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Significance: When a cutaneous injury occurs, the wound heals via a dynamic
series of physiological events, including coagulation, granulation tissue for-
mation, re-epithelialization, and extracellular matrix (ECM) remodeling. The
final stage can take many months, yet the new ECM forms a scar that never
achieves the flexibility or strength of the original tissue. In certain circum-
stances, the normal scar is replaced by pathological fibrotic tissue, which re-
sults in hypertrophic or keloid scars. These scars cause significant morbidity
through physical dysfunction and psychological stress.
Recent Advances and Critical Issues: The cutaneous ECM comprises a complex
assortment of proteins that was traditionally thought to simply provide
structural integrity and scaffolding characteristics. However, recent findings
show that the ECM has multiple functions, including, storage and delivery of
growth factors and cytokines, tissue repair and various physiological func-
tions. Abnormal ECM reconstruction during wound healing contributes to the
formation of hypertrophic and keloid scars. Whereas adult wounds heal with
scarring, the developing foetus has the ability to heal wounds in a scarless
fashion by regenerating skin and restoring the normal ECM architecture,
strength, and function. Recent studies show that the lack of inflammation in
fetal wounds contributes to this perfect healing.
Future Directions: Better understanding of the exact roles of ECM components
in scarring will allow us to produce therapeutic agents to prevent hypertrophic
and keloid scars. This review will focus on the components of the ECM and
their role in both physiological and pathological (hypertrophic and keloid)
cutaneous scar formation.

SCOPE AND SIGNIFICANCE

This article reviews the extra-
cellular matrix (ECM) and its re-
modeling during normal cutaneous
wound healing and scar formation,
and the differential response of the
components of the ECM and their
role in pathological (hypertrophic
and keloid) cutaneous scar forma-
tion. This review focuses on the
major players involved in the irreg-
ular ECM production as being;
fibroblasts and their immature
counterparts, myofibroblasts; colla-

gens; transforming growth factor
(TGF)-b, which controls the produc-
tion of collagens; proteoglycans and
matrix metalloproteinases (MMPs).
We also highlight the complexity
of interactions occurring in the
ECM of skin during (ab) normal scar
formation.

TRANSLATIONAL RELEVANCE

Abnormal ECM, particularly ab-
normal collagen remodeling and re-
organization, accounts for one of the
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Abbreviations
and Acronyms

ADAMTS = a disintegrin and
metalloproteinase with throm-
bospondin motifs

APC = activated protein C

COMP = cartilage oligomeric
matrix protein

ECM = extracellular matrix

GAG = glycosaminoglycan

HA = hyaluronic acid

MMP = matrix metalloproteinase

NF = nuclear factor

SMA = smooth muscle actin

TGF = transforming growth factor

TIMP = tissue inhibitor of matrix
metalloproteinase
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most important contributing factors to abnormal
scarring. Identification of the exact ECM molecules
involved in causing abnormal scarring is likely to
provide a future treatment target. This may be
achieved by promoting the correct balance in col-
lagen ratios or by directly targeting the production
of collagen. Overall, a better understanding of the
exact roles of ECM components in scarring will
help us to produce therapeutic agents to prevent
and treat hypertrophic and keloid scars.

CLINICAL RELEVANCE

There is currently no satisfactory treatment for
hypertrophic scars or keloids. This is partly due to
not completely understanding the mechanisms
underlying these abnormal scars. A better knowl-
edge of the complex interactions could suggest
specific elements to target temporally and spatially
during wound healing to improve healing process,
or enable prevention of abnormal scars.

WOUND HEALING

The skin is the largest organ in the human body.
It forms an effective barrier between the body and
outside environment and protects the body from
dehydration and environmental insults. When an
injury occurs to the skin, a series of dynamic events
begin instantly. Cutaneous wound repair can be
divided into a series of overlapping phases, in-
cluding, inflammatory response, granulation tis-
sue formation, which includes re-epithelialization

and angiogenesis, and matrix remodelling.1,2

Figure 1 shows the three classic stages of wound
repair. Immediately after injury, the homeostasis
process begins and the bleeding is controlled by
the aggregation of platelets at the site of injury.
The subsequent formation of the fibrin clot stops
the bleeding and provides a scaffold for the at-
tachment and proliferation of the cells. The initial
inflammatory phase begins at the time of wound-
ing, when activation of the coagulation cascade
causes a release of cytokines that stimulate che-
motaxis of neutrophils followed by macrophages
into the wound for early wound debridement. After
2–3 days, the inflammatory process progresses into
the proliferative phase. Fibroblasts are attracted
into the wound to synthesize granulation tissue.
This granulation tissue is composed of procollagen,
elastin, proteoglycans, and hyaluronic acid (HA)
and allows ingrowth of new blood vessels that
provide nutrition and oxygen to the growing tissue
and allow leukocytes to enter the wound site.
Keratinocytes provide the major cellular compo-
nent of the outermost barrier to the environment
and serve to restore the barrier function of skin.
Once the wound is closed, the immature scar can
move on to the final remodelling phase. The ECM
molecules laid down during the proliferative phase
in a disorganised manner are realigned and cross-
linked. This remodelling phase can last up to a year
depending on the severity of the wound, which over
time gradually contracts to regains its integrity.
However, the regained tensile strength in a wound

Figure 1. The three classic stages of cutaneous wound healing. To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/wound

120 XUE AND JACKSON



will never approach normal and the maximum a
wound can ever achieve is *80% of original.3 The
following review outlines the involvement of the
ECM during the development of scar tissue after
cutaneous injury.

Inflammation, wound healing,
and scar formation

The role of inflammation in wound healing is un-
der debate. Many researchers believe that the in-
flammatory phase is vital for wound healing to
proceed; however, there is evidence to suggest oth-
erwise. Whereas normal adult healing results in a
fibrous scar, early fetal wounds which have very lit-
tle, if any, inflammatory response, exhibit scarless
healing with complete restoration of the normal skin
architecture. Scar formation is exacerbated when
inflammation is provoked in fetal wounds, suggest-
ing that the absence of inflammation contributes to
the rapid and flawless repair of these wounds.4

Compared to adult dermal wounds, adult oral
wounds have substantially lower levels of macro-
phage, neutrophil, and T cell infiltration and heal
rapidly with minimal inflammation and often with
minimal scar formation.4 Wounds in the PU.1 null
mouse, which is genetically incapable of raising an
inflammatory response, heal rapidly with increased
vascularity at the wound site and faster re-
epithelialization of the wound surface, as well as
being scarless.5 This is relevant to many chronic
wounds which are often associated with excess in-
flammation and become locked in an inflammatory
phase. Recently, our in vitro experiments, in vivo
animal models, and human clinical trials have shown
that activated protein C (APC) accelerates the heal-
ing of chronic wounds, via inhibition of inflamma-
tion, stimulation of angiogenesis, regrowth of the
dermis, and epidermal regeneration.6–8 To date, the
effect of APC on scarring has not been reported.

