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Volume 2015, Article ID 893485, 12 pages

Diverse Roles of Heparan Sulfate and Heparin inWound Repair, Pawel Olczyk, Łukasz Mencner,
and Katarzyna Komosinska-Vassev
Volume 2015, Article ID 549417, 7 pages

GHK Peptide as a Natural Modulator of Multiple Cellular Pathways in Skin Regeneration, Loren Pickart,
Jessica Michelle Vasquez-Soltero, and Anna Margolina
Volume 2015, Article ID 648108, 7 pages

Freestyle Local Perforator Flaps for Facial Reconstruction, Jun Yong Lee, Ji Min Kim, Ho Kwon,
Sung-No Jung, Hyung Sup Shim, and Sang Wha Kim
Volume 2015, Article ID 707065, 5 pages

Low versus High Fluence Parameters in the Treatment of Facial Laceration Scars with a 1,550 nm
Fractional Erbium-Glass Laser, Hyung-Sup Shim, Dai-Won Jun, Sang-Wha Kim, Sung-No Jung,
and Ho Kwon
Volume 2015, Article ID 825309, 4 pages



Editorial
Skin Regeneration, Repair, and Reconstruction

Lars-Peter Kamolz,1 May Griffith,2 Celeste Finnerty,3 and Cornelia Kasper4

1Medical University of Graz, 8036 Graz, Austria
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Skin has important functions in several life-preserving pro-
cesses such as hydration, protection against chemicals and
pathogens, and heat regulation.

Severe damage to the skin may therefore be life-threat-
ening. Skin regeneration and wound healing require an
orchestrated integration of complex biological and molec-
ular events, which include inflammation, proliferation, and
remodeling. Despite the current use and availability of a wide
array of wound dressings, ointments, and medical devices,
wound healing still remains a clinical challenge, especially
in the elderly, in diabetic patients, in heavy smokers, or in
burned patients, because the time-consuming conservative
wound management is mainly restricted to wound repair
rather than restitution of the tissue integrity.

Therefore, there is a continued search towards more
efficacious wound therapies to reduce health care burden
and provide patients with long-term relief and ultimately
scarless wound healing, because such wounds and defects if
not treated effectively eventually end up in amputations or
disfiguring scars termed as hypertrophic scars and keloids,
because surgical procedures such as local or free flaps go
along with limited donor site availability and require stable
general health condition of the patients.

Therefore, there is a need of new strategies to promote
wound healing and tissue repair. When talking of wound
healing, a distinction is made between regeneration and
repair. Regeneration is used to refer to the complete replace-
ment of damaged tissue with new tissue not associated with
scar tissue, while repair is used to refer to the reestablishment

of tissue continuity. Regeneration can be attained by two
means:

(i) restoration, defined as “putting together what is bro-
ken,”

(ii) reconstruction, defined as “replacing and rebuilding
what is torn down.”

To grant homeostasis, most tissues undergo continuous or
cyclic processes of “degeneration” and regeneration. This
special issue presents and compares different aspects of
regeneration, repair, and reconstruction. By discussing the
common traits and the specific features of regeneration, we
propose generalmodels of regeneration and highlight various
strategies adopted to cope with damage and repair.
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Burnwound healing involves a series of complex processes which are subject to intensive investigations to improve the outcomes, in
particular, the healing time and the quality of the scar. Burn injuries, especially severe ones, are proving to have devastating effects
on the affected patients. Stem cells have been recently applied in the field to promote superior healing of the wounds. Not only have
stem cells been shown to promote better and faster healing of the burnwounds, but also they have decreased the inflammation levels
with less scar progression and fibrosis. This review aims to highlight the beneficial therapeutic effect of stem cells in burn wound
healing and to discuss the involved pathways and signaling molecules. The review covers various types of burn wound healing like
skin and corneal burns, along with the alternative recent therapies being studied in the field of burn wound healing. The current
reflection of the attitudes of people regarding the use of stem cells in burn wound healing is also stated.

1. Introduction

The use of stem cell therapy is the yet to be discovered gold
mine of science. A myriad of studies using stem cells are
being done with promising results in various fields ranging
fromoncologic andhematologic diseases to organ transplants
and wound healing. In the field of wound healing, the use of
different types of stem cells has been reported for different
types of wounds [1–3]. Burn wounds were of special interest
due to the large number of cases of burns encountered
nowadays, especially in the Middle Eastern Region and
specifically in those areas with armed conflicts. Burn wounds
have proven to be capable of having a devastating effect
both functionally and cosmetically, necessitating the search
for a better and more efficient cure. Being a very hot topic
in the present field of research with constant studies and
updates necessitated an updated review that encompasses the
recent advances in stem cell therapy for burn wound healing

in addition to relevant experimental studies. The literature
was searched using the key words burn, stem cells, and
wound healing. CINAHL, PubMed, EMBASE, and Medline
were used as search engines to broaden the resources. The
studies reported were not limited neither to humans nor
by language and were mostly on animals unless otherwise
specified. They are mostly reported in a chronological order
of their publication dates, except when found relevant to
group and mentioning some related studies consecutively.

Stem cells are undifferentiated pluripotential cells that
are capable of producing other types of cells, including new
stem cells identical to mother cells [4]. Stem cells can be of
embryonal origin or adult origin, depending on the type of
tissue they are derived from [4]. Embryonal stem cells are
derived from either embryonal tissue or from germ cells in
adults [4]. On the other hand, adult stem cells are derived
from adult tissues of different organs, especially those with
a high turnover rate such as intestines and bone marrow [4].
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2. Wound Healing

Stem cells have been implicated in the healing of wounds
in general. However, the methods of application of the
stem cells in burn wound healing are diverse, including
topical application, local injection, intravenous or systemic
injection, and dermal or carrier application. Several studies
have shown the efficacy of stem cells in promoting faster
and superior wound healing. Alexaki et al. [5] successfully
used adipose derived mesenchymal stem cells in wound
healing in mice and compared their effect with dermal
fibroblasts.The application of stem cells in wounds promoted
more efficient reepithelialization by their proliferative effect
on keratinocytes [5]. Moreover, this effect of stem cells
was found to be mediated by keratinocyte growth factor-
1 (KGF-1) and platelet derived growth factor-BB (PDGF-
BB) [5]. Amniotic fluid derived stem cells have also been
used in wound healing. Skardal et al. [6] tested the effect of
amniotic fluid derived stem cells inwound healing in amouse
model. Wound closure, reepithelialization, and angiogenesis
were more rapid in mice treated with the stem cells in
comparison to those treated with fibrin collagen gel only [6].
Additionally, stem cells did not integrate permanently in the
tissue, thus, suggesting that their effect is due to released
factors and not by direct interaction [6]. Additionally, bone
marrow derived mesenchymal stem cells have also been
used in wound healing. Leonardi et al. [7] utilized bone
marrow derived stem cells in artificial dermal substitutes to
promote wound healing. These stem cells were shown to
increase vascular density in the wounds along with the rate of
reepithelialization [7]. A study by Zhang et al. [8] examined
the effect of activin signaling on the homing of stem cells to
wound sites. It was also found that JNK and ERK signaling
pathways were involved in activin signaling and eventually
the homing of stem cells [8].

3. Physiology of Burn Wound Healing

Concerning the physiology by which stem cells enhance the
process of burn wound healing, several studies have been
reported. Mansilla et al. [9] found evidence of cells in the
bloodstreamwith identical phenotypes tomesenchymal bone
marrow stem cells after acute large skin burns. Hence, it
was concluded that these stem cells may have a role in
promoting wound healing in burns. In a similar study, Fox
et al. [10] reported increased levels of bone marrow derived
endothelial progenitor cells in burn patients. These levels
were proportional to the extent of the burn. The study also
showed increased levels of angiogenic cytokines which may
be involved in the signaling pathway for promoting the
release of bone marrow derived stem cells. Focusing on the
role of cytokines in burn wound healing, Payne et al. [11]
studied the role of amnion derived cellular cytokine solution.
In the study, Payne et al. used amnion derived multipotent
progenitor cells to harvest cytokines and apply them in burn
wound healing. Amnion derived cellular cytokine solution
showed statistically significant improvement in the epithe-
lialization of the burn wounds and the appearance of hair
growth compared to controls [11]. In addition, the results

demonstrated a faster epithelialization in burn wounds with
increased frequency of application of the cytokines, further
strengthening the role of stem cell derived cytokines in burn
wound healing [11]. Furthermore, Foresta et al. [12] reported
a positive linear correlation between endothelial progenitor
cell blood levels and the total body surface area burnt. There
was an increased level of endothelial progenitor cells in
the bloodstream after escharectomy, posing a possible role
of escharectomy in burn wound healing [12]. Additionally,
stem cells could work by the release of bioactive peptides
as proposed by Cabrera et al. [13] in their study where they
showed that stem cells have an active role in burn wound
healing by producing bioactive peptides, such as thymosin 4
and others.

More recent studies have also highlighted the role of
stem cells in the process of wound healing in general and
burn wound healing in specific. Koenen et al. [14] isolated
acute wound fluids and chronic wound fluids and compared
their effects on adipose tissue derived stem cell function in
wounds.They came to the conclusion that acute wound fluids
had a positive effect on the proliferation of adipose derived
stem cells in wounds [14] while chronic wound fluids had
a negative effect; the mentioned findings might explain the
insufficient and slow healing process in chronic wounds due
to a stem cell deficiency [14]. Furthermore, stem cells have
been shown to decrease dermal fibrosis development in burn
wound healing in mice [15]. Wu et al. performed a series of
experiments which showed that bone marrow derived mes-
enchymal stem cells stimulate the formation of a basket weave
organization of collagen in bleomycin treated skin, similar
to normal skin [15]. Additionally, stem cell treatment of the
skin decreasedmarkers of myofibroblasts and downregulated
type I collagen, leading to a decrease in the fibrosis that could
have occurred to the skin [15]. Consequently, the role of
stem cells in decreasing bleomycin induced fibrosis may be
extrapolated to decrease fibrosis in burnwounds and improve
their healing with less scar formation. Moreover, Lough
et al. [16] performed a study in mice which showed a role
for intestine derived human alpha defensin 5 in enhancing
wound healing and decreasing its bacterial load. It induces
leucine-rich repeat-containing G-protein-coupled receptors
which are markers of adult epithelial stem cells both in
skin and intestine [16]. Also implicated in the role of stem
cells in burn wound healing is the role of SDF-1/CXCR4
signaling; Ding et al. [17] used interferon a2b in patients
with burn wounds to suppress SDF-1/CXCR4 signaling.They
found out that the decreased levels of signaling lead to better
remodeling of hypertrophic scarring in the wounds [17].
Additional studies on the CXCR4 signaling pathway were
done by Yang et al. [18] on irradiated mice. The mice having
an overexpression of CXCR4, a receptor involved in the
homing and migration of several stem cell types, showed
an accelerated wound healing time [18]. Furthermore, Hu
et al. [19] injected bone marrow derived mesenchymal stem
cells into mice and studied the effect of blocking CXCR4
receptors. They found out that blocking the CXCL12/CXCR4
pathway, leading to activation of CXCR4, caused delayed
wound closure in inflicted burn wounds. Moreover, CXCL12
levels were elevated in the burn wound one week after injury
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[19].Hence, stem cells seem to be attracted to and attach to the
burnt injury site by the CXCL12/CXCR4 pathway involving
the CXCR4 receptors [18, 19]. The role of the ligand for the
CXCR4 receptors, stromal cell derived factor-1 alpha (SDF-
1a), has also been studied. Lü et al. [20] performed a study
on the role of SDF-1a and its relation to the expression of
miR-27b. It was found that SDF-1a expression was suppressed
by direct binding of the miRNA to its 39UTR site [20].
As expected, miRNA expression was suppressed in wounds
hence allowing better SDF-1a signaling and more homing of
stem cells to the burn wounds [20]. In particular, miR-27b
was found to be involved in the burn margins of wounds and
in the mobilization of stem cells to the epidermis [20]. Chen
et al. [21] performed experiments using porcine acellular
dermal matrix on rats with inflicted 2nd degree burns. It
stimulated collagen synthesis and stem cell proliferation and
differentiation; porcine acellular matrix treated rats had a
better and faster healing of the wounds.

Thus, in brief, the process of burnwound healing involves
different types of growth factors, receptors, and cytokines.
These factors are related to stem cell homing, differentia-
tion, and proliferation. Additionally, when applied to burn
wounds, they led to a better and faster healing process.

4. Stem Cells and Burn Wound Healing

The use of stem cells for burn wound healing, as reported
in the literature, dates back to 2003 with Shumakov et al.
[22]. Shumakov et al. were the first to use mesenchymal bone
marrow derived stem cells (BMSC) in burn wound healing
and compared them to embryonic fibroblasts [22].The exper-
iments were done on rats where mesenchymal bone marrow
derived stem cells were applied to wounds showing decreased
cell infiltration of the wound and an accelerated formation
of new vessels and granulation tissue in comparison with
embryonic fibroblasts and controls (burn wounds with no
transplanted cells) [22]. Hence, this study marked a new era
in the research of burn wound healing by being the first to
test the use of stem cells in this complex process. Following
this, a study by Chunmeng et al. [23] found that systemic
transplantation of dermis derivedmultipotent cells promoted
the healing of wounds in irradiated rats compared to controls
with no transplantation, noting that topical transplantation
of the cells had no superior effect. In 2004, Rasulov et al.
[24] were the first to report using bonemarrowmesenchymal
stem cells in humans; a female patient with extensive skin
burns (IIIB 30% of body surface area) had the stem cells
applied onto the burn surface. The application of stem cells
caused faster wound healing and active neoangiogenesis [24].
Another study done by Rasulov et al. on rats also showed the
superiority of stem cells in burn wound healing [25]. In the
rat study, the application of mesenchymal stem cells on burns
reduced cell infiltration, improved neoangeogenesis, and
reduced the formation of granulation tissue [25]. The afore-
mentioned conditions created a better medium for wound
healing in burns. In a similar effort, Liu et al. [26] performed
experiments on pigs where they applied collagen scaffolds
with seeded mesenchymal stem cells onto the surface of

inflicted burns; the latter were found to induce better burn
wound healing with less contraction and better vascular-
ization and keratinization. Moreover, in human cutaneous
radiation wounds, Lataillade et al. [27, 28] reported two cases
where stem cells where used to aid in burn wound healing.
Mesenchymal stem cells were applied, in addition to surgical
excision, flaps, and grafts, to burn wounds of cutaneous
radiation patients. In these patients, the application of the
mesenchymal stem cells decreased the levels of inflammation
and promoted a better healing [27, 28]. Further on the role
of stem cells in irradiated skin were the studies conducted
by Dong et al. [29, 30], where they additionally inserted a
vector of human beta defensin 2 into the stem cells. The
mentioned studies showed a positive role for stem cells
transfected with beta defensin 2 in burn wound healing by
exhibiting antibacterial properties in infected burn wounds
[29, 30]. In a similar experiment, Ha et al. [31] transfected
mesenchymal stem cells with vectors of hepatocyte growth
factor. The experiment, done on rats, compared the wound
healing of a partial thickness burn treated with stem cells
alone or stem cells transfected with hepatocyte growth factor
[31].The group treated with the transfected stem cells showed
a significantly larger range of reepidermalization starting the
first week, along with a thicker epidermis and lower content
of collagen I at 3weeks after burn [31]. In the same year (2010),
Agay et al. [32] performed experimental studies by inflicting
pigs with cutaneous radiation and studying the role of stem
cells in the healing of the wounds. Intradermal mesenchymal
stem cell injections were given locally in the affected area.
They led to the accumulation of lymphocytes in the wound
with better vascularization compared to controls (pigs with
no injections of mesenchymal stem cells) [32]. Later on,
Riccobono et al. [33] studied, in another experiment, the
role of adipose tissue derived stem cells in the treatment
of cutaneous radiation. Autologous, allogeneic, and acellular
(empty, control) vehicles of adipose derived stem cells were
grafted onto the burn wound areas [33]. Autologous but not
allogeneic adipose derived stem cells were found to promote
superior burn wound healing with no necrosis and decreased
pain [33].

Aside to direct stem cell application to burn wounds,
Kinoshita et al. [34] inflicted cutaneous radiation wounds to
pigs and used expanders with and without basic fibroblast
growth factor to determine their effect on burn wound
healing. The group with basic fibroblast growth factor and
expander showed greater proliferation of the dermis and
epidermis along with increased neoangiogenesis [34]. Thus,
basic fibroblast growth factor, which is known to promote
the proliferation of mesenchymal stem cells, improved burn
wound healing [34, 35].

In 2010, Yan et al. [36] studied the efficacy of porcine bone
marrow derived mesenchymal stem cells combined with skin
derived keratinocytes, both infected with recombinant retro-
virus expressing human (h) platelet derived growth factor-
A, in the healing of irradiated skin. The cells were loaded
onto a cultured cutaneous substitute and compared their
effect on healingwith a cell-free cultured cutaneous substitute
[36]. The substitute with cells stimulated faster healing,
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epithelialization, angiogenesis, and better granulation of the
burn wound [36]. In another experiment, Collawn et al.
[37] inflicted laser burn wounds to organotypic raft cultures.
The burn wounds were treated with dermal grafts with
and without adipose derived stromal cells [37]. The adipose
derived stromal cell-containing grafts showed complete heal-
ing of the epidermis after two days, whereas the cell-free
grafts still had areas of injury; hence, those stem cells had
a role in promoting faster healing of the burnt areas [37].
More on cutaneous radiation treatment came from Xia et al.
[38] who transfected human vascular endothelial growth
factor 165 and human beta defensin 3 into bone marrow
derived mesenchymal stem cells and used the cells to treat
irradiated skin. The stem cell treated area, in comparison
with cell-free controls, showed shorter healing times with
better granulation and collagen deposition [38]. Additionally,
Xue et al. [39] examined the effect of human mesenchymal
stem cells in mousemodels. Mice with inflicted burn wounds
were injected locally, in the burn area, with the stem cells
(controls injected cell-free injections) [39]. Wound healing
was significantly faster when stem cells were included in
the injection with an increased and denser neoangiogenesis
[39]. Stem cell injections also had a role in resuming activity
and regaining body weight more rapidly [39]. Similarly,
Mansilla et al. [40] used mesenchymal stem cells in burn
wound healing in pigs through an acellular dermal matrix
embedded with anti-CD44 antibodies to promote homing
and attachment of the stem cells [40]. This study concluded
that the use of these dermal matrices with stem cells not
only promoted better healing of the burn wound, but also
stimulated the formation of hair follicles and regeneration of
muscles and ribs [40].

Concerning stem cells from human umbilical cords,
Liu et al. [41] studied the effect of human umbilical cord
derivedmesenchymal stem cells in the healing of severe burns
inflicted in rats. The stem cells were intravenously injected
into the affected rats [41]. Liu et al. found that the injection
of the stem cells into the rats accelerated the wound healing
compared to controls, decreased the count of inflammatory
cells, downregulated interleukins 1 and 6, and increased the
levels of interleukin 10 and TSG-6 [41]. Moreover, stem cell
injected rats had increased neovascularization and VEGF
levels [41]. Not only do stem cells promote faster wound
healing in burns, but also they prevent the progression of
burn injuries as showed by Singer et al. [42]. The latter
performed an experiment while inflicting thermal burns to
rats, with several rectangular burns on each rat separated by
unburned interspaces [42]. Some of the rats received tail vein
injections of mesenchymal stem cells, while others received
saline injections [42]. After 7 days, all of the unburned spaces
in the controls were necrotic [42]. However, 20% of the
unburned spaces in rats with stem cells injections did not
necrose [42]. Consequently, stem cells were also shown to
play a possible role in the prevention of progression of burn
injuries. Furthermore, in a study by Xu et al. [43], applying
autologous bone marrow derived mesenchymal stem cells to
grafted burn wounds, they demonstrated decreased contrac-
tion of the grafts.

