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Significance: Abnormal wound repair results from disorders in granulation
tissue remodeling, and can lead to hypertrophic scarring and fibrosis. Ex-
cessive scarring can compromise tissue function and decrease tissue resistance
to additional injuries. The development of potential therapies to minimize
scarring is, thus, necessary to address an important clinical problem.
Recent Advances: It has been clearly established that multiple cytokines and
growth factors participate in the regulation of cutaneous wound healing. More
recently, it has become apparent that these factors do not necessarily activate
isolated signaling pathways. Rather, in some cases, there is cross-modulation
of several cellular pathways involved in this process. Two of the key pathways
that modulate each other during wound healing are activated by transforming
growth factor-b and by extracellular matrix proteins acting through integrins.
Critical Issues: The pathogenesis of excessive scarring upon wound healing is
not fully understood, as a result of the complexity of this process. However, the
fact that many pathways combine to produce fibrosis provides multiple po-
tential therapeutic targets. Some of them have been identified, such as focal
adhesion kinase and integrin-linked kinase. Currently, a major challenge is to
develop pharmacological inhibitors of these proteins with therapeutic value to
promote efficient wound repair.
Future Directions: The ability to better understand how different pathways
crosstalk during wound repair and to identify and pharmacologically modulate
key factors that contribute to the regulation of multiple wound-healing path-
ways could potentially provide effective therapeutic targets to decrease or
prevent excessive scar formation and/or development of fibrosis.

SCOPE AND SIGNIFICANCE
During cutaneous wound heal-

ing, extensive interactions between
cells of the epidermis, the dermis,
and the bone marrow take place.
These interactions are important to
appropriately coordinate the different
phases of wound healing, starting
with inflammation and continuing
with deposition of new connective
tissue, keratinocyte migration over
the granulation tissue, fibroblast ac-
tivation, and scar formation (re-

viewed by Martin).1 Although skin
wound healing occurs efficiently in
most individuals, the regenerated
tissue is generally not completely
recapitulated because scarring takes
place. In some individuals, exces-
sive scarring can compromise tissue
function, whereas in others, defects
in repair result in the development of
chronic wounds.2 At the center of
these processes are the various types
of cells that constitute the dermis.
In particular, dermal fibroblasts are
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Abbreviations
and Acronyms

CCN2 = connective tissue
growth factor

GAPDH = glyceraldehyde-3-
phosphodehydrogenase

ECM = extracellular matrix

FAK = focal adhesion kinase

MAPK = mitogen-activated
protein kinase

TAK1 = TGF-b–activated kinase 1

TGF-b = transforming growth
factor beta

TbR = TGF-b receptor
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key contributors to scarring and may also be af-
fected during impaired wound healing. Targeting
responses to wounding in these cells shows promise
in the prevention and/or treatment of abnormal
skin repair.

TRANSLATIONAL RELEVANCE

The development of fibroblast cultures from ge-
netically altered mice provides an excellent system
to elucidate at the cellular and molecular level the
mechanisms involved in excessive extracellular
matrix (ECM) formation, as well as in the genera-
tion and survival of myofibroblasts and the acti-
vation of fibrotic responses. The in vivo significance
of these models using cultured cells can be appro-
priately assessed through the analysis of responses
to wounding in genetically altered mice. Although
wound healing in mice and humans does not follow
identical mechanisms, model organisms are valu-
able in the investigation of pathways that can be
targeted for their potential therapeutic value in a
clinical setting.

CLINICAL RELEVANCE

Wound healing results in the formation of scars
composed of excess ECM. The consequences of
scarring include undesirable appearance of the
regenerated tissue, lack of hair follicles, sebaceous
glands, and sensory nerves, and greater suscepti-
bility to reinjury of the skin surrounding the scar
due to reduced tensile strength.1,3 Scarring can be
aggravated by genetic predisposition, wound
depth, location, and infection.2 Current treatments
to promote efficient wound repair are limited to the
standard principles of wound management. Mod-
ulation of the responses of dermal fibroblasts dur-
ing skin regeneration and scar formation provides
a therapeutic avenue with significant potential.

