to receive normal saline
(0.5 mL; controls), adiponectin (as described below), basic
FGF (bFGF; 50 U/cm?, for 375 U [0.5 mL] for each wound:;
Torita Bio-Pharma, Zhuhai, China), or EGF (50 U/cm?, 375
U [0.5 mL] for each wound; Torita Bio-Pharma), with 6
wounds in each treatment group. The adiponectin soaking
collagen sponge was applied uniformly to the surface of the
adiponectin-treatment wounds (0.1mg/kg/cm? g per wound),
and the other wounds were treated as described. Finally, the
wounds were covered with one layer of petrolatum gauze
and five layers of sterilized dressing stabilized with 3M
adhesive tape (3M, St. Paul, MN).

Wound area and re-epithelialization area

The edge of migrating epithelium was easily discernible
from the moist granulation tissue, and the epithelial border
was at the edge of the healing wound. To measure the wound
area, the surface of each wound was covered with a collagen
sponge and the edge of the wound was drawn onto the
collagen sponge. After being washed and dried, the
membrane enclosing the wound area was cut out and
weighed. The wound area was calculated as following:

Wound area (cm?) = Weight of collagen sponge (g) /

Weight of collagen sponge per cm?

The tracing taken immediately after wounding was used as
the original area (day O area). The re-epithelialization area of
the wound on day N was the area between the wound edge
and the newly formed epithelial edge on day N. Wounds
were considered closed if moist granulation tissue was no
longer apparent and the wound appeared to be covered with
new epithelium.

RT-PCR and quantitative real-time RT-PCR analysis

Total RNA was extracted from cultured keratinocytes and
mouse back skin using an RNeasy Mini kit and RNeasy
fibrous Tissue Mini Kits, respectively (Qiagen, Germantown,
MD), respectively. cDNA was synthesized using Superscript
I11 First strand synthesis kits (Invitrogen).

For RT-PCR, synthesized cDNA was thermocycled
for PCR amplification with 10 uM of each primer and 1.5 U
Tag polymerase (Invitrogen). Primers for amplification,
and the sizes of respective PCR products were as follows:
AdipoR1, 5-AATTCCTGAGCGCTTCTTTCCT-3' and
5-CATAGAAGTGGACAAAGGCTGC-3"; AdipoR2,
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5'-TGCAGCCATTATAGTCTCCCAG-3' and
5'-GAATGATTCCACTCAGGCCTAG-3' [25]; calreticulin,
5'-AAGTTCTACGGTGACGAGGAG-3' and
5'-GTCGATGTTCTGCTCATGTTC-3" [26]; T-cadherin,

5-GCCACGATCATGATCGATGAC-3' and
5-GTCTTCATTTTCCACTTTGA-3' [271; and
glyceraldehyde-3-phosphate dehydrogenase gene,
5-TGAAGGTCGGAGTCAACGGATTTGGT-3' and
5-CATGTGGGCCATGAGGTCCACCAC-3' [28]. PCR

was performed by 94°C for 5 min, 30 cycles of 94°C for 45 s,
60°C for 45 s, and 72°C for 45 s and a final extension at 72°C
for 3 min. The PCR products were analyzed by
electrophoresis on 2.5% agarose gels and stained with
ethidium bromide, viewed by UV light.

For quantitative real-time RT-PCR (qrt-PCR), gene
expression was quantified using TagMan gene expression
assay (Applied Biosystems, Warrington, U.K.). PCR
conditions were 95°C for 10 min, 40 cycles of 94°C for 15's,
60°C for 1 min. All samples were analyzed in parallel for
glyceraldehyde-3-phosphate dehydrogenase gene expression
as an internal control. The relative change in the levels of
genes of interest was determined by the 2—22CT method.

