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Significance: Scarring continues to present a significant clinical problem.
Wound contraction leads to scarring and is mediated by myofibroblasts and
contractile forces across the wound bed. Contracture formation can have a
significant impact on the quality of life of the patient, particularly where
function and appearance are affected.
Recent Advances: Novel tissue-engineered matrices, cell-based therapies, and
medicinal therapeutics have shown significant reduction in wound contraction
in in-vivo models, particularly at early time points. These have been accom-
panied in many cases by reduced numbers of myofibroblasts, and in some by
increased angiogenesis and improved neodermal architecture.
Critical Issues: There are no animal models that replicate all aspects of wound
healing as seen in patients. Therefore, information obtained from in vivo
studies should be assessed critically. Additional studies, in particular those
that seek to elucidate the mechanisms by which novel therapies reduce con-
traction, are needed to gain sufficient confidence to move into clinical testing.
Future Directions: The use of knockout mouse models in particular has gen-
erated significant advances in knowledge of the mechanisms behind myofi-
broblast conversion and other factors involved in generating tension across the
wound. Medicinal therapeutics and tissue-engineering approaches that seek to
disrupt/alter these pathways hold much promise for future development and
translation to clinical practice.

SCOPE

Full-thickness wounds heal with
scarring, due to the abnormal ar-
rangement of de novo collagen fibres
in the neodermis and contractile for-
ces exerted on the wound environ-
ment and surrounding tissue. Scar
formation can have a negative impact
on the patient and continues to pres-
ent a significant clinical challenge.
In vivo models take into account the
physiological response to injury and
the complex interactions that occur
during wound repair that cannot be
replicated in vitro. This review sum-
marizes recent in vivo studies that
have demonstrated efficacy in reduc-

ing wound contraction in model
organisms.

TRANSLATIONAL RELEVANCE

The demonstration of efficacy
in vivo of a potential therapy to re-
duce wound contraction provides
strong evidence of potential clinical
efficacy. Further investigation and
investment can then be undertaken
to translate the novel therapy to
early-stage clinical studies. In some
cases, the manipulation, through the
application of novel wound therapies,
of the complex cascade of events
leading to wound repair may have
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Abbreviations
and Acronyms

ALK = activin receptor-like kinase

a-SMA = alpha–smooth muscle
actin

bFGF = basic fibroblast growth
factor

HA = hyaluronic acid

MMP = matrix metalloproteinase

PUR = polyurethane

ROCK = rho-associated kinase
inhibitor

SAK = sprayed autologous
keratinocytes

STSG = split-thickness skin graft

TGF-b = transforming growth
factor beta
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unwanted deleterious side effects. Both the poten-
tial efficacy and any adverse reactions to a therapy
can be evaluated in vivo and assessed to inform
translation and future clinical development.

CLINICAL RELEVANCE

The formation of scars after a burn continues to
present a major reduction in the quality of life of pa-
tients. The treatment of contractures in particular
may involve repeated surgical procedures with asso-
ciated hospital stays and patient morbidity leading to
further loss of quality of life. Effective early treat-
ments, which result in a reduction in wound con-
traction during scar maturation, may be efficiently
administered on admission after a burn injury.
Treatments, including cell therapy, novel materials,
and medicinal therapies, once developed, can be ap-
plied in conjunction with the best quality of standard
care available to improve final clinical outcome.

BACKGROUND

Cutaneous wounds heal through a combination
of epithelial migration from the wound margins
and contraction of the wound bed to bring the
wound margins closer together (Fig. 1). Wound

contraction is a vital part of the wound repair
process and a highly evolved strategy to reduce the
size of the area of wound exposed to the external
environment, which subjects the patient to poten-
tially lethal infection and fluid loss. With the de-
velopment of modern medicine, the mortality rates
associated with large acute injuries to the skin
such as burns have significantly decreased. The
wound contraction and scarring, which occur after
such large injuries, can however lead to substantial
loss of function and poor aesthetic appearance.1

Strategies and therapies that reduce wound con-
traction may therefore significantly improve the
quality of the life of patients recovering from large
cutaneous injuries such as burns.

