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T he retractile and remodeling phenomena accom-
panying and, in pathologic situations, following

the healing of an open wound have attracted the
interest of physicians and scientists for many centu-
ries. It has long been assumed that these phenomena
depend on extracellular matrix reorganization; how-
ever, the demonstration that fibroblastic cells acquire
contractile features during the evolution of granulation
tissue (for review, see Schürch et al, 1998) has
switched the interest from the extracellular to the
intracellular compartment. The past 30 years have
seen the accumulation of advances in the field of
contractile fibroblasts or myofibroblasts that presently
appear to be the key cell for the production of granu-
lation tissue remodeling. Myofibroblasts are obviously
also producing extracellular matrix components such
as collagen and fibronectin, and it has become clearer
that granulation tissue remodeling depends on the
coordinate activities of intracellular and extracellular
molecules. The interactions of these molecules are
under the control of microenvironmental factors such
as transforming growth factor-� (TGF-�) or other cy-
tokines and mechanical stress. The purpose of our
review is to summarize recent advances made in this
field by several laboratories, with special emphasis on
the evolution of fibrotic phenomena in the liver and the
kidney.

Definition and Cytoskeletal Markers of Myofibroblasts

Granulation tissue, which allows the replacement of
the injured tissue, is mainly characterized by fibroblast
proliferation, angiogenesis, and extracellular matrix
deposition. Fibroblasts acquire smooth muscle (SM)
features characterizing the myofibroblast (for review,
see Desmoulière and Gabbiani, 1996; Schürch et al,
1998; Serini and Gabbiani, 1999; Tomasek et al, 2002)
that represents the main cellular element present in
granulation tissue (Gabbiani, 1998). Myofibroblasts
contain cytoplasmic bundles of microfilaments or
stress fibers, which with mechanism similar but not
identical to those taking place in SM cells, play a role
in contraction (Grinnell, 1994, 2000). Myofibroblasts
are interconnected by gap junctions and are also
connected to the extracellular matrix by a specialized
structure called fibronexus, a transmembrane com-
plex involving intracellular microfilaments in continuity
with extracellular fibronectin fibers (Eyden, 1993;
Singer et al, 1984). More recently, the fibronexus has
been assimilated to the mature or supermature focal
contact, ie, three-dimensional transcellular structure
containing the fibronectin isoform ED-A and �-SM
actin; these are organized by intracellularly and extra-
cellularly originated forces and play a role in the
establishment and modulation of the myofibroblastic
phenotype (Dugina et al, 2001). Recently, it has been
shown that �-SM actin is crucial for focal adhesion
maturation in myofibroblasts (Hinz et al, 2003). Fur-
thermore, myofibroblasts are the main cellular type
involved in extracellular matrix deposition during tis-
sue repair (Zhang et al, 1994). To replace the damaged
tissue, myofibroblasts participate actively in the syn-
thesis of extracellular matrix components such as
collagens I and III, tenascin, and fibronectin. Myofibro-
blasts are also responsible for the synthesis of en-
zymes involved in matrix degradation.
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Myofibroblasts express different sets of cytoskeletal
proteins that represent useful markers of cell differen-
tiation; the study of their expression allows the char-
acterization of fibroblastic phenotypic modifications
corresponding to functional changes that take place
during physiologic and pathologic repair processes
(Sappino et al, 1990; Schmitt-Gräff et al, 1994). The
cytoskeleton of eukaryotic cells comprises three types
of filaments. The intermediate filaments, which are
rigid and permanent, strengthen cells against me-
chanical stress; their composition depends on cell
type. In mesenchymal cells, they are homopolymers of
vimentin or desmin in the cytoplasm and of lamins in
the inner surface of the nuclear membrane (Raats and
Bloemendal, 1992). The microtubules are hollow tubes
that play a crucial role in cell organization and drive
intracellular transport via motor proteins; they consist
mainly of tubulin. Finally, the microfilaments are thin
and flexible, essential for intracellular movements, and
consisting of actin and myosin. Actin exists as six
different isoforms: two cytoplasmic or nonmuscle ac-
tins (� and �), and four muscle actins (two striated
muscle actins: �-skeletal and �-cardiac; and two SM
actins: � and �) (Vandekerckhove and Weber, 1978;
Buckingham et al, 1984). The actin filament is a
two-stranded helix of actin monomers and can asso-
ciate with a myriad of actin binding proteins (capping,
severing, cross-linking, bundling, nucleating, seques-
tering, or motor proteins) that enable the filament to
perform a variety of functions. Myosins are motor
proteins that hydrolyze ATP, providing the energy for
their movement along actin filaments. A large variety
of myosin isoforms is present in muscle (striated or
smooth) and nonmuscle cells. Conventional or class II
myosins are hexamers of two heavy chains and two
pairs of light chains (Loukianov et al, 1997; Schiaffino
and Reggiani, 1996). Numerous recent studies have
illuminated our understanding of dynamics of actin
cytoskeleton. Assembly and disassembly of actin fila-
ment bundles result from the association of various
actin binding proteins and are regulated by small
GTPases related to the Ras superfamily. Rearrange-
ment of actin cytoskeleton, particularly at the surface
membrane, mediates different cellular processes. Rho
GTPases for instance, in response to extracellular
signals, regulate the interaction between stress fibers,
contractile actin-myosin filaments and focal adhesion
complexes (Hall, 1998; Machesky and Hall, 1996;
Molitoris, 1997). Markers of actin cytoskeleton are
thus good tools to evaluate phenotypic modifications
in response to physiologic or pathologic situations.
Fully differentiated myofibroblasts express �-SM ac-
tin. However, as underlined recently by Tomasek et al
(2002), in some situations fibroblastic cells show mor-
phologic characteristics of myofibroblasts, including
microfilament bundles of cytoplasmic actins, but do
not express �-SM actin. It has been proposed to term
these cells “proto-myofibroblasts” (Tomasek et al,
2002). Usually, cultured fibroblastic cells in the pres-
ence of fetal calf serum exhibit a mixture of proto-
myofibroblastic and more differentiated myofibroblas-
tic phenotypes; the presence of �-SM actin is directly