ECM COMPONENTS IN SKIN

Skin is essentially composed of cells (mainly fi-
broblasts, endothelial cells, and keratinocytes) and
ECM. The latter is a dynamic, organized interlock-
ing mesh of many different secreted macromolecules
and proteolytic enzymes. The ECM has many func-
tions, including: providing structure, organization,
and orientation to cells and tissues; controlling
morphogenesis and cellular metabolism by acting as
a template for cell migration, proliferation, apopto-
sis, differentiation, and adhesion; regulate cell ac-
tivity and function via directly binding to integrins
and other cell surface receptors9; act as a reservoir
for growth factors and regulate their bioavailabili-

ty.10 ECM proteins like fibronectin, collagens, pro-
teoglycans, heparin and heparin sulphate, bind
many growth factors, such as fibroblast growth fac-
tors, TGF-b, vascular endothelial growth factor,
epidermal growth factor, and bone morphogenetic
proteins. Degradation of ECM proteins by proteo-
lytic enzymes in response to wounds can induce local
release of these growth factors from their insoluble
anchorage, thereby modulates the process of wound
healing. In addition, recent studies also demonstrate
that ECM proteins are key components in shaping
the stem cell niche to maintain stem cell homeostasis
and to direct lineage commitment.11

The ECM consists of the structural proteins,
collagens, and laminins, elastins and fibronectins
to provide flexibility; proteoglycans and hyalur-
onan to stabilize growth factors and the three-
dimensional space by their high water-binding
ability and glycoproteins, such as integrins to reg-
ulate cell adhesion and signaling between cells and
ECM. These molecules interact with each other
and the local cells which produce them (Fig. 2). The
more important ECM molecules associated with
remodeling are discussed briefly below.

Collagens
The most abundant proteins in the ECM are the

collagens—a large family of triple helical proteins
that are ubiquitously found in the body and con-
served in all multicellular animals.12 They have a
broad range of functions, including cell adhesion,
cell migration, tissue morphogenesis, tissue scaf-
folding, and tissue repair. Collagens are present in
the dermis as fibrillar proteins and not only give
structural support to resident cells, but also regu-
late the resident and inflammatory cell function.

All members of the collagen family consist of
three polypeptide a chains which are held together
by interchain hydrogen bonds. There are at least 28
different collagens that occur in vertebrates.13 The
fibrillar collagens I, III, and V, the fibril associated
collagens with interrupted triple helices collagens
XII, XIV, XVI, and VI are all expressed in the
collagen-rich dermis (Table 1), although their com-
plete functions are still unclear. Fibrillar collagens
have enormous tensile strength.14 They are syn-
thesised by cells, particularly fibroblasts, as pro-
collagens containing N- and C-propeptides at each
end of a triple helical domain. This synthesis re-
quires specific post-translational enzymes, includ-
ing intracellular lysine modifications of collagen by
lysyl hydroxylases and glycosylation of hydro-
xylysine by hydroxylysyl galactosyltransferase and
galactosylhydroxylysyl glucosyltransferase, extra-
cellular cleavage by a procollagen N-proteinases
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and the C-proteinases, lysine modifications by lysyl
oxidases to form a complex series of cross-links.15,16

Suppressing these enzymes inhibits collagen pro-
duction and accumulation, which make some of
them attractive targets for the development of
drugs to treat fibrotic diseases. Cleavage of the
C-propeptide is required for fibrillogenesis. The

fibril-forming collagens spontaneously aggregate
after processing of procollagens into ordered fi-
brillar structures in vitro. Hydrophobic and elec-
trostatic interactions of collagen monomers are
involved in the quarter-staggered arrangement
of collagen monomers, which can aggregate into
five-stranded fibrils and subsequently into larger

Figure 2. Major extracellular matrix components and their interactions with each other and cell membrane. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

Table 1. Collagen distribution and function in skin

Collagen % Total Location Function Skin disorders

I 80 Dermis Maintains skin structure and tissue integrity Mutations resulting in osteogenesis imperfecta
and Ehlers Danlos syndrome

III 15 Dermis Maintains skin structure and integrity Deficient mice display very severe spontaneous
skin wounds and not uniformed the diameters
of the collagen fibrils

Provide tensility, flexibility and softness
Determines the collagen fibril diameter

IV 2–4 Basement membrane
vessels

Separates dermis-epidermis Mutations resulting in Alport syndrome
Supports cells

V < 1 Basement membrane
dermis

Bridges and stabilizes the epidermal–dermal
interface

Defective product in most cases of Ehlers Danlos
syndrome

Contributes to epidermis differentiation Abnormal deposition in dermis correlates
with skin thickening

VI < 1 Dermis papillary Provides resistance to tensile stress Defective linked to atopic dermatitis
and trichothiodystrophy with dry, scaly
ichthyotic skin

May function in the maintaining the barrier
function of the skin

VII < 1 Basement membrane Stabilizes the association of the lower part
of the basement membrane to the underlying
dermis

Mutation resulting in recessive dystrophic
epidermolysis bullosa and epidermolysis
bullosa acquisita

XIV < 1 Dermis hair follicles May act in modulating cell-matrix adhesion Mature skin with mutation exhibits reduced
mechanical properties

XVI < 1 Papillary dermis Anchores microfibrils to basement membranes Mutation resulting in epidermolysis bullosa

XVII (BP180) < 1 Basal keratinocytes Maintains adherence of the epidermis to the
basement membrane

Mutation resulting in epidermolysis bullosa,
Pemphigoid immunobullous diseases
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fibrils. In the dermis, the fibrils orientate to form a
complex network of interlaced basketweave-like
fibrils. The molecular arrangement into fibrils is
additionally stabilized by the formation of covalent
cross-links, which finally contribute to the me-
chanical resilience of collagen fibrils (Fig. 3).

Fibrillar collagens which form native triple he-
lices are characterized by their resistance to pro-
teases, such as pepsin, trypsin, or chymotrypsin15

and can only be degraded by specific collagenases,
especially MMP-1, MMP-8, and MMP-13. After
collagenase digestion, gelatin, the remaining
product, can be further degraded by the gelati-
nases, MMP-2 and MMP-9.

Mutations in human collagen genes give rise to
numerous connective tissue diseases, including
skin disorders. Alport syndrome is an inherited
disorder of collagen IV and the classical Elhers-
Danlos syndrome is caused by collagen V gene
mutations indicated by skin fragility and abnormal
wound healing.17 A subset of the skin blistering
diseases, epidermolysis bullosa is caused by a col-
lagen VII gene defect.18 See Table 1 for a more
complete listing of human skin diseases associated
with collagen mutations. Collagen III-deficient
mice display very severe spontaneous skin wounds
and the diameters of the collagen fibrils of their
skin are not uniform; thinner and thicker fibrils are
observed compared with normal skin.19

Proteoglycans
Proteoglycans are proteins that are glycosylated.