Contraction is known to proceed through the
differentiation of dermal fibroblasts to myofi-
broblasts and their contractile action on the
extracellular matrix through the expression of
alpha–smooth muscle actin (a-SMA).2 A substantial
amount of research has been undertaken to better
understand both the biological mechanisms behind
wound contraction and to develop approaches and
therapies to reduce contraction and excessive scar
formation.3 The differentiation of fibroblasts toward
a myofibroblast phenotype is generally accepted as

Figure 1. Wounds contract over time. (A) Contraction of porcine wounds left to heal by secondary intention for 20 days. (B) Human contact burn to the leg, at
admission and at days 8, 12, 15, 20, and 32 after injury (i–vi, respectively). A skin graft was applied at day 8. Black arrow indicates the tension on the
surrounding tissue caused by the contracting scar. White arrow indicates hypertrophic scar, possibly developing into contracture.
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being dependent upon the influence of three primary
factors: adhesion to the extracellular matrix via in-
tegrin cell surface receptors, stimulation by trans-
forming growth factor beta (TGF-b), and mechanical
tension. Therapeutic approaches to reducing wound
contraction should therefore act either directly or
indirectly on one or more of these key factors.

Wound contraction in animal models
Wound contraction is measured as a reduction in

wound area over time and is most accurately quan-
tified in vivo through accurate quantitative measures
of wound area at different time points after creation of
a wound.4 A representative data set should therefore
indicate the original wound size and how this size has
decreased over time (Fig. 2). In some studies, wound
contraction is described as an effective means of
bringing about wound closure. While this is certainly
correct withregard tochronicwoundsand inreducing
mortality rates, the subsequent scarring and con-
tracture formation that occur in humans, especially
when large acute wounds contract during the healing
process, must be taken into consideration when in-
vestigating contraction in vivo. Measurements of re-
epithelialization and restoration of barrier function
should be separate from measurements of contraction
as measured by contracting wound area.4

No animal model perfectly replicates the effect
that any treatment has on wound contraction in
humans. However, important information can be
inferred from studies in animal models, and the
most commonly used models in this field of re-
search are small rodents, rabbits, and pigs.4

Mice and rats are loose-skinned animals; thus,
their dermis contracts much more readily than

that of humans. This results in faster wound clo-
sure times, the mechanism being primarily
through contraction.5,6 Information gained from
experimental treatments in rodent studies may
therefore not necessarily translate to large-animal
models or humans. Mice and rats are, however,
low-cost and easy to handle. In addition, their skin
and physiology have been studied extensively, and
detailed information on how an experimental
treatment affects wound closure can be gained
from rodent models. Efforts have been made to
create modified models, where contraction is re-
tarded to more closely mimic the physiology of
human wound healing, for example, by splinting7

or by suturing the wound edges to the underlying
tissue to prevent contraction.8 Morris et al.9 first
described the rabbit ear excision model, which
displays raised scars reminiscent of hypertrophic
scars in humans, but does not heal by contraction.
Others have since used other sites on the rabbit
for evaluation of treatments for full-thickness
skin defects,10,11 where contraction does occur.
Pig skin has similar physiological, anatomical,
and biochemical properties to human skin.12,13

With regard to studying epithelial and dermal
repair, it is therefore the most appropriate model
in the development of therapies for translation to
clinical application (Fig. 1).14,15 Furthermore,
good correlation between outcomes in the Large
White porcine model and human wound healing
has been reported.12,16–18 Another advantage of
this model is that due to its size, larger wounds can
be created than in the other models.19 This mimics
more closely the clinical situation of a large burn.
However, the Yorkshire/Large White pig does not
develop scar tissue akin to humans,13 and long-
term studies have not revealed significant effects
on contraction.19

Although the advantages and drawbacks of the
animal models used in this field are apparent, a
wealth of information on the physiological and bi-
ological response to therapies can be gained from
using these models in experimental settings closely
mimicking the clinical situation. The limitations of
in vitro studies mean that the complexity of vas-
cularity, immune function, tissue durability, and
host interaction cannot be adequately replicated
experimentally.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Tissue-engineered matrices and cell therapies