Western blot analysis

Subconfluent keratinocytes were lysed in lysis buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM glycerophosphate, 1 mM sodium
orthovanadate, 1 mM PMSF, and 1 pg/ml leupeptin. Samples
were dissolved in NUPAGE LDS Sample Buffer with
NuPAGE Sample Reducing Agent (Invitrogen) and
denatured by heating 5 min at 95°C. SDS-PAGE was
performed with NUPAGE 4-12% Bis-Tris gels and MES
running buffer (Invitrogen). After transfer to an
Immobilon-P transfer membrane (Millipore, Bedford, MA),
the membrane was incubated for 1 h at room temperature
with blocking buffer, overnight at 4°C with the primary Ab,
washed, and incubated for 1 h at room temperature with the
appropriate secondary Ab. After washing, visualization was
performed by ECL (Amersham Biosciences,
Buckinghamshire, U.K.). In  some experiments,
phospho-ERK1/2 levels were quantified by densitometric
analysis using ImageJ (available online) and normalized to
the total ERK 1/2 levels.

Histological assessment

Biopsies taken from each wound bed on days 3, 7, 14, and
21 were fixed in 10% formalin for at least 24 hours, then
embedded in paraffin and cut into 5-mm-thick sections using
a microtome (Leica, Wetzlar, Germany). For morphological
observations, sections were stained with hematoxylin and
eosin (H&E), and for immunohistochemical analysis,
sections were processed by using a two-step immunostaining
kit (Zymed, San Francisco, CA). We stained at least three
sections of each sample for the two histological
examinations. H&E staining: Tissue sections were
deparaffinized in xylene, rehydrated through graded alcohol
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to phosphate- buffered saline (PBS), stained in H&E, and
mounted in resin. Epidermal thickness was measured from
stratum basale to stratum corneum at five equidistant
interfollicular sites. At least five points were counted on each
slide, and the mean thickness of the epidermis was
determined. The number of epidermal horns was counted per
1-mm- length epidermis. For immunohistochemical staining,
sections were dewaxed and rehydrated, then incubated in 3%
H,0, to block endogenous peroxidase. Sections for Factor
VIll-related antigen detection were incubated with 0.4%
pepsin at 37 C for 30 minutes, whereas sections for
proliferation cell nuclear antigen (PCNA) detection were
microwaved for 15 minutes at 95 1C in citrate buffer.
Subsequently, sections were incu- bated in rabbit anti-Factor
VIll-related antigen and mouse anti-PCNA (clone PC10;
both Zymed) monoclonal antibodies at 1:100 dilution,
followed by incubation in horseradish
peroxidase-conjugated goat anti-rabbit 1gG or goat
anti-mouse IgG (both Zymed). Sections were finally
developed in 3,30-diaminobenzidine, counterstained with
hematoxylin, and mounted in resin. PCNA expression was
detected in nuclei and Factor VIll-related antigen in
cytoplasm. The number of brown-labeled cells was counted
to evaluate PCNA labeling and Factor VIII labeling, for a
percentage of immunoreactive cells in 100 cells. At least
2,000 cells in three fields of the wounds were counted per
slide. The results were assessed by two experienced
pathologists blinded to the treatment process. The staining
was replicated at least three times.

Statistical analysis

Data analysis involved use of SPSS 10.0 (SPSS, Chicago,
IL). Values are expressed as means standard deviation.
Differences among groups were analyzed by analysis of
variance, followed by t-test. A p < 0.05 was considered
significant.

3. Results

Effects of adiponectin on wound area and re-epithelialization
area

For the first 3 days, wounds showed no granulation tissue
formation or epithelial-tissue growth, but the wounds
became smaller. At day 3, all wounds in all groups showed
hemorrhage and were filled with granulation tissue. Most of
the surface of the granulation tissue was 3-5 mm above the
surface of the wounds, and newly formed epithelial growth
appeared at the edge of the wounds. Thereafter the surface of
the granulation tissue reached the level of the wound margins
gradually and the open wound became smaller (Figure 1).

On day 7 after wounding, H&E staining showed abundant
granulation tissue growth in the four groups. The newly
formed epithelium area was significantly improved in
adiponectin-treated vs. saline-treated wounds on days 7 and
14 after wounding (Figure 2), and adiponectin-treated
wounds showed significantly decreased wound area as
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compared with controls on days 3, 7, and 14 after wounding
(Figure 3).