The basic unit comprises a protein core with cova-
lently attached glycosaminoglycan (GAG) chains. In
skin, proteoglycans contribute to the overall me-
chanical properties by connecting to other ECM pro-
teins, attracting water via osmosis to keep the ECM
and resident cells hydrated and holding growth fac-
tors and cytokines within the ECM. The most abun-
dant proteoglycans in extracts of postnatal human
skin are decorin and versican and a catabolic frag-
ment of decorin, termed decorunt.20 Versican appears
to colocalize with elastic fibers in skin21 and has been
demonstrated to influence cell migration.22 Decorin
interacts with collagen and regulates collagen fibril
and fiber bundle organization23,24 and is crucial for
the robust tensile strength of skin by enhancing the
collagen network.23 Versican and decorin show age-
related differences in human skin. Degraded versi-
can fragments are in lower abundance in adult skin
compared with fetal skin. In contrast, the catabolic
fragments of decorin are present in adult skin, but
are virtually absent from fetal skin.25

Fibronectin
Fibronectin is a glycoprotein that connects cells

with collagen fibers by binding to integrin recep-
tors in the ECM causing reorganization of the cell’s
cytoskeleton and facilitating cell movement. The

Figure 3. The process of collagen assembly to form collagen fiber. To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/wound
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functional fibronectin dimer consists of two similar
subunits of 220–250 kDa bound by two disulphide
bonds. The plasma and cellular forms of fibronectin
possess distinct structures and play different roles
during tissue repair. The plasma form of fibronec-
tin is incorporated into fibrin clots upon tissue in-
jury and exerts effects on platelet function, which
helps mediate homeostasis. Together with fibrin, it
provides most of the provisional matrix in dermal
wounds, acting to seal the wound and as a scaffold
to guide invading leukocytes and endothelial cells
during tissue repair.26

Later in the wound-healing response, cellular fi-
bronectin is produced by keratinocytes, endothelial,
and dermal (myo)fibroblasts and is abundant in the
dermis and in the dermal–epidermal basement
membrane region.27–29 It is assembled into a complex
three-dimensional fibrillar network on the cell sur-
face, which is vital for establishing and maintaining
tissue architecture and for regulating cellular pro-
cesses, including adhesion, spreading, proliferation,
migration, and apoptosis.28 Fibroblasts polarize
along the fibronectin fibrils, parallel to the epider-
mis. The formation of a stable collagen I/III fibrillar
network is thought to depend on a pre-existing fi-
bronectin network through a mechanism involving
integrins.30 Fibronectin in the wound site is also vital
for regulating the neovascularization of granulation
tissue during the resolution of tissue injury.26

Other ECM molecules
HA is a high molecular weight polymer consist-

ing of alternative residues of d-glucuronic acid and
N-acetylglucosamine, found on the inner surface of
the cell membrane. It provides structure and vis-
cosity to the ECM because of its polyanionic and
hydrophilic properties. HA regulates cell behavior,
including healing and inflammation by interacting
with the membrane receptor, CD44.31,32 Unlike
other GAGs, HA is not found as a proteoglycan. In
the extracellular space, HA causes tissues to resist
compression by absorbing water to provide a turgor
(swelling) force. It exerts this force particularly in
the ECM of load-bearing joints and the inter-
stitium. HA has unique capacity in retaining water
and is the key molecule involved in skin moisture.

Elastins provide flexibility to tissues, allowing
them to stretch when needed, and then return to
their original state. Elastin is arranged in a three-
dimensional network that is closely interwoven with
collagen fibres.33 Elastins are synthesized by fibro-
blasts and smooth muscle cells and found abun-
dantly in skin and blood vessels. Elastins are highly
insoluble, and tropoelastins are secreted inside a
chaperone molecule, which releases the precursor

upon contact with a fiber of mature elastin. Cross-
linked elastin fibres contribute to the structural in-
tegrity of the dermis and regulate various ECM
processes, including the recoil and resilience of the
skin. In mature skin, the density of the elastin net-
work comprises*3–4% of the dry weight of tissue.34

Laminins are cell adhesion molecules that com-
prise a family of glycoproteins found predominantly
in basement membranes of epithelial and endo-
thelial cells and surrounding muscle cells, Schwann
cells, and fat cells.35 These proteins are disulfide-
linked heterotrimers constituted by the association
of three genetically different polypeptides, a, b, and
c chains, which exist in five, four, and three genet-
ically distinct forms, respectively. In vertebrates, at
least 16 different isoforms are present. Laminins
form networks of web-like structures that remain in
close association with cells through interactions
with cell surface receptors and resist tensile forces
in the basal lamina. They contribute to the ECM
structure and influence the cell behavior, such as
adhesion, differentiation, migration, phenotype
stability, and resistance to anoikis.36 In the skin,
laminins support the migration and stable adhesion
of keratinocytes and play key regulatory roles in the
development of skin appendages and contribute to
the pathogenesis of skin cancer.37

ECM DEGRADATION IN SKIN AND WOUNDS
Matrix metalloproteinases

The breakdown of the ECM is an essential
component for wound healing and scar formation.
MMPs catalyze the hydrolysis of major ECM mol-
ecules, including collagen, elastin, laminin, and
fibronectin, as well as the processing of cytokines
and growth factors.38 Enzymes within this family
can be classified into groups based on their sub-
strate specificity (collagenases, gelatinases, stro-
melysins, matrilysins and membrane-type MMPs)
or their MMP number assigned in temporal order
of discovery39 (e.g., Gelatinase A and B are also
known as MMP-2 and -9, respectively). The MMP
family in vertebrates consists of 25 different en-
zymes, which share a number of structural and
functional similarities. In addition to their matrix-
degrading ability, MMPs affect many biological
functions by regulating growth factors and their
receptors, cytokines and chemokines, and cell
surface proteoglycans, and other enzymes.39,40

Collectively, MMPs are able to cleave every ECM
component; however, different ECM components
are susceptible to proteolysis by different MMPs
and not all ECM components are cleaved by every
MMP. Fibrillar collagen I, II, and III degradation is
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mediated by collagenases-1, 2, and 3 (MMP-1, 8,
and 13) by proteolysis of the triple helix between
Gly775 and Leu776, allowing the collagen chains to
unwind. The cleavage fragments rapidly denature
and form gelatins that can be degraded by other
proteases, such as the gelatinases, MMP-2 and
MMP-9. The basement membrane component col-
lagen IV is susceptible to proteolysis by gelatinases,
stromelysins, matrilysins, while collagen XVII is
degraded by gelatinases.41 Laminin, fibronectin,
elastin, or aggrecan can be cleaved by most MMPs.
Table 2 lists the MMPs that are expressed and able
to degrade collagen and gelatins during cutaneous
wound healing.39,42,43 In addition, MMP processing
of ECM components can yield bioactive fragments.
For example, MMP-2 and MMP-9 expose a cryptic
epitope within collagen IV that promotes angio-
genesis, while antiangiogenic factors, such as en-
dostatin can be formed from collagen XVIII.43