In 2014, Yang et al. [44] attempted to integrate mesenchy-
mal stem cells with fibrin glue into the dressing of burn
wounds. They inflicted scald wounds on the back of rats
and applied dressing with fibrin glue and stem cells in one
group, fibrin glue only in the second, and no intervention
in the third [44]. One month later, the treatment group
with fibrin glue and stem cells showed significantly faster
healing than the other two; moreover, this group had more
proliferation of sebaceous glands and the appearance of hair
follicle-like structures which were not present in the other
groups [44]. In another experiment, Lough et al. [45] isolated
leucine-rich repeat-containing G-protein coupled receptor 6
(LGR6+) epithelial stem cells from the adnexal compartment
of the skin of mice. They injected the harvested stem cells
locally into inflicted burn wounds [45]. The wounds injected
with stem cells showed a better healing along with increased
vascular endothelial growth factor, platelet derived growth
factor, and epidermal growth factor levels [45]. Stem cell
injection also promoted the formation of nascent hair follicles
and better neoangiogenesis in thewounds of the affectedmice
[45].

On the other hand, it is very pertinent to report another
study in 2014 by Loder et al. [46] where they also tested
the effect of adipose derived stem cells in the treatment of
burns. The mice with inflicted burns that received stem cells
injections showed no significant difference in comparison to
controls (received saline injections) with respect to prolifer-
ation and vascularization [46]. Nevertheless, the role of stem
cells in burn wound healing is a dynamic field and still under
extensive research.

5. Stem Cells and Corneal Burn
Wound Healing

Another area of particular interest in the field of burn
wound healing is the chemical burns of the cornea. In the
year 2000, Dua and Azuara-Blanco [47] used autologous
limbal stem cells for ocular surface reconstruction of the
contralateral eye. It resulted in the formation of a better
corneal surface with significant improvement in the vision
and symptoms of the patients [47]. Several other experiments
and trials using limbal stem cells showed similar results
in inducing improvement of corneal healing and decreased
neovascularization in both human (adults and children) and
animal subjects [48–53]. In 2007, Oh et al. [54] studied the
therapeutic effects ofmesenchymal stem cells on corneaswith
chemical burns. They reported that mesenchymal stem cell
media and mesenchymal stem cell culture media (without
the stem cells) reduced the inflammation and promoted
neovascularization of the corneas [54]. They were also found
to reduce the infiltration of CD4 cells, as well as IL-6, IL-10,
and TGF-B1 levels. It is to be noted that the direct application
of the stem cells provided superior results in the healing
process in comparison with the stem cell culture media [54].
Another study by Ye et al. [55] utilized cyclophosphamide
to suppress inflammatory reactions and the release of bone
marrow stem cells into circulation. In this study, rabbits
were inflicted with corneal alkali injuries. It was found that
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rabbits with an unsuppressed bone marrow had significantly
greater reepithelialization of the corneas with clearer surfaces
[55]. Thus, this study revealed the role of bone marrow
cells in enhancing the healing of corneal chemical wounds.
Furthermore, Sel et al. [56] inflicted alkali wounds on the
corneal surfaces of mice and treated the corneas with bone
marrow derived stem cells, CD117+ cells, or medium only as
control. Reepithelialization of the wounds in the treatment
groups was significantly faster than the control, with no
difference in corneal transparency. Stem cells and CD117+
cells were absent from corneas after healing, thus suggesting
that soluble factors may be responsible for the effect of
the applied cells [56]. In a different study by Rama et al.
[57], limbal stem cells were cultured on fibrin and used
in corneal burns; not only did stem cells promote a better
healing but also they had maintained a superior healing at
a follow-up of 10 years later. Several other studies showed
comparable results where mesenchymal derived or adipose
derived stem cells promoted faster recovery of the corneal
epithelium and decreased neovascularization, inflammation,
and oxidative injury; moreover, stem cells stimulated the
formation of clearer cornea media in some experiments
[58–61]. Additionally, Basu et al. [62–64], in 2011 and 2012,
reported a series of studies concerning the use of limbal
stem cells in corneal burn wound healing. In the first study,
Basu et al. [62] used limbal stem cells in corneal burn
wound healing and followed them by penetrating kerato-
plasty procedures. Good results were observed but they were
not compared to controls. However, in the second study,
Basu et al. [63] observed that 66% of patients who failed
primary procedures of corneal repair andwhowere subjected
to a secondary limbal stem cell transplant on the affected
cornea had successful improvement of the corneal surface
with no neovascularization at a follow-up of two years. Later
on, Sangwan et al. [64] used limbal biopsies from unaffected
eyes and cultured themon amnioticmembranes as substrates.
Similar results to previous experiments were obtained with
avascular epithelialization of the new corneal surfaces [64].
Furthermore and as demonstrated by Huang et al. [65], the
use of allograft transplants of limbal stem cells in corneal burn
wound healing also resulted in improved avascular corneal
healing without the need for systemic immunosuppression.
Pellegrini et al. [66] studied the biological factors that affected
the stem cells’ role in corneal burn wound healing; the
accurate number of stem cells used expressing high levels of
the p63 transcription factor was shown to have important
influence.

6. Alternative Therapies in Burn
Wound Healing

Stem cells do seem to have a very promising role in the
treatment of burnwounds; however, other therapies are being
developed to improve the treatment. For example, Klinger
et al. [67] used fat injections in severe burn wounds as a
trial to improve burn wound healing in humans. They did
get results showing scar improvement and enhancement of
tissue regeneration, but their study was limited to a small

population [67]. In other studies, Auxenfans et al. [68] inves-
tigated the role of keratinocytes in improving wound healing
in burns. They reported that keratinocytes induced a more
rapid burn wound healing [68]. On the other hand, stromal
vascular fraction has been also shown to play a possible role
in enhancing burn wound healing [69]. Atalay et al. used
isolated stromal vascular fraction in burn wound healing. It
stimulated an increase in vascular endothelial growth factor
and reduced the inflammation with an improved fibroblastic
activity [69]. Additionally, Hussein et al. [70] studied the
effect of Botox injections on burn wounds healing and
found that Botox increased fibroblasts, TGF-B, and TNF-
alpha levels and decreased inflammation, thus improving
burn wound healing. Another recent study by Zhang et al.
[71] showed a beneficial effect of heat shock protein 90
alpha on burn wound healing. It promoted faster healing
and less inflammation. In addition, several other studies
have examined the effects of different factors and substances
such as curcumin, mast cell chymase, and phenytoin with
hypericin on burn wound healing with promising results and
better wound healing [72–74].

Stem cells are commonly derived either from bone mar-
row, umbilical cord, adipose tissue, or skin. Natesan et al.
[75] have even used debrided skin from severe burns as a
source of stem cells for wound healing and regeneration.
Hence, the adipose tissue that is discarded from burn wound
debridement may now be of use for better wound healing. In
addition, Natesan et al. [76], in another study, used isolated
stem cells from debrided skin with fibrin and collagen
based scaffolds. The dermal equivalents, created in the study,
decreased wound contraction leading to a better matrix
deposition and epithelialization [76]. Along the same line,
van der Veen et al. [77] isolatedmesenchymal stem cells from
excised burn wound eschar. These stem cells showed similar
abilities to adipose derived stem cells in differentiating into
osteocytes, chondroblasts, and adipocytes [77].

A relatively recent approach by Li et al. [78] studied the
role of electric fields in the migration of stem cells. They
proved that epithelial stem cells migrate to the cathode in an
induced electric field, knowing that endogenous electric fields
exist naturally in wounds [78].Themigration of the stem cells
was found to be proportional to the strength of the electric
field and its duration, with the involvement of epidermal
growth factor receptor andmitogen activated protein kinase-
PI3K [78]. Hence, in addition to the use of stem cells in burn
wounds, electric fields can be applied to the wounds to better
direct their migration [78].

7. Discussion

The role of stem cells in wound healing has been shown to
be performed through several pathways, such as JNK and
ERK59, and with the involvement of different factors and
mediators, such as KGF-1 and PDGF-BB [5, 8]. Additionally,
this role could also be carried out by the released factors and
not only by direct integration of the stem cells into the wound
scaffold or matrix [6].
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Stem cells in burn wound healing have been found to
follow the same mechanisms. The increased levels of stem
cells in burn wounds suggested a possible enhancing role in
aiding in the healing process [9, 10, 12, 13]. However, a lack
of consistency of the outcome was documented. Different
experiments may have used different amounts of purified
stem cells, or stem cells at different stages of replication or
differentiation in vitro, leading to what may seem different
results. In brief, this review depicted the improved healing
with stem cells qualitatively rather than quantitatively. To
really demonstrate the value of different stem cells in the
process of burn wound healing, more studies need to be
done under optimal and well controlled conditions, aiming
to measure a quantifiable improvement. Additionally, the
excess use of stem cells may lead to unwanted results, such as
increased fibrosis and thicker healed epithelium.Whether the
effect is observed as a result of direct stem cell proliferation,
or other induced substances and cells, needs to be studied in
the future. Moreover, the role of cytokines released by stem
cells along with bioactive peptides such as thymosin 4 has
been documented to mediate the beneficial effect of the stem
cell application in burn wound healing. Further data refer the
superior healing probably not to the direct integration of the
stem cells into the wound [11, 13]. Acute wound fluids were
also shown to have a role in promoting faster healing of burn
wounds, similarly reinforcing the role of mediators released
by stem cells. Additionally, human alpha defensin 5 and the
CXCL12/CXCR4 pathway with its signal SDF-1a were found
to be inducers of stem cells in burn wounds [16, 18, 20].

In addition, stem cells have been shown to decrease cell
infiltration, wound contraction, fibrosis, scar progression,
and inflammation of burn wounds. Moreover, they have
been found to promote faster burn wound healing and
angiogenesis along with better granulation and the formation
of hair follicles and sebaceous glands [15, 22–45]. The studies
reviewed showed positive results in both animal experiments
and human trials, both in partial and full thickness injury
burns. In addition, different ways of stem cell application
have been used ranging from using stem cell scaffolds to
systemic and intradermal injection [23, 25, 32]. Furthermore,
the sources of stem cells used are multiple. They are derived
from bone marrow, dermis, adipose tissue, and umbilical
cords, among others [22, 23, 33, 41]. Stem cells have proved to
be efficient not only in skin burns but also in corneal chemical
burns, thus increasing the multiplicity of their use [54–61].

Patients with burn wounds, especially those severely
injured, tend to have lower quality of life [79].The injury they
suffer is not only physical but also psychological, affecting
their jobs and relations with other people, especially their
families [80, 81]. With the advance of burn wound treatment
with time, patients’ self-esteem and quality of life have been
improving [82, 83]. The hope is that the use of stem cells will
open up a new arena of possibilities to improve the wound
healing in burn patients, allowing patients to have faster
healing, better scars, and a higher quality of life.

8. Reflections on the Role of Stem Cells in
Burn Wound Healing

Stem cells have attracted many controversial public opinions
over time. Many people argue that embryonic stem cell
harvesting would be done by killing embryos which would
be unethical [84]. Others would argue that even if embryos
are used for stem cell research, it is not wrong. However, the
path that this may lead to would be wrong such as embryo
“production” for research purposes [84]. The public view
towards the therapeutic use of stem cells has become more
tolerant over time [85]. The role of educating people about
the colossal potential for the use of stem cell has thus proven
beneficial. People are now more educated about the different
sources of stem cells and have become supportive of their use
[85]. Regarding the acceptance of stem cells as an efficient
therapy for burn wound healing in specific, a study done by
Clover et al. [86] showed a very positive opinion.The biggest
majority of people were willing to accept autologous stem
cells, though a big percentage was also welcoming the idea of
using allogeneic stem cells. These percentages did not differ
between the use of stem cells for burn wounds or for the
treatment of other diseases such as diabetes or Parkinson’s
[86].

9. Conclusion

In brief, the use of stem cells in burn wound healing appears
to be very promising. While most studies were performed on
animals, the application to humans is yet at its start. Hence,
what is needed is more studies. Additionally, the signaling
pathways followed by stem cells involved in the burn wound
healing along with their factors and signals constitute a very
dynamic and promising research field.
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A variety of skin substitutes that restore epidermal and dermal structures are currently available on the market. However, the main
focus in research and clinical application lies on dermal and epidermal substitutes whereas the development of a subcutaneous
replacement (hypodermis) is often disregarded. In this study we used fibrin sealant as hydrogel scaffold to generate a three-layered
skin substitute. For the hypodermal layer adipose-derived stem cells (ASCs) and mature adipocytes were embedded in the fibrin
hydrogel and were combined with another fibrin clot with fibroblasts for the construction of the dermal layer. Keratinocytes were
added on top of the two-layered construct to form the epidermal layer. The three-layered construct was cultivated for up to 3
weeks. Our results show that ASCs and fibroblasts were viable, proliferated normally, and showed physiological morphology in the
skin substitute. ASCs were able to differentiate into mature adipocytes during the course of four weeks and showed morphological
resemblance to native adipose tissue. On the surface keratinocytes formed an epithelial-like layer. For the first time we were able to
generate a three-layered skin substitute based on a fibrin hydrogel not only serving as a dermal and epidermal substitute but also
including the hypodermis.

1. Introduction

Soft tissue damage following trauma or tumor resection often
results in an exigent need of highly sophisticated, complex
tissue substitutes. Due to limited donor site for tissue recon-
struction (flaps) and morbidity in large scale defect recon-
struction, plastic surgeons often reach their limitations in
reconstructing these defects. New biomaterials and improved
scaffold processing techniques have been developed over the
last years, and novel promising scaffold materials can be
fabricated and offered to the patients [1]. However, the main
focus in research and clinical application lies on substitutes
consisting of the dermal and epidermal layer [2–4] whereas
the development of a subcutaneous replacement (hypoder-
mis) is often disregarded. Particularly in deep dermal burns
such constructs would be of an enormous advantage.

The skin is composed of three layers. The hypodermis
mainly consists of adipocytes, fibroblasts, and adipose-
derived stem cells and protects the body from stress and

strain. Above the hypodermis lies the dermis which is mainly
composed of fibroblasts and different extracellular matrix
proteins such as collagen, elastin, and glycosaminoglycans.
The outermost layer of the skin is called epidermis and
consists of keratinocytes and only sparse extracellular matrix.

The ability to “engineer” a three-dimensional skin con-
struct to restore a physical deformity without the need for
multiple surgical steps and a painful, scarred donor site
remains a primary goal of scientists and plastic surgeons.The
substitute should incorporate a biocompatible scaffold that
defines the appropriate three-dimensional tissue architecture
of adequate size to have clinical applicability to current
reconstructive problems and promotes host integration and
implant vascularization [5]. Ultimately, the construct should
demonstrate certain stability over time but also be biodegrad-
able as it is replaced by healthy host soft tissue. Mechan-
ical properties are particularly important, and, ideally, the
scaffold mimics the native tissue into which it will be
incorporated [6]. On a macroscopic level, this is important
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to ensure that the implant has a natural feel and to minimize
inflammation (reaction on artificial materials) and scar tissue
formation. However, recent research has also highlighted the
importance of mechanical properties on a cellular level, with
the substrate stiffness dramatically influencing the differenti-
ation response of seeded cells [7].

In this study we used fibrin sealant as hydrogel scaffold to
generate the three-dimensional skin substitute. Fibrin is an
established material in surgical applications and was shown
to be highly biocompatible in tissue engineering and cell
delivery [8–10]. It has already been used as matrix for gen-
erating skin substitutes in vitro [11] and in vivo [12] and was
suggested by Peterbauer-Scherb et al. to represent a suitable
scaffold material for adipose tissue formation [13].

The hypodermis mainly consists of mature adipocytes
but also other cell types such as adipose-derived stem cells
(ASCs). These precursor cells are located between mature
adipocytes. They can serve as an ideal autologous cell source
for adipose tissue engineering approaches, since they are
more resistant to mechanical damage and ischemia than
mature adipocytes [14]. Adipocytes and ASCs can easily be
harvested during liposuction or resection of adipose tissue.
ASCs have been shown to proliferate rapidly and differentiate
into bone, adipogenic, and chondrogenic lineage both in vitro
and in vivo and are known to migrate to injured sites [15–18].

Aim of the present study was to generate a three-layered
skin substitute consisting of an epidermal, dermal, and
a hypodermal tissue layer. Human ASCs and mature adipo-
cytes were used to construct the hypodermis.

2. Materials and Methods

2.1. Patients and Tissue Harvesting. Skin and fat tissue were
gained from otherwise healthy patients undergoing body
contouring surgery. All subjects gave written informed con-
sent before participating in the study which has been
approved by the ethics committee of theMedicalUniversity of
Vienna and the General Hospital Vienna (EK number
1949/2012).

2.2. Isolation of Human Adipose-Derived Stem Cells and
Adipocytes. Adipose tissue was washed in PBS (phosphate
buffered saline, PAA Laboratories GmbH, Pasching, Austria)
and ASCs and mature adipocytes were isolated as described
before [19]. Briefly, the adipose tissue was minced and
digested with 2mg/mL Collagenase Type IV (Sigma-Aldrich,
St. Louis, MO, USA) in Hanks’ buffered salt solution (HBSS,
Lonza, Walkersville, MD, USA) for 1 h at 37∘C with constant
shaking. The stromal vascular fraction (SVF) was isolated by
centrifugation and red blood cells were lysed in 2mL Red
Blood Cell Lysing Buffer (Sigma-Aldrich). Cells were cen-
trifuged and resuspended in culture mediumDMEM (Gibco,
Life Technologies Ltd., Paisley, UK) supplemented with 10%
fetal calf serum (Hyclone, Fisher Scientific GmbH, Schwerte,
Germany), 100 units/mL penicillin, and 100 𝜇g/mL strepto-
mycin (Life Technologies Ltd., Paisley,UK). Isolated cellswere
counted in a Bürker-Türk counting chamber (Hecht Assis-
tant, Sondheim, Germany) with Trypan Blue stain (0.4%,

Gibco, Life Technologies Ltd., Paisley UK) to prove viability.
By cultivation of SVF, selection and expansion of ASCs were
achieved. ASCs were cultured as a monolayer at 37∘C in sup-
plemented proliferation/cell culture medium in a humidified
atmosphere with 5% CO

2
. For all experiments ASC passages

up to passage 2 were used.
Freshly isolated adipocytes were collected during the

isolation process from the adipose phase after the first cen-
trifugation step. Adipocytes were washed two times with PBS
to remove collagenase and were used for experiments right
away.

2.3. Isolation of Human Dermal Fibroblasts. Human donor
skin was cut into small pieces, put in 6-well culture plate,
and incubated for 14 days in culture mediumDMEM supple-
mented with 10% fetal calf serum, 1% glutamine (Gibco, Life
Technologies Ltd.), 100 units/mL penicillin, and 100 𝜇g/mL
streptomycin. Fibroblasts growing out onto the bottom of the
6-well culture plate were cultured upon confluence and were
split for further cultivation in culture flasks.

2.4. Human Keratinocytes. Keratinocytes (Evercyte, Vienna,
Austria) were cultured in DermaLife K Complete Medium
(CellSystems, Troisdorf, Germany).