By day 14, all of the wounds had approached complete
closure (Figure 1). Epidermal tissue was significantly
decreased and increase re-epithelial area in all treated tissue
than saline treatment wound: re-epithelial area changed 3.43
+ 0.51, 5.67 + 0.53, 4.29 + 0.66, and 4.19 *+ 0.69 mm, for
treatment with saline, adiponectin, bFGF, and EGF,
respectively (Figure 2). Compared with wounds treated
with saline, those treated with adiponectin, bFGF, and EGF
showed thicker epidermal tissue. The mean number of
epidermal horns per 1-mm-length epi- dermis was
significantly higher in normal skin (7.21 + 2.16) than in
wounds treated with saline (4.99 + 1.37), bFGF (5.67 + 1.53),
and EGF (5.82 £ 0.96) but was not significantly different
from that in wounds treated with adiponectin (7.09 + 1.84)
(Figure 4).

Adiponectin stimulated PCNA expression and new blood
vessel formation

In normal skin, PCNA was expressed by cells with active

proliferation in the dermis and basal layer of the epidermis
(Figure 5). Cells positive for PCNA are increased markedly

Adiponectin
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after skin injury and can be used to assess the proliferation of
cells from the dermis and epidermis in the repair process. We
found PCNA-positive cells significantly increased in wounds
treated with adiponectin (Figure 5B), bFGF (Figure 5C), and
EGF (Figure 5D) as compared with wounds treated with
saline (Figure 5A) on days 3, 7, and 14 after injury (Figure
4F), with peak increase on day 7, and then decrease on day
14. However, PCNA-positive cells were the most numerous
in wounds treated with adiponectin on days 3 (41.45 %
1.16%), 7 (57.75 + 2.05%), and 14 (37.38 + 1.46%) (Figure
5F). Cells

Adiponectin receptors are expressed in human keratinocytes
and AdipoR1 expression is upregulated by adiponectin
stimulation

AdipoR1 is expressed widely in various tissues, with the
highest expression level in skeletal muscle, whereas
AdipoR2 is most abundantly expressed in the liver. We first
investigated the expressions of these adiponectin receptors in
normal human Kkeratinocytes. Adiponectin upregulated gene
expression levels of AdipoR1 in a dose-dependent manner
but not those of AdipoR2, calreticulin, or T-cadherin in
keratinocytes. (Figure 6)

| Adiponectin

. Treatment

S

Figure 1. Models of wounding in mice. Wounds with transplantation immediately after surgery (A) and at days 7 (B), 14 (C), and 21 (D) after

transplantation
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Figure 2. Hematoxylin and eosin (H&E) staining, epidermal thickness and number of epidermal horns in wounds of under treatment. H&E staining on day
7 and 14 in wounds treated with saline (B), adiponectin (C), basic fibroblast growth factor (bFGF) (D), and epidermal growth factor (EGF) (E) and normal
skin of mouse (A)

A. B.
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3D 7D 14D
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Figure 3. Wound area and re-epithelialization area. Wound area with adiponectin treatment compared with saline treatment on days 3, 7, and 14 after
wounding (A). Re-epithelialization area after wounding (B)
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Figure 4. (A)The number of epidermal horns per 1-mm-length epidermis decreased significantly in wounds treated with saline (4.99+1.37), bFGF
(5.67+£1.53) or EGF (5.82+0.96) compared with that of mouse skin (7.21+2.16) (B). Bar 1mm. np < 0.05, compared with saline control group
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Figure 5. Expression of proliferation cell nuclear antigen (PCNA) in wound tissue under various treatments at different time points. Immunostaining of
PCNA in wounds treated with saline (A), adiponectin (B), basic fibroblast growth factor (bFGF) (C) and epidermal growth factor (EGF) (D) on day 14 after
wounding, as well as in normal mouse skin (E). Statistic analysis showed that PCNA-labeling index in adiponectin treated group, bFGF treated group and
EGF treated group were significantly enhanced compared with that in the saline control group on days 3, 7, and 14 after wounding, respectively (F). Bar 50
um
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Figure 6. Effect of adiponectin on AdipoR1/AdipoR2/calreticulin/T-cadherin mRNA expression in keratinocytes. Normal human keratinocytes were
treated with indicated amounts of adiponectin for 9 h, and mMRNA expression of AdipoR1/AdipoR2/calreticulin/T-cadherin was examined by qrt-PCR. Data

are shown as mean = SE (n = 8)

4. Discussion

Adiponectin, a key mediator in the pathogenesis of
diabetes, exerts multiple biological activities in various
diseases; however, its role in cutaneous wound healing is
unknown.