The expression of MMPs in normal intact skin is
very low. Only MMP-7 and MMP-19 are constitu-
tively produced in sweat and sebaceous glands. After
skin injury, however, multiple MMPs are produced

during the normal healing process, including
MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-
10, MMP-12, MMP-13, MMP-19, MMP-26, and
MMP-28.44,45 MMPs participate in regulatory
mechanisms throughout the entire repair process.
MMP-1, MMP-7, MMP-9, and MMP-10 are mainly
secreted by keratinocytes; whereas MMP-2 is se-
creted by fibroblasts and MMP-13 by both cell types
at comparable levels.45 Inflammatory cells in the
wound area are also an important source of MMPs.
For example, neutrophils produce MMP-8 and
MMP-9. In response to wounding, MMP-1 expres-
sion occurs rapidly and peaks in migrating basal
keratinocytes at the wound edge at day 1 followed by
a gradual decrease, being undetectable at the time of
complete re-epithelialization.46 MMP-1 is required
in the epidermis to facilitate re-epithelialization by
remodelling the basement membrane, promoting
cell elongation, and actin cytoskeletal reorganiza-
tion, and activating extracellular signal-regulated
kinase signalling.47 MMP-9 is involved in keratino-
cyte migration and granulation tissue remodelling,
while expression of MMP-2 remains stable through-
out healing.48 MMP inhibitors abrogate keratinocyte
migration and delay wound healing in vivo.40,49

Fibroblast-mediated wound contraction may be de-
pendent on MMP-3, as MMP-3-deficient fibroblasts
have a reduced ability to contract collagen gels and
wound healing is delayed in MMP-3 deficient mice.50

MMP-8 is a major collagenase in healing human
dermal wounds.51 MMP-8 knock-out mice show
prolonged inflammation and a significant delay in
wound healing52 and MMP-9 and MMP-13 mutants
delay epithelial migration.53,54 MMP-8 can compen-
sate for loss of MMP-13 expression in MMP-13-def-
ficient mice.47,55 MMP-9/-13 double mutants have
longer wound-healing delays than the single mu-
tants.53 Mice lacking MMP-14 ultimately result in
impaired wound healing,56 possibly through the
control of keratinocyte growth factor receptor ex-
pression, which is increased in wild type but not in
their MMP-14 deficient counterparts.56

In addition, MMPs control inflammation by
regulating cytokines and chemokines, by cleaving
them to enhance their activity or by degrading
them to inhibit their activity.40 Thus, MMPs are
key regulators of multiple aspects of tissue repair.

A DISINTEGRIN AND METALLOPROTEINASE
WITH THROMBOSPONDIN MOTIFS (ADAMTS)

ADAMTS, a disintegrin and metalloproteinase
with thrombospondin motifs are secreted zinc
metalloproteases with an ancillary domain contain-
ing one or more thrombospondin type 1 repeats. This

Table 2. Matrix metalloproteinases that expressed
and degrade collagen during cutaneous wound healing

Group MMP Cells source Substrates

Collagenases MMP-1 Proliferating
and migrating
keratinocytes
fibroblasts

Collagens I, II, III, V,
VII, X, XI; gelatines

MMP-8 Neutrophils Collagens I, II, III, VII,
VIII, X

Gelatines
MMP-13 Fibroblasts Collagens I, II, III, IV,

IX, X, XIV
Migrating keratinocytes

Gelatinases MMP-2 Fibroblasts Gelatines
Keratinocytes Collagens III, IV, V,

VII, X, XI, XIVEndothelial cells
Macrophages

MMP-9 Keratinocytes Gelatines
Neutrophils Collagens I, IV, V
Macrophages
Endothelial cells

Stromelysins MMP-3 Basal proliferating
keratinocytes

Collagens I, III, IV,
V, IX, X

Fibroblasts Gelatines
MMP-10 Migrating keratinocyte Collagens I, III, IV,

V, IX, X
Fibroblasts Gelatines

Metalloelastase MMP-12 Macrophages Collagen IV;
gelatines

Membrane
type MMP

MMP-14 Migrating keratinocytes Collagen I, II, III
(MT1-MMP) Gelatines

Other MMPs MMP-19 Keratinocyte Gelatines
Fibroblast Collagen IV
Endothelial cells

MMPs, matrix metalloproteinases.
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superfamily includes 19 distinct members and is
collectively referred to as proteoglycanases partici-
pating in proteolysis of the large aggregating pro-
teoglycans aggrecan, versican, and brevican.57

ADAMTS are synthesized as inactive zymogens,
activated by the furin cleavage of N-terminal pro-
peptide. They regulate ECM turnover and develop-
ment58 which is supported by the identification of
ADAMTS mutations in human disorders. For exam-
ple, ADAMTS13 mutations cause inherited throm-
botic thrombocytopenic purpura characterized by
widespread microvascular thrombosis59; ADAMTS2
mutations induce Ehlers–Danlos syndrome type
VIIC with extreme skin fragility, joint laxity, lax
skin, umbilical hernia, and blue sclera.60

Tissue inhibitors of MMPs
Among the endogenous inhibitors of MMPs are

tissue inhibitors of matrix metalloproteinases
(TIMPs), of which there are four family members in
mammals, TIMP-1, -2, -3, and -4.39 TIMPs inhibit
MMPs in a 1:1 inhibitor to enzyme ratio through
interaction of the N-terminal domain of the
TIMP molecule with the active site of the MMP.
TIMP-1 is synthesized by keratinocytes, fibro-
blasts, smooth muscle cells, and endothelial cells
and especially targets MMP-1. TIMP-1 is present
in the epithelium of healing excisional wounds,
burn wounds61,62 and in wound fibroblasts, espe-
cially around blood vessels.61,62 TIMP-2 is pro-
duced by the basal keratinocytes in normally
healing wounds and preferentially acts as an ef-
fective inhibitor of MMP-2. TIMP-3, which inhibits
the activity of MMP-1, -2, -3, -9, and -13, is ex-
pressed by macrophage-like cells of the granulation
tissue and by endothelial cells. Both TIMP-2 and
TIMP-3 are expressed by skin epidermal kerati-
nocytes and fibroblasts. Occasional blood vessels of
acute wounds are positive for TIMP-1, -2, and -3.
No TIMP-4 expression appears to be present in
acute human wounds.61 TIMP-3 also is the most
significant endogenous inhibitor of ADAMTS.