related to the contractile activity of myofibroblasts.
Indeed, it has been recently demonstrated both in vitro
and in vivo a direct correlation between the level of
�-SM actin expression and myofibroblast contraction
(Hinz et al, 2001a, 2001b). This point, and the role of
mechanical factors in proto-myofibroblastic and myo-
fibroblastic differentiation, will be discussed exten-
sively below (see “Force Generation by the Myofibro-
blast: Role and Factors Involved” section). Proto-
myofibroblasts and myofibroblasts can also express
other SM cytoskeletal proteins, including desmin,
caldesmon, and SM-myosin heavy chains (for review,
see Desmoulière and Gabbiani, 1996); however, while
particularly useful in vivo to characterize the SM
differentiation of the fibroblastic cells in different
pathologic situations, the roles of these proteins are
not fully understood. In contrast, differentiated myofi-
broblasts do not express smoothelin, a recently de-
scribed late differentiation marker of both vascular and
parenchymal SM cells (Christen et al, 2001; Van der
Loop et al, 1997). The expression of smoothelin is at
present the most reliable criterion to distinguish be-
tween the differentiated myofibroblast, as defined
here, and the mature SM cell (Van der Loop et al,
1996).

Myofibroblasts during Normal Healing in the Skin

Normal wound healing includes a number of overlap-
ping phases. After injury, there is an early inflamma-
tory step characterized by hemorrhage and clotting.
During this phase, platelet degranulation occurs, re-
leasing a cocktail of growth factors into the local
environment that helps to attract inflammatory cells,
particularly monocytes and granulocytes, to the site of
damage. These cells in turn release numerous factors
that stimulate the repair process. At this time, the
wound has a provisional extracellular matrix consist-
ing largely of fibrin. This provisional matrix serves to
seal the wound temporarily and allows the invasion of
cells that carry out the repair process by fibrogenesis
and angiogenesis (Yamada and Clark, 1996). It also
provides a substrate on which epithelial cells migrate
to re-epithelialize the wound. In the next phase, allow-
ing the development of the granulation tissue, fibro-
blasts invade the wound and commence replacing the
provisional matrix with a more mature wound matrix
containing collagen, fibronectin, and other matrix mol-
ecules. In this phase, angiogenesis is also occurring,
predominantly from the damaged pre-existing ves-
sels; there is also limited evidence of circulating pre-
cursors of endothelial cells that could potentially be
involved (Kalka et al, 2000). The fibroblasts present
during the early granulation tissue phase resemble
immature fibroblasts with a highly synthetic appear-
ance, containing abundant cisternae of rough endo-
plasmic reticulum. However, as the granulation tissue
phase proceeds, fibroblasts start showing a new phe-
notype with prominent microfilament bundles and
dense bodies visible by electron microscopy (Gabbi-
ani et al, 1971). These typical myofibroblasts have
been shown to be �-SM actin-positive by immuno-
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staining and the microfilament bundles themselves are
�-SM actin-positive by immuno-electron microscopy
(Darby et al, 1990). In addition to �-SM actin, granu-
lation tissue myofibroblasts may express other mark-
ers of SM cell differentiation, such as desmin and SM
myosin heavy chains, but this is generally observed
only in hypertrophic scarring. Keloid scars, though
they show the presence of fibroblasts with stress
fibers, generally exhibit few SM cell markers, being
myosin heavy chain and desmin negative (Ehrlich et al,
1994).