2.5. Construction of a Three-Layered Skin Substitute with
a Fibrin Hydrogel Matrix. Fibrinogen and thrombin (both
Baxter AG, Vienna, Austria) were reconstituted according to
the manufacturer’s protocol. In brief, lyophilized sealer pro-
tein component was reconstituted in 3,000KIE/mL aprotinin
solution; the lyophilized thrombin component was recon-
stituted in 40mM CaCl

2
solution. The components were

diluted in PBS to a concentration of 25mg/mL fibrinogen
and 2.5 IU/mL thrombin as end concentration in the clot. For
fibrin clot formation, equal volumes of fibrinogen and
thrombin components were mixed in ThinCert cell culture
inserts (pore size 8 𝜇m, Greiner bio-one, Frickenhausen,
Germany) and clots were incubated at 37∘C for 20minutes for
polymerization.

For the hypodermal layer 3 × 105 ASCs and 2.5 × 104
adipocytes were embedded in 100 𝜇L fibrin clots in cell
culture inserts. After 15 minutes of polymerization another
clot was polymerized on top of the hypodermal layer with 3 ×
105 fibroblasts embedded for the construction of the dermal
layer of the skin substitute. After another 15 minutes poly-
merization period keratinocytes (0.6–1 × 106 cells/clot) were
added on top of the two-layered construct for the epidermal
layer. The three-layered construct was cultivated for up to 3
weeks in DMEM + 10% FCS where keratinocytes were
exposed to air according to the air-liquid interface cultivation
model [20].

2.6. Histological Evaluation of Construct. All samples were
fixed overnight in 4.5% neutrally buffered formalin (SAV LP,
Flintsbach a. Inn, Austria). After embedding in paraffin,
4 𝜇m cross sections were cut, deparaffinized, and stained. For
morphology staining, fixed probes were stained with Mayer’s
Hemalaun solution (Merck KGaA, Darmstadt, Germany)
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and Eosin 1 wt. % (Sigma-Aldrich, St. Louis, MO, USA) or
with 2.5𝜇M/mL SYTOX Green Nucleic Acid Stain/dH

2
O

(Molecular Probes, Eugene,OR,USA) under light protection.
Pictures were taken with an AxioImager microscope (Zeiss,
Jena, Germany).

2.7. Viability and Proliferation Testing. Cells (ASCs or
fibroblasts: 3 × 105) were embedded in the fibrin gel (100 𝜇L)
and cultivated in culturemedium for 24 hours beforemedium
was discarded and proliferation of cells was measured using a
CellTiter96 Non-Radioactive Proliferation Assay (Promega
Corporation, Madison, WI). Fibrin clots with no cells
were used as negative control. Cell number was evaluated
according to manufacturer’s protocol: supernatants were
discarded and 45 𝜇L dye solutionwas added to 300 𝜇L culture
medium. After 1.5 hours of incubation at 37∘C in a humidified
atmosphere with 5% CO

2
stop solution was added. After one

hour of incubation 100 𝜇L of the supernatants was transferred
in triplicates on a 96-well plate and absorbance wasmeasured
at 555 nm on a Wallac 1420 VICTOR2 plate reader
(PerkinElmer, Waltham, MA, USA). Further proliferation
assays were performed on day 7 and day 14 of the experiment.
Additionally, fibrin clots with no cells were used for negative
control measurement. Fibrin clots with cells from at least 4
different donors were analyzed in independent experiments.

2.8. Adipocyte Differentiation. To assess adipocyte matura-
tion in the fibrin clot, ASCs (3 × 105/100 𝜇L) were embed-
ded in fibrin hydrogel and 50 𝜇L clots were formed in
cloning rings (Sigma-Aldrich, St. Louis, MO, USA). For
5 days clots were incubated with Preadipocyte Differenti-
ation Medium (PromoCell GmbH, Heidelberg, Germany)
before the medium was changed to Adipocyte Nutrition
Medium (PromoCell GmbH, Heidelberg, Germany) which
was changed every third day for the rest of the experiment.
Differentiation was evaluated by fluorescent AdipoRed stain-
ing 7, 14, 21, and 28 days after induction of differentiation.
Clots were incubated with AdipoRed Assay Reagent (Lonza,
Walkersville, MD, USA) according to manufacturer’s proto-
col. Fibrin clots with differentiated ASCs were analyzed using
a Nikon Microphot-FXAmicroscope with the NIS-Elements
AR 3.0 software (Nikon). Differentiation experiments for
microscopic analysis were conducted with ASCs from 11
different donors.

2.9. Glycerol Assay. For the quantitative determination of
glycerol in the supernatants of three-layered skin substitute in
culture, 3 × 105/100 𝜇L ASCs were embedded in 50 𝜇L fibrin
clots and were incubated with Preadipocyte Differentiation
Medium for 5 days before the medium was changed to
Adipocyte Nutrition Medium. On days 7, 14, 21, and 28 after
induction of differentiation supernatants were analyzed using
a Glycerol Assay (Randox Laboratories Ltd., Crumlin, UK)
to quantify the progress of ASCs differentiation. Briefly,
medium was changed 24 hours before analysis. 50 𝜇L of the
supernatant was transferred as triplets on 96-well plates and
was mixed with 100𝜇L reagent. Absorbance was measured at
490 nm on aWallac 1420 VICTOR2 plate reader. Experiment

was done with cells from 4 different donors. Native adipose
tissue of the same weight as the 50𝜇L fibrin clots was used as
positive tissue control. Fresh adipose tissue was put in Adipo-
cyte NutritionMedium for 24 hours and the glycerol concen-
tration in the supernatant was measured as described above.

2.10. Statistics. Statistical analysis was done with the Graph-
Pad Prism software. Data are expressed as means ± SEM of
at least 3 independent experiments. Statistical comparisons
for all experimental settings were based on two-sample 𝑡-test
with 𝑃 < 0.05 considered as significant.

3. Results

3.1. Generation of a Three-Layered Skin Substitute with Fibrin
HydrogelMatrix. For the hypodermal layer ASCs andmature
adipocytes were embedded in the fibrin hydrogel. On top,
another fibrin clot with fibroblasts was placed for the con-
struction of the dermal layer. Keratinocytes were added on
top of the two-layered construct to form the epidermal layer.
The three-layered construct was cultivated for up to 3 weeks
in cell culture inserts with keratinocytes being exposed to air
according to the air-liquid interface cultivation model [20].
Constructs measured 4-5mm3 for the following in vitro
experiments (Figure 1).

Cross section probes of the generated artificial skin sub-
stitute (Figure 2(a)) were analyzed and showed similar hypo-
dermal, dermal, and epidermal structures when compared
to native skin (Figure 2(b)). Cells were distributed equally
in the gel and showed normal morphology. On the surface
keratinocytes formed an epithelial-like layer.

3.2. Viability of ASCs and Fibroblasts in theThree-Layered Skin
Substitute. To determine if ASCs and fibroblasts are viable
and proliferate at a normal rate in the fibrin construct, we
incubated fibrin clots with either ASCs or fibroblasts embed-
ded for 1 and 7 days in culture medium and analyzed the cell
number (matrix w/cells). Fibrin clots without cells were used
as negative control. Following incubation cells were analyzed
using a cytotox assay.

The results showed that both cell types were viable and
proliferated in the construct as the significant difference in
cell number between day 1 and day 7 demonstrated in
Figure 3 (ASCs: 𝑃 < 0.01; fibroblasts: 𝑃 < 0.05). ASCs and
fibroblasts seemed to reach their highest level of proliferation
on day 7 as we also tested the cell number on day 14 (data not
shown).

Hence, the results show an increasing cell number of
ASCs and fibroblasts in the three-layered artificial skin sub-
stitute during the first week.

3.3. Hypodermis Construction in Hydrogel Matrix: Differenti-
ation Potential of ASCs. In our construct we seeded ASCs in
combination with mature adipocytes to add a hypodermis to
the epidermal and dermal layer of our skin substitute.
However, using the construct in a clinical setting, ASCs are
expected to be able to differentiate into adipocytes within the
fibrinmatrix to form new adipose tissue.Therefore, we tested
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(a) (b)

Figure 1: (a) Three-layered skin substitute (5mm3) constructed of fibrin hydrogel for in vitro analysis. (b) Lower layer (yellow) consists of
fibrin clot with ASCs and mature adipocyte as hypodermal layer. Upper layer (white) consists of hydrogel mixed with fibroblasts mimicking
the dermal layer. On top keratinocytes were seeded as epidermal layer.
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Figure 2: Cross sections of three-layered artificial skin show similar morphological structure to native skin. (a)Three-layered skin construct
out of fibrin hydrogel stained with SYTOXGreen Nucleic Acid Stain on day 4. (b) Native skin stained with SYTOXGreen Nucleic Acid Stain.
Bars represent 200 𝜇m.

the potential of ASCs to differentiate in the fibrin matrix
and evaluated the lipid accumulation in ASCs 28 days
after induction of differentiation. Cells were incubated with
Preadipocyte DifferentiationMedium for 5 days. For the next
24 days cells were cultured in Adipocyte Nutrition Medium.

On day 7 after induction of differentiation ASCs showed
signs of lipid accumulation which increased during the
following two weeks (Figures 4(a), 4(b), and 4(c)). On day 28
the majority of the cells in the fibrin hydrogel showed typical
adipocytemorphology (Figure 4(d)) similar to native adipose
tissue (Figure 4(e)) and filled most of the space in the matrix.

To further evaluate the differentiation potential of ASCs
in the fibrin hydrogel we quantified the glycerol release of the
cells within the fibrin clots in the supernatant. Undifferenti-
ated ASCs within the fibrin hydrogel were used as control.
Additionally, native adipose tissue of the same size as the
fibrin matrix was used as positive tissue control.

Results showed that glycerol release increased up to
three times between week 1 and week 4 of adipogenesis
(Figure 5(a)). Glycerol concentration of artificial adipose tis-
sue on day 28 was comparable to the concentrationmeasured
in the supernatant of native adipose tissue (Figure 5(b)).
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Figure 3: ASCs and fibroblasts are viable and proliferate in the construct. (a) ASC from six different donors (𝑛 = 6) and (b) fibroblasts from
four donors (𝑛 = 4) were used in independent experiments. Data are expressed as mean ± SEM. Significant differences are indicated by
asterisks: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

A certain variability was observed in terms of differen-
tiation potential of ASCs from different donors. Still, our
results demonstrate that ASCs are able to differentiate into
adipocytes in a fibrinmatrix and therefore are suitable for our
three-layered skin substitute.

4. Discussion

In this study we were able to generate for the first time a
three-layered skin substitute based on a fibrin hydrogel. By
incorporating ASCs and mature adipocytes but also fibrob-
lasts into the matrix and seeding keratinocytes on top of
the construct, we were able to achieve a skin substitute not
only serving as a dermal and epidermal substitute but also
including the hypodermis.

In such a construct the main challenge is to generate a
layer of adipose tissue replacing the hypodermis. Physical
properties are of major importance to mimic the soft char-
acter of fat tissue. Mechanical properties of fibrin hydrogel
resemble those of adipose tissue to a satisfying extent. In vitro
it was already suggested to be suitable for adipose tissue-
equivalent formation [13] and because of its biodegradability
and biocompatibility we have chosen fibrin hydrogel as a
scaffold for our project. Moreover, fibrin hydrogel has already
been well characterized and been used successfully as a glue
in clinical practice for a long time [21].

In previous studies 3D fibrin matrix of low fibrinogen
concentration showed eligible results in adipogenesis of ASCs
[13]. Therefore, the fibrinogen component was diluted to
25mg/mL end concentration in the clot. Additionally, high
thrombin concentrations have a negative influence on differ-
ent cell types, for example, on keratinocytes [22] or endothe-
lial cells and fibroblasts [10]. Consequently, the thrombin

component was diluted as well to an end concentration of
2.5 IU/mL in the clot.

Our results show that ASCs and fibroblast were viable
and showed physiological morphology in the fibrin hydrogel.
Both cell types proliferated well by showing a significant
increase of cells in the construct during the first seven days.
Additionally, ASCs were able to differentiate into mature
adipocytes during the course of four weeks. On day 28 after
induction of differentiation lipid accumulation of differen-
tiated ASCs showed morphological resemblance to native
adipose tissue. Due to high donor variability there were big
differences in the adipogenic differentiation potential of our
ASCs. Still, analysis of the glycerol release rate of ASCs during
the differentiation period of four weeks indicated that the
hypodermis of our artificial skin substitute mimics native
adipose tissue.

A variety of skin substitutes that restore epidermal and
dermal structures are currently available on the market. Still,
there is a lack of hypodermal tissue substitutes. But espe-
cially patients with full thickness skin defects would benefit
from such a replacement. Although this study showed
promising results in the in vitro settings, where we used skin
substitute constructs with the size of 5mm3, the missing
vascularization presents a limitation to large scale clinical
approaches. Successful applications of skin substitutes are
currently limited to tissue less than 2mm in thickness [23].
Applying thicker substitutes would require a capillary net-
work delivering oxygen and nutrients to the tissue.

A promising approach to vascularization of bioartificial
skin presented a study by Sánchez-Muñoz et al. by promoting
formation of capillary structures by seeding HUVECs with
dermal fibroblasts and ASCs in a fibrin matrix. The extra-
cellular matrix, produced by dermal fibroblasts and ASCs,
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Figure 4: Adipose-derived stem cells differentiating into adipocytes during the time course of 28 days. Differentiation was evaluated by
fluorescent AdipoRed staining (a) 7 days, (b) 14 days, (c) 21 days, and (d) 28 days after induction of differentiation. (e) AdipoRed staining of
native adipose tissue. Bars represent 100𝜇m. One representative out of eleven experiments is shown.

stimulates cellular growth and proliferation [11]. Further pos-
sible developments of this new multilayered model besides
working with endothelial cells could be the additional use of
proteins like PDGF to stimulate neovascularization [24] or
incorporation of melanocytes for UV-protection [25].

5. Conclusion

In this study we were able to generate a three-layered skin
substitute based on a fibrin hydrogel. ASCs, mature adipo-
cytes, and fibroblasts were incorporated into the matrix. Ker-
atinocytes were seeded on top of the construct and formed an

epithelial-like layer.We showed that our artificial hypodermis
showed comparable characteristics to native adipose tissue
in lipid accumulation as well as in glycerol release. With
this work we were able to achieve a skin substitute not only
serving as a dermal and epidermal substitute but also includ-
ing the hypodermis.
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Figure 5: Glycerol concentration (𝜇mol/L) in supernatant of fibrin clots with differentiating ASCs at weeks 1, 2, 3, and 4. A total of 𝑛 = 4
donors (D1–4) are shown. Glycerol concentration of undifferentiated ASCs within the matrix is shown as control. (b) Glycerol release of
artificial adipose tissue (artificial AT; 𝑛 = 4) on day 28 compared to fresh, native adipose tissue (native AT; 𝑛 = 4).
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2Cĺınica Médica Planeta Animal, Rua Araguaia 30, Bairro São Mateus, 36025-240 Juiz de Fora, MG, Brazil
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This study evaluated the immunohistochemical expression of type I (COL I) and III (COL III) collagens during the healing process
of skin treated with leukocyte-poor platelet-rich plasma (LP-PRP). Seven healthy gelding crossbred horses aged 16 to 17 years were
used. Two rectangle-shapedwoundswere created surgically in the right and left gluteal regions. Twelve hours afterwound induction,
0.5mL of the LP-PRP was administered in each edge of the wounds of one of the gluteal regions.The contralateral region was used
as control (CG). Three samples were obtained: after wound induction (T0), 14 days (T1) of healing process, and after complete
closure of the skin (T2). The normal skin (T0) showed strong staining for type III and I collagen in papillary and reticular dermis,
respectively. In the scar of the treated group, COL III showed important (𝑝 < 0.05) increase in immunoreaction in T2 compared
with T1. The administration of a single dose of LP-PRP 12 h after induction of wound in horses does not influence formation of
collagens I and III. However, the intense labeling for COL III suggests that the tissue was still weak during the macroscopic closure
of the wound, demonstrating that healing was not completely finished.

1. Introduction

Large animals are considered excellent models for the study
of wounds, given that they provide the proper comparison of
the many physiological and immunological aspects involved
in wound healing [1]. Different cell types, cytokines, and
extracellular matrix molecules at the wound site interact
with different systemic factors such as platelets, the coagula-
tion cascade, and humoral cell components, which together
enable the healing of wounds [2].

Themost appropriate form of healing a cutaneous wound
is by first intention [3, 4], but this procedure is limited to
wounds located in anatomical regions that allow for the
excision and adaptation of its edges [3]. Healing by second
intention, on the other hand,which involves two independent
processes—contraction and reepithelialization [5]—is often
the only possibility to close wide and deep wounds. However,
the process is slow and may result in the formation of
exuberant granulation tissue. In this sense, new therapies
aiming to reduce the maximum healing period of cutaneous
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wounds and that result in the formation of a tissue as similar
as possible to a healthy one emerge every day.

Platelet-rich plasma (PRP), a product derived from the
whole blood centrifugation, is an autogenous and economic
source of a variety of growth factors that participate actively
in the healing process of cutaneous wounds such as the
transforming growth factor beta (TGF-𝛽), because it is
associated with the stimulus to the synthesis of collagen [6–
8] both type I and type III, which are the main structural
components of the mature scar tissue, and it is synthesized
by fibroblasts [9, 10].

Despite the numerous studies conducted with platelet-
rich components in different tissues and in various species,
there is still not enough evidence confirming the effectiveness
of PRP in the treatment of cutaneous wounds. This is partly
due to the region of the body subjected to the treatment;
the form of obtaining and the composition of the PRP
(considering the amount of platelets and leukocytes); its
physical form (liquid/gel), route, and frequency of adminis-
tration; volume; and the moment it is administered during
the skin healing process; among other aspects. There are
some studies and case reports on horse skin [11–16], but
with contradictory results. Moreover, in vivo research studies
evaluating the therapeutic response using highly specific
and sensitive methods are rare. According to Furness et al.
[17], one of the most indicated techniques to identify the
collagens is immunohistochemistry, which may delineate the
type present in the evaluated tissue. This methodology has
been used to determine the expression of growth factors such
as TGF-𝛽1, which is the most often studied isoform in the
different species, because in addition to participating in the
synthesis of collagens (as previouslymentioned) it is essential
for angiogenesis, chemotaxis, and cell proliferation [18].

Considering the amount of platelets and leukocytes, the
platelet concentrates can be classified into different cate-
gories. There is the pure PRP (P-PRP), where the white cells
are removed intentionally, and the PRP with leukocytes (L-
PRP) [19].There are also the components rich in fibrin (PRF)
[20] that, unlike the other concentrated, do not require the
use of anticoagulants to be obtained [21]. L-PRP should have
between 5x and 8x more platelets [19, 20] and three times
or more amounts of leukocytes [20] than the whole blood.
However, there is no consensus of the amount of platelets
that the PRP should present for it to be regarded as pure.
Hutchins and Grabsch [22] report that it should contain a
moderate number of platelets, which should be 1.5x to 2.5x the
existing in whole blood, while Carmona et al. [20] consider
that must have 1.3x to 4x the blood concentration. These
authors also mention that the concentrate can contain 0.5x
to 2x more leukocytes than the blood. When the concentrate
rich in platelets is activated by pharmacological agents,
forming a fibrin polymer, it is known as platelet gel (PG).
Therefore, a PG obtained from a P-PRP is called P-PRG,
and when it is originated from L-PRP, it is known as L-
PRG. Finally, taking into account the basic definitions for
those components rich in platelets, there is also the PRP poor
in leukocytes (LP-PRP). This last component may results
in lesser acute inflammatory response, lower cellularity, and
vascularity when compared to PRP with a high amount in

white cells (LR-PRP), as reported by Dragoo et al. [23] five
days after treatment of tendon of rats with LP-PRP or LR-PRP.