RELEVANT BASIC SCIENCE CONTEXT

A few days after cutaneous injury, and after the
initial inflammatory responses, new stroma com-
posed of macrophages, fibroblasts, and blood ves-
sels, termed granulation tissue, forms.3 Within the
granulation tissue, a large number of growth fac-
tors and cytokines are produced which, collectively,
promote regeneration of the injured skin. Two
major pathways activated by proteins produced at
the wound result from the activation of trans-
forming growth factor-b (TGF-b) receptors and of
integrins. Within the granulation tissue, fibro-
blasts become activated in response to various
factors present in the wound. For example, TGF-b1

induces fibroblast proliferation and migration into
the site of injury.4 This cytokine also triggers the
production of a collagen-rich matrix, which con-
tributes to induce differentiation of fibroblasts into
myofibroblasts. Myofibroblasts are characterized
by expression of alpha–smooth muscle actin and
acquisition of contractile capacity, which promotes
wound closure (Fig. 1).4,5

TGF-b1 signals through specific receptor serine/
threonine kinases and activates several pathways
(Fig. 2). The canonical pathway begins with TGF-b
binding to the type-II TGF-b receptor (TbR-II),
which leads to its association with TbR-I. This ac-
tivated heteromeric complex phosphorylates
Smad2 and/or Smad3 proteins in the cytosol, al-
lowing them to recruit Smad4. The Smad2/4 or
Smad3/4 species then translocate to the nucleus,
where they activate transcription of a variety of
genes involved in matrix remodeling and cyto-
skeletal organization.4 TGF-b1 also induces sig-
naling through noncanonical pathways. For
example, TGF-b treatment leads to activation of
p38 and ERK1/2 mitogen-activated protein kinase,
which promote, respectively, the production of
type I collagen and fibroblast proliferation.6 TGF-
b–activated kinase 1 (TAK1) is another major
kinase involved in expression of collagen and fi-
bronectin in response to TGF-b1 stimulation, act-
ing through activation of p38 and JNK. TAK1 is
also an important mediator of the profibrotic ef-
fects of TGF-b1.7 TGF-b is one of the main cyto-
kines that mediates fibrosis in the skin and other
organs. These effects are due to its ability to pro-
mote fibroblast proliferation, survival, and ECM
synthesis, and to downregulate matrix metallo-
proteinases that degrade the ECM components.8

The ECM proteins that participate in defining
the microenvironment surrounding the cells in
granulation tissues play important roles in regu-
lating the behavior of these cells. A major group of
ubiquitous transmembrane proteins that mediate
cell adhesion to and transduce stimuli from the
ECM are the integrins (Fig. 3).9 Integrins are as-
sembled as heterodimers that contain one alpha-
and one beta-subunit, and play important roles in
re-epithelialization, regeneration of the basement
membrane and dermal ECM, cell migration, and
intercellular communication at the wound site.
Integrins also link the ECM with the actin cyto-
skeleton, mediating transduction of mechanical
stimuli key for wound contraction and closure.10

In dermal fibroblasts, integrins a1b1 and a2b1 are
the main collagen receptors. The former mediate
collagen synthesis and cell proliferation, whereas
the latter are important for differentiation into
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myofibroblasts and acquisition of contractile prop-
erties.11 Integrins lack intrinsic enzymatic activity
and transduce ECM signals through their interac-
tions with multiple scaffold and signaling proteins.12

Upon binding to ECM substrates, integrins cluster
and associate with their cytosolic partners, as well as
generate crosstalk signals with growth factor recep-
tors, including TbRs.13 Thus, integrins and TGF-b
signaling, which constitute two pathways that are
key for cutaneous regeneration after injury, not only
activate individual signaling cascades, but also cross-
modulate each other during this process.

EXPERIMENTAL MODELS

Embryonic wound healing occurs without scar-
ring and is associated with differences in the
characteristics of embryonic dermal fibroblasts,
relative to the adult counterparts.14 Specifically,
embryonic skin regeneration occurs with little in-
flammation in an environment in which TGF-b3 is

the most abundant isoform of this growth factor. In
contrast, adult wounds are characterized by pro-
nounced inflammation and the predominance of
TGF-b1 at the wound site. The key role of TGF-b
signaling in adult scarring has been demonstrated
in mice with inducible, conditional inactivation of
the Tgfbr2 gene in dermal fibroblasts.15 In these
animals, the loss of TbRII expression has profound
effects in full-thickness excisional wound repair.
Specifically, the loss of dermal TGF-b signaling
accelerated re-epithelialization and wound clo-
sure. In addition, the regenerated dermis in these
animals showed significantly reduced collagen de-
position and remodeling, as well as decreased
wound contraction, but without any detectable al-
terations in the abundance of myofibroblasts. No-
tably, the loss of TGF-b signaling in fibroblasts
was accompanied by decreased expression of a1, a2,
and b1 integrins and reduced contractile properties
in myofibroblasts.