During the granulation phase of healing, myofibro-
blasts are responsible for facilitating wound closure
both by tractional forces and by contraction. The focal
adhesions that the myofibroblasts have with the ex-
tracellular matrix and the fibronexi that these cells
exhibit allow them to pull both on the extracellular
matrix and transmit force to neighboring cells (Singer
et al, 1984; Eyden, 1993). Gap junctions between cells
also allow communication between adjacent myofi-
broblasts. It has long been known that myofibroblast-
containing granulation tissue can contract ex vivo in
response to vasoactive hormones or peptides (Higton
and James, 1964; Majno et al, 1971); recent in vitro
data confirm their ability to contract (eg, on flexible
substrates) and the dependence of this contractile
ability on the presence of �-SM actin (see “Force
Generation by the Myofibroblast: Role and Factors
Involved” section below) (Hinz et al, 2001a).

The growth factors involved in stimulating fibroblast
proliferation and differentiation into myofibroblasts
and extracellular matrix synthesis are discussed in
detail below in section “Modulation of Fibroblast Phe-
notype.” In the granulation tissue, there are many cells
that can release growth factors such as TGF-� and
platelet-derived growth factor, starting with platelets
that degranulate early in healing and the inflammatory
cells such as granulocytes and monocytes attracted
into the wound. Once the healing process has started,
wound cells such as fibroblasts also express growth
factors that may act in an autocrine and paracrine
manner. An important source of growth factors in-
volved in the repair process is the wounded epithe-
lium, which has been shown to express high levels of
several factors, particularly at the wound margins
where hyperproliferative keratinocytes are present.
Wound cells, including dermal fibroblasts and keratin-
ocytes, show high expression levels of TGF-�, epider-
mal growth factor, keratinocyte growth factor, and
vascular endothelial growth factor to name a few
(Bascom et al, 1989; Brown et al, 1992; Werner et al,
1992). These factors can stimulate myofibroblast
differentiation and extracellular matrix synthesis (eg,
TGF-�), proliferation of granulation tissue cells, and
the elongation of capillaries from the damaged ends
of pre-existing vessels. The importance of commu-
nication in a paracrine manner between the epider-
mis and the dermis is shown by studies on hyper-
trophic scars where a persistence of activated
keratinocytes in the epidermis implicates abnormal
epidermal-mesenchymal interactions, and suggests
that cellular mechanisms in the pathogenesis of

hypertrophic scarring are very complex (Machesney
et al, 1998). Furthermore, keratinocyte growth fac-
tor, or fibroblast growth factor 7, a 18.9-kD member
of the fibroblast growth factor family, is synthesized
by skin fibroblasts (Werner et al, 1992). However, its
mitogenic activity is on epidermal keratinocytes,
where it is the most potent growth factor identified
thus far. This illustrates the important dialogue
between epidermis and dermis, which occurs
through the basement membrane. Recently, it has
been shown that activin, a TGF-� superfamily mem-
ber, plays an important role in both keratinocyte
differentiation and granulation tissue formation
(Beer et al, 2000). In some organs (eg, the kidney),
an epithelio-mesenchymal transdifferentiation has
been described (see “Origin of Renal Myofibro-
blasts” section below) (Okada et al, 1996); however,
in the skin this process has not been implicated.