In physiological conditions, the repair process requires
activation and/or suppression of several substances that may
result in abnormal healing of the cutaneous wound. The
immunohistochemical evaluation of proteins expressed in
the different healing phases of PRP-treated skin may provide
invaluable information to validate the effectiveness or ineffec-
tiveness of the therapy.Thus, the objective of the present study
was to evaluate the immunohistochemical expression of type
I and III collagens during different phases of the macroscopic
healing process of skin treated or untreated with LP-PRP.

2. Material and Methods

This research was approved by the Ethics Committee on
Animal Use of Universidade Federal de Viçosa (UFV)
(protocol number 35/2013). The procedures were conducted
according to the Rules of Conduct for the Use of Animals
in Teaching, Research and Extension of the Department of
Veterinary (DVT/UFV), the Medical Veterinary Professional
Ethics Code, the Ethical Principles for Animal Research
established by the Brazilian College for Animal Experimen-
tation (COBEA), and the current Brazilian Legislation.

Seven healthy gelding crossbred horses aged 16 to 17
(16.37 ± 0.52) years were used. Only seemingly healthy
animals with no dermatological disorders were included in
the study. The animals were housed in individual 20-m2
stalls fifteen days prior to the onset of the experiment, where
they were fed Tifton 85 hay and chopped elephant grass
(Pennisetum purpureum), in addition to a mash diet for
horses. Mineral salt and water were provided ad libitum.
This management was carried on over the course of the
experimental trial. In the period of adaptation the horses
were weighed, bathed with an acaricide solution containing
deltamethrin, and dewormed orally with moxidectin paste
(0.2mg/kg). Stalls were cleaned twice daily to remove the
excreta and replace the bedding.

Three rectangle-shaped skin injuries were created in the
right and left gluteal regions of all animals, as described by
Ferreira et al. [24]. For this purpose, the sites were previously
clipped and aseptically preparedwith 2%germicide chlorhex-
idine digluconate and 0.5% alcoholic solution. The animals
were injected intravenously with 2% xylazine (0.8mg/kg)
and then subcutaneous nerve-block was performed with 2%
lidocaine hydrochloride around the site to be incised, using a
21-gauge needle.

To surgically create the wounds, a scalpel and a 2.5 cm
sided (6.25m2) rectangle-shaped plastic mold were used to
remove the skin fragment (epidermis, dermis, and subcu-
taneous tissue). Wounds were identified as A and B, from
cranial to caudal on both gluteal region. The first collection
was considered time zero (T0). The wounds healed by
second intention and were monitored until complete closure,
when the last biopsy was performed (wound B). During the
postoperative period the surgical wound was dressed daily
with gauze soaked in Milli-Q water. All animals received
antitetanus serum on the day of the injury. Their pain was
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lessened by using a single intravenous dose of butorphanol
tartrate (0.08mg/kg). No anti-inflammatory or antibiotic was
used, as they could hamper or make it impossible to evaluate
the treatment with LP-PRP.

The leukocyte-poor platelet-rich plasma was obtained by
following the procedures described by Argüelles et al. [25].
For this purpose, 144mL blood samples were collected from
each animal, by puncturing the external jugular vein in 36
Vacutainer tubes with 3.2% sodium citrate (0.199mol/L).
The tube capacity was 5mL : 0.5mL for sodium citrate and
4.5mL for whole blood. Blood samples with EDTA were also
collected to quantify platelets and total leukocytes.

The samples of blood to obtain the LP-PRP were homog-
enized and centrifuged at 120×g for ten minutes. After this
first centrifugation, 50%of bloodplasma from the surfacewas
discarded and the rest was transferred to four polypropylene
tubes with 10mL capacity without anticoagulant. Leukocyte
button and sedimented erythrocytes were discarded. Next,
the plasma was centrifuged one more time at 240×g for
10min. After this second centrifugation, the plasma was
divided into two fractions: the supernatant (platelet-poor
plasma) and the remaining fraction, named platelet-rich
plasma. A volume of 75% of the obtained plasma present
at the surface of each tube was discarded and the PRP
containing the platelet button was reserved.

The concentration of platelets and leukocytes was deter-
mined manually [26] in the LP-PRP and the blood obtained
with EDTA. The count was performed in a Neubauer
chamber using Türk’s solution to count the leukocytes and
Brecher’s method for platelet count [27].

All the horses were subjected to a local treatment with
LP-PRP 12 h after the injuries were performed. After clipping
and sedation with 2% xylazine intravenously (0.8mg/kg),
one of the gluteal regions—chosen randomly—was prepared
aseptically for the administration of the LP-PRP (treated
group = TG). The wounds in the contralateral gluteal region
(control group =CG) did not receive any infiltration, but only
local cleaning with Milli-Q water, as was done in the treated
wounds.

The platelet-rich plasma was prepared immediately
before its administration, which was performed using a 24-
gauge needle. Each edge of the twowounds (A andB) received
0.5mL of the LP-PRP (Figures 1(a)-1(b)), totaling 2mL per
wound and 4mL per side (left or right) of the gluteal region.
After the treatment, the animals were kept in stalls and let
out for a daily period of 2 h and monitored throughout the
experiment.

Skin samples were collected to analyze the immuno-
histochemical expressions of type I and III collagens. Skin
fragments were obtained by biopsy (full thickness) using a 6
mm diameter Punch with the aid of a scalpel at 14 days (T1)
after wound A. In addition, a new collection was made when
wound B was completely closed (T2).

For the biopsies, the animals were sedated intravenously
with 2% xylazine (0.8mg/kg) and then subcutaneous block
anesthesia was performed with 2% lidocaine hydrochloride
without vasoconstrictor around the site to be biopsied, using
a 21-gauge needle. The last collection (T2) was performed in
the center of the healed area (which was still unpigmented),

Table 1: Information about manufacturer, code, and dilution of the
antibodies utilized in the study.

Primary antibody Manufacturer Code Dilution
Anti-collagen I
(mouse monoclonal
antibody)

Abcam Ab90395 1 : 100

Anti-collagen III
(rabbit polyclonal
antibody)

Abcam Ab7778 1 : 50

whereas the second biopsy (T1) was obtained from the
peripheral region of the wounds (Figure 1(c)), comprising
both intact and wounded skin, including migration or
reepithelialization, and granulation tissue, according to the
collection time. Skin samples (Figure 1(d)) were fixed in 10%
formalin, embedded in paraffin, sectioned with 5 𝜇m thick-
ness, and stained with hematoxylin and eosin (HE) (Erviegas
Instrumental Cirúrgico Ltda., São Paulo, São Paulo, Brazil)
for an overall tissue-character assessment at the different
times of sample collection. This analysis was conducted by
three observers blinded to origin of the biopsy specimens.

Sections were also evaluated by immunohistochemistry
using the indirect immunoperoxidase technique. The pri-
mary antibodies used are listed in Table 1. For the anti-
gen retrieval, a pretreatment was performed with citrate
buffer pH 6.0 at 95∘C for 30min in water bath. After
washing with PBS, a 16% milk powder solution was used
to block the nonspecific reactions and tissue permeabi-
lization, and 3% H

2
O
2
(Dinâmica 1857, Blueskylab Artigos

para Laboratório, Guarulhos, SP, Brazil) during 30min to
block endogenous peroxidase. The sections were incubated
with primary antibody overnight at 4∘C. Subsequently, the
histological sections were incubated with anti-mouse and
anti-rabbit universal immunoperoxidase polymer (Histofine-
Simple Stain MAX PO MULTI, Biogen Comercial e Dis-
tribuidora Ltda., Sumarezinho, SP, Brazil) and the immuno-
histochemistry reaction was revealed with DAB (DAKO-
K346811-2, Labscience de Minas, Instrumentos Cient́ıficos
Ltda., Belo Horizonte, MG, Brazil). Horse and rat tendons,
pig skin, and mouse and human testicles were used for the
positive control. For negative control, one of the slides did not
receive primary antibody. The sections were counterstained
with Harris hematoxylin (Labscience deMinas Instrumentos
Cient́ıficos Ltda., Belo Horizonte, MG, Brazil). Images of the
slides were acquired using an optical microscope and the
Axio Vision software 4.8 Rel.

The immunostained area was evaluated in the healing
area where the recently formed skin showed a thick stratified
epithelium and dermis without presence of annexes at the
different wound evolution times. The immunohistochemi-
cally stained area (IHS

𝐴
) was calculated for collagen I and

III primary antibodies as a percentage of the total area
evaluated through the color segmentation analysis using soft-
ware AxioVision 4.8.2. fromZeiss (http://www.zeiss.com.br).
The brown stain was selected and a mask was subsequently
applied to make a separation of permanent colors. The mean
IHS
𝐴
was calculated from 30 images obtained in quadrant
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(a) (b)

(c) (d)

Figure 1: Administration of 0.5mL leukocyte-poor platelet-rich plasma on the wound edges, using a 24-gauge needle (a, b). Skin sample
collection using a scalpel and a needle, after cutting with a 6 mm diameter Punch (c). The obtained fragments were immediately placed on
histology cassettes (d) and fixed in 10% formalin.

shape, starting from the underlying epithelial (papillary
dermis) in the healing area toward the reticular dermis and
then returning to the epithelium, for the time interval of
treatment (IHS

𝐴
= 100𝑆

𝐴
/𝑊
𝐴
, where 𝑆

𝐴
= stained area and

𝑊
𝐴
= whole area).
The statistical analysis was conducted onGraphPad InStat

version 3.05 (GraphPad Software, Inc.).The 𝑡 test was utilized
for independent samples to compare the control and treated
groups at each time (T0, T1, andT2). In addition, the different
times were compared with the initial situation (time 0) in
both groups using the 𝑡 test for paired data. Additionally,
Student’s 𝑡-test for independent samples was adopted to
compare the mean values of platelet and leukocyte counts in
the blood and LP-PRP and the mean wound-healing time in
the groups. To compare the different times in both groups,
an analysis of variance (ANOVA) of repeated measures was
performed. All analyses were carried out at 5% significance.
All data were expressed as mean ± SEM.

3. Results and Discussion

3.1. Macroscopic Wound Closure, Platelets and Leukocyte
Counts. The period for the closure of a cutaneous wound
depends on the extent and anatomic location of the injury,
on the presence of local infections, among other aspects.
According to Theoret et al. [4], the wound healing process
in horses is very similar to that of humans.The skin surface is
reepithelized, with the dermis healing by stromal granulation,
migration of myofibroblasts, and wound contraction [28].
The skin healing process is classically divided into four well-
defined overlapping phases, including haemostasis, inflam-
mation, proliferation, and lastly remodeling [5, 29]. Schultz
et al. [30] subdivide the third phase into migration and
proliferation and the fourth into contraction and remodeling.

In the present study the maximum time necessary to
heal the wounds was 47 days in both groups of animals,
averaging 36.85 ± 7.45 days in the wounds that were not
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(c) (d)

Figure 2: Photomicrography of skin before (a) and during the healing process (b–d), where (b) is after two weeks, and (c) and (d) after
complete wound closure. Stratified squamous epithelial tissue (Ep), papillary dermis (PD), reticular dermis (RD), dilated capillaries (black
arrowhead), fibroblasts (white arrowhead), and immune cells (arrows). HE stain. Bars = 50 𝜇m.

treated with LP-PRP, and 38.85 ± 6.46 days in the treated
wounds; however, there was no difference (𝑝 = 0.59) between
groups. Therefore, 37 days was considered as the mean time
necessary for wound closure. This average healing time is
close to that found in uncontaminated wounds located in the
thoracic region, which is approximately four weeks [7], and
of wounds performed in the same manner and in the same
region as that described in the present study by Ferreira et
al. [24] (38.5 ± 3.9 days). The obtained results are similar to
those described by Monteiro et al. [13], who also observed
that themaximum closure period of PRP-treatedwounds was
longer than that of untreated wounds, which suggests that the
therapy has no positive effect on the maximum macroscopic
healing time of the skin wound.

In the whole blood and LP-PRP the platelet count varied
from 100,000 to 150,000 platelets/𝜇L and from 320,000 to
390,000 platelets/𝜇L, respectively.The leukocyte (white blood
cells) values, however, varied from 5,600 to 10,900 cells/𝜇L
and 50 to 900 cells/𝜇L in the whole blood and LP-PRP,
respectively. The average number of platelets found in the
blood was lower (𝑝 = 0.000) than in LP-PRP. The opposite
(𝑝 = 0.000) occurred with the average leukocyte count.

The concentration of platelets in the LP-PRP was consid-
ered adequate, because it was above the number considered
appropriate by Anitua et al. [31] and similar to that obtained
in studies conducted with healthy crossbred horses [32–34].
Additionally, an in vitro study carried out by Graziani et al.
[35] demonstrated that PRP preparations have a dose-specific
effect on the proliferation of fibroblasts and osteoblasts. Better
effects (considered optimal) were observed when the platelet
count was 2.5x higher than that present in the whole blood.

In contrast, higher amounts (5.5x) resulted in undesirable
effects such as reduction of the fibroblastic proliferation
and of the osteoblast function. According to the authors,
different concentrations of platelets in the PRP can also lead
to different results in in vivo studies.

The number of leukocytes (50–900 cells/𝜇L) present in
the LP-PRP was also considered adequate, because it was
lower than that obtained by Vendruscolo et al. [33] (2, 460 ±
763 cells/𝜇L), who utilized a relative centrifugal force (g) and
the same time used in the present study.The positive effect of
leukocytes on inflammation, immunity, and cell signaling is
unquestionable [36], just as on the release of growth factors.
On the contrary, undesirable effects are also attributed to the
leukocytes, inasmuch as in their signaling proinflammatory
cells they may cause tissue catabolism [37]. Moreover, there
are reports that the application of platelet concentrate with
leukocyte for the treatment of patients with tendinopathy
may increase the local pain [29].Therefore, both positive and
negative effects are associated with the presence of these cells
in the PRP.The use of a PRPwith a low number of leukocytes,
as was the case of the current study, is considered appropriate
when aiming to promote a rather anabolic than catabolic
action, given that the wounds were not contaminated.

3.2. Histological Evaluation of the Tissue Character of the
Healing Process. The images obtained in the histological
analysis of the HE-stained skin are shown in Figure 2. At
time zero (making of the wound) it was revealed that the
skin had a normal character, that is, an epidermis with poorly
keratinized, stratified squamous epithelial tissue, and dermis
with two well-defined layers: papillary (superficial) and
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reticular (deep). Annexes hair follicle, hair erector muscle,
sebaceous gland, and sweat glands were observed in these
layers (Figure 2(a)).

The papillary dermis showed loose connective tissue with
numerous capillary loops in contact with the basal layer of
the epidermis. In addition, nuclei of connective tissue cells
such as fibroblasts and fibrocytes were observed in this layer.
The extracellular matrix has an amorphous ground substance
in moderate quantity and thin but abundant collagen fibers.
The reticular dermis was characterized by the presence
of connective tissue cells, thick acidophilus collagen fibers
arranged in various directions, and scarce amorphous ground
substance. The adenomers and ducts of glands were more
present in this layer.

The analysis of the animals’ skin at two weeks showed
that the surface of the wound was coated by dehydrated
serocellular crust. Granulation tissue exhibited reduction in
the number of vessels mainly in the deeper layers of the
wound. Extracellular matrix showed predominance of thick
collagen fibers, but still with poor organization. Fibroblasts
showed round nuclei and acquired appearance of myofi-
broblasts in the deep dermis. Reepithelialization reached
two thirds of the wound surface. There was a reduction in
the inflammatory process (Figure 2(c)), but with a greater
number of eosinophils in the wound in the LP-PRP-treated
group.

Regardless of the group, the microscopic analysis per-
formed at macroscopic wound closure, which as previously
mentioned occurred approximately at 37 days, showed com-
plete reepithelialization of the wound with hypertrophy and
hyperplasia of the covering epithelium and remodeling of
scar tissue. Fibroblasts show spindle-shaped nuclei and are
organized into parallel bundles, acquiring a myofibroblast
aspect. Areas of inflammation characterized by dilated cap-
illaries (Figure 2(b)), recruitment of leukocytes, and par-
ticularly neutrophils were observed in the papillary layer.
In addition, plasmocytes were also identified in the same
layer. Better organization of fibroblasts with less deposition
of collagen, and increased numbers of eosinophils were
identified in the treated group compared with the control
group. The reticular dermis in the wound healing area had
a connective tissue arrangement similar to the dense ordered
with fibroblasts aligned in parallel (Figure 2(d)).

The histopathological findings in the present study are
compatible with the healing process described by Schwartz
et al. [7], although they may vary depending on the region
under evaluation. The authors studied the healing process
using subjective histological evaluation of second-intention
healing process of wounds from the thoracic region and
the distal aspect of horse forelimbs by the Picrosirius Red
Histochemical technique. The injuries located in the limbs
had, at time zero, normal tissue with hair follicles, blood
vessels, collagen, and few red cells. The inflammation was
evident in the four weeks of assessment. In the second
week, the predominant cells were particularly macrophages,
and there were few spindle-shaped fibroblasts, and in the
fourth week there was an increase in the collagen content
and reduction of inflammatory cells. Wounds located in the
thoracic region had dense collagen in all layers. After 14 days,

superficial collagen deposition was observed, and the density
of the collagen was increased throughout the depth of the
tissues, and the fourth week showed collagen organized in
parallel fibrils in all tissue layers. On the other hand, in the
wounds located in the forelimbs, collagen was abundant in all
tissue layers at time zero and increased gradually from week
1 to 4. However, the collagen fibrils were not aligned in an
organized pattern compared with the samples obtained from
the thoracic wounds. With respect to myofibroblasts, these
cells were more organized in the wounds of the thoracic as
comparedwith those of the limb in the third and fourthweeks
of the healing process. In contrast, in the first two weeks there
was no difference between the wounds.

According to Deschene et al. [38] skin biopsy samples
should contain the skin in all its thickness, since keratinocytes
should predominate in the epidermis of intact skin, whereas
fibroblasts should reflect the depth of the dermis. During the
early phase of skin-wound healing, inflammatory cells must
prevail, with a subsequent reduction in the later stage. At
this stage endothelial cells and fibroblasts must be present
and the number of keratinocytes should increase for reep-
ithelialization to take place. In the present study, although
skin closure was earlier (𝑝 > 0.05) in the control group,
the overall histological assessment revealed that fragments
obtained in the final stage of the healing process of LP-PRP-
treated wounds show a better organization of the collagen
fiber bundles microscopically as compared with untreated
wounds. Therefore, the macroscopic closure of the wound
does not necessarily reflect the quality of the scar tissue.

This faster closure may be related to the process of
physiologic repair of skin wounds, which classically occurs
in four well-defined overlapping phases [5, 29, 30]. Although
the amount of platelets present in the hematoma formed
after a wound is about 4%, the remainder being erythrocytes
(94%) and leukocytes (less than 1%) [39], growth factors
such as TGF-𝛽 and platelet-derived growth-factor (PDGF)
are released by the platelet 𝛼-granules at the site where there
is tissue injury [40]. According to Marx [41], growth factors
are actively secreted during the first 10 minutes after clotting.

Myofibroblasts, contractile cells that originate from the
differentiation of fibroblasts, observed during the last phase of
the skin healing process, are essential for wound contraction,
enabling faster reduction of the wound area [42].The process
occurs faster than reepithelialization itself [43]. However, its
persistence suggests that wound healing is still in progress [7].
In the present study the cells were observed in the evaluation
of the already clinically healed skin.