In this study, we used a mouse model with full-thickness
skin wounds, to study the effects of adiponectin on the time
and quality of wound healing. Auto-grafting with
adiponectin on full-thickness skin wounds could greatly
enhance the production of granulation tissue, as we showed
by the reduced volume of wound cavity and by histological
evaluation. Wounds treated with adiponectin showed a high
number of newly formed vessels. Serial measurement of
wound area and histological observation showed accelerated
re-epithelialization along the wound edge. Histological
analysis and immunohistochemical staining showed that the
number of new epidermal horns and the epidermal thickness
were significantly increased in wounds treated with
adiponectin. The speed and quality of wound healing was
enhanced significantly in the wounds treated with
adiponectin as compared with wounds treated with growth
factors (EGF or bFGF), even though both EGF and bFGF
have been shown to stimulate growth of epidermal cells and
fibroblasts and play a critical role in accelerating wound
healing. [18-25]

To clarify this, we investigated pathophysiologic roles
of adiponectin during cutaneous wound healing. We
demonstrated that keratinocytes express adiponectin
receptors and that adiponectin induces proliferation and
migration of keratinocytes in a dose-dependent manner
through ERK activation in vitro. These in vitro results
suggest that adiponetin  might contribute to the
re-epithelialization phase of optimal wound healing.

Although we found beneficial effects of adiponectin in
wound healing, the mechanisms underlying the effects
should be explored, and some related questions should be
answered. First, the mechanisms involved in this process
may be related to their endocrine, autocrine/paracrine
functions. Hormones, cytokines, and growth factors play
critical roles in inflammatory, proliferative and maturation
phases of cells during healing, as well as in the remodeling
phase, and all wound healing requires growth factors to
orchestrate tissue regeneration and re- epithelialization.
Adiponectin could be a potential endocrine organ producing
some cytokines and growth factors such as leptin,
angiotensin Il, prostaglandins, TNF-a, and interleukins, 5-7
the main regulators of the inflammatory reaction and local
defense in early wound healing. Thereafter, some growth
factors related to cell proliferation and differentiation play
critical roles in granulation tissue/extracellular matrix
formation, and re-epithelialization. The stimulating activity
of adiponectin on the proliferation and differentiation of
epithelial cells was confirmed in vitro by Sugihara et al. [30]
In the current study, the expression of PCNA and Factor V111
was strong in epidermal cells, fibroblasts, and endothelial
cells, with the increased formation of granulation tissue and
epidermal hyperplasia indicating that these growth factors in
adiponectin played a critical role in this stage. [30]

As well, adiponectin might be used as an active dressing to
cover wounds, creating a good microenvironment to benefit
wound healing. Ancient north-american medical treatises
have claimed that elk fat is effective for treating burn wounds.
[31] With regard to cell proliferation and migration, the
behavior of adiponectin seems to depend on cell types. For
instance, adiponectin stimulates cell growth in colonic
epithelial cells [32], osteoblasts [33], and cardiac fibroblasts
[34], where adiponectin is involved in the gastrointenstinal
mucosal metabolism, bone metabolism, and myocardial
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hypertrophy, respectively. Migratory effects of adiponectin
have been reported in endothelial progenitor cells [35]. In
contrast, adiponectin suppressed cell proliferation and
migration in vascular smooth muscle cells [36] and hepatic
stellate cells [37], acting as a modulator for vascular
remodeling and liver fibrosis, respectively. Most importantly,
a certain subset of cell types that are involved in the
cutaneous wound healing process exhibit proliferative and
migratory behaviors in response to adiponectin. Dermal
fibroblasts are the dominant players in the process of
granulation tissue formation during cutaneous wound
healing. Recent reports have revealed that adiponectin
induces proliferation of dermal fibroblasts and upregulation
of collagen production [38, 39]. Furthermore, adiponectin
induces proliferation of HUVECs and stimulates
angiogenesis [40], indicating the positive contribution of
adiponectin  to optimal wound repair. In addition,
adiponectin induces neutrophil migration, which is an initial
step of skin wound repair [41].