Lastly, in the resolution phase of healing, there is
considerable loss of various cell types, including myo-
fibroblasts, by apoptosis (Darby et al, 1990; Desmou-
lière et al, 1995). The fibroblasts that remain in gran-
ulation tissue after the epithelial defect is closed have
reverted to a more quiescent, noncontractile pheno-
type lacking the microfilament bundles that were
present during the contractile phase of healing. It is
also conceivable that the residual fibroblasts repre-
sent a population of cells that failed to acquire a
myofibroblast phenotype during healing and thus sur-
vive, while the myofibroblastic cells that appeared
during healing represent terminally differentiated cells
that undergo apoptosis during the resolution phase.
The signal for this cell death is unknown but may be
related to reductions in the concentrations of local
trophic factors as re-epithelialization and depletion of
inflammatory cells occurs later in healing. Also, the
remodeling of the extracellular matrix by metallopro-
teinases may also play a role by interfering with
myofibroblast adhesion to the extracellular matrix as
has been suggested by studies on regression of
granulation tissue under a vascularized skin flap and
by studies on resolution of liver fibrosis (Darby et al,
2002; Iredale et al, 1998). Early in wound repair, the
balance between matrix metalloproteinases such as
collagenases and gelatinases and their endogenous
inhibitors, tissue inhibitor of metalloproteinases
(TIMPs), favors extracellular matrix production. Later
in wound healing as remodeling occurs, it is possible
that this balance changes and favors matrix degrada-
tion and remodeling. As mentioned above, this could
potentially result in increased apoptosis. Data from
chronic wound studies show that there is generally an
imbalance between metalloproteinases, particularly
gelatinases, elastase, and TIMPs in chronic wounds
(Wysocki et al, 1993). Whether this results in increased
apoptosis in chronic wounds has not yet been con-
clusively determined. Changes in the physical stress
caused by stretch of the granulation tissue may also
contribute to the loss of cells via an apoptotic mech-
anism as has been suggested by in vitro studies of
fibroblasts in collagen lattices (Grinnell et al, 1999). It
has been speculated that excessive apoptosis may be
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involved in delayed or impaired healing such as that
seen in aging or diabetes mellitus. Conversely, inap-
propriate delay of apoptosis, and thus increased sur-
vival of myofibroblasts activated during the healing
process, may be a factor that leads to excessive
scarring such as that seen in hypertrophic scars or
keloids. This latter proposition, however, lacks conclu-
sive evidence to date. Recent papers have shown data
supporting the possibility that there is increased sur-
vival of fibroblasts from keloid scars in response to
signals that would normally induce apoptosis (Chodon
et al, 2000; Ishihara et al, 2000), while other studies
suggest a possible imbalance between proliferation
and apoptosis in keloids and hypertrophic scars but
without clear evidence of decreased levels of apopto-
sis (Akasawa et al, 2001; Luo et al, 2001). The expres-
sion of genes that are protective against apoptosis,
such as Bcl-2, has been shown to be increased in
keloids and hypertrophic scars, suggesting a mecha-
nism through which an imbalance between prolifera-
tion and apoptosis may be achieved (Teofoli et al,
1999). In hypertrophic scars, �-SM actin-positive
myofibroblasts are commonly present in nodules of
cells, while fibroblasts in keloids are generally �-SM
actin-negative. Interestingly, when the fibroblasts from
these types of scar are cultured, they give rise to
similar numbers of myofibroblasts, suggesting that the
microenvironment present within the scar is important
for regulating the phenotype (Ehrlich et al, 1994).

In fetal wounds, healing can occur without scarring
or contracture. This ability is lost in late gestation.
Fetal skin fibroblasts are able to contract collagen
lattices but show reduced staining for �-SM actin. In
vivo, early fetal wounds also show markedly fewer
�-SM actin–staining fibroblasts than in late fetal
wounds or in adult wounds where �-SM actin–positive
myofibroblasts are abundant (Estes et al, 1994).
Larger size of fetal wounds and a longer duration of
�-SM actin–positive myofibroblasts have been re-
ported to correlate with adult-like scarring rather than
scarless fetal healing (Cass et al, 1997). Additionally,
fetal fibroblasts show less contractility in vitro than
those derived from adult skin and do not respond to
TGF-� in the same manner, showing no increase in
�-SM actin expression (Moulin et al, 2001).

Recently, a strain of mouse, the Murphy Roths
Lymphoma/Leukemia (MRL), has been described that
displays a remarkable capacity for wound closure,
providing an example of a phenomenon previously
considered to be a form of regeneration (Clark et al,
1998). Compared with C57BL/6 mice, as early as Day
2 after full-thickness through-and-through ear
punches, rate of reepithelialization, annular swelling,
rapid connective tissue proliferation, angiogenesis,
and chondrogenesis are increased in MRL mice. In-
terestingly, after heart injury, MRL mice also heal with
little scarring and show nearly full myocardial replace-
ment after injury (Leferovich and Heber-Katz, 2002).
The accumulation of extracellular matrix was far less in
the MRL mouse around the wound site than in the
control, and the matrix metalloproteinase response far
greater in the MRL than in the control (Leferovich and

Heber-Katz, 2002). In this interesting model, further
studies are necessary to know the behavior of granu-
lation tissue myofibroblasts and to understand how
regeneration could be obtained by acting on the
extracellular matrix deposition/degradation balance.