In any full-thickness wound, both dermal and
epidermal structures must be restored to achieve

Figure 2. Wound contraction measurement. Quantification of wound
contraction in porcine full-thickness wounds left to heal by secondary in-
tention for 20 days. Wound size was measured digitally and expressed as
the percentage of original size.
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wound healing. A full-thickness skin graft taken
from elsewhere on the body most effectively restores
skin function.20 However, in many cases, a surgeon
may be presented with a shortage of grafting sites,
and other approaches must be considered. The use
of split-thickness skin grafts (STSG), which create a
donor site that generally heals with minimal scar-
ring, is the most commonly used approach in such
cases. In large-burn injuries, however, donor-site
availability is limited, and grafts may be meshed to
increase the area that they cover. Biocompatible
materials, with and without the addition of cells and
other molecules, may provide alternative strategies
for skin repair. These may negate or reduce the need
for autologous donor tissue and may reduce wound
contraction.

Several approaches based on collagen type I
materials have recently been reported to reduce
contraction in vivo. In one such study,21 a novel
acellular composite skin replacement was de-
scribed, consisting of a porous dermal layer of col-
lagen type I, elastin, dermatan sulfate, heparin,
fibroblast growth factor (FGF) 2, and vascular en-
dothelial growth factor with a thin epidermal layer
of type I collagen, heparin, and FGF 7. In a rat
excisional model, this novel skin replacement
scaffold was compared with treatment with the
dermal substitute Integra� and with wounds left
to heal by secondary intention. At early time points
(up to 14 days), there was a clear delay in con-
traction in the skin replacement group compared
with the Integra� and the control wounds. This
was accompanied by reduced numbers of myofi-
broblasts and an increase in blood vessel ingrowth/
formation. By 28 days, all wounds had contracted
significantly, and no statistically significant dif-
ferences remained. Although epithelial migration
from the wound edges was observed, the addition of
an epithelial component, such as a meshed or ul-
trathin skin graft, may have more closely modeled
the relevant clinical situation, thus leaving many
questions unanswered as to the suitability of this
treatment method. Other studies using collagen
type I-based materials have also shown improve-
ments in wound healing and reduction in contrac-
tion at early time points, but no significant results at
later time points have been reported to date.10,22

Other natural materials, such as amniotic mem-
brane and acellular porcine dermal matrix, have
further shown therapeutic potential in vivo.11,23,24 A
comparison between human amniotic membrane
and Integra�, both in combination with STSG, ap-
plied to Berlin minipigs showed a reduction in con-
traction in amniotic membrane-treated wounds at 60
days postsurgery. This was accompanied by a delay

in the appearance of myofibroblasts in the tissue.24

Contraction was also significantly reduced in a rab-
bit model when an acellular porcine dermal matrix
with hyaluronic acid (HA) was applied in combina-
tion with STSG, in comparison with the dermal
matrix without HA or STSG alone.11 The authors
further noted that collagen deposition in the wounds
treated with HA more closely resembled that of
normal skin, compared with other wounds, and that
vascularization of the grafts was improved.11

Although natural materials have shown prom-
ising results in reducing wound contraction, their
use may have several drawbacks. As they are ob-
tained from allogeneic or xenogeneic sources, the
risk of disease transmission as well as immune
reactions to any cellular components remaining in
the materials is increased. The use of synthetic
polymers may thus overcome such problems. One
such scaffold, a polyurethane (PUR) scaffold mixed
with polysaccharide (HA or carboxymethylcellu-
lose), was assessed in full-thickness excisional
wounds in rats.25 A reduction in contraction was
observed at early time points, but this was not
statistically significant at later time points. How-
ever, the authors investigated the distribution of
myofibroblasts and found that the appearance of
myofibroblasts was delayed in PUR–polysaccha-
ride-treated wounds, and that the presence of the
porous scaffold had disrupted the linear alignment
of the cells that could be seen in the untreated
wounds. Collagen fiber arrangement followed this
pattern, and the authors suggest that by delaying
the appearance of myofibroblasts and altering their
alignment and subsequent collagen fiber distribu-
tion, the linear pattern of contraction seen in the
untreated wounds was disrupted.