Figure 1. Model of myofibroblast differentiation. Stromal and granulation tissue in vivo contains several cell types, including fibroblasts, characterized by the
presence of cortical, but not stress actin, fibers. Upon mechanical tension, transduced by integrins and their associated proteins, such as integrin-linked
kinase (ILK), fibroblasts change into protomyofibroblasts, which exhibit actin-containing stress fibers. The joint presence of mechanical stress and trans-
forming growth factor beta (TGF-b) induces transition of protomyofibroblasts into differentiated myofibroblasts. The latter possess contractile properties due, in
part, to the formation of robust stress fibers containing a-smooth muscle actin. ‘‘?’’ indicates poorly understood molecular pathways.
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Embryonic fibroblasts isolated from mice with
targeted Tak1 inactivation showed impaired re-
sponses to TGF-b1 treatment.16 These cells were
not capable of inducing collagen matrix contrac-
tion and did not exhibit upregulation of fibrotic
genes such as alpha–smooth muscle actin after
stimulation by TGF-b1. Significantly, the ability of
this cytokine to induce activation of TAK1 in nor-
mal fibroblasts was also abolished in the presence
of focal adhesion kinase (FAK) inhibitors, indicat-
ing an additional level of crosstalk between the
TGF-b pathways and integrin-associated proteins
(Fig. 4).

Stimulation of dermal fibroblasts and other
mesenchymal cells by TGF-b1 also induces ex-

pression of connective tissue growth factor (CCN)2,
which in turn is required for normal stimulation of
collagen expression.17 Depletion of endogenous
CCN2 in dermal fibroblasts abrogated the activa-
tion of Smad1 and ERK1/2 in response to TGF-b1.
In addition to CCN2, a complete response to
TGF-b1 required involvement of the avb3 integrin
and Src, indicating that a full fibrotic response to
this growth factor is mediated by the coordinated
action of CCN2, avb3 integrin, Src, and Smad1.18

Given the crosstalk between the TGF-b and
integrin pathways, the effects of alterations in
integrin-binding proteins have been studied and
shown to modulate fibrotic responses. In particu-
lar, the analysis of FAK-deficient mouse embryonic

Figure 2. TGF-b-signaling pathways. Binding of TGF-b to TbR-II induces association with and phosphorylation of TbR-I. The kinase properties of the latter are thus
activated, which results in phosphorylation of Smad2 and/or Smad3 and their association with Smad4. Although this step occurs at the plasma membrane, active,
ligand-bound TGF-b receptor complexes can also be endocytosed, thus triggering Smad2/3 phosphorylation from endosomal vesicles. The active phospho-Smad
complexes then shuttle from the cytoplasm to the nucleus, where they associate with transcriptional cofactors, such as p300, to modulate transcription of target
genes. TGF-b receptor complexes also initiate other noncanonical signaling pathways, including activation of the TAK1 kinase, which in turn induces phosphorylation
of mitogen-activated kinases, such as p38 and JNK. Ultimately, the activation of these kinases also contributes to the transcriptional regulation of target genes. TAK1,
TGF-b–activated kinase 1; TbR, TGF-b receptor. 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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Figure 3. Regulation of integrin-mediated responses by ECM substrates. Binding of ECM proteins to the alpha-subunit of integrins triggers a variety of
processes that involve formation of multiprotein complexes. Integrins that are activated by the ECM substrates bind to a variety of cytosolic scaffold and
signaling proteins, including ILK, FAK, and vinculin. ILK can bind to paxillin, to PINCH and/or parvins, which then modulate F-actin polymerization and
remodeling, regulating cell adhesion to the ECM and/or migration. ECM, extracellular matrix; FAK, focal adhesion kinase. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/wound

Figure 4. Model for the modulation of TGF-b signaling pathways by integrin-associated proteins. ECM substrate binding to integrins results in activation of
FAK, which in turn can modulate the activity of TAK1 jointly with TbR complexes. In addition, the presence of ILK in dermal fibroblasts is necessary for normal
phosphorylation, and thus activation of Smad proteins in response to stimulation by TGF-b. Several pools of ILK appear to exist in cells. Whether the ILK pool
that modulates Smad phosphorylation is also associated with integrins still remains to be determined. 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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fibroblasts showed an absence of actin stress fiber
formation, collagen matrix contraction, and ex-
pression of profibrotic genes when these cells were
cultured in the presence of TGF-b1.19