ECM REMODELLING IN FETAL
CUTANEOUS SCARLESS HEALING

There are fundamental differences between fetal
and adult wound healing processes, resulting in
different outcomes. Adult skin wounds heal with
fibrosis and scarring. Unlike normal skin, scar
tissue exhibits characteristic features, such as
disturbance of the alignment of collagen fibers,
excessive dermal fibrosis, disappearance of elastic
fiber and appendages, and disruption of skin tex-
ture. In contrast, the early developing foetus has

the ability to heal wounds by regenerating skin and
restoring the normal ECM architecture, strength,
and function.63 The mechanisms of fetal wound
healing remain largely unknown. Many studies
have demonstrated that there are differences in
the inflammatory response, cellular mediators,
cytokines, growth factors, and ECM modulators
and structures between postnatal and fetal wound
repair.64 Early in gestation, fetal skin develops
rapidly and the ECM forms a loose network al-
lowing migration of cells. The fetal ECM is rich in
collagen III and HA. Although collagen I is the
predominant component of ECM in both the fetus
and the adult, the quantity of collagen in fetal skin
is lower than that in adult skin and a ratio of col-
lagen III to collagen I in skin is higher in the fetus
than in the adult.65,66 In scarless fetal skin, colla-
gen III comprises *30–60% of the total collagen
compared to 10–20% in adult skin.66,67 Wounding
in this unique setting triggers a complex cascade of
tightly controlled events resulting in a scarless
phenotype, typically consisting of fine reticular
collagen and abundant HA.2

Scarless repair, however, is dependent on ges-
tational age. Fetal rat skin shows that transition
from regeneration to scar formation occurs be-
tween days 16 (E16) and E19 (term gestation is
E21.5) of gestation.68 Wounds made on the E16
gestation in rats are histologically regenerated,
but wounds made on the E19 gestation are associ-
ated with scarring, although both at E16 and E19
wounds, re-epithelialization was complete by
72 h.68 The exact change that occurs in late gesta-
tion to promote scarring is unknown. During late
gestation, skin expression of MMP-1 and MMP-14
is doubled, whereas MMP-2 expression increases
nearly 50-fold. In both scarless and scarring
wounds, upregulation of MMP-1 and MMP-9 oc-
curs. However, the maximal increase in MMP-1
and MMP-9 expression occurs much more rapidly
and is much greater in the scarless E16 wounds.
MMP-14 expression increases threefold in scarless
wounds but is unchanged in scarring wounds. In
contrast, TIMP-1 and TIMP-3 expression in E19
scarring wounds increases sixfold and fourfold,
respectively. MMP-7 and TIMP-2 expression does
not change in response to injury. E16 scarless
wounds have greater MMP relative to TIMP ex-
pression than E19 scarring wounds. This favors
ECM turnover, facilitates migration of fetal cells,
and promotes scarless repair.68

Nude mice also heal without scars, which is
likely due to their lack of an inflammatory re-
sponse. In these mice, MMP-9 and MMP-13 show a
unique, bimodal pattern of up-regulation during
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the early and late phases of wound healing.69 High
levels of mRNA MMP-9 are present exclusively in
the postinjured tissues from nude mice on day 24
after wounding. Consistent with these in vivo ob-
servations, dermal fibroblasts cultured from nude
mice express higher levels of collagen I and III,
MMP-9 and MMP-13 mRNA levels and higher
MMP enzyme activity than wild type controls.70

Collectively, these findings suggest that the bi-
modal pattern of MMP-9 and MMP-13 expression
during skin repair process in nude mice could
contribute to their ability for scarless healing.69

Further research may reveal novel genes essential
to scarless repair that can be manipulated in the
adult wound to prevent excessive scar formation.
Table 3 lists the changes in the expression of major
MMPs and TIMP in normal, hypertrophic, keloid
scar and scarless healing skin.

ECM REMODELLING IN NORMAL
CUTANEOUS ADULT SCARS

A normal scar is the body’s natural response to
repair tissue after injury and does not develop until
after the wound has completely healed. ECM
composition in the dermis which is relatively stable
in healthy adult tissue alters after wound healing.
This involves a slow remodeling process whereby
loose and highly hydrated ECM that allows cellular
invasion and repair is gradually replaced by denser
ECM composed mainly of collagen.71 Up to 1 month
after injury, skin covering a wound is fragile and
can be disrupted by minimal insult and by 6 weeks,
*50% of its final strength has been attained.
During the next 12 months, the scar gradually
strengthens, but scar tissue is never as strong as
normal, uninjured skin. A visible scar will be
present if a wound takes more than 3 or 4 weeks to
be re-epithelialized.72 Scar tissue is not only
weaker but is functionally deficient. Scars usually
have less blood supply and denser ECM which is

less resistant to shape change. Sweat glands do not
form in scar tissue, which impairs the regulation of
body temperature.73 Additionally, scarred skin is
less resistant to ultraviolet radiation.74

Collagens
The characteristics of normal scars result from

the changes in ECM structure and composition in
the dermis. The most significant difference be-
tween normal tissue and scar tissue seems to be the
orientation of the fibrous matrix.75 In rodents,
normal tissue has a reticular collagen pattern,
whereas the collagen in scar tissue forms large
parallel bundles at approximately right angles to
the basement membrane76,77 In humans, instead of
a random basketweave formation of the collagen
fibers found in normal tissue, in scars the collagen
forms cross-links to align in a single direction
parallel to the skin, opposite to the rat.78 In addi-
tion, there is greater collagen density and larger
fiber size in scars compared to normal tissue.75

The collagens comprise the main structural
component and comprise the highest protein con-
centration in the ECM, with 85% of the dermis
being collagen. The collagens form a relaxed net-
work of cross-linked long-chain fibers to give the
strength and the elasticity of healthy skin and scar
tissue. The two dominant types of collagen in
wound repair are collagen I and III. In normal skin,
collagen fibrils are composed of both collagen I
and III with collagen III comprising *20% of the
total.75 During the early stages of granulation tis-
sue formation, myofibroblasts lay down collagen
III, which plays a role in fibrillogenesis and deter-
mines the fibril diameter of collagen I. Collagen III
expression increases more than the collagen I ex-
pression in the early stages of healing, resulting in
increased ratio between the two collagen subtypes
from 20% up to 50% collagen III.79 During matu-
ration of the scar, the ratio decreases again to
normal levels. Thus, increased amounts of collagen
III relative to collagen I identifies an immature
scar. Table 4 shows main histological differences in
collagen between normal, hypertrophic, and keloid
scars.