The incorporation of an epidermal replacement,
for example, by the use of autologous cell therapy,
in combination with suitable matrix materials,
may be a more clinically relevant approach to re-
ducing contraction during wound healing, as both
epidermal and dermal structures must be repaired.
Such approaches have been investigated for some
time, for example, by the addition of fibroblasts to
collagen–elastin dermal substitutes in combina-
tion with meshed STSG, which resulted in reduced
wound contraction in a porcine model.26 More
recently, we compared meshed STSG with and
without application of sprayed autologous kerati-
nocytes (SAK) with untreated wound left to heal by
secondary intention in a porcine model. Significant
differences at 3 weeks showed that the addition of
SAK to the meshed STSG had reduced contraction
further than meshed STSG alone, although this
also contracted significantly less than untreated

170 SHARPE AND MARTIN



wounds.16 Furthermore, we have found an addi-
tional reduction in wound contraction when au-
tologous keratinocytes were applied on gelatin
microcarriers in combination with meshed skin
grafts in the porcine model compared with spray-
ing the cells onto the wound bed in solution.27

A number of promising treatments utilizing
tissue-engineering strategies with biomaterials and
cells have been reported in recent years, which have
shown a reduction in wound contraction, primarily
at early time points.4 Some of these studies have
further reported delayed or reduced appearance of
myofibroblasts and collagen deposition more closely
resembling uninjured skin. However, the exact
mechanisms by which these treatments reduce
contraction remain unclear at this time, and it thus
remains to be seen to what extent they will reduce
contraction and scarring in patients. An increased
understanding of the mechanisms behind wound
contraction has also led to the identification of a
number of potential targets toward which medicinal
therapies can be directed.

Medicinal therapeutic approaches
The wound repair process is controlled by com-

plex interactions between a large number of growth
factors and cytokines,28 and there is significant
therapeutic potential in targeting these pathways.
Medicinal/biological therapies that inhibit scarring
have gained much attention due to their potential to
improve the function and aesthetic appearance of
patients after surgery or injury. The majority of
these therapies are aimed primarily at reducing
hypertrophic or keloid scarring characterized by
abnormal collagen deposition, although many have
also been shown to reduce wound contraction, and
these are discussed below.

TGF-b antagonists

TGF-b. Subtypes of the TGF-b family are
thought to be responsible for controlling a number
of the processes that occur during wound repair,
including epithelization, inflammatory cell re-
cruitment, and myofibroblast conversion.29 The
subtypes TGF-b1 and TGF-b2, which stimulate fi-
broblasts toward the contractile myofibroblast
phenotype,30 have attracted much attention as
potential therapeutic targets. While inhibition of
TGF-b1 is an attractive target in terms of reducing
myofibroblast-mediated contraction, TGF-b1 is
also essential in stimulating other elements of the
wound-healing process such as inflammation, an-
giogenesis,31 and epithelialization.32

While numerous in vitro studies have provided
significant information describing the autocrine and

paracrine cell-signaling pathways associated with
TGF-b–mediated wound contraction,33 a limited
number of studies have demonstrated significant
therapeutic potential in vivo. Both in vivo and in vitro
research into the fundamental mechanisms behind
the mode of action of the TGF-b family may provide
potential targets for therapies. A range of molecules
have been investigated that aim to reduce or modu-
late the effects of one or more of the TGF-b family.30,34

TGF-b1 and TGF-b2 agonists. In a compre-
hensive series of studies, the therapeutic potential
of blocking TGF-b1 and TGF-b2 was investigated
in rat incision wounds.30,35 While parameters as-
sociated with wound contraction were not mea-
sured, a reduction in scarring was observed
through improvements in the architecture of the
neodermis. Additionally, exogenous administra-
tion of recombinant TGF-b3 indicated a therapeu-
tic potential due to a reduction in monocyte and
macrophage numbers and a reduction in collagen
type I and type III deposition.30 These initial
in vivo studies lead to successful Phase 1 and 2
clinical studies;36 however, after phase 3 studies,
the therapy ultimately failed to meet both the pri-
mary and secondary end points.