3.3. Immunohistochemistry for Collagen Types I and III.
Figures 3 and 4 show images obtained from the samples
evaluated by immunohistochemistry. For COL III, staining
in healthy skin (T0) showed reticular fibers located in the
papillary dermis (Figure 3(a)). In contrast, for COL I, staining
was evident in the reticular dermis (Figure 4(a)). The tissue
of the edge of the scar had the same staining pattern as T0
in the papillary and reticular layers, with intense staining
for COL III (Figure 3(b)) and I (Figure 4(b)), respectively.
As previously mentioned, the immunostained area for COL
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Figure 3: Immunohistochemistry for type III collagen in skin of horses treated or untreated with LP-PRP. Immunostaining was visible in
the papillary dermis at all times and in all groups: normal skin (a), border tissue and scar area (b). Image obtained at 14 and 37 days of skin
healing process from treated wounds (c and e, resp.) and controls (d and f, resp.). Stratified squamous epithelial tissue (Ep), papillary dermis
(PD), reticular dermis (RD), immunostaining (arrowhead), hair follicle (arrows), scar edge skin (NS), and scar area (Wd). Bars = 50 𝜇m.

III (Figures 3(c)–3(f)) and COL I (Figures 4(c)–4(f)) was
evaluated in the healing area where the newly formed skin
had thick stratified epithelium and dermis without annexes
for the different wound-healing periods.

The immunostained area of COL III in the intact skin
(T0) was 3.92±0.61%. At 14 days of wound creation the COL
III of the treated group showed a smaller immunostained area
(1.96 ± 0.32%) as compared with T0 (𝑝 < 0.05). However,
at 37 days, immunostaining of COL III (3.00 ± 0.58%) was
not statistically different in wounds that received LP-PRP
relative to T0. Wounds not treated with LP-PRP at 14 days
(2.97 ± 0.27%) and 37 days (2.64 ± 0.61%) did not differ from
T0. In T1, the area immunostained for COL III in the treated
group was smaller (𝑝 < 0.05) than control. In T2, the values
achieved in the immunostained area of the treated animals
were higher than in control (Figure 5(a)).

Regarding COL I, the skin of the animals at T0 had an
immunostained area of 7.29 ± 0.87%. There was a difference
(𝑝 > 0.05) in staining for COL I at T0 as compared with

the other times in animals from the treated group and control.
At 14 days after surgical lesion, the immunostained area in
control wounds (1.16 ± 0.36%) showed lower values (𝑝 >
0.05) than the treated group (1.38 ± 0.44%). Nevertheless, at
37 days the treated group had lower values (0.43 ± 0.15%)
(𝑝 > 0.05) than control (0.59 ± 0.15%) (Figure 5(b)). Overall
evaluation showed that COL III displayed more intense
staining than COL I at all evaluated times.

The extracellular matrix is a complex network of cross-
links of proteins and other macromolecules; among them,
collagen is the main structural component, essential for the
resistance and integrity of all tissues and with a vital role
in the healing of wounds [5]. The synthesis of collagen is
considered to start fromat least the third day after a cutaneous
injury. It is known that wounds acquire approximately 20%
of their mechanical tensile strength by the end of three weeks
from the healing process, which is the period when fibrillar
collagens accumulate relatively rapidly. After this period
the improvement in resistance slows down, mainly due to
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Figure 4: Immunohistochemistry for type I collagen in the skin of horses treated or untreated with LP-PRP. Immunostaining was visible in
the reticular dermis at all times and in all groups: normal skin (a), border tissue and scar area (b). Image obtained at 14 and 37 days of skin
healing process from treated wounds (c and e, resp.) and controls (d and f, resp.). Stratified squamous epithelial tissue (Ep), papillary dermis
(PD), reticular dermis (RD), immunostaining (arrowhead), hair follicle (arrows), scar edge skin (NS), and scar area (Wd). Bars = 50 𝜇m.

the onset of the remodeling of collagens, which start to form
large fiber bundles, and also due to the increase in the number
of intermolecular crosslink [44], which begins during the
remodeling phase.

Lefebvre-Lavoie et al. [45] utilized suppression subtrac-
tive hybridization and semiquantitative RT-PCR to identify
the gene expression of type I collagen in both healthy skin
and at the margin of induced skin wounds in the hemithorax
of horses. The evaluation was performed one week after the
woundwas created, and there was a significant increase in the
expression of type I collagen in the samples obtained from
the wounds as compared with intact skin in both techniques.
Thus, in both physiological conditions and in LP-PRP-treated
wounds there is an increase in the expression of type I
collagen after oneweek already,which, according to Schultz et
al. [46], corresponds to 80 to 85% of the dermal extracellular
matrix.

The results obtained in this study are consistent with
those observed byChamberlain et al. [47], who demonstrated

the spatial and temporal location of type I and III colla-
gen immunohistochemically during the healing of wounds
induced surgically in horses, healed by second intention.
According to the authors, the technique was suitable for
the location of the collagens during the assessment period,
which was 28 days. The type I collagen remained stable at
the beginning of the healing process but reduced dramatically
on the 7th day, remaining low until the 28th day. Type III
collagen however remained intact in the first hours after the
injury, though there was an important increase in its amount
24 h after the surgical procedure, remaining high throughout
the entire evaluation period. This collagen accounts for 8 to
11% of the dermal extracellular matrix [46] and should be
produced at a larger amount during the final stage of the
formation of the extracellular matrix. Subsequently it should
be gradually degraded and substituted for type I collagen,
which is essential to the increase in the strength of the healing
tissue [9, 48], which is reinforced by the collagen crosslink
[9].
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Figure 5: Percentage of immunostained area for collagen types III (a) and I (b) in normal skin, as well as in the treated and control groups as
a function of time: on the day of wound making (T0), at 14 days (T1) of the healing process, and after complete wound closure (T2). Means
followed by different lowercase and uppercase letters denote by 𝑡-test, respectively, differences in each group evaluated at T1 and T2 relative
to T0, and between groups within each time (T1 and T2).

The intense staining of the papillary and reticular dermis
for collagen types I and III, respectively, was expected. The
papillary dermis is the loose connective tissue that lies
just beneath the epithelium. It typically consists of type
III collagen, which forms part of the basal membrane. In
contrast, the reticular dermis, which is deeper, is formed
by dense connective tissue and is therefore rich in type I
collagen, as it provides resistance to the skin [49]. According
to Schwartz et al. [7], the increase in type I collagen is
progressive, continuing for at least four weeks, which was
the maximum period of time in which the authors evaluated
this collagen utilizing the Picrosirius Red histochemical
technique in wounds of horses located in the thorax and
distal region of forelimbs, healed by second intention. In
fact, Mignatti et al. [50] mentioned that the elevated collagen
synthesis rate within the wound may take from six to 12
months to return to physiological levels, which means that
regardless of whether or not the cutaneous injury is treated
with PRP, the amount of type I collagen may still be elevated
at the moment of wound closure.

The high presence of type III collagen in both groups
suggests that the wound was still in the phase characterized
by Schultz et al. [30] as contraction and remodeling, although
they appeared to be healed macroscopically. This phase is
characterized by the reduction in the number of fibroblasts
and the balance between production and lysis of collagen.
The collagen production must remain high, but with pre-
domination of the functionally oriented collagen fibers over
the nonfunctional, and without an increase in the size of the
scar [51]. Contrastingly, according to Schultz et al. [46], 40
days after the injury the collagen fibers are not yet organized

enough. In this context, the macroscopic examination does
not necessarily correspond to the microscopy or the expres-
sion of genes of collagen, because the nature of the wound
matrix components is modified over time. As amatter of fact,
the organization of the collagen in the tissue under repair
is changed over the period of several months, and this will
slowly increase the tissue tensile strength, which will reach
approximately 80% of that corresponding to a normal tissue
[5, 29, 46].

Yamauchi andMechanic [52] define this stage of the heal-
ing process after clinical closure as intermediary. According
to those authors, although the wound appears to be healed,
chemical and structural changes are still in progress. In this
stage, the collagen fibrils are grouped and stabilized by the
formation of inter- and intramolecular crosslinks. Therefore,
this elevated expression of the collagen gene even in this
intermediary stage may be because the collagen synthesis
still exceeds its extracellular degradation, such that it keeps
increasing during scar formation [48]. More specifically,
Young and McNaught [29] cite up to two years for the
maturation of the scar tissue so that a wound can acquire
an epithelium as close as possible to a healthy tissue. In the
results presented herein it can be observed that there is a trend
towards stabilization in the expression of collagens in the LP-
PRP-treated group,which is appropriate. To validate this find-
ing, further research will be necessary to evaluate the gene
expression of the collagen at moments (times) subsequent to
the clinical healing. Additionally, as mentioned previously,
the presence ofmyofibroblasts at the last evaluation time (T2)
used in this study may indicate, as commented by Schwartz
et al. [7], that wound healing is still in progress.
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Comparing the results obtained in the present study with
others conducted with horse skin is practically impossible,
because no studies evaluating the expression of the collagens
in PRP-treated skin utilizing the immunohistochemical tech-
nique have beenpublished.Comparisonwith studies utilizing
other methodologies to evaluate the behavior of the collagens
during the healing process is also difficult, because controlled
and in vivo studies are scarce, and in general they aim to
evaluate very precisely a specific time in the different stages of
the skin healing process. In addition,most of the experiments
have been conducted with cultures of tendon or ligament
cells.

To the present date, no research reported results for the
immunohistochemical evaluation of collagen types I and
III equine cutaneous wounds treated with PRP. Recently,
part of the authors who make up the team of the present
research study published data on collagen gene expression
during different phases of the healing process of PRP-treated
skin. However, the technique used for the determination
of collagen was qRT-PCR [15]. As observed in the present
study, the expression of type III collagen was quite high
in the apparently healed wound, whether they were treated
or not. Furthermore, regression analysis showed a trend
of stabilization in the expression of this collagen in the
PRP-treated group, which according to the authors may be
a positive aspect of the therapy. Monteiro et al. [13] also
evaluated the gene expression of collagen types I and III by
PCR in horse’s wounds treated with PRP, but in the forelimbs.
However this evaluation occurred only after complete healing
of the wounds. The authors compared the mean ratio of
collagen type I to collagen type III mRNA expression, though
they found no difference (𝑝 > 0.05) between treated and
untreated groups in themean values, whichwere 0.502±0.155
and 0.542 ± 0.118, respectively.

Although the obtained results cannot be compared with
other studies, the presented data are original and valuable for
veterinary medicine. Evaluating alterations in the extracellu-
lar matrix components is an appropriate form of monitoring
tissue repair. Because collagen is the most abundant compo-
nent of the connective tissue, it is essential during the restora-
tion of the skin function and reflects the quality of thematrix.
The experimental trial conducted in distinct moments made
it possible to monitor the dynamics of the healing process.
The adopted technique, immunohistochemistry, is sensitive,
reliable and easily performed, so it is suitable for research
on gene expression in different biological components.More-
over, even though few studies have valuable data on density,
quantification and/or gene expression of the collagens in the
skin of horses, the profile of this expression in the PRP-treated
wound should still be better characterized.Obtaining the skin
samples for evaluation of extracellular matrix components
from different periods after macroscopic healing of the
wound may provide new information and verify the efficacy
of or inefficacy of the therapy. This corroborates Baksh et
al. [53], who mentioned that the benefits of the use of PRP
in the “clinical setting remain unclear.” According to Brossi
et al. [54], despite the fact that the treatment of different
tissues has demonstrated “beneficial effects” of platelet-rich
component, “clinical evidence of its efficacy remains lacking,”

although several researchers are conducting quality studies to
determine differences between treated and untreated tissues.
Furthermore, Romagnoli et al. [55] observed “mild negative
correlation between platelet concentration and time to return
to sport activity” in spontaneous suspensory ligament injury
in their study considering concentrations of platelets in the
PRP. Finally, to date, the use of “the therapy in ankle surgery
as an orthobiologic does not have an absolute indication” as
mentioned by Grambart [56].

Because the main reason for the use of the platelet-
rich component is growth factors present in platelets, it is
possible that individual variations influence the effectiveness
of the therapy. The body region of the horse, the method
of obtaining and the composition of PRP (considering the
amount of platelets and leukocytes), the presentation form
(liquid, gel), route and frequency of application, and the
volume and time in which it is administered during the
skin healing process are already mentioned as aspects related
to the lack of sufficient evidence to confirm the effective-
ness of PRP in the treatment of skin wounds. Using the
ELISA immunoenzymatic technique, Giraldo et al. [57] have
recently reported a significant difference (𝑝 < 0.001) in the
PDGF-BB concentration in PRP gel (P-PRG; activated with
10% calcium gluconate) from Colombian Creole females and
young horses (up to 5 years of age) compared with Argentine
Creole males and horses over 10.1 years old. Textor et al. [58],
however, did not observe differences in the amount of growth
factors TGF-𝛽1 and PDGF-BB in PRP of males and females.
On the other hand, those authors only commented the data
obtained for sex evaluation, in precisely four lines at the end
of result section, without any other mention in the discussion
section.

According to Minimas [59], one of the main features of
senile skin is decreased synthesis of collagen. It is possible
that the age of the animals used in this study, which was
between 16 and 17 years, led to a delay in skin remodeling and
thus in the substitution of type III for type I collagen. On the
other hand, the similarity in the age of the horses included in
the research is a positive aspect, given that several previously
published studies used animals of different ages in a way that
contributes nothing to the elucidation of the effectiveness
or ineffectiveness of PRP. Nevertheless, the contradictory
results between studies reinforce the need for further research
in vivo using homogeneous samples, even considering the
age and sex of animals. However, one should be careful in
extrapolating and comparing the data obtained in vitro with
those in vivo.

4. Conclusions

A single local administration of LP-PRP 12 h after surgical
induction of cutaneous injury in the gluteal region of horses
results in an important immunohistochemical expression of
collagens, particularly COL III, which remains high even
during the macroscopic closure of wounds. This greater
expression does not result in faster closure of the surgical
wound, although microscopically the tissue treated with LP-
PRP shows better tissue quality. Additionally, this high COL
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III staining in both the treated wound and the control wound
suggests that the tissue was still weakened, despite being
clinically closed.
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[25] D. Argüelles, J. U. Carmona, J. Pastor et al., “Evaluation of single
and double centrifugation tube methods for concentrating
equine platelets,” Research in Veterinary Science, vol. 81, no. 2,
pp. 237–245, 2006.

[26] H. M. Rees and E. E. Ecker, “An improved method for counting
blood platelets,” The Journal of the American Medical Associa-
tion, vol. 80, no. 9, pp. 621–622, 1923.
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Heparan sulfate (HS) and heparin (Hp) are linear polysaccharide chains composed of repeating (1→ 4) linked pyrosulfuric acid
and 2-amino-2-deoxy glucopyranose (glucosamine) residue. Mentioned glycosaminoglycans chains are covalently O-linked to
serine residues within the core proteins creating heparan sulfate/heparin proteoglycans (HSPG).The latter ones participate inmany
physiological and pathological phenomena impacting both the plethora of ligands such as cytokines, growth factors, and adhesion
molecules and the variety of the ECM constituents. Moreover, HS/Hp determine the effective wound healing process. Initial growth
of HS and Hp amount is pivotal during the early phase of tissue repair; however heparan sulfate and heparin also participate in
further stages of tissue regeneration.

1. Introduction

Wound healing, physiological body response to injury, is a
complex series of events leading to the repair of damaged
tissues and reestablishment of cellular homeostasis. These
dynamic biochemical pathways involve four overlapping
but well-defined phases: haemostasis, inflammation, pro-
liferation, and remodeling [1, 2]. The restoration of tissue
integrity requires precise cooperation of many cells such
as neutrophils, macrophages, fibroblasts, and epithelial and
endothelial cells, interacting with one another and with
the components of the extracellular matrix (ECM) through
their integrin receptors and adhesion molecules. In addition
to various cellular interactions, wound repair process is
tightly regulated by different cytokines, growth factors, and
proteolytic enzymes which create balanced woundmolecular
environment necessary for continuing effective healing [3–
6]. Matrix molecules including glycosaminoglycans (GAG)
play an essential role in wound repair activity through all
phases of the healing process. The GAG family consists of
sulfated glycosaminoglycans, that is, chondroitin/dermatan
sulfate (CS/DS), heparan sulfate/heparin (HS/Hp), and ker-
atan sulfate (KS), as well as unsulfated hyaluronic acid (HA).

The first three types of molecules are covalently connected
to core protein forming proteoglycans (PGs). Hyaluronic
acid does not form covalent links with proteins but instead
interacts noncovalently with proteoglycans via hyaluronan-
bindingmotifs [7, 8]. GAGs influence wound healing process
by providing both a scaffold support and a signaling role.
ECM components create a temporary matrix in the repairing
process [6, 9]. Signal transduction role is being fulfilled by
stimulation of cellular adhesion, migration, differentiation,
and proliferation as well as regulation of ECM organization
and metabolism. Mentioned functions are connected with
GAGs and PGs ability to bind with high affinity to a range
of cytokines, growth factors, and members of chemokine
superfamily. These interactions additionally can serve as
a reservoir of regulatory factors that can be liberated by
selective degradation of GAG chains [10, 11]. PGs may also
have other roles inwound healing including a direct influence
on inflammation [2]. Moreover, extensive changes in ECM
components in the course of repair process may be reflected
in reepithelialization and regeneration of the basementmem-
brane but also may influence intercellular communication
[12]. Heparan sulfates have diverse functions with respect
to skin wound healing. A large chemical diversity of HS
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Figure 1: Structure of heparan sulfate/heparin disaccharides [13].

chains and capacity of these glycosaminoglycans to interact
with proteins and diverse binding ligands through the varied
arrangements of sulfate groups and glucuronic acid/iduronic
acid residues determine their contribution to effective tissue
repair. Understanding the complex mechanisms by which
these ECM components influence wound repair activity
promises the implementation of new therapeutic strategies.

2. Structure and Properties of
Heparan Sulfate and Heparin

Heparan sulfate (HS) and heparin (Hp) are the glycosamino-
glycans (GAGs) of the most complex structure among all
GAGs. They are made of recurring, disaccharide units con-
sisting of glucuronic acid and N-acetylglucosamine residues
of a schematic structure [→ 4GlcA𝛽1→GlcNAc𝛼1→], in
which the glycosidic bond between the hexuronic acid
and N-acetylglucosamine assumes the configuration of
𝛽1→ 4 instead of 𝛽1→ 3, while the bond between N-
acetylglucosamine and hexuronic acid assumes the con-
figuration c𝛼1→ 4 instead of 𝛽1→ 4, as it takes place
in chondroitin-dermatan glycosaminoglycans [11, 13–16].
HS/Hp structures are presented in Figure 1.

Despite the fact that heparin is often considered an
analogue of heparin sulfate, which is caused by the fact that
both GAGs aremade of the same, monomeric subunits, post-
synthetic modifications, the range of which is significantly
different in both glycosaminoglycans, definitely differentiate
these biopolymers [17].Namely,monomeric heparin subunits
are sulfated to a greater degree than the subunits of HS
[13]. On average, one disaccharide unit of heparin contains 3
sulfate groups, while one disaccharide unit of heparan sulfate
contains only one sulphate group [18]. The negative charge
density, which is displayed by heparin, is the highest among
biologic macromolecules and is responsible for the fact that
this GAG is the most acidic macromolecule of human body
[7, 19, 20].

Iduronic acid dominates in heparin structure constituting
90% of all acid residues, while in the heparan sulfate,
glucuronic acid, being the C5 epimer of the iduronic acid
[18, 21], occurs in greater amounts.

The molecular mass of the heparin molecule on average
equals 15 kDa, while in the case of heparin sulfate about
30 kDa. Moreover, the chains of the latter one are longer than
in the case of heparin [14].