Origin of Wound Myofibroblasts

The origin of myofibroblasts in wound tissue has been
assumed to be from local recruitment of fibroblasts
from the surrounding dermis (Grillo, 1963; MacDonald,
1959; Ross et al, 1970). This is supported by the
presence of many fibroblasts showing proliferation
marker-positive nuclei (eg, bromodeoxyuridine) at the
periphery of the wound and with matrix metallopro-
teinase–positive fibroblasts suggestive of cell migra-
tion, again at the wound margins (Fig. 1) (Darby et al,
1997). However, some evidence also exists for circu-
lating precursor cells that may migrate into the wound
and contribute to the fibroblastic population in the
granulation tissue (Abe et al, 2001). Similar evidence
also exists for circulating endothelial precursor cells
(Kalka et al, 2000). The importance of these circulating
cells remains to be shown and it seems likely that the
major source of fibroblasts in granulation tissue is
local recruitment by chemotaxis and subsequent mi-
gration from the surrounding dermis. There is also a
possible source of myofibroblasts derived from peri-
cytes or SM cells around vessels in the granulation
tissue. In some studies, morphologic observations
have suggested a possible origin of myofibroblasts
from vascular SM cells. Overall, however, it seems
likely that the majority derive from local pre-existing
fibroblasts in the dermis, which gradually acquire the
myofibroblast phenotype, as is suggested by the gradual
appearance of microfilaments at the electron micro-
scope level and �-SM actin positivity at the light
microscope level.

Figure 1.
Matrix metalloproteinase-1 expression in full-thickness skin wound made in
rat. The strong immunostaining for matrix metalloproteinase-1 in wound
myofibroblasts just below the migrating keratinocytes suggests that the
myofibroblasts participating in granulation tissue formation are migrating from
the border of the wound. �250.
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Modulation of Fibroblast Phenotype

Cytokines. The application of granulocyte-
macrophage colony-stimulating factor (GM-CSF) to
the rat subcutaneous tissue induces the formation of
an important granulation tissue rich in �-SM actin–
positive myofibroblasts (Rubbia-Brandt et al, 1991). In
vitro experiments have shown that GM-CSF does not
directly stimulate �-SM actin expression when added
to the culture medium of rat or human fibroblasts.
Indeed, after GM-CSF local treatment, the appear-
ance of �-SM actin–rich myofibroblasts (Rubbia-
Brandt et al, 1991) is preceded by a characteristic
cluster-like accumulation of macrophages (Vyalov et
al, 1993), suggesting that such macrophages are
important in the stimulation of �-SM actin synthesis by
myofibroblasts. During the early steps of pulmonary
fibrosis development after intra-alveolar instillation of
bleomycin, GM-CSF is expressed by inflammatory
cells (Andreutti et al, 1998). Moreover, GM-CSF in-
duces the expression of TGF-�1 mRNA by alveolar
macrophages (Andreutti et al, 1998). These data sup-
port the possibility that GM-CSF participates in the
initial steps of the chain of events leading to granula-
tion tissue formation in normal healing and to fibrosis
in pathologic situations, perhaps through a stimulation
of TGF-�1 production. Indeed, among factors se-
creted by activated macrophages and capable of
modulating the expression of �-SM actin, TGF-�1 is
probably the most efficient (Desmoulière et al, 1993).
We and others have shown that TGF-�1 stimulates the
expression of �-SM actin in granulation tissue myofi-
broblasts (Desmoulière et al, 1993; Ronnov-Jessen
and Petersen, 1993). The action of TGF-�1 on �-SM
actin expression confirms and extends the notion that
TGF-�1 plays an important role in both myofibroblast
differentiation and extracellular matrix deposition.
Among the molecules regulated by TGF-�1, connec-
tive tissue growth factor (CTGF) has received signifi-
cant attention. CTGF belongs to a family of early-
response genes (Bork, 1993), comprising both
positive and negative regulators of cell growth. In vitro
studies have demonstrated that CTGF is a down-
stream mediator of several effects of TGF-�1 and
notably extracellular matrix synthesis and fibroblast
proliferation (Duncan et al, 1999; Frazier et al, 1996;
Kothapalli et al, 1997). Increasing evidence from in
vivo and in vitro models of tissue remodeling and
fibrosis suggest that CTGF may represent a down-
stream effector molecule of the profibrotic activities of
TGF-�1 in the maintenance and repair of connective
tissues and in disease evolution. However, it has been
shown that the addition of recombinant CTGF to
rabbit corneal fibroblast cultures does not significantly
increase �-SM actin mRNA or protein nor does it
appear to affect assembly of �-SM actin stress fibers
(Folger et al, 2001); thus, CTGF is not the TGF-�
mediator of the corneal fibroblast to myofibroblast
transition. The authors suggest that CTGF may play a
supporting role in myofibroblast differentiation.