Other studies using amino acid residues 41–65
of TGF-b1 as a TGF-b1 receptor antagonist demon-
strated increased epithelialization, reduced wound
contraction, and reduced scarring in full-thickness
porcine burn and excisional models as well as re-
duced scarring in a rabbit ear-scarring model.37

Treatment with the same peptide antagonist in
partial-thickness porcine burn wounds also dem-
onstrated improved re-epithelialization with re-
duced contraction and reduced scarring, indicating
early potential as a possible therapeutic to reduce
contracture formation.32

The inhibition of TGF-b1 action via the Smad
signaling pathway is also an attractive therapeutic
target for reducing wound contraction. Studies
by Au and Ehrlich investigated the effect of SB-
505124, which disrupts the Smad pathway through
inhibition of activin receptor-like kinase (ALK).38

Excisional wounds in the rat dorsum treated with
SB-505124 were found to have a reduced number of
myofibroblasts without any reduction in the degree
of wound contraction. Contraction was thought to
proceed in these studies through the organization of
collagen bundles rather than through contrac-
tile forces mediated by myofibroblasts. While no
increase in epithelialization was found in these
studies, the reduction in myofibroblasts may lead to
an overall reduction in fibrosis through a change in
the mechanism of wound closure. Findings from this
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and an earlier study39 indicate that wound
contraction can proceed in the absence of
myofibroblast contractile forces, and that
there may be other, as yet unknown,
mechanisms causing wound contraction.

Basic fibroblast growth factor
Basic fibroblast growth factor (bFGF)

has also been implicated in reducing
wound contraction initially though in vitro
models40 and more latterly using a col-
lagen sponge model incorporated into
full-thickness wounds in rats,41 where a
significant reduction in wound contraction
and mature collagen formation was found in wounds
treated with bFGF. The reduction in contraction
was attributed to inhibition of a-SMA expression
and apoptosis of a-SMA–positive myofibroblasts.
These findings were further supported by an addi-
tional study in rats by Ishiguro et al., which showed
a decrease in the area positive for a-SMA and an
increase in markers of apoptosis.42 In vitro studies
have suggested that bFGF stimulated apoptosis
selectively in myofibroblasts, but not fibroblasts,
and that this may promote reduced contraction and
scarring in vivo.43

Rho-associated kinase inhibition
Rho-associated kinase (ROCK) is responsible for

promoting contractile force generation through a
variety of functions, including the formation of
stress fibres, focal adhesions, and the upregulation
of a-SMA.44 In excised human scar tissue, ROCK
was found to be associated with fibroblasts and ex-
pressed to a greater extent than in normal tissue.45

In vivo studies investigated the effect of the ROCK
inhibitor fasudil on wounds in a rat excisional
model. The subcutaneous administration of fasudil
resulted in a significant reduction in wound con-
traction, while proliferation and neovascularization
were unaffected. The authors also reported an
in vitro study, which confirmed a reduction in con-
traction in collagen gels with fasudil, which was
accompanied by a reduction in the expression of
a-SMA in the presence of TGF-b.45

Matrix metalloproteinase inhibitors
Matrix metalloproteinases (MMPs) are zinc-

dependent endopeptidases, which are involved in
all stages of wound healing. MMPs contribute to
the detachment of keratinocytes from the base-
ment membrane, which allows migration from the
wound edges. Later in the wound-healing process,
they are also implicated in scar formation.46,47