In summary, we propose a potent role for adiponectin, in
the regulation of keratinocyte proliferation and migration
during cutaneous wound healing and provide a new
mechanism  underlying delayed wound repair in
full-thickness skin wound. On the basis of our data, we
propose that local upregulation of adiponectin levels may
represent a novel therapeutic strategy for skin wounds
healing.

REFERENCES
[1] Klein J., P. A. Permana, M. Owecki, G. N. Chaldakov, M.
Bohm, G. Hausman, C. M. Lapiére, P. Atanassova, J.
Sowinski, M. Fasshauer, et al. 2007. What are subcutaneous
adipocytes really good for? Exp. Dermatol. 16: 45-70.

[2] Scherer P. E. 2006. Adiponectin tissue: from lipid storage
compartment to endocrine organ. Diabetes 55: 1537-1545.
[3] Nascimento AP, Costa AM. Overweight induced by high- fat
diet delays rat cutaneous wound healing. Br J Nutr 2006; 96:
1069-77.

[4] EI-Ghalbzouri A, Van Den Bogaerdt AJ, Kempenaar J,
Ponec M. Human adiponectin-derived cells delay re-
epithelialization in comparison with skin fibroblasts in or-
ganotypic skin culture. Br J Dermatol 2004; 150: 444-54.

Kadowaki T., T. Yamauchi, N. Kubota, K. Hara, K. Ueki, K.
Tobe. 2006. Adiponectin and adiponectin receptors in insulin
resistance, diabetes, and the metabolic syndrome. J. Clin.
Invest. 116: 1784-1792.

[5]

Kubota N., Y. Terauchi, T. Yamauchi, T. Kubota, M. Moroi, J.
Matsui, K. Eto, T. Yamashita, J. Kamon, H. Satoh, et al. 2002.
Disruption of adiponectin causes insulin resistance and
neointimal formation. J. Biol. Chem. 277: 25863-25866.

(6]

Hotta K., T. Funahashi, Y. Arita, M. Takahashi, M. Matsuda,
Y. Okamoto, H. lwahashi, H. Kuriyama, N. Ouchi, K.
Maeda, et al. 2000. Plasma concentrations of a novel,
adiponectin-specific protein, adiponectin, in type 2 diabetic

(7

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Evaluation of Wound Healing Properties of Adiponectin

patients. Arterioscler. Thromb. Vasc. Biol. 20: 1595-1599.

Shibata R., K. Sato, M. Kumada, Y. Izumiya, M. Sonoda, S.
Kihara, N. Ouchi, K. Walsh. 2007. Adiponectin accumulates
in myocardial tissue that has been damaged by
ischemia-reperfusion injury via leakage from the vascular
compartment. Cardiovasc. Res. 74: 471-479.

Ohashi K., H. lwatani, S. Kihara, Y. Nakagawa, N. Komura,
K. Fujita, N. Maeda, M. Nishida, F. Katsube, I. Shimomura,
et al. 2007. Exacerbation of albuminuria and renal fibrosis in
subtotal renal ablation model of adiponectin-knockout mice.
Acrterioscler. Thromb. Vasc. Biol. 27: 1910-1917.

Ouchi N., H. Kobayashi, S. Kihara, M. Kumada, K. Sato, T.
Inoue, T. Funahashi, K. Walsh. 2004. Adiponectin
stimulates angiogenesis by promoting cross-talk between
AMP-activated protein kinase and Akt signaling in
endothelial cells. J. Biol. Chem. 279: 1304-1309.

Matsuzawa Y. 2006. The metabolic syndrome and
adipocytokines. FEBS Lett. 580: 2917-2921.

Tanaka A, Nagate T, Matsuda H. Acceleration of wound
healing by gelatin film dressings with epidermal growth fac-
tor. J Vet Med Sci 2005; 67: 909-13.

Fu X., L. Fang, H. Li, X. Li, B. Cheng, Z. Sheng. 2007.
Adiponectin tissue extract enhances skin wound healing.
Wound Repair Regen. 15: 540-548.