Integrins not only participate in the responses to
TGF-b1 during wound healing, they also transduce
mechanical signals that are central for wound clo-
sure. The role of FAK in these processes has been
difficult to evaluate in vivo, as inactivation of the
gene that encodes this protein (Ptk2) results in
embryonic lethality. Recently, in a mouse model
with dermal fibroblast-restricted inactivation of
the Ptk2 gene was generated, and the responses of
these animals to wounding were evaluated. These
mice exhibit substantial decreases in inflammation
and fibrosis under conditions that promote hyper-
trophic scar formation.20 These studies also
showed that FAK-dependent activation of ERK1/2
caused secretion of monocyte chemoattractant
protein-1, a cytokine linked to human fibrotic dis-
orders. Significantly, pharmacological inhibition of
FAK also blocked secretion of inflammatory cyto-
kines and reduced scar formation in vivo by at-

tenuating inflammatory cell recruitment to the
wound site (Fig. 5).

Integrin-linked kinase is a scaffold protein that
associates with b1 and b3 integrins and mediates a
variety of responses to stimulation by ECM sub-
strates.21 Inactivation of the Ilk gene in the epi-
dermal stem cells of the hair follicle bulge delays
wound healing in full-thickness excision wounds.22

This effect likely involves impairment of keratino-
cyte motility during re-epithelialization.22,23 Cul-
tured integrin-linked kinase-deficient dermal
fibroblasts isolated from newborn mice fail to ex-
press alpha–smooth muscle actin and to show
Smad2 and Smad3 phosphorylation upon stimu-
lation by exogenous TGF-b1 (Fig. 6). These cells
also exhibit impaired cell migration and differen-
tiation of fibroblasts into myofibroblasts.24 In these
cells, collagen matrix remodeling and contraction
are also severely affected. In contrast, using a dif-
ferent model consisting of cultured dermal fibro-
blasts isolated from older animals, reduced
baseline TGF-b1 responses were associated with
decreased production of, rather than response to,

Figure 5. Stimulation of FAK signaling pathways by integrins. Binding of ECM substrates to integrins triggers phosphorylation and activation of FAK. The
active kinase subsequently associates with and activates Src, another tyrosine kinase, thus initiating a signaling cascade that involves further stimulation of
the Crk and Dock 180. The latter stimulates activation of the small GTPase Rac1, which regulates the actin cytoskeleton and promotes cell migration, a key step
in wound regeneration. Active FAK also induces stimulation of PI3K, which promotes activation of Vav, another protein that induces Rac 1 activation and cell
migration. 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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this cytokine. Normal fibroblast responses were
restored upon addition of exogenous TGF-b1.25

In vivo, adult (3-week old) mice with fibroblast-
restricted inactivation of the Ilk gene displayed
severely impaired wound repair due to a pro-
nounced reduction in the abundance of myofibro-
blasts within the granulation tissue, without
detectable effects on inflammatory cells or vascu-
larization.25

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

Integrin-linked kinase is an important scaffold
protein that binds to b1 and b3 integrins, mediating
several responses to ECM stimulation.21 Integrin-
linked kinase is ubiquitously expressed and can
associate with multiple proteins in addition to in-
tegrins, forming complexes important for a wide
variety of processes relevant to wound healing.
These processes include cell adhesion to the ECM,
migration in response to chemoattractants, fibro-
blast proliferation, and phagocytosis.23,24,26,27

One of the first proteins that was identified
downstream of integrin stimulation is FAK. This is
a ubiquitous, nonreceptor tyrosine kinase that lo-
calizes to the sites of integrin-mediated adhesion to
the ECM.28 FAK is maintained in an inactive state,
until integrin binding to the ECM causes its au-
tophosphorylation and consequent activation. This
leads to binding and activation of the Src tyrosine
kinase. The FAK/Src complex subsequently stim-

ulates the phosphorylation and activation of mul-
tiple downstream substrates. Activation of FAK
results in increased cell motility and survival and
other cell responses involved in wound healing and
the development of fibrosis.20

The crosstalk between integrins and TGF-b oc-
curs at various levels in fibroblasts and other cell
types. Latent TGF-b is an important ECM con-
stituent that can bind and stimulate integrins. In a
reciprocal manner, avb5 integrin can activate la-
tent TGF-b, allowing it to then activate TbR-II,
promoting expression of various integrins and
ECM proteins.13 In fibroblasts found in fibrotic
tissues, avb5 integrin is upregulated, which further
increases TGF-b activation and reinforces auto-
crine TGF-b signaling, promoting myofibroblast
formation.29 The development of models in which
important integrin downstream mediators, such as
integrin-linked kinase and FAK, are manipulated
has indicated that individual or combined compo-
nents of the pathways activated by wounding may
be useful targets for cutaneous healing therapies.
Given the crosstalk between integrins and the
TGF-b signaling pathways, the modulation of pro-
teins that transduce signaling from the ECM or
regulate TGF-b bioavailability offers a tremendous
potential value in the treatment or prevention of
excessive scarring. In particular, different drugs
have been or are being developed that target vari-
ous components of the TGF-b or integrin pathways,
such as FAK inhibitors.