In contrast, different cytokines can inhibit the myo-
fibroblastic differentiation. In cultured fibroblasts,

�-interferon (�IFN), a cytokine produced by T-helper
lymphocytes, decreases �-SM actin protein and
mRNA expression as well as cell proliferation (Des-
moulière et al, 1992a). Preliminary results (Pittet et al,
1994) have shown that �IFN treatment decreases the
symptoms and the size of hypertrophic scars and
Dupuytren’s nodules. In hypertrophic scars, immuno-
fluorescence examination showed that �-SM actin
expression was decreased in myofibroblasts of
treated lesions.

Extracellular Matrix Components. It is well accepted
that the extracellular matrix represents a structural
support for cellular constituents, but the matrix plays
also a central role as a source of signals influencing
growth and differentiation of different cell types, in-
cluding fibroblasts (For review, see Juliano and
Haskill, 1993). Among extracellular matrix compo-
nents, different types of collagen, glycoproteins, and
proteoglycans could be involved in myofibroblastic
differentiation. In proliferating fibroblasts cultured in
the presence of fetal calf serum and in vivo, heparin
increases the expression of both �-SM actin protein
and mRNA (Desmoulière et al, 1992b). Fibronectin is a
prominent matrix component that promotes cell mi-
gration during development and has important func-
tions in several steps of wound healing. Molecular
cloning has demonstrated that fibronectin exists in
multiple forms that arise from a single mRNA tran-
script that can be alternatively spliced in three regions:
EIIIA (ED-A), EIIIB, and V. During cutaneous wound
healing, both macrophages and fibroblasts express
ED-A- and EIIIB-fibronectin mRNA (Brown et al, 1993).
Recently, Serini et al (1998) have shown that the
fibronectin isoform ED-A is necessary for the induction
of the myofibroblastic phenotype by TGF-�1.

Force Generation by the Myofibroblast: Role and Factors
Involved

During the past years, it has become more and more
evident that mechanical stress is crucial for the
fibroblast-myofibroblast modulation (For review, see
Tomasek et al, 2002). This is particularly true for the
initial phases of proto-myofibroblast development
both in vitro and in vivo (Hinz et al, 2001a; 2001b).
Mechanical stress is also important during the evolu-
tion of proto-myofibroblast to differentiated myofibro-
blast, but in this situation the concurrent activity of
TGF-�1 (Desmoulière et al, 1993) and ED-A fibronectin
(Serini et al, 1998) are also required.

Another important point recently clarified is the
direct participation of �-SM actin in force generation
by the myofibroblast. Several laboratories have shown
that this actin isoform is responsible for the incremen-
tal force generation that is observed in differentiated
myofibroblasts when compared with proto-
myofibroblasts (Arora and McCulloch, 1994; Hinz et al,
2001a, 2001b). The mechanisms of this activity are not
presently clear. It is tempting to speculate that �-SM
actin interaction with nonmuscle and/or SM myosin
results in the production of a stronger force compared
with �- and �-cytoplasmic actin isoforms.
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It should be stressed that the mechanisms of force
generation by the myofibroblast are different from the
mechanisms of force generation by the SM cell. The
myofibroblast exerts its contractile activity by produc-
ing a persistent isometric contraction that is reflected
by extracellular matrix retraction. This retraction is
then stabilized by new deposition of matrix compo-
nents such as collagen type III and type I, and this
results in overall tissue shortening. All these observa-
tions suggest that the mechanisms of force generation
are essentially different in myofibroblasts compared
with SM cells. Indeed it appears that the myofibroblast
contraction does not involve directly Ca��-regulated
mechanisms but rather Rho-Kinase pathway through
a modulated activity of myosin phosphates (for dis-
cussion of this point, see Tomasek et al, 2002).
Recently it has been shown that thrombin-induced
contraction of a collagen gel populated by cultured
human lung myofibroblasts depends on the overex-
pression of both constitutively active PCKepsilon and
constitutively active RhoA that can form a ternary
complex with �-SM actin (Bogatkevich et al, 2003). In
this respect it should be noted that the inhibition of the
myofibroblast contractile activity by the intracellular
administration of the N-terminal peptide of �-SM actin
has been shown to decrease collagen synthesis prob-
ably through an indirect mechanism involving tension
decrease (Hinz et al, 2002).