Shirakata Y, Kimura R, Nanba D, lwamoto R, Tokumaru S,
Morimoto C, Yokota K, Nakamura M, Sayama K, Me- kada E,
Higashiyama S, Hashimoto K. Heparin-binding EGF-like
growth factor accelerates keratinocyte migration and skin
wound healing. J Cell Sci 2005; 118 (Pt 11): 2363-70.

Itoh N, Ornitz DM. Evolution of the Fgf and Fgfr gene
families. Trends Genet 2004; 20: 563-9.

Beer HD, Bittner M, Niklaus G, Munding C, Max N, Gop-
pelt A, Werner S. The fibroblast growth factor binding pro-
tein is a novel interaction partner of FGF-7, FGF-10 and
FGF-22 and regulates FGF activity: implications for
epithelial repair. Oncogene 2005; 24: 5269-77.

Beyer TA, Werner S, Dickson C, Grose R. Fibroblast growth
factor 22 and its potential role during skin develop- ment and
repair. Exp Cell Res 2003; 287: 228-36.

Yamauchi T., J. Kamon, H. Waki, Y. Terauchi, N. Kubota, K.
Hara, Y. Mori, T. Ide, K. Murakami, N. Tsuboyama-Kasaoka,
et al. 2001. The fat-derived hormone adiponectin reverses
insulin resistance associated with both lipoatrophy and
obesity. Nat. Med. 7: 941-946.

Shirakata Y., T. Komurasaki, H. Toyoda, Y. Hanakawa, K.
Yamasaki, S. Tokumaru, K. Sayama, K. Hashimoto. 2000.
Epiregulin, a novel member of the epidermal growth factor
family, is an autocrine growth factor in normal human
keratinocytes. J. Biol. Chem. 275: 5748-5753.

Shibata S., Y. Tada, N. Kanda, K. Nashiro, M. Kamata, M.
Karakawa, T. Miyagaki, H. Kai, H. Saeki, Y. Shirakata, et al.
2010. Possible roles of IL-27 in the pathogenesis of psoriasis.
J. Invest. Dermatol. 130: 1034-1039.

Muctoe TA, Pierce GF, Morishima C, Deuel TF. Growth
factor-induced acceleration of tissue repair through direct and
inductive activities in a rabbit dermal ulcer model. J Clin
Invest 1991; 87: 694-703.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

American Journal of Medicine and Medical Sciences 2018, 8(7): 155-163

Brown GL, Nanney LB, Griffen J, Cramer AB, Yancey JM,
Curtsinger LJ, Holtzin L, Schultz GS, Jurkiewicz MJ, Lynch
JB. Enhancement of wound healing by topical treat- ment
with epidermal growth factor. N Engl J Med 1989; 321: 76-9.

Fu XB, Shen ZY, Chen YL, Xie JH, Guo ZR, Zhang ML,
Sheng ZY. Randomised placebo-controlled trial of use of
topical recombinant bovine basic fibroblast growth factor for
second-degree burns. The Lancet 1998; 352: 1661-4.

Fu XB, Shen ZY, Chen YL, Xie JH, Guo ZR, Zhang ML,
Sheng ZY. Recombinant bovine basic fibroblast growth
factor accelerates wound healing in patients with burns, do-
nor sites and chronic dermal ulcers. Chin Med J 2000; 113:
367-71.

Takahata C., Y. Miyoshi, N. Irahara, T. Taguchi, Y. Tamaki,
S. Noguchi. 2007. Demonstration of adiponectin receptors 1
and 2 mRNA expression in human breast cancer cells. Cancer
Lett. 250: 229-236.

Taguchi J., A. Fujii, Y. Fujino, Y. Tsujioka, M. Takahashi,
Y. Tsuboi, I. Wada, T. Yamada. 2000. Different expression
of calreticulin and immunoglobulin binding protein in
Alzheimer’s disease brain. Acta Neuropathol. 100: 153-160.

Takeuchi T., S. B. Liang, N. Matsuyoshi, S. Zhou, Y. Miyachi,
H. Sonobe, Y. Ohtsuki. 2002. Loss of T-cadherin (CDH13,
H-cadherin) expression in cutaneous squamous cell
carcinoma. Lab. Invest. 82: 1023-1029.