INNOVATION

The consequences of abnormal wound healing
have been recognized for years. Efforts to either
improve wound healing through the administra-
tion of growth factors or to reduce scarring by
limiting the availability of certain growth factors
have met limited success. This is likely due to the
complexity of the regeneration process itself, and
the myriad components that modulate cell behav-
ior at wound sites. As an alternative approach, we
propose that targeting key factors, such as TAK1,
FAK, or integrin-linked kinase, which function just
downstream from growth factor receptor or in-
tegrin activation during wound healing, may pro-
vide an effective means to reduce abnormal healing
conducive to excessive scarring.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

The identification of drugs that modulate intra-
cellular factors involved in wound-healing re-
sponses is at various stages of development.

Figure 6. Abnormal stimulation of TGF-b signaling pathways in ILK-
deficient dermal fibroblasts. Primary dermal fibroblasts isolated from Ilkf/f mice24

were infected with adenovirus encoding b-galactosidase (ILK-expressing) or
Cre recombinase (ILK-deficient), and, 72 h later, were treated with TGF-b1
(10 ng/mL). Cell lysates were prepared after 1 h, resolved by denaturing poly-
acrylamide gel electrophoresis, and analyzed by immunoblot with the indicated
antibodies. The levels of GAPDH were used to normalize for loading. GAPDH,
glyceraldehyde 3-phosphodehydrogenase.
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Recently, intense efforts to identify FAK
inhibitors have yielded several drugs
with promising therapeutic effects in
early-phase clinical trials.30 Although
these drugs have been primarily devel-
oped to target carcinomas, their applica-
bility to other disorders, such as
abnormal wound healing and fibrosis, is
potentially important. A key limiting
factor to use these drugs is their potential
interference with normal biological pro-
cesses, yielding unacceptable undesired
effects. However, the possibility of using
topical delivery of these drugs, thus
maximizing their effects at target sites
without substantial systemic exposure,
warrants considering and examining
their usefulness in the prevention of ex-
cessive scarring.

Small-molecule inhibitors of integrin-
linked kinase have been reported, al-
though their specificity is unclear, and
hence, they should be tested with caution. Further
efforts to develop this class of drugs are needed,
as they could provide synergistic therapeutic ef-
fects in combination with other pharmacological
modulators.

FUTURE DEVELOPMENT OF INTEREST

Excessive scarring and fibrotic disorders are
the consequence of disruption of normal wound-
healing processes. Significantly, many processes
that lead to fibrosis appear to be shared by multiple
organs, including skin, the kidneys, heart, and
brain. Therefore, any therapeutic intervention that
ameliorates excessive scarring in the skin has the
additional potential benefit of addressing excessive
scarring in other tissues. Excessive deposition of
the ECM and hypercellularity result from the sum
of multiple stimuli. Many molecular and cellular
factors are involved in fibrosis, complicating our
understanding of the pathogenesis of this disor-
der. However, this same complexity also provides
multiple potential targets for therapy, including
the fibroblasts and myofibroblasts. The TGF-b
and integrin pathways are two major contribu-
tors to excessive scarring. Given the extensive
crosstalk between these two pathways, it is con-
ceivable that, by targeting a common factor, such

as FAK or integrin-linked kinase, multiple path-
ways involved in excessive scarring may be down-
regulated.
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TAKE-HOME MESSAGES

Basic science advances
� Activation of TGF-b receptors and integrins is key for cutaneous wound

healing. In addition, these two pathways modulate each other during this
process.

� Two important cellular proteins activated by integrin stimulation and
involved in survival and generation of dermal fibroblasts and myofibro-
blasts are integrin-linked kinase and FAK.

� These two proteins jointly modulate several pathways that are activated
during fibrotic wound healing, including integrins and the TGF-b path-
way.

Clinical science advance
� Integrin-linked kinase and FAK are necessary for the generation of

myofibroblasts and excessive ECM deposition.

Relevance to clinical care
� Pharmacological inhibition of integrin-linked kinase or FAK could serve as

a target to alleviate fibrosis and excessive cutaneous wound scarring.
This strategy, if successful, opens potential avenues for the treatment of
fibrotic disorders in other organs, in addition to the skin.
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