(Myo)fibroblasts
The early phases of wound healing involve the

formation of a provisional ECM containing fibrin,
fibrinogen, and fibronectin. Fibroblasts occupy this
matrix and proliferate in response to cytokines
produced by neutrophils and macrophages that
have migrated into the wound tissue. The fibro-
blast undergoes phenotypic changes during wound
healing, characterized by increased collagen syn-

Table 3. The changes in the expression of main matrix
metalloproteinase and tissue inhibitor of matrix
metalloproteinase in normal, hypertrophic, keloid scar,
and scarless healing skin

Normal scar Hypertrophic scar Keloid scar Scarless healed skin

MMP-1 Low Decreased Increased Increased
MMP-2 High Decreased Highest Higher
MMP-3 Low Increased Decreased High
MMP-8 Low Increased Decreased High
MMP-9 Low Decreased Low High
MMP-13 Low Decreased Increased High
TIMP-1 Low Increased Increased Decreased
TIMP-2 Low Increased Increased Decreased

TIMP, tissue inhibitor of matrix metalloproteinase.
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thesis and contraction but decreased proliferation
compared with normal dermal fibroblasts.80 The
main function of fibroblasts is to maintain the
physical integrity of connective tissue by producing
and remodelling the ECM.81 Integrin receptors on
the cell surface of fibroblasts provide contact with
the surrounding ECM.82 Of the two major fibro-
nectin integrin receptors, aVb3 and a5b1, the latter
is the primary receptor for soluble fibronectin and
has a key role in assembling fibronectin into fibrils,
though aVb3 can assemble fibrils in cells that lack
a5b1. Collagen recognition is mainly achieved by
a1b1 and a2b1 integrins. Binding of a1b1 integrin
to collagen I results in an almost complete arrest of
collagen synthesis according to a negative feedback
regulation mechanism.83

Myofibroblasts are a specialized form of fibro-
blast responsible for the deposition of a dense,
fibrotic collagen matrix. These cells express
a-smooth muscle actin (SMA) and play a major role
in wound contraction. Their most prominent ECM
products are collagens I, III, IV, and V84 and their
differentiation is primarily driven by mechanical
tension and cytokines, especially TGF-b (see
below). During the remodeling phase, myofibro-
blasts produce decorin, which regulates collagen
fibrillogenesis by presenting as a ‘‘C’’-shaped
structure that locates itself between collagen fibrils
assuring uniform spatial fibril arrangement.85

Decorin also binds and neutralizes TGF-b, thereby
minimizing the stimulatory effects of this cytokine
on collagen, fibronectin, and GAG production.86

Eventually, myofibroblasts become surrounded
and buried in fibrillar collagen, which may exert
adverse effects on the behavior of the cells, such as
causing arrest in the G1 phase of their cell cycle.87

Furthermore, degraded collagens promote disas-
sembly of cellular focal adhesions, reducing the abil-
ity of myofibroblasts to adhere,88 which, in turn,
causes the cells to undergo apoptosis.89 In any case,
when the differentiation signals are removed towards
the end of the healing phase, myofibroblasts undergo

apoptosis, resulting in a collagen-rich, hypocellular
scar. Myofibroblasts were not found in wounds cre-
ated in the mid-gestation period, but they were found
in wounds created after the latter portion of the ges-
tation period.90

Transforming growth factor-b
The majority of cells involved in wound healing

express TGF-b1, which strongly promotes the
chemotaxis of fibroblasts to the site of injury and
plays a critical role in fibroblast proliferation and
ECM production.91 This growth factor induces the
expression of SMA and promotes the synthesis and
maturity of collagen I. Although TGF-b1 induces
the expression of MMP-2, -9, and -13 in fibroblasts,
it actually reduces collagen degradation by in-
hibiting the expression of MMP-1 and increasing
the production of TIMP-1.92,93 There are three
isoforms of TGF-a—TGF-b1 and TGF-b2 have the
profibrotic properties whereas TGF-b3 is anti-
fibrotic.93 TGF-b1 signalling activates SMAD2 and
SMAD3, which use SMAD4 for translocation to the
nucleus, whereas TGF-b3 stimulates Smad7. Ad-
justing the balance of the TGF-b isoform ratio has
attracted considerable attention by researchers at-
tempting to correct scar development.91,94 Table 5
lists the differences in TGF-b and (myo) fibroblasts
in normal, hypertrophic, and keloid scars.

ABNORMAL CUTANEOUS SCAR TYPES

Formation of abnormal scars present major
problems as the contractures can be disfiguring and
cause loss of function, limited mobility by scar con-
traction and stiffness, pruritus, and pain.95 Cos-
metic disfigurement caused by scars often leads
patients to suffer from psychosocial and social is-
sues, which, in turn, results in a decreased quality of
life. Scars are composed of the same ECM molecules
as the tissue they replace, but the ratios in scar
tissue are different to normal tissue.72 The levels of
collagen I and III, fibronectin, and laminin are all
increased in raised dermal scar tissue. However, HA

Table 4. The histological differences in collagen between normal, hypertrophic, and keloid scars*

Unwounded skin Normal scar Hypertrophic Scar Keloid scar

Collagen orientation
to the epithelial surface

Basket weave-like
network

Fine, well-organized Flatter, arranged in a wavy pattern Collagen I and II fibers lie haphazardly

Parallel to epidermis Parallel to epidermis Predominantly parallel Randomly oriented
Collagen bundle thickness Normal bundle Small, parallel bundles Thin collagen thin fibers

organized into nodules
Large, thick, closely packed random

to epidermis
Collagen bundle distance Smaller bundle distance Close Close Larger bundle distance
Collagen synthesis Normal Increased than normal skin Seven times higher than normal 20 times higher than normal
Collagenous-cellular nodules Absent Absent Present Present
Collagen I/III ratio 5:1 6:1 6:1 17:1
Collagen crosslink Normal Lower High Twice higher than hypertrophic scar

*Modified from Verhaegen et al.107
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and decorin are decreased, and the expression and
localization of fibrillin and elastin fibers in the der-
mis are altered compared with normal skin and
scars.96 Scars are classified according to their clini-
cal behavior and appearance. Atrophic scars takes
the form of a sunken recess in the skin, which has a
pitted appearance and can be caused when under-
lying structures supporting the skin, such as fat or
muscle, are lost and often associated with acne,
chickenpox, surgery, or accidents.97 The more se-
vere forms of scarring are frequently referred to as
either hypertrophic or keloid scars.