The molecules of heparin sulfate are characterized by
a greater heterogeneity of the structure compared with
the structure of heparin. HS contains bigger amounts of
the acetylated glucosamine residues than N-sulfated GlcN,
greater content of GlcA than IdoA, but fewer O-bound
sulfate groups. Moreover, HS displays the domain structure
comprising highly sulfated, heparin-like sequences, poorly
sulfated sequences, and unmodified regions: [GlcA-GlcNac]
[14, 18, 19, 22, 23].

3. Heparan Sulfate and
Heparin Biosynthesis, Postsynthetic
Modification, and Degradation

The two kinds of GAGs also differ with regard to the
tissue location, core proteins, to which, in the process of
biosynthesis, glycans are linked, and the number of glycan
chains connected with the protein [13]. Heparin is synthe-
sized in the mast cells and basophils, in the form of side,
glycosaminoglycan chains of the proteoglycan, serglycin [18,
24]. This proteoglycan, which contains numerous glycan
chains of uneven length, is secreted from the mentioned
cells in the process of their degranulation, after which the
enzymatic degradation takes place with a subsequent release
of heparin [18]. Heparan sulfate is also synthesized as a
proteoglycan component, which is a constituent of many PGs
occurring on the cellmembrane or located in the extracellular
matrix [18, 25]. Syndecans and glypicans are the two main
families of HSPG which are located on the cell surface [26–
28]. Moreover, perlecan, agrin, and collagen type XVIII also
belong to this HSPG family and, furthermore, the isoform
CD44, betaglycan, and testican [17, 29] which constitute not
more than over 5% of all heparan sulfate PGs. On average,
HSPG consists of only a few HS chains [17, 18].

The initial biosynthesis stages of heparan sulfate pro-
teoglycans are not different from the initial biosynthesis
stages of CS/DSPG. The linking tetrasaccharide region, con-
nected with the seryl residue of the core protein, initiates
the elongation of the HS/Hp chain [14]. In this process,
the monosaccharide subunits, the N-acetylglucosamine and
glucuronic acid, are alternately linked to the nonreducible
end of the growing glycan chain by the glycosyltrans-
ferases, the so-called exostosin I (EXT1), and exostosin
II (EXT2) [30]. During the polymerization, the glycan
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chain is subject to many modifications [14]. These modi-
fications concern N-deacetylation and N-sulfation of glu-
cosamine, epimerization of GlcA to IdoA, 2-O-sulfating
of hexuronic acid (usually IdoA), 6-O-sulfating, and 3-O-
sulfating of glucosamine. They start from the removal of N-
acetyl groups, after which they are replaced by the sulfate
groups. The latter process is catalyzed by the enzymatic
complex of N-deacetylase/N-sulfotransferase (NDST) [29].
N-deacetylation and N-sulfation are the initial condition
of all next, enzymatic modifications [30]. Next to them is
the transformation of glucuronic acid into iduronic acid,
catalysed by C-5 epimerase, which is specific for both HS and
Hp [14].

Similarly, the activity of 2-O-sulfotransferase (HS2ST)
displays the specificity towards HS and Hp. This enzyme
catalyses the sulfating reaction of hexuronic acid. It is
thought that both last enzymes create a complex or enter
the interaction in order to reverse epimerization, already
sulfated IdoA back into GlcA [30]. Another enzyme in
the modification process of the increasing HS/Hp chain 6-
O-sulfotransferase heparin sulfate (HS6ST) transfers 6-O-
sulfate group onto N-sulfated glucosamine, while heparan
sulfate 3-O-sulfotransferase transfers 3-O-sulfate group also
onto the residue of the mentioned hexosamine.

The modifications of heparan sulfate proteoglycans also
comprise, besides the ones connected with the biosynthesis
of the glycan chain, the ones concerning the transformation
of the HSPG core protein [30].

HSPG comprise the syndecan family, transmembrane
PGs created from 4 members- syndecan-1, -2, -3, -4, some-
times “enriched” in CS chains; glypican family PGs bound
with the cell membrane by glycosylphosphatidylinositol hav-
ing six members (glypican-1,-2,-3,-4,-5,-6); betaglycan PG of
the cell surface, also named the type III receptor for TGF-
𝛽; testican (chondroitin-heparan sulfate PG of extracellular
matrix); perlecan; and agrin (PGs of basement membranes)
[23, 25, 29, 31–34]. Perlecan may also occur outside the
basement membranes, that is, in the extracellular matrix of
tissues deprived of these structures, as in the case of the
matrix of cartilage, sinusoid vessels of liver, spleen, or in the
lymph nodes [35].

It is worth mentioning that proteins may also undergo a
modification by binding HS chains which, however, usually
does not occur in this kind of proteins. Such examples are
isoform CD44 or collagen type XVIII [30].

Another postsynthetic modification of HSPG is the
release of GAG chains from their proteoglycans (the so-called
“shedding”), which leads to the transformation of insoluble
glycans, connectedwith this protein, into free, soluble formof
these compounds.These soluble GAGs may undergo further,
enzymatic transformations, which are connected with the
change of the length of glycan chain or with “revealing”
specific domains (masked up to this moment). A special role
in the mentioned enzymatic transformations is played by
heparanase (endoglucuronidase), degrading the HS chains
[30, 36, 37].

The degradation of heparan sulfate proteoglycans initially
takes place in the extracellular space, and then is contin-
ued in lysosomes. Heparanse (endo-beta-glucuronidase) is

endoglycosidase, specific for heparan sulfates, degrades the
abovementioned glycans to smaller fragments (in the place
of glucuronide bonds) [30, 38].

4. Heparan Sulfate and
Heparin Physiological Functions

Biological functions of heparan sulfate glycosoaminoglycans
have been well recognized. Heparan sulfate plays a signif-
icant role in regulating the interactions between cells and
between cells and extracellular matrix. HS stimulates the
adhesion of cells to ECM by binding themselves to matrix
macromolecules such as fibronectin or laminin [18, 39, 40].
HS and Hp function as endogenous receptors for numerous
extracellular ligands, growth factors, and chemokines which
all regulate the process of cell proliferation, differentiation,
and angiogenesis, processes of leukocytic migration and
degranulation, and processes of carcinogenesis [14, 26, 27, 35,
41–45]. The role of HSPG in metastases depends on the type
of the tissue, pathophysiologic condition of the cancer and on
the HSPG tissue location. Generally, although not always, the
HSPG of the cell surface prevent metastases, while the core
proteins and HS chains themselves modulate the mentioned
process [37]. Heparin, synthesized in basophils andmast cells
of lungs, intestines, and liver, plays a role in the body immune
defenses. It demonstrates antioxidant, anti-inflammatory and
vasodilating properties [19]. Together with heparan sulfate,
it demonstrates anticoagulant activity; however, in vivo the
function of Hp in the regulation of the coagulation process
seems to be very unlikely [24, 46, 47]. The HSPG of cell
surface regulate the metabolism of lipoproteins [33]. The
participation of HSPG in the processes of neurogenesis and
repair of tissue damage is known [11, 46–50].

5. The Role of Heparan Sulfate and
Heparin in the Process Wound Healing

Initial growth of HS/Hp amount is pivotal during early stages
of tissue repair. It is known that HS/Hp play a key role
in chemical signaling between cells through binding and
regulating the activities of heparin-binding growth factors,
proteolytic enzymes, and protease inhibitors [51, 52].

Heparin impacts hemostatic phase of wound healing
by binding of various molecules. Mentioned glycan inter-
acts with antithrombin participating in serpin’s coagulation
cascade, proteinase nexin-1 functioning as an inhibitor of
trypsin-like serine proteases, protein C inhibitor, which
plays a procoagulant role, and factors (IIA, IXa, and Xa)
taking part in coagulation cascade of serine proteases [53].
Moreover, heparin acts as a potent anti-inflammatory agent
that inhibits enzymes and cytotoxic mediators, released
from proinflammatory cells, responsible for augmentation
of inflammation, such as elastase, cathepsin G, eosinophil
peroxidase, eosinophil cationic protein, major basic protein,
interleukin-8, and stromal-derived factor-1 [53, 54]. On the
other hand, heparan sulphate enhances the recruitment of
inflammatory cells, since endothelial surface HS decreases
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neutrophil rolling rapidity via L-selectin mediated cell adhe-
sion. Moreover, HS-mediated Mac-1-CD44v3 interaction
stimulates binding of leukocytes to the endothelial surface
to drive the cells extravasation [29]. Last but not least, HS
can be recognized as a sensor of tissue injury, thanks to the
interaction with TLR-4 on leukocytes. This action regulates
the release of proinflammatory cytokines by macrophages
and significantly enhances the maturation of dendritic cells.
Mentioned phenomenon is confirmed by the upregulation of
MHC-II, CD40, ICAM-1, CD80, CD86, and reduced antigen
uptake [29]. HS/Hp are recognized as pivotal players in
angiogenesis, cell growth, migration, and differentiation [51,
55, 56].

HS/Hp, abundant in acute wound fluid 24–72 h after
injury, bind heparin binding growth factor (Hb-EGF), which
can act as a mitogenic agent for fibroblasts, smooth muscle
cells, and epithelial cells [57]. Moreover, after skin damage,
heparan sulfate proteoglycan, syndecan-4, is upregulated
within the granulation tissue on fibroblasts and endothelial
cells, which may suggest that syndecan-4 regulates wound
healing and related angiogenesis [58].

HS/Hp interact with hepatocyte growth factor, which
regulates cell growth, motility, and morphogenesis of epithe-
lial or endothelial cells and stimulates epithelial repair
and neovascularization [46, 53, 59]. HS/Hp also influence
fibroblast growth factor responsible for cell proliferation,
differentiation, signal transduction, and angiogenesis [46,
53].

The presence of heparin at high concentrations reduces
the activity of FGF-7, [60] which is responsible for enhance-
ment of keratinocytes migration and proliferation and plays
a key role in reepithelialization process [61]. The mentioned
heparin “conditions” do not inhibit the action of another
important factor [60], that is, FGF-1, which regulates the
proliferation of fibroblasts, endothelial, and epithelial cells
and influences angiogenesis via effect on the activity of
endothelial cells [62]. Special attention should be paid to
the fact that heparin can enhance the stability of FGF1
and may determine the formation of FGF1-FGFR (fibroblast
growth factor receptor) active complex [63]. The heparin’s
small fraction presents high affinity to FGF-7, particularly
supporting the FGF7/FGFRIIIb signaling [60]. Furthermore,
HS, which builds the heparan sulfate proteoglycan, that is,
syndecan-1, binds FGF-7 and its receptor, promotes the FGF-
7 signaling and influences organization of granulation tissue.
However, the overexpression of syndecan-1 may modify the
HS effect, from stimulatory into inhibitory one, on FGF-7
signaling [60].

Last but not least, it should be noted that heparan
sulfate may be responsible for accurate regulation of wound
angiogenesis through binding and modulation of various
paracrine agents, such as VEGF, FGF, TGF-𝛽, PDGF-𝛽, SDF-
1, and MCP-1, functioning in orchestrated and interactive
mode [58]. VEGF-A is a master regulator of angiogenesis
influencing various aspects of the mentioned phenomenon,
including endothelial cells differentiation, assembly, prolif-
eration, or migration [58]. FGF-1,-2 promotes endothelial
cell proliferation and the physical organization of endothelial
cells into tube-like arrangements [62]. TGF-𝛽may participate

in vessel stabilization and quiescence, since the compo-
nents of the TGF-𝛽 signaling pathway, including TGF-𝛽
receptors, interact and cocluster directly with VE-cadherin
at EC-EC junctions [58]. PDGF-𝛽 signaling is crucial for
mural cells recruitment, vascular maturation, and stability
[58]. The chemokine stromal-cell-derived factor-1 (SDF-1)
inhibits humanmicrovascular endothelial cells apoptosis and
enhances cell proliferation and capillary tube formation [64].
Monocyte chemoattractant protein-1 (MCP-1) regulates the
angiogenic effect of TGF-𝛽 by recruiting vascular smooth
muscle cells and mesenchymal cells toward endothelial cells
[65].

Moreover, the morphology of syndecan-1-null wounds
was reported to be more changeable, but the reepithelialized
epidermis was organized in a lesser extent and was thinner
than in the case of the control ones indicating a possible
role for mentioned HSPG in the signaling mediation or in
remodelling the recently laid dermis [60].

HS/Hp, which interact with TGF-𝛽1 and potentiate its
activity, are indispensable for adhesive and contractile sig-
naling, that results in myofibroblast formation and wound
closure [51, 66, 67].

In our previous experimental studies, we proved that gly-
cosaminoglycans, including heparan sulfate/heparin, chon-
droitin/dermatan sulfates, and hyaluronic acid, turned out
to be better effectors of natural therapeutic agent such as
propolis than silver sulfadiazine (agent of choice in local burn
management) in animal burn wound healing model [51, 68].
Moreover, our studies have shown the beneficial effect of
propolis on the other extracellularmatrix constituents, that is,
collagens, fibronectin, laminin, and vitronectin, remodeling
in burnt skin. Propolis, as a factor modulating the expression
of the collagens, noncollagenous proteins, and glycosamino-
glycans, speeds up the healing process and contributes to
scar-less healing of the burnt skin [51, 69, 70]. The strong
positive effect of propolis on decreasing the amount of
free radicals, the factors playing an important role in the
postsynthetic modification of the ECM components, was
proved in our earlier study concerning burn wound healing
[71].

In conclusion, understanding biochemical changes of
the ECM constituents proceeding with healing process may
be of great importance in the implementation of the new
alternative therapeutic strategies, in the course of thermally
damaged tissues repair.
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GHK (glycyl-L-histidyl-L-lysine) is present in human plasma, saliva, and urine but declines with age. It is proposed that GHK
functions as a complex with copper 2+ which accelerates wound healing and skin repair. GHK stimulates both synthesis and
breakdown of collagen and glycosaminoglycans and modulates the activity of both metalloproteinases and their inhibitors. It
stimulates collagen, dermatan sulfate, chondroitin sulfate, and the small proteoglycan, decorin. It also restores replicative vitality to
fibroblasts after radiation therapy.Themolecule attracts immune and endothelial cells to the site of an injury. It accelerates wound-
healing of the skin, hair follicles, gastrointestinal tract, boney tissue, and foot pads of dogs. It also induces systemic wound healing in
rats, mice, and pigs. In cosmetic products, it has been found to tighten loose skin and improve elasticity, skin density, and firmness,
reduce fine lines and wrinkles, reduce photodamage, and hyperpigmentation, and increase keratinocyte proliferation. GHK has
been proposed as a therapeutic agent for skin inflammation, chronic obstructive pulmonary disease, andmetastatic colon cancer. It
is capable of up- and downregulating at least 4,000 human genes, essentially resetting DNA to a healthier state. The present review
revisits GHK’s role in skin regeneration in the light of recent discoveries.

1. Introduction

GHK is a tripeptide with the amino acid sequence glycyl-
histidyl-lysine. It naturally occurs in human plasma, saliva,
and urine. In plasma the level of GHK is about 200 ng/mL
(10−7M) at age 20, but declines to 80 ng/mL by age 60.
This decline in the GHK-level coincides with the noticeable
decrease in regenerative capacity of an organism.The human
peptide GHK-Cu was isolated in 1973 by Pickart as an
activity in human albumin that caused old human liver tissue
to synthesize proteins like younger tissue [1]. Subsequent
studies established this activity as a tripeptide with an amino
acid sequence glycyl-L-histidyl-L-lysine with a strong affinity
for copper that readily formed the complex GHK-Cu. It
was proposed that GHK-Cu functions as a complex with
copper 2+ [2]. Pickart et al. have established that GHK-Cu
accelerates wound healing and contraction, improves the take
of transplanted skin, and also possesses antiinflammatory
actions [3–5].

Subsequent studies directed by Borel and Maquart et al.
demonstrated that GHK-Cu at a very low, nontoxic con-
centration (1–10 nanomolar) stimulated both synthesis and
breakdown of collagen and glycosaminoglycans [6]. GHK
modulated an activity of both metalloproteinases and their
inhibitors (TIMP-1 and TIMP-2), acting as a main regulator
of wound healing and skin remodeling processes [7, 8]. GHK-
Cu stimulated collagen, dermatan sulfate, chondroitin sulfate,
and a small proteoglycan, decorin [9]. In 2001 McCormack
et al. established that GHK-Cu restored replicative vitality to
fibroblasts from patients after anticancer radiation therapy
that damages cellular DNA [10]. GHK was also found to
attract immune and endothelial cells to the site of an injury
[11].

Woundhealing activity ofGHK-Cuwas confirmed in ani-
mal experiments. GHK-Cu accelerated wound healing and
increased blood vessel formation and the level of antioxidant
enzymes in rabbits. This molecule also induced systemic
wound healing in rats, mice, and pigs. It improved the healing
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of diabetic and ischemic wounds in rats, decreasing the
level of TNF-alpha and stimulating collagen synthesis. It also
facilitated healing of pad wounds in dogs [12–17]. Such well-
documented skin regeneration activity prompted widespread
use of GHK in antiaging cosmetic products [18].

Recently, GHK-Cu has been gaining publicity as a
prospective therapeutic agent for chronic obstructive pul-
monary disease (COPD), skin inflammation, and metastatic
colon cancer [19–21]. It has been established that it is capable
of up- and downregulating at least 4,000 genes in the human
genome, essentially resetting DNA back to a healthier state
[22]. These studies shed new light on the skin remodeling
activity of the GHK-Cu peptide.

The present review revisits GHK-Cu’s role in skin regen-
eration in the light of recent discoveries.

2. GHK Restores TGF-Beta Pathway in
COPD Lungs

A collaborative study conducted by scientists from Boston
University, University of Groningen, University of British
Columbia, and University of Pennsylvania established that
the GHK peptide reverses the gene expression signature of
COPD, which is manifested by emphysema, inflammation,
lung tissue destruction, and significant reduction of lung
capacity.

The researchers identified 127 genes whose expres-
sion was significantly associated with emphysema severity.
Among those genes, whose expression was upregulated in
COPD patients, were genes involved in inflammation, while
expression of genes involved in tissue remodeling and repair
was markedly downregulated. Among the genes displaying
decreased activity were genes involved in the TGF-beta
pathway. Using the Connectivity Map, a software gene pro-
filing tool developed by the Broad Institute, the researchers
identified GHK as a compound which reversed changes in
gene expression associated with emphysematous destruction.
In particular, patients with COPD displayed a decreased
activity of genes involved in the TGF-beta pathway. GHK
reversed the gene expression pattern so it became consistent
with the activation of the TGF-beta pathway.

In vitro studies confirmed that treating lung fibrob-
lasts with GHK reversed negative changes associated with
decreased TGF-beta activity. It has been established that lung
fibroblasts derived from COPD patients had certain defects,
which impaired their ability to contract and remodel collagen
gel. When such fibroblasts were treated with either GHK or
TGF-beta, the contraction and remodeling of collagen gel was
restored and became comparable to fibroblasts derived from
lungs of exsmokers without COPD. After GHK treatment,
the lung fibroblasts derived from COPD patients were able
to remodel collagen gel into fibrils. They also had an elevated
expression of integrin beta 1. These findings indicate that
GHKmay be able to improve tissue regeneration by restoring
activity of genes involved in the TGF-beta pathway [23].