Fujimoto S., H. Uratsuji, H. Saeki, S. Kagami, Y. Tsunemi, M.
Komine, K. Tamaki. 2008. CCR4 and CCR10 are expressed
on epidermal keratinocytes and are involved in cutaneous
immune reaction. Cytokine 44: 172-178.

Kiyohara Y, Komada F, Lwakawa S, Hirai M, Fuwa T,
Okumura K. Improvement in wound healing by epidermal
growth factor ointment. 1l. Effect of protease inhibitor,
nafamostat, on stabilization and efficacy of EGF in burn. J
Pharmacobio-Dyn 1991; 14: 47-52.

Sugihara H, Toda S, Yonemitsu N, Watanabe K. Effects of fat
cells on keratinocytes and fibroblasts in a reconstructed rat
skin model using collagen gel matrix culture. Br J Dermatol
2001; 144: 244-53.

C Lund, J Kuller, A Lane, JW Lott, DA Raines. Neonatal
skin care: the scientific basis for practice. JOGNN 1999; 28:
241-254.

Ogunwobi O. O., I. L. Beales. 2006. Adiponectin stimulates
proliferation and cytokine secretion in colonic epithelial cells.
Regul. Pept. 134: 105-113.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

163

Luo X. H., L. J. Guo, L. Q. Yuan, H. Xie, H. D. Zhou, X. P.
Wu, E. Y. Liao. 2005. Adiponectin stimulates human
osteoblasts proliferation and differentiation via the MAPK
signaling pathway. Exp. Cell Res. 309: 99-109.

Hattori Y., S. Hattori, K. Akimoto, T. Nishikimi, K. Suzuki,
H. Matsuoka, K. Kasai. 2007. Globular adiponectin activates
nuclear factor-kB and activating protein-1 and enhances
angiotensin ll-induced proliferation in cardiac fibroblasts.
Diabetes 56: 804-808.

Gerdes J., H. Lemke, H. Baisch, H. H. Wacker, U.
Schwab, H. Stein. 1984. Cell cycle analysis of a cell
proliferation-associated human nuclear antigen defined by the
monoclonal antibody Ki-67. J. Immunol. 133; 1710-1715.

Tsuboi R., D. B. Rifkin. 1990. Recombinant basic fibroblast
growth factor stimulates wound healing in healing-impaired
db/db mice. J. Exp. Med. 172: 245-251.

Nakamura N., K. Naruse, T. Matsuki, Y. Hamada, E.
Nakashima, H. Kamiya, T. Matsubara, A. Enomoto, M.
Takahashi, Y. Oiso, J. Nakamura. 2009. Adiponectin
promotes migration activities of endothelial progenitor cells
via Cdc42/Racl. FEBS Lett. 583: 2457-2463.

Arita Y., S. Kihara, N. Ouchi, K. Maeda, H. Kuriyama, Y.
Okamoto, M. Kumada, K. Hotta, M. Nishida, M. Takahashi,
et al. 2002. Adipocyte-derived plasma protein adiponectin
acts as a platelet-derived growth factor-BB-binding protein
and regulates growth factor-induced common postreceptor
signal in vascular smooth muscle cell. Circulation 105:
2893-2898.

Kamada Y., S. Tamura, S. Kiso, H. Matsumoto, Y. Saji, Y.
Yoshida, K. Fukui, N. Maeda, H. Nishizawa, H. Nagaretani,
et al. 2003. Enhanced carbon tetrachloride-induced liver
fibrosis in mice lacking adiponectin. Gastroenterology 125:
1796-1807.

Ezure T., S. Amano. 2007. Adiponectin and leptin up-regulate
extracellular matrix production by dermal fibroblasts.
Biofactors 31: 229-236.

Fu Y., N. Luo, R. L. Klein, W. T. Garvey. 2005. Adiponectin
promotes adipocyte differentiation, insulin sensitivity, and
lipid accumulation. J. Lipid Res. 46: 1369-1379.

Sayaka S, Yayoi T. Shinichi S., 2012, Adiponectin regulates
cutaneous wound healing by promoting keratinocyte
proliferation and migration via ERK signaling pathway. J
Immunol 15: 3231-3241.