Hypertrophic scars
Hypertrophic scars are raised, erythematous,

pruritic, painful, rigid, disfiguring, and a func-
tionally limiting form of dermal fibrosis. They ap-
pear as a red lump on the skin raised above the
surrounding skin and often develop after thermal
or traumatic injury to the deep regions of the
skin.77 Clinically, they are identified by excessive
dermal fibrosis and scarring resulting from the
imbalance between collagen synthesis and degra-
dation during wound healing. Unlike keloids, hy-
pertrophic scars remain within the boundary of the
original injury. Hypertrophic scars are character-
ized by excessive deposition and alterations in
morphology of collagen and other ECM proteins.77

Keloids
Keloid scars are red, raised and fibrous and are a

more serious form of scarring, because they can
grow indefinitely into large, tumorous (although
benign) neoplasms.98 They are often distinguished
from hypertrophic scars by their growth outside the
original wound area. Keloid scars occur most com-
monly in dark-skinned people and can be caused by
numerous lesions, including surgery, accident,

acne, or can occur spontaneously. Collagen synthe-
sis in keloids is*20 times as great as that in normal
unscarred skin and three times as great as in hy-
pertrophic scars.98–100 Abergel et al. showed that not
only is collagen production high in hypertrophic
scars and keloids, but the ratio of collagen I to III is
also high.101 This collagen overproduction can be
attributed to the stronger proliferating activity of
keloid fibroblasts.102 Aside from high collagen syn-
thesis and proliferation of fibroblasts, fibroblasts in
keloids show a rate of fibronectin biosynthesis that
is as much as four times as high as that of fibroblasts
from normal scars and normal dermis.103,104

ECM REMODELLING IN CUTANEOUS
HYPERTROPHIC AND KELOID SCARS
Collagens

Similar to normal scars, the collagen fiber ori-
entation parallel to the epithelial surface is char-
acteristic for mature hypertrophic and keloid scars,
rather than the three-dimensional basketweave-
like network seen in normal skin.105 However,
there are structural and composition differences
between normotrophic and abnormal scars, as well
as between hypertrophic and keloid scars. Keloids
contain large, thick collagen fibers composed of
numerous fibrils closely packed together. The fi-
bers are less organized and have less crosslinks
than normotrophic scars.100,106,107 Blackburn
et al.108 and Ehrlich et al.105 described the presence
of abnormally thick collagen bundles in keloid
scars and the absence of these in hypertrophic
scars. In keloid scars, the distance between colla-
gen bundles was higher and the collagen bundles
were more randomly organized in the deep dermis
compared with the superficial dermis.107 Linares
et al.109 found that collagen bundles in hypertro-
phic scars were relatively thin when compared
with normal skin (Table 4).

The ratio of collagen I/III is altered in keloid
tissue (*17:1) compared to normal scars (*6:1).107

There is heterogeneity of collagen expression within
keloid scar tissue. Fibroblasts from the growing
margin of keloid scars show a higher production of
collagen I and III and a different collagen I/III ratio
compared to fibroblasts isolated from extra- and in-
tralesional keloid biopsy sites.110 The mRNA of col-
lagen I and III is upregulated 20-fold in keloid
tissues.111 Agarwal et al.112 recently demonstrated
that cartilage oligomeric matrix protein (COMP)
functions as organizer of the dermal collagen I net-
work in healthy human skin and COMP deposition
is enhanced in the dermis in various fibrotic condi-
tions, including keloids.

Table 5. The differences in transforming growth factor-b and
(myo)fibroblasts in normal, hypertrophic, and keloid scars

Factors Normal scar Hypertrophic scar Keloid scar

TGF-b [TGF-b1 [[TGF-b1 [[TGF-b1
YTGF-b3/TGF-b1 [TGF-b2 [[TGF-b2

YYTGF-b3 YYTGF-b3
YYTGF-b3/TGF-b1 YYTGF-b3/TGF-b1

Fibroblasts [Cell number [[Cell number [[Collagen I
[[a-SMA [a-SMA
[[Proliferation [[Proliferation
YYApoptosis
[TGF-b1
[[Collagen I

Myofibroblasts Absent Present Absent

MMP/TIMP activity [MMP-1, 2 and 9 YMMP-1, 2 and 9 [[MMP-2
YTIMP-1 [TIMP-1 [TIMP-1

TGF, transforming growth factor; SMA, smooth muscle actin; [increase;
Ydecrease.
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Proteoglycans
Proteoglycans influence the physical character-

istics of the skin, collagen composition and struc-
ture, growth factor activity and cellular behavior.77

The increased turgor of hypertrophic scars is partly
attributable to the increase in GAGs.77 The pre-
dominant proteoglycan in normal skin is decorin.
Hypertrophic scar tissue obtained between 5 and
14 months after injury showed a dramatic reduc-
tion in decorin as compared to normal skin.113,114

Decorin inhibits fibroblast proliferation and de-
creases TGF-b1 production and collagen synthesis
in hypertrophic scar fibroblasts.85,115 The low lev-
els of decorin found in the hypertrophic scars
therefore, may account for their irregular collagen
organization, as well as increased ECM production.
In burns, decorin expression is suppressed.113

Myostatin-null mice exhibit delayed skin wound
healing through the blockade of TGF-b signaling by
decorin116 and recombinant decorin inhibits cell
proliferation and downregulates TGF-b1 produc-
tion in hypertrophic scar fibroblasts.85 Reduced
decorin and TGF-b3 in deep dermis lead to hyper-
trophic scarring.117 Versican is a large proteogly-
can with as many as 30 chondroitin sulfate sugar
chains, and is produced in sixfold higher quantity
in hypertrophic scar. Versican contributes signifi-
cantly to the rigidity of hypertrophic scar because
of its strong hydrophilic properties.77

(Myo)fibroblasts
Fibroblasts from hypertrophic scars behave

quite differently to normal fibroblasts. Hyper-
trophic scar fibroblasts exhibit increased collagen I
synthesis, reduced collagenase production and
subsequent reduced ability to digest soluble colla-
gen compared to normal fibroblasts.118 Hyper-
trophic scar tissues have greater numbers of
fibroblasts and myofibroblasts than normal skin
and normotrophic scars.119 Hypertrophic scars
contain excessive microvessels, which are mostly
occluded due to the overproliferation and func-
tional regression of endothelial cells induced by
myofibroblast hyperactivity and excessive collagen
production.120 Myofibroblasts from hypertrophic
scars are more resistant to apoptosis compared to
normal wound myofibroblasts121 (Table 5). p53,
which induces cell cycle arrest and/or apoptotic cell
death, has a higher incidence of mutations (exons
5–8) in both keloids and hypertrophic scar fibro-
blasts.122 These properties of hypertrophic myofi-
broblasts may play an important role in
hypertrophic scar formation.119,121,123 In addition,
nuclear factor (NF)-jB is upregulated in keloid fi-
broblasts and its inhibition suppresses cultured

keloid fibroblast proliferation and collagen I pro-
duction,124,125 suggesting a role for anti-inflam-
mation treatment for excessive scars.