It is known that skin regeneration requires the participa-
tion of multiple cytokines and growth factors. Rather than
work separately, they engage in a crosstalk, which involves

interaction of different cellular pathways. For example, cellu-
lar pathways regulated by TGF-beta and integrins seem to be
connected [24]. GHK’s ability to restore the contraction and
remodeling of collagen gel in the COPD study demonstrate
that GHK is capable of activating both TGF-beta and integrin
beta 1 pathways during tissue regeneration. Even though the
exact mechanism of GHK’s action is yet to be elucidated,
it becomes apparent that the diverse and multiple effects of
GHK in skin regeneration can be better understood through
its ability to reset the gene pattern back to a healthier state,
thereby leading to the activation or deactivation of various
cellular pathways.

3. Cancer Metastasis Genes and
Skin Remodeling

Hong et al. used genome-wide profiling to identify genetic
biomarkers for metastasis prone colorectal cancer as well as
their perturbagens, substances that modulated their expres-
sion. The search out of 1309 bioactive compounds yielded
only two substances that were able to effectively downregulate
expression of “metastatic” genes, GHK and the plant alkaloid,
securinine. GHK suppressed RNA production in 70% of 54
human genes overexpressed in patients with an aggressive
metastatic form of colon cancer. GHK produced the result at
a low non-toxic 1 micromolar concentration and securinine
at 18 micromolar. The authors point out that both GHK and
securinine are well-known skin remodeling agents. Securi-
nine activates macrophages and is a component of traditional
African and Chinese medicines for skin injuries [25]. The 54
geneswhose expressionwas reversed byGHK included “node
molecules” YWHAB, MAP3K5, LMNA, APP, GNAQ, F3,
NFATC2, and TGM2, all of which are involved in regulation
ofmultiple biological functions through a complexmolecular
network [20]. The fact that GHK was able to suppress 70% of
genes involved in the development of an aggressivemetastatic
form of colon cancer indicates that GHK is capable of the
regulation of various biochemical pathways on a gene level
and it seems to be resetting the gene activity back to health,
which leads to the improvement of tissue repair.

In vitro studies by Matalka et al. found that when three
lines of human cancer cells (SH-SY5Y neuroblastoma cells,
U937 histolytic cells, breast cancer cells) were incubated in
culture with 1 to 10 nanomolar GHK, the programmed cell
death system (apoptosis) was reactivated and cell growth
inhibited [26].

Pickart et al., using the Broad Institute data, found that
GHK induces anti-cancer expression of numerous caspase,
growth regulatory, and DNA repair genes. The combination
of ascorbic acid and GHK-Cu strongly inhibited the growth
of sarcoma-180 in mice [27].

4. Recovery of Skin Stem Cells

Skin regeneration depends on viability and proliferative
potential of stem cells. Skin proliferation starts in the basal
layer of keratinocytes, which are attached to the basal
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membrane. When a cell leaves the basal layer, it under-
goes terminal differentiation. Stem cells have unlimited
self-renewal capacity; however, their proliferative potential
declines with age. GHK-Cu, in concentrations of 0.1–10
micromolar, increased expression of epidermal stem cell
markers such as integrins and p63 in basal keratinocytes
in dermal skin equivalents, which according to the authors
indicate increased stemness and proliferative potential of
basal keratinocytes. Therefore, restoration of gene pattern
characteristic of healthy stem cells, which leads to activation
of integrins and p63 cellular pathways may be another
target of GHK’s gene modulatory activity relevant to skin
regeneration [28, 29].

A recent study has established that pretreatment of
human mesenchymal stem/stromal cells (MSC) with GHK
presented in a biodegradable carrier (alginate gel) produced
a dose-dependent increase in secretion of proangiogenic
factors such as the vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor. When pretreated with
antibodies to integrins alpha 1 and beta 1, MSC failed to
produce an increase of VEGF, which indicated that the effects
of GHK on secretion of trophic factors by MSC involve the
integrin cellular pathway [30].

5. GHK and IL-6 in Skin Repair

Wound healing and skin repair involves inflammation, cell
proliferation and migration and dermal matrix remodel-
ing. Excessive inflammation may delay healing and lead to
scar formation. The copper complexes of the peptides Gly-
Gly-His (GGH), Gly-His-Lys (GHK) reduced TNF-alpha
induced secretion of proinflammatory cytokine IL-6, in nor-
mal human dermal fibroblasts, while saccharomyces/copper
ferment (OligolidesA Copper) had no effect. The authors
propose that GHK and GHK-Cu can be used as a topical
agent in treatment of inflammatory skin conditions instead
of corticosteroids [21].

6. GHK and DNA Repair

GHK was able to restore viability of irradiated fibroblasts.
The researchers used cultured human fibroblasts obtained
from cervical skin that was either intact or exposed to
radioactive treatment (5000 rad). GHK (10−9M) was added
in a serum free medium directly to the cell culture. An
equivalent amount of plain serum-free medium was added
to control cells. Although irradiated fibroblasts survived and
replicated in the cell culture, their growth dynamics were
markedly different from that of intact cells. The growth of
the irradiated cells was especially delayed at 24 and 48 hour
measurements. However, the irradiated fibroblasts treated
with GHK showed much faster growth that was similar to
the normal (non-irradiated control cells). In addition, GHK-
treated irradiated fibroblasts showed higher production of
growth factors, which are essential for wound healing [31].

Fibroblasts are central cells in both wound healing and
tissue renewal processes. They not only synthesize different
components of dermal matrix, but also produce a number

of growth factors that are involved in a multitude of cellular
pathways regulating cell migration and proliferation, angio-
genesis, epithelialization, and so forth. Radiation damages
cell DNA, thus impairing their function. Since GHKwas able
to restore function of irradiated fibroblasts, it has to have
effects on DNA repair.

Studies using the Broad Institute’s Connectivity map
found that GHK significantly increased the expression of
DNA repair genes with 47 genes stimulated and 5 genes
suppressed (more than or equal to a 50% increase or decrease)
[22].

7. Facial Studies

A number of placebo-controlled clinical studies found GHK-
Cu to improve skin quality in women around the age of 50.
A study of collagen production determined by studying skin
biopsy samples using immunohistological techniques found
that after applying creams to the thighs for onemonth, GHK-
peptides had a significant effect on collagen production.
Increaseswere found in 70%of thewomen treatedwithGHK-
Cu, in contrast to 50% treated with the vitamin C cream, and
40% treated with retinoic acid [32].

A GHK-Cu facial cream reduced visible signs of aging
after 12 weeks of application to the facial skin of 71 women
with mild to advanced signs of photoaging. The cream
improved skin laxity, clarity, and appearance, reduced fine
lines and the depth of wrinkles, and increased skin density
and thickness [33].

A GHK-Cu eye cream, tested on 41 women for twelve
weeks withmild to advanced photodamage, was compared to
a placebo control and an eye cream containing vitaminK.The
GHK-Cu creamperformed better than both controls in terms
of reducing lines andwrinkles, improving overall appearance,
and increasing skin density and thickness [34].

In another 12-week facial study of 67 women between 50
and 59 years with mild to advanced photodamage, a GHK-
Cu cream was applied twice daily and improved skin laxity,
clarity, firmness and appearance, reduced fine lines, coarse
wrinkles and mottled pigmentation, and increased skin den-
sity, and thickness.The creamalso strongly stimulated dermal
keratinocyte proliferation as determined by the histological
analysis of biopsies [35].

These placebo-controlled studies demonstrated that
GHK-Cu skin creams had the following effects:

(1) Tighten loose skin and improve elasticity.
(2) Improve skin density and firmness.
(3) Reduce fine lines and deep wrinkles.
(4) Improve skin clarity.
(5) Reduce photodamage and mottled hyper-pigmenta-

tion.
(6) Strongly increase keratinocyte proliferation.

8. Formulation and Delivery

GHK-Cu appears to pass the skin’s horny layer (stratum
corneum) in quantities sufficient to activate regenerative
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events. The permeability coefficients of copper complexes
increase with increasing pH. It was proved that only the
tripeptide GHK and its complexes with copper: GHK-Cu
and (GHK)(2)-Cu are able to migrate through the membrane
model of the stratum corneum [36–38]. Yet, because of
its susceptibility to the actions of proteolytic enzymes it
is important to ensure its sustained delivery in bioactive
concentrations. Arul et al. proposed the use of biotinylated
peptide incorporated collagen matrix (Boc-GHK) for dermal
wound healing. They observed improved wound contrac-
tion and increased cell proliferation and a high expression
of antioxidant enzymes in wounds treated with Boc-GHK
compared to the control [39].

A recent study investigated formulation requirements for
GHK. It has been established that the peptide was prone to
hydrolytic cleavage when subjected to oxidative stressors. It
was stable in water in the pH range 4.5–7.4 buffers for at least
two weeks at 60∘C. The distribution coefficients in octanol-
phosphate buffered saline indicated the highly hydrophilic
nature of GHK-Cu with log 𝐷 values between −2.38 and
−2.49 at a pH range of 4.5–7.4. GHK-Cu can be incorporated
into Span 60 based niosomes. It is less stable in the presence
of the negatively charged lipid diacetyl phosphate [40].

Glycyl-L-histidyl-L-lysine-Cu(II) (GHK-Cu(2+))-loaded
Zn-pectinate microparticles in the form of hydroxypropyl
cellulose (HPC) compression-coated tablets were developed
for colon delivery of GHK. The release of GHK-Cu(2+)
fromZn-pectinatemicroparticles was strongly affected by the
cross-linking agent concentration and drug amount, but not
by surfactant amount. The microparticles released 50–80%
of their drug load within 4 hours. The optimum micropar-
ticle formulation (F8) coated with a relatively hydrophobic
polymer HPC presented a colonic delivery system.This study
indicates a possibility of including GHK into a delivery
system for internal use. It should be possible to incorporate
GHK into a dietary supplement with many health promoting
properties and no side effects. Such formulations can be used
to improve dermal healing in addition to topical delivery [41].

9. Breakdown Resistant Mixed
Copper Peptide Complexes

Amajor problem in the treatment of human skin wounds and
ulcers is dealing with infected wounds.The powerful bacteria
in such wounds secrete proteases that can rapidly breakdown
GHK and other types of healing growth factors.

GHK itself is formed during protein breakdown in the
company of a large number of other small peptides. When
we added copper 2+ to the entire mixture of small peptides
formed during breakdown, we found that such a mixture had
significant wound healing activity. Moreover, such peptides
were resistant to further breakdown.The details of preparing
these mixed copper peptide complexes and their incorpora-
tion into wound healing creams are given in the referenced
US patents [42, 43].

Howard Maibach’s group later tested the mixed copper
peptide complexes using four humanwound healing systems.
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Figure 1: Molecular crystal structure of the tripeptide GHK-Cu.
In solution, lysine carboxyl groups of neighboring complexes may
participate in a complex formation.

These skin damaging methods were

(1) removal of skin lipids with acetone,
(2) irritation of skin with strong sodium lauryl sulfate,
(3) irritation of skin by tape stripping,
(4) activation of an allergic response in patients with

nickel allergies.

In all four studies, there was amore rapid healingwith creams
containing the mixed copper peptide complexes than with
the control creams without the complexes. There was also a
more rapid reduction in the erythema (redness) in the nickel
allergy patients [44–47].

10. Biochemistry of GHK-Cu

Themolecular structure of the GHK copper complex (GHK-
Cu) has been extensively studied using X-ray crystallography,
EPR spectroscopy, X-ray absorption spectroscopy, and PMR
spectroscopy as well as other methods such as titration. In
the GHK-Cu complex, the Cu (II) ion is coordinated by
the nitrogen from the imidazole side chain of the histidine,
another nitrogen from the alpha-amino group of glycine,
and the deprotonated amide nitrogen of the glycine-histidine
peptide bond (Figure 1).

Lau and Sarkar found that at the physiological pH,
GHK-Cu complexes can form binary and ternary structures
which may involve the amino acid histidine and/or the
copper binding region of the albumin molecule. They also
observed that GHK can easily obtain copper 2+ bound to
the high affinity copper transport site on plasma albumin
(albumin’s binding constant of log

10

= 16.2 versus GHK’s
binding constant of log

10

= 16.44). It has been established
that the copper (II) redox activity is silenced when copper
ions that are bound to the GHK tripeptide, which allows the
delivery of nontoxic copper into the cell [48–50].
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The most distinctive feature of GHK is its ability to form
complexes with copper (II) [51]. This is very important since
copper is required for more than a dozen vital enzymes in
the human body and skin including those that participate in
connective tissue formation, antioxidant defense, and cellular
respiration. Copper also exhibits signaling function and can
influence cell behavior and metabolism. For example, suffi-
cient copper is required for stem cells to start proliferating
and repairing tissues. GHK also helps to reduce the level of
free ionic copper thus preventing the possibility of oxidative
damage.

Apart from being able to bind with copper, GHK can also
quench some toxins, in particular those that are generated
during lipid peroxidation [52]. This makes GHK a quite
efficient antioxidant.

Finally, GHK has been shown to be able to serve as a
cell adhesion molecule, which means that it helps cells to
attach themselves to the extracellular matrix. This facilitates
migration, proliferation, and differentiation of repair cells in
the skin [53, 54].

11. GHK: A Built-In Natural Regulator of
Dermal Repair

The wound healing process in the skin goes through the
following phases: hemostasis (blood clotting), inflammation,
granulation, and scar remodeling. Every stage requires well-
coordinated cell interaction and therefore is precisely orches-
trated by a plethora of biological active molecules coming
from different sources.

For example, immediately after injury degranulating
platelets release growth factors (such as TGF-beta) thatmobi-
lize immune cells and attract them to the site of the injury.

Keratinocytes and fibroblasts also produce a multitude
of growth factors. Neutrophils, macrophages, and other
immune cells that get recruited to the site of injury produce
their share of growth factors and cytokines, as well.

GHK is a rare human sequence in proteins; however,
it is more common in proteins of the extracellular matrix
(ECM). GHK triplet is present in the alpha 2(I) chain of
type I collagen and can be liberated by proteases at the site
of a wound [55]. One of the most notable GHK-containing
proteins that is always present in sites of remodeling is
glycoprotein SPARC. Its proteolytic breakdown after injury
generates GHK-Cu [56]. It has long been established that
proteolytic breakdown of some proteins and proteoglycans of
ECM results in the release of important regulatorymolecules,
matrikines [57].Thesemolecules activate and regulate dermal
repair processes. The ability of GHK to reset the genome to
a healthier gene pattern which leads to a better regulation of
various cellular pathways can explain its diverse dermal repair
actions. Since GHK is present as an amino acid sequence in
proteins of ECM and is released after an injury, it appears to
serve as a natural built-in modulator of dermal repair.

12. Conclusion

It has long been accepted that the human copper-binding
peptide GHK-Cu enhances healing of dermal wounds and

stimulates skin renewal exhibiting a wide range of effects.
Cellular pathways involved in dermal repair and skin regen-
eration form an intricate and finely orchestrated biochemical
network, where various regulatory molecules are involved
in a cross-talk. When such an interaction is disrupted, the
healing is delayed and may result in excessive inflammation
and scarring. It appears that GHK is able to restore healthy
functioning of essential cellular pathways in dermal repair
through resetting the gene pattern to a healthier state.

GHK, abundantly available at low cost in bulk quantities,
is a potential treatment for a variety of disease conditions.The
molecule is very safe and no issues have ever arisen during its
use as a skin cosmetic or in human wound healing studies.

Based on our studies where GHKwas injected in a distant
part of a body, such as thigh to induce systemic healing, and
also on studies where GHK was injected intraperitoneally
once daily to induce systemic wound healing throughout
the body, we estimate that about 100–200mgs of GHK will
produce therapeutic actions in humans. But even this may
overestimate the necessary effective dosage of the molecule
[14].

Studies where GHK was used for the healing of bone
fractures in rats used a mixture of small molecules (Gly-His-
Lys (0.5 𝜇g/kg), dalargin (1.2𝜇g/kg) (an opioid-like synthetic
drug), and the biological peptide thymogen (0.5 𝜇g/kg) (L-
glutamyl-L-tryptophan)) to heal bones. The total peptide
dosage is about 2.2 micrograms per kilogram or if scaled for
the human body, about 140 micrograms per injection with
treatments for 10 days [58, 59]. GHK can be incorporated into
topical gels, used in dermal patches, and collagenmembranes,
as well as being administered orally in liposomes and other
carriers. Future research is needed to establish the effective
dosage in humans and the best ways of delivery.
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For the successful reconstruction of facial defects, various perforator flaps have been used in single-stage surgery, where tissues
are moved to adjacent defect sites. Our group successfully performed perforator flap surgery on 17 patients with small to moderate
facial defects that affected the functional and aesthetic features of their faces. Of four complicated cases, three developed venous
congestion, which resolved in the subacute postoperative period, and one patient with partial necrosis underwent minor revision.
We reviewed the literature on freestyle perforator flaps for facial defect reconstruction and focused on English articles published in
the last five years. With the advance of knowledge regarding the vascular anatomy of pedicled perforator flaps in the face, we found
that some perforator flaps can improve functional and aesthetic reconstruction for the facial defects. We suggest that freestyle facial
perforator flaps can serve as alternative, safe, and versatile treatment modalities for covering small to moderate facial defects.

1. Introduction

Facial defects caused by trauma or the surgical excision of
tumors can be reconstructed using skin grafts, local flaps,
or free flaps. Skin grafting of the face presents limitations
because of contractures, poor color, and poor texture match.
Local flaps harvested from adjacent tissue are aesthetically
ideal for small to moderate defects, but restrictions in mobil-
ity and limited availability of the overlying skin and soft tissue
are major drawbacks of this technique. Sometimes, resolving
the defects necessitates a delayed or secondary procedure [1].
The successful reconstruction of facial defects requires single-
stage surgery, wherein tissue that matches the color and tex-
ture of the face is harvested [2]. To satisfy these demands, the
present study used various perforator flaps for facial defects.

This paper reports our experience in using freestyle
perforator flaps for facial reconstruction and discusses the
advantages anddisadvantages of the aforementionedmethod.

2. Patients and Methods

Between 2004 and 2012, 17 patients underwent facial recon-
struction surgery in which perforator flaps were used to cover
ear, nasal, perioral, and eyelid defects.

The sample comprised 13 men and four women aged 6 to
73 years old (median age = 63 years).

Retrospective data were obtained from patient demo-
graphics, diagnosis, defect location, flap size, source vessel,
and complications. These data are shown in Table 1.

To cover the nasal defects, the flaps based on the
nasolabial artery or dorsal nasal arterywere used.The average
flap size was 3.82 cm2 (SD = 1.70). Auricular defects were
covered by perforator flaps based on the posterior or superior
auricular artery. The average flap size was 3.79 cm2 (SD =
2.16). The mental perforator flaps for reconstruction of the
lower lip defects were based on the mental perforator artery.
On average, the flap size was 7.19 cm2 (SD = 1.22).
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Table 1: Patient demographics, defect location, flap size, source vessel, and complications.

Number Age/sex Location of defect Source vessel Size, cm2 Complication Follow-up (month)
1 47/M Nose Nasolabial artery 3 × 2 None 12
2 72/F Nose Nasolabial artery 2 × 1.5 None 9
3 52/M Nose Nasolabial artery 3 × 1.5 None 18
4 62/M Nose Nasolabial artery 3 × 2 Congestion 12
5 70/M Nose Nasolabial artery 2.5 × 1.5 Congestion 9
6 73/M Nose Dorsal nasal artery 2.5 × 1 Partial necrosis 8
7 68/M Nose Dorsal nasal artery 1 × 1 None 15
8 70/F Ear Posterior auricular artery 2 × 1.5 None 12
9 66/M Ear Posterior auricular artery 2 × 1.2 None 12
10 44/M Ear Posterior auricular artery 3 × 2.5 Congestion 10
11 63/F Ear Posterior auricular artery 1.5 × 1.5 None 36
12 55/F Ear Superior auricular artery 1.7 × 2.1 None 10
13 32/M Ear Superior auricular artery 2.3 × 1.6 None 18
14 56/M Lower lip Mental perforator 4 × 2 None 12
15 70/M Lower lip Mental perforator 3 × 2 None 10
16 68/M Lower lip Mental perforator 3.5 × 2.5 None 8
17 6/M Eyebrow Superficial temporal artery 4 × 1.5 None 48

3. Surgical Technique and Refinements

All the operations were performed under general anesthesia.
Existing skin tumors were excised by tumor resection with
wide surgical margins whose appropriateness was confirmed
by performing frozen section biopsies during the operations.
For skin and soft tissue defects caused by trauma, the wounds
were debrided until healthy tissue with pin point bleeding
could be seen.