Myofibroblastic Cells in Liver Pathology

Human Pathologies. When liver injuries and associ-
ated acute inflammation response result in moderate
cell necrosis and extracellular matrix damage, tissue
repair takes place, replacing dead cells by normal
tissue, with regeneration of specialized cells by prolif-
eration of the surviving ones, formation of a granula-
tion tissue, and tissue remodeling (see “Myofibro-
blasts during Normal Healing in the Skin” section
above). However, many liver diseases are chronic, and
liver fibrosis is the main complication resulting of these
chronic injuries. Chronic injury leading to fibrosis in
liver occurs in response to a variety of injury, including
alcohol abuse, viral hepatitis (especially hepatitis B
and C), drugs, metabolic diseases due to overload of
iron or copper, autoimmune attack of hepatocytes or
bile duct epithelium, or congenital abnormalities (For
review, see Friedman, 1998).

Liver fibrosis is defined as the accumulation of an
excess of extracellular matrix components in the or-
gan. Its endpoint is cirrhosis, which is responsible for
significant morbidity and mortality. Cirrhosis is defined
as an advanced stage of fibrosis, characterized by the
formation of regenerative nodules of liver parenchyma,
which are separated by and encapsulated in fibrotic
septa. These septa are populated by (myo)fibroblastic
cells that lie embedded in large amounts of extracel-
lular matrix. Usually, injury can be present for months
to years before significant lesions accumulate; how-
ever, in congenital liver diseases, such as biliary
atresia, the time course may be accelerated. It is
accepted that liver fibrosis is reversible, whereas cir-

rhosis is generally irreversible (Bioulac-Sage et al,
2000). Prevention of fibrosis to cirrhosis progression is
thus a major clinical goal that is only partly fulfilled by
the current treatments of the causative diseases. The
poor prognosis of cirrhosis is in great part consecutive
to the frequent occurrence of hepatocellular carci-
noma. Hepatocellular carcinoma can also develop
much more rarely on a normal or slightly fibrous liver.

Cells Involved, Experimental Models, and Mecha-
nisms. Extracellular matrix deposition is consecutive
to the activity of fibrogenic cells known as liver myo-
fibroblasts. Myofibroblasts are almost absent from
normal liver; they derive from the activation of precur-
sor cells, the best studied being hepatic stellate cells.
Hepatic stellate cells are characterized by their perisi-
nusoidal localization and their long processes extend-
ing along and around sinusoids and between hepato-
cytes. Cytoplasmic lipid droplets are present in a
majority (75%) of hepatic stellate cells in normal liver
(Bioulac-Sage et al, 1988; Sztark, 1986) and contain
vitamin A; hepatic stellate cells harbor the largest
quantity of vitamin A in the body.

We and others have put forward the concept of
heterogeneity of liver fibrogenic cells by showing that
portal fibroblasts present in portal tracts also play a
major role in liver fibrogenesis. Moreover, second layer
cells present around centrolobular veins described by
Bhunchet and Wake (1992), fibroblasts present in the
Glisson capsule surrounding the liver, and vascular
SM cells of portal vessel wall could also be involved in
fibrogenesis, probably by modulation to myofibroblas-
tic cells.

Different experimental models of liver injury have
been described. These models characterize the fibro-
blastic cells involved in the development of the lesion.
After carbon tetrachloride (CCl4) treatment, necrosis
occurs around centrolobular veins; in this case, he-
patic stellate cells, but also probably second layer
cells, are activated and involved in repair processes
(Fig. 2, A and B). Periductular fibroblasts are involved
in the portal fibrosis induced by common bile duct
ligation (Kinnman et al, 2003; Tuchweber et al, 1996).
This model is characterized by a moderate inflamma-
tion, and the main factors inducing portal lesion are
increased biliary pressure (Slott et al, 1990) and prob-
ably modifications in bile composition. Cytokines such
as platelet-derived growth factor (Kinnman et al, 2003)
and CTGF (Sedlaczek et al, 2001) are also involved.
Proliferation of bile duct structures induced by bile
duct ligation is accompanied by a proliferation of
portal fibroblasts forming onion-like structures around
bile ducts; these portal fibroblasts acquire a myofibro-
blastic phenotype and are involved in the early depo-
sition of extracellular matrix in the portal zones (Des-
moulière et al, 1997b) (Fig. 2, C and D). Secondary
biliary cirrhosis with bile duct proliferation and portal
fibrosis can be induced by bile duct occlusion after
injection in a retrograde manner with the sclerosant
sodium amidotriazoate (Ethibloc, Ethicon, Norder-
stedt, Germany) (Boigk et al, 1997; Cho et al, 2000). In
our hands, this model induces an early inflammation
due to biliary epithelial cell necrosis; thus, the mech-
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anisms inducing portal fibrosis are different compared
with the classical bile duct ligation. Vascular SM cells
residing in the wall of portal vein branches and portal
arteries are implicated in the portal/periportal fibrosis
characteristic of chronic schistosomiasis (Andrade et
al, 1999).