Transforming growth factor-b
When wound repair is completed, the activity of

TGF-b1 is normally turned off. Hypertrophic scars
and resident fibroblasts show higher expression of
TGF-b1 and lower levels of TGF-b3 than nor-
mal117,126 (Table 5). TGF-b1 and TGF-b2 mRNA
expression is higher in fibroblasts derived from
keloids than from hypertrophic scars and normal
scars; however, TGF-b3 expression is lower.127

Excessive scar fibroblasts have greater numbers of
growth factor receptors and respond more vigor-
ously to growth factors, such as TGF-b.126 The
balance between TGF-b1 and TGF-b3 is an impor-
tant regulator of scar formation. The increase or
prolonged activity of TGF-b1 leads to an overpro-
duction and excess deposition of collagen by fibro-
blasts that often result in hypertrophic scars.128 In
an adult rat incisional model, the addition of neu-
tralizing antibody to reduce levels of TGFb1 and
TGFb2 resulted in reduced collagen content, im-
proved orientation of ECM in the wound, and less
scarring compared with controls.129

Matrix metalloproteinases
Decreased levels of MMP-1, MMP-2, MMP-9 and

increased levels of TIMP-1 are present in hypertro-
phic scars and appear to contribute to tissue fibrosis,
leading to excessive scars.130,131 There is relatively
strong expression of TIMP-1 in hypertrophic scar
biopsies in contrast to very low levels of TIMP-1 in
normal skin.92 Less synthesis of molecules that
promote matrix breakdown (e.g., MMPs) may also
explain the lack of scar regression seen in keloids.75

However, there have been reports that the ECM of
keloids shows elevated levels of MMPs (Table 4).
Neely et al. reported significantly increased MMP-2
activity in keloids and no change in MMP-9 activi-
ty.132 When compared to hypertrophic scars, atro-
phic scars, and donor skin, MMP-2 levels were
highest in keloid group with undetectable MMP-9
activity using gelatin zymography analysis.133 In
culture, the production of type 1 collagen, MMP-1,
MMP-2, and TIMP-1 by keloid fibroblasts was 3-fold,
6-fold, 2.4-fold, and 2-fold greater compared with
normal dermal fibroblasts. Adding TGF-b1 to cul-
tured keloid fibroblasts increased the production of
MMP-2, decreased MMP-1 and did not change
TIMP-1.99 Even though MMPs are increased, they
do not degrade the excess collagen in keloid scars.
This may be because they are insufficient in quantity
to compete with the excessive anabolic signals
building up the scar tissue. Alternatively, it may be
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due to collagen crosslinks, which help determine
collagen’s susceptibility to MMP cleavage.134 Bone
exhibits pyridinoline cross-links which are able to
withstand major forces.135 Whereas normal skin
collagen does not have these cross-links, hypertro-
phic and keloid scar collagen does,136 which makes
them less susceptible to cleavage by MMPs. The
average pyridinoline crosslink content per mole of
collagen in keloids is two times higher than in hy-
pertrophic scars.137 Inhibition of this biochemical
process to form these rigid cross-links may help
prevent abnormal scar formation.75

APC, A POTENTIAL AGENT TO PREVENT/
TREAT ABNORMAL SCARRING?

Recently, our preclinical and clinical studies
demonstrate that APC, a natural anticoagulant,
promotes wound healing.6–8 Although the effect of
APC on cutaneous scarring has not been examined,
APC treatment is protective during the develop-
ment of myocardial fibrosis in mice138 and several
unique properties of APC indicate its potential in
the prevention of excessive scar formation.

� Acceleration of wound healing. APC treat-
ment results in a faster healing of normal and
chronic wound.6–8,139 Prolonged healing pro-
cess is an important contributing factor for
abnormal scaring. Deitch et al.140 reported
that the likelihood of development of a hy-
pertrophic scar after an acute burn injury
increased when the healing extended beyond
3 weeks. In a pediatric population, a study by
Cubison et al.141 showed that the incidence of
hypertrophic scar after scald injury is 8% if
healing occurred between 10 and 14 days,

whereas those taking more than 30 days to
heal developed hypertrophic scars in 92% of
cases. A recent study also reveals that the
overall hypertrophic scar rate rises from 3%
to 15% among those patients taking more
than 21 days to heal.142

� Inhibition of inflammation: Independent of its
effect on coagulation, APC possesses strong
anti-inflammatory properties associated with
a decrease in proinflammatory cytokines, a
reduction of leukocyte recruitment and sup-
pression in the activation of NF-jB.143 Acute
inflammation is exacerbated in mice geneti-
cally predisposed to a severe protein C defi-
ciency.144 Inflammatory response is the
leading culprit in forming fibrotic scar (See
detailed discussion in ‘‘Inflammation, wound
healing and scar formation’’). Wounds with no
or minimum inflammation even in adults re-
pair rapidly and exhibit minimal scarring.4,5

� Modulation of ECM turnover. APC not only
increases collagen 1 expression by osteo-
blasts,145 liver myofibroblasts,146 tenocytes,147

and collagen IV by endothelial cells,148 but also
regulates MMP expression/activation with a
stimulatory effect on MMP-2 by skin keratino-
cyte, fibroblasts, and endothelial cells148,149 and
an inhibitory effect on MMP-9 by rheumatoid
synovial fibroblasts.150 Moreover, our recent
data show that APC has the ability to differ-
entially modify the production of TGF-bs (Fig.
4). Skin keratinocytes treated with APC pro-
duced more TGF-b3 at day 1, 2, and 3, while
had no effect at TGF-b1 at same time and in-
hibited TGF-b1 at day 5. These affects would
assist in preventing excessive scar formation.

Figure 4. The production of TGF-b1 and TGF-b3 by human keratinocytes treated with APC. Keratinocyte monolayers were treated with APC (1 lg/mL). Culture
supernatants were collected at for day 1, 2, 3, and 5 after treatment. TGF-b1 and TGF-b3 in supernatants were detected by enzyme-linked immunosorbent
assay. Data are expressed as mean – standard error of the mean from four experiments. APC, activated protein C; TGF, transforming growth factor. *p < 0.05,
**p < 0.01.
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CONCLUSION

Hypertrophic and keloid scars occur as a
result of aberrations of physiologic wound
healing. By causing pain, pruritus, and
contractures, excessive scarring signifi-
cantly affects the patient’s quality of life,
both physically and psychologically.100 To
date, therapeutic approaches to reduce
scarring have been largely unsuccessful.
The ECM is important in the maintenance
of the structure, function, and signaling of
tissues and is actively involved in both
cellular and extracellular events that lead
to excessive scarring. Targeting compo-
nents of the ECM during wound repair
provides an attractive approach to avoid
hypertrophic and keloid scars.
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TAKE HOME MESSAGES

� ECM is the name given to the bulk of the tissue in the body, excluding
the cells.

� Collagen is one of the major components of the ECM, but there are many
more.

� The ECM forms the major component of the skin, along with three major
types of cells: keratinocytes, fibroblasts, and endothelial cells.

� After the skin is injured, an organized repair process normally occurs that
results in a scar.

� However, the fetus has the remarkable ability to rapidly and completely
regenerate skin without scarring or showing any signs of the original
injury.

� The reasons why the fetus can heal scarlessly is not fully understood but
is thought to involve the ECM.

� In some people, scar formation is exacerbated resulting in disfiguring
hypertrophic or keloid scars, for which the ECM plays a major role.

� Targeting factor(s) within the ECM may allow us to prevent the formation
of abnormal hypertrophic or keloid scars and improve normal wound
healing to mimic that of fetal healing.

� APC has potential as a wound healing treatment to minimize excessive
scar formation.
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