A flap was designed adjacent to a defect based on the
amount of tissue that remained for reconstruction. The skin
paddle was designed slightly larger than the defect size to
enable insetting with minimal tension. A Doppler probe
was used to identify the perforators, which were dissected
meticulously using loupe magnification. Then, the final per-
forator was selected by the reliability of the caliber and length
among the identified perforators.The flaps were elevated and
inset into the defect areas along the axis of the perforator
by rotation, transposition, or advancement. If a flap needed
rotation for insetting, the perforator artery was dissected
more meticulously. If advancement was sufficient, perforator
skeletonization was unnecessary. The donor site was closed
directly in two layers, the dermis and the skin, with minimal
undermining.The flap was sutured in two layers in a tension-
free manner, after which a slightly compressive dressing was
applied.

4. Results

There were seven cases of nasal defects, six cases of auricular
defects, three cases of lower lip defects, and one case of
eyebrow defect.

In nasal defects coverage, two cases showed venous
congestion at the early postoperative stage.

In auricular defects coverage, two patients developed
complications: venous congestion and partial flap necrosis.

There were no complications after covering lower lip
defects and eyebrow defects with perforator flaps. The donor
sites healed completely with direct closure in all cases.

Of four complicated cases, three were reconstructed with
rotational flaps and one was treated with advancement flaps.

5. Case Presentation

5.1. Case 1. A 68-year-old male patient with squamous cell
carcinoma on his right ala nasi underwent wide excision
with a 3–5mm surgical margin (Figure 1(a)). The defect was
reconstructed with a nasolabial artery perforator flap that
was slightly larger than the defect. The flap was carefully
dissected under loupe magnification and advanced to the
defect area (Figures 1(b) and 1(c)). No tumor recurrence was
observed during the 3-year follow-up period, and the patient
was satisfied with the results aesthetically (Figure 1(d)).

5.2. Case 2. A 65-year-old woman admitted to our depart-
ment presented with basal cell carcinoma on the left ear
concha (Figure 2(a)). The mass was excised with a 3–5mm
surgical margin (Figure 2(b)). To cover the defect, a posterior
auricular artery perforator flap was elevated and inset in
a flip-flop manner (Figures 2(c) and 2(d)). The donor site
was closed directly (Figure 2(e)). The procedure produced
aesthetically satisfactory results, and no complications or
recurrences were observed during the 5-year follow-up
(Figure 2(f)).

6. Discussion

Although some reports indicate that freestyle perforator flaps
have been used to cover defects of the trunk or extremities,
the use of such flaps for facial reconstruction was only
recently introduced [3]. With this concept, operations were
carried out on the basis of facial artery perforators, nasolabial
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(c) (d)

Figure 1: (a) Right ala nasi defect after wide excision of squamous cell carcinoma. (b) The nasolabial artery perforator flap was elevated
showing its perforator (arrow). (c) Immediate postoperative photo. (d) Follow-up clinical photo 3 years after surgery.

artery perforators, postauricular artery perforators, or sub-
mental artery perforators [2].

The use of facial artery perforator flaps for the recon-
struction of perioral defects was first described byHofer et al.
in 2005 [3]. Given the anatomical basis of facial artery
perforators, however, the surgerywas performed in a freestyle
manner. In 2009, the introduction of the perforasome enabled
better flap design and clinical usage [4]. Ng et al. identified a
reference point where facial artery perforators were consis-
tently found to originate in cadaveric studies [5].The authors
also classified three levels of perforator flaps based on the
facial artery subsystem that are used to repair defect of the
below the jawline, between the jawline and the nasal alae, and
superior to the nasal alae up to the glabella [6].

Cordova et al. introduced the retroauricular island flap
based on a postauricular artery perforator for the recon-
struction of defects in external ear regions, such as the helix,
antihelix, conchal surface, antitragus, and external auditory
meatus [7].

A pedicled perforator flap on the face can increase flap
mobility and provide a flap that contains only necessary tissue
and presents cosmetically satisfactory results.

However, the primary closure of the donor site after flap
harvest limits the size and location of the pedicled perforator
flap on the face. The best areas for pedicled perforator flap
harvest are the neck, nasolabial area, temporoparietal area
for island flaps, and occipital area [2]. We reviewed English
literature on freestyle perforator flaps for the reconstruction
of facial defects (Table 2).

Submental flaps for facial and intraoral defect coverage
were first described in 1993. These flaps are based on the
submental artery, a branch of the facial artery, and have an
anterior neck skin paddle which can be an inconspicuous
donor site [8, 9].

Nasolabial flaps were the first true perforator flaps in the
face used to reconstruct perioral defects. The flaps are based
around the facial artery that provides several perforators
between the alar base and mandibular area. It can extend to
the lateral cheek and lower eyelid [10, 11].

Superficial temporal artery-based perforator flaps can be
used as small hair-bearing flaps for reconstructing the eye-
brows andmustache.The superficial temporal artery provides
two superficial branches: the frontal and parietal branches.
The parietal branches serve as the pedicles of the flap [2].
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Table 2: Various freestyle perforator flaps used for facial reconstruction.

Originating artery Flap Pedicle source Applications

Facial artery

Submental artery perforator flap Submental artery Cheek, perioral, intraoral defect
Nasolabial flap Superior and inferior labial artery Perioral, lateral cheek, lower eyelid
Lateral nasal artery perforator flap Lateral nasal artery Nasal dorsum, ala, side wall
Angular artery perforator flap Angular artery Glabella, inner canthal area
Buccinator flap Buccal artery Intraoral defect

Ophthalmic artery
Supratrochlear artery perforator
flap Supratrochlear artery Nose, periorbital area

Supraorbital artery perforator flap Supraorbital artery Periorbital area

Superficial temporal
artery

Superficial temporal artery
perforator flap Superficial temporal artery Forehead, periorbital area

Retroauricular flap Superficial temporal artery Ear, nose, eyelid, eyebrow, cheek,
foreheadPosterior auricular artery

External carotid
artery Occipital artery perforator flap Occipital artery Chin

(a) (b) (c)

(d) (e) (f)

Figure 2: (a) Basal cell carcinoma on the left ear concha. (b) Skin defect after wide excision of tumor. (c) The retroauricular flap and
subcutaneous tunnel between the defect and flap are shown. (d) Immediate postoperative clinical photo. (e)The donor site was closed directly.
(f) At 5-year follow-up, the patient was satisfied with the level of scarring.
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Furthermore, the superficial temporal artery supplies the
auricle andmastoid regions alongwith the posterior auricular
artery. The flap that contains the retroauricular area skin
paddle is based on the vascular anastomoses of the superficial
temporal artery and posterior auricular artery [12]. The
retroauricular flap can be used to cover defects of the nose,
ears, eye sockets, eyelid, eyebrow, malar area, and forehead
[13–15]. A necessary procedure is to create a subcutaneous
tunnel between the pedicle base and the defect area for
insetting the flap into the defect.

Occipital artery-based perforator flaps are hair-bearing
flaps.The occipital artery originates from the external carotid
artery and has three perforator branches: the ascending,
transverse, and descending branches [16]. All three perfora-
tors can function as reliable vascular pedicles for scalp and
neck flaps. The donor site should be covered with a skin graft
because of scalp tension. Coverage can extend to the anterior
chin, but the flap is more frequently applied to posterior scalp
defects.

The perforators are fixed in their locations and supply
reliable skin paddles. If a surgeon detects a reliable perforator
using a Doppler probe, he/she can use it as a pedicle for flaps
that cover other defects on the face. This approach is limited
only by the possibility of primary closure of the donor site.

7. Conclusion

With the advance of knowledge regarding the vascular anat-
omy of pedicled perforators in the face, several very useful
perforator flaps have been developed.These flaps can improve
functional and aesthetic reconstruction for the face.

We suggest that various facial perforator flaps can serve
as alternative, safe, and versatile treatment modalities for
covering small to moderate facial defects.
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Purpose. Early postoperative fractional laser treatment has been used to reduce scarring in many institutions, but the most effective
energy parameters have not yet been established. This study sought to determine effective parameters in the treatment of facial
laceration scars.Methods. From September 2012 to September 2013, 57 patients were enrolled according to the study. To compare
the low and high fluence parameters of 1,550 nm fractional erbium-glass laser treatment, we virtually divided the scar of each
individual patient in half, and each half was treated with a high and low fluence setting, respectively. A total of four treatment
sessions were performed at one-month intervals and clinical photographs were taken at every visit. Results. Results were assessed
using the Vancouver Scar Scale (VSS) and global assessment of the two portions of each individual scar. Final evaluation revealed
that the portions treated with high fluence parameter showed greater difference compared to pretreatment VSS scores and global
assessment values, indicating favorable cosmetic results. Conclusion. We compared the effects of high fluence and low fluence
1,550 nm fractional erbium-glass laser treatment for facial scarring in the early postoperative period and revealed that the high
fluence parameter was more effective for scar management.

1. Introduction

Facial laceration is one of the most common trauma cases
seen in the outpatient department of plastic surgery. Once
the laceration is inflicted, a scar formation of some degree is
inevitable no matter how meticulously the operator sutures
the wound.This may be observed especially in the facial area,
due to the active, constantly functioning facial musculature.
To minimize the resultant laceration or surgical incision
scars, various scar management and prevention methods
have been introduced over recent decades, including intrale-
sional steroids, radiotherapy, dermabrasion, pressure therapy,
cryosurgery, silicone gel sheeting or ointment massage, and
surgical excision [1–5]. However, controversy regarding the
most effectivemethod remains, despite there being only a few
good treatment options for facial scarring. Recently, due to
increased demand for scar management, the efficacy of vari-
ousmethods, including laser treatment, is being evaluated [1–
5]. Although various types of lasers are being used, standard-
ized parameters for scar management have yet to be estab-
lished.Thus, we sought to compare the effects of low and high

fluence parameters of 1,550 nm fractional erbium-glass laser
treatment for facial scars in the early postoperative period.

2. Methods

This prospective study was designed to establish the most
effective fluence parameter. After approval of the Institutional
Review Board of Uijeongbu St. Mary’s Hospital, a total of 57
patients with Fitzpatrick skin types III–V were enrolled [6].
All patients with facial lacerations primarily sutured in the
emergency room by the same senior resident of the plastic
surgery department were considered candidates. Patients
ranging from 15 to 50 years of age were included. Facial
laceration was defined as a laceration within a limited area
bordered by the forehead hair line, the preauricular area, and
the mandibular angle to the chin. Patients with a facial lacer-
ation subcutaneous in depth evenly along the length within
6 cm representing a relatively clean cut without maceration
were enrolled. However, patients with acute inflammation,
a history of previous trauma, and keloid tendency or those
using topical agents including steroids were excluded. Laser
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Figure 1: 5 × 10mm handpiece tip was applied along the laceration
scar.

treatment began approximately 4weeks after primary closure.
The surface was cleansed with chlorhexidine solution and
EMLA cream (a lidocaine-based topical anesthetic cream,
AstraZeneca AB, Södertälje, Sweden) was applied for 30min-
utes prior to treatment. After removal of the anesthetic cream,
the scar was treated with a 1,550 nm fractional erbium-glass
laser (MOSAIC HP, Lutronic Co., Ltd., Seoul, South Korea);
all patients underwent four sessions at 4-week intervals. In
each session, the laceration was virtually divided in half and
each half was treated with different parameters: low energy
portion (L portion), fluence of 10mJ/spot, and density of
200 spots/cm2; high energy portion (H portion), 50mJ/spot,
and 40 spots/cm2. An equivalent amount of energy was
delivered to each portion and the parameters and total energy
for each session have been set constantly. With 5 × 10mm
handpiece tip (Figure 1), a total of three shots were delivered
to each spot without overlap between the spots.TheMOSAIC
HP automatically starts with skin contact and stops at the
end of each session after delivering a set of energy; hence the
operator does not need to control the repetition rate or pulse
duration.

The results were evaluated at least 6 months postopera-
tively utilizing two methods. Every photograph was sequen-
tially obtained by a single photographer under identical
camera settings (NikonD600, 24.3 megapixels, Tokyo, Japan)
and lighting conditions. First, assessment was performed
using the Vancouver Scar Scale (VSS), which included 4
categories: pigmentation (0 = normal, 1 = hypopigmented, 2
=mixed pigmentation, and 3 = hyperpigmented), pliability (0
= normal, 1 = supple, 2 = yielding, 3 = firm, 4 = ropes, and 5 =
contracture), height (0 = flat, 1 =≤ 2mm, 2 = 2–5mm, and 3
=≥ 5mm), and vascularity (0 = normal, 1 = pink, 2 = red, and
3 = purple). This was performed by three blinded third-party
physicians; each surveyor assigned points for each criterion
and from this the total score was calculated. Each portion of
the scar in every patient was evaluated separately and VSS
score both prior to treatment and after 4 sessions of treatment
(6 months postoperatively) was recorded. Second, global
assessment was performed by two independent investigators,

Table 1: Demographic data of patients included in the study (M:
male, F: female).

Patients 57 (M: 25, F: 32)
Mean age (years) 27.3 (range 15–50)
First laser session (days postoperative) 29.1 (range 27–34)
Follow-up (months after last laser session) 14.7 (range 12–23)

L portion
H portion

Global assessment value
margin

VSS score margin
0

0.5

1

1.5

2

2.5

3

4

3.5

Figure 2: VSS score and global assessment value margins of the two
scar portions in each patient. Data are expressed inmean ± standard
deviation (𝑝 < 0.05).

who evaluated each portion of the scar before and after laser
treatment and categorized the outcome as poor, fair, good,
or excellent (poor = 1, fair = 2, good = 3, and excellent = 4).
Also being difficult to compare the definite global assessment
values, the differences of both portions in each patient were
checked for comparison.

3. Results

A total of 57 patients were enrolled. Patient demographics are
shown in Table 1. Every patient was evaluated two months
after the last treatment session (i.e., 6 months after primary
closure). Statistical analyses were conducted using SAS soft-
ware version 9.3 (SAS institute, Cary, NC, USA) with an
independent sample 𝑡-test, and 𝑝 < 0.05 was considered
significant. Because the initial status varied by individual,
the difference between pre- and posttreatment scores was
used rather than the absolute value for posttreatment score
(Figure 2). In every patient, the change observed in the H
portion (2.77 ± 1.31) was significantly greater than that seen
in the L portion (1.85 ± 1.12) (𝑝 = 0.038), which suggests
that more effective scar management was achieved in the H
portion. Global assessment value revealed that the difference
of the H portion (1.03 ± 0.18) was significantly greater than
the difference of the L portion (0.83 ± 0.21) in every patient
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Figure 3: Pre- and posttreatment photography of patients 1 and 2. In patient 1, the horizontal scar of left eyebrow region was divided virtually
into the left H portion and right L portion (a). Posttreatment photography (b) one month after the final session showed favorable results in
the H portion. In patient 2, the vertical scar of forehead was divided virtually into the upper H portion and lower L portion (c). Posttreatment
photography (d) one month after the final session showed favorable results in the H portion.

(Figure 3). Complications included erythema, inflammation,
discharge, and thermal or radiation burn. However, all
complications resolved with conservative treatment.

4. Discussion

In the past decade, many physicians have reported promising
results in treatment of scar using carbon dioxide, pulsed dye,
and Er:YAG lasers. Although many have reported that lasers
are an effective treatmentmethod for scarmanagement, there
have been few studies on nonablative fractional lasers. The
mechanism for nonablative fractional laser devices involves
the creation of microthermal zones of damage in the treated
tissue, extrusion of contents, and rapid reepithelialization
within 24 hours allowing for rapid epidermal repair via a
rapid migratory path for keratinocytes [7, 8].

One of the studies done by Park et al. sought to determine
appropriate initial start timing of nonablative fractional laser
treatment of scar [9]. They concluded that early treatment
(i.e., within 3 weeks) was more effective than delayed treat-
ment (i.e., within 3 months or within 6 months). As studies
of other institutions [9–12], we previously performed a study
examining the appropriate period for starting laser treatment
of facial laceration scar and concluded similarly that early
treatment is more effective. Accordingly, we have come to an
idea that varying parameters should affect the final cosmetic
result of the early treatment. Thus, this paper investigated
appropriate energy parameter settings.

The most troublesome aspect of setting up a laser treat-
ment protocol is how to set the case and control criteria
to assess the results. Unlike the study led by Park et al.,

where only linear scars of surgical incisionsmade by the same
surgeon were targeted, we investigated random laceration
scars. After exclusion of dirty ragged scars from the study, we
included relatively clear scars and virtually divided them in
half to achieve objective comparison between the two param-
eter settings. In addition, the length of the scar was included
in the exclusion criteria because parts of longer scars might
be affected differently by facial muscle function, confounding
analysis of scar improvement. Before this study, pilot study
comparing nontreated patients and fractional laser-treated
patients has been performed in our institute. However, we
did not elaborate on the result, since the superiority of
final cosmetic result in laser-treated patients over nontreated
patients has already been proven in many articles [1, 3–
5, 9, 11]. Also, the main purpose of our study is to compare
treatment parameters; thus we focused on describing the final
outcomes of the different treatment parameters.

Setting up a protocol is another challenge. In the case
of a 1,550 nm fractional erbium-glass laser, the total energy
is sum of the fluence (pulse energy per effective focal area)
multiplied by the total density (treatment spots per square
centimeter) in every shot. The purpose of this study was
not to evaluate total energy delivered but to compare scar
improvement depending on different parameters. Thus, we
compared low versus high fluence parameters under constant
total energy.

Although narrow-band reflectance spectrophotometry is
an alternative manner of assessing scars via the erythema
index and melanin index, we excluded this method because
it assesses only one aspect of the scar. Moreover, the device is
too expensive for widespread use in outpatient departments
for clinical follow-up.
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Figure 4: Depressed scar of nose after four treatment sessions with a fluence of 50mJ/spot ((a) before laser treatment, (b) one month after
the final session).

It is possible that parameters greater than 40mJ/spot
might be more effective for reducing scars. However, in our
institution, several patients who were not enrolled in this
study received deep second degree burns from parameters
greater than 40mJ/spot (Figure 4). In such cases, conserva-
tive dressing will result in healing, but depressed scar for-
mation is possible. Accordingly, further study regarding the
effects of parameters greater than 40mJ/spot on impending
hypertrophic scars is needed. In addition, different session
numbers might also affect scar treatment. Because our study
encompasses only facial lacerations meeting certain criteria,
scars in different locations or from different injury mecha-
nisms might require distinct protocols.

5. Conclusion

Laser therapy is a promising method of scar treatment.
Our institution compared the effects of high fluence and
low fluence 1,550 nm fractional erbium-glass laser treatment
for facial scarring in the early postoperative period and
revealed that the high fluence parameter was more effective
for scar management. Future studies should investigate the
optimal number of sessions or protocols for scars in different
locations.
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