Broad-spectrum MMP inhibitors, administered
both systemically48 and topically49 in rat excisional

models, showed a significant reduction in wound
contraction, accompanied by a delay in myofibro-
blast appearance. This was however accompanied
by a delay in re-epithelialization from the wound
edges. It was suggested that the absence of mi-
grating keratinocytes may have altered epithelial–
mesenchymal interactions, which are implicated in
causing myofibroblast formation. MMP inhibitors
may therefore have potential in reducing contrac-
tion, but their targeting ability should be uncoupled
from their inhibition of re-epithelialization. It re-
mains to be seen if selective MMP inhibitors can
successfully target myofibroblast differentiation
and reduce contraction, while normal epithelial re-
pair can proceed.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

A wide variety of approaches and strategies have
been investigated as putative treatments to reduce
the severity of pathological wound contraction af-
ter full-thickness cutaneous injury. Strategies that
aim to reconstruct and restore the function of the
dermis or epidermis through the use of materials
and/or transplanted cells have shown great poten-
tial. By guiding the regeneration of the dermis or
epidermis, interaction and interplay between the
cells responsible for wound contraction may be
modulated to reduce the subsequent formation of
myofibroblasts and resultant wound contraction.
The early provision of viable epithelial and dermal
elements reduces subsequent contraction,16 and
the presence of a physical and biological environ-
ment conducive to a normal rather than contractile
myofibroblast phenotype is crucial.

Similarly, medicinal therapeutic approaches
seek to manipulate paracrine and autocrine influ-
ences on a number of cell types such that a biolog-
ical environment biased toward epithelial healing
rather than wound contraction is created. While
only a number of potential therapeutics have

TAKE-HOME MESSAGES

� Animal models, including rodents, rabbits and pigs, can be used to
assess wound contraction by measuring wound size over time.

� Tissue-engineering approaches have shown that biocompatible materials
can delay the appearance and reduce numbers of myofibroblasts.

� Medicinal approaches targeting signaling and biochemical pathways in
the wound bed have also shown reduced wound contraction.

� Future approaches must focus on clearly identifying the mechanisms
underlying reduced wound contraction. These must be harnessed to
develop treatments that can be translated to clinic for patient benefit.
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demonstrated efficacy in vivo to date, many po-
tential therapeutic targets are being identified
through studies seeking to elucidate the underly-
ing biological processes that cause contraction.

Much work, which falls outside the scope of this
review, has been undertaken utilizing in vitro
models to screen compounds, which have provided
preliminary evidence for potential future thera-
pies. Studies using knockout mice have also indi-
cated further potential therapeutic targets, in
particular along the TGF-b–signaling pathway.
One such study investigated Smad3 knockout
mice,50 which showed accelerated wound closure
and variations in wound healing and contraction,
which were dependent on the anatomical site of the
wound.51 Other studies have shown a decrease in
contraction accompanied by reductions in myofi-
broblast numbers after knockout of periostin52 and
myostatin.53 Additional studies into targets out-
side the TGF-b–signaling pathways have investi-
gated the effect of b2-adrenergic receptor gene
deletion. These investigations found that wound
contraction was delayed and epithelialization in-
creased through enhanced cell motility and in-
creased VEGF secretion by keratinocytes.54

Such studies highlight the complex relation-
ships between the signaling pathways and the
delicate balance between wound contraction and
epithelialization. Many of the growth factors such
as TGF-b1 have numerous functions that may elicit
both positive and negative effects toward contrac-
tion-free healing. Future work should seek to
combine expertise in surgery and regenerative
medicine with fundamental mechanistic research
such that the mechanisms behind any observed
reduction in wound contraction are better under-
stood. The complexity of wound repair may mean
that a combined strategy, employing a number of
different surgical, biomaterial, cell therapy, or
medicinal therapeutic approaches, will be required
to bring about tangible clinical benefits.

SUMMARY

In an effort to reduce contraction during heal-
ing and subsequent scarring, several approaches,
including tissue engineering and medicinal
therapeutic approaches, have been investigated.
Some have shown promising results in vivo.
Through a better understanding of the mecha-
nism behind wound contraction, new therapeutic
targets may emerge. Any reduction in wound
contraction after burn injury will result in sig-
nificant improvements in the quality of life of
patients through improvement of function and
appearance.
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