Fibrosis can also be induced by ip injections of pig
serum to rats (Bhunchet and Wake, 1992; Rubin et al,
1968). In these pig serum-sensitized animals, accu-
mulation of connective tissue is present in centrolobu-
lar and periportal zones, and no necrotic hepatocytes
or acute inflammatory reactions are observed. Prom-
inent fibrotic septa are observed extending in a radial
pattern from central veins and portal zones, resulting
in the formation of pseudolobules. In this model, the
mechanism that leads to the hepatic fibrosis is
unknown.

Myofibroblasts are a major component of the
stroma reaction that develops around hepatocellular
carcinoma. These myofibroblasts are involved in the
synthesis of stromal extracellular matrix compo-
nents (Faouzi et al, 1999; Le Bail et al, 1999), of
extracellular matrix-degrading proteinases such as
urokinase (Dubuisson et al, 2000; Monvoisin et al,
1999) or matrix metalloproteinase-3 (Monvoisin et al,
2002), and of proinvasive factors including hepatocyte
growth factor (Neaud et al, 1997, 2000). Different
models have been proposed to study hepatocellular
carcinoma development. However, in most of them,
stroma reaction is practically absent. Recently, a
model associating diethylnitrosamine exposure and
N-nitrosomorpholine treatment (Futakuchi et al, 1999)
exhibited interesting histologic features of hepatocel-
lular carcinoma surrounded by a stroma reaction re-
sembling that observed in humans (Taras D, Desmou-
lière A, Rosenbaum J, unpublished data).

All of these findings suggest that it is necessary to
re-evaluate the role of the hepatic stellate cells in the
development of liver fibrosis. The pericyte-like char-
acteristics of hepatic stellate cells, including their
close relationship with endothelial cells and their SM
markers expression have been discussed extensively
in previous publications (Blomhoff and Wake, 1991;
Pinzani, 1995). Hepatic stellate cells are probably
“resting pericytes,” which can be rapidly activated (eg,
as a consequence of blood pressure modifications),
acquiring contractile properties, which in turn can
regulate the local blood pressure. We observed the
early activation of hepatic stellate cells during the
transplantation procedure as evidenced by an acute
and transient expression of �-SM actin (Rubbia-
Brandt et al, 1997). Moreover, ex vivo liver perfusion
induces (a) an early activation of hepatic stellate cells
which acquire the expression of �-SM actin, and (b)
significant changes in the perisinusoidal extracellular
matrix (Costa et al, 2001). These results are compati-
ble with the view that hepatic stellate cells function as
liver specific pericytes participating in the regulation of
sinusoidal blood pressure. Furthermore, it has been
mentioned that pure populations of hepatic stellate
cells do not proliferate (Knittel et al, 1999b; personal
observations). It has been suggested that in many
studies using several fold-passaged hepatic stellate
cells, liver fibroblastic cells different from typical he-
patic stellate cells (eg, portal fibroblasts) were ana-
lyzed; moreover, the existence of distinct subpopula-
tions of hepatic stellate cells has been shown
(Ballardini et al, 1994). Thus, a clear classification of
the different liver fibroblastic cells studied in vitro
should be made and extrapolations to pathologic
situations from in vitro studies must be subjected to
critical evaluation. Figure 3 attempts to describe the
behavior of the different fibroblastic cells present in
the liver.

Markers of Liver Myofibroblasts. Numerous markers
have been used to identify the fibroblastic cells in-
volved in liver fibrosis (Cassiman et al, 2002; Knittel et
al, 1999a, 1999b). In addition to classical mesenchy-
mal markers such as desmin for rat hepatic stellate
cells, �-SM actin for activated hepatic stellate cell, and
vimentin for human and rat hepatic stellate cell, liver

Figure 2.
Procollagen I mRNA expression in carbon tetrachloride (CCl4)-treated (A, B)
and bile duct ligated (C, D) rats. CCl4-treated liver sections show high
expression of procollagen I mRNA in areas of fibrosis and in hepatic stellate
cells (A); procollagen I mRNA expression is radiating from the central vein and
is largely confined to hepatic stellate cells (B, dark field microscopy). In bile
duct ligated liver section, high levels of procollagen I mRNA expression are
seen around the portal spaces close to bile ducts (C, D), but some labeling of
hepatic stellate cells is also observed (C). A �130; B and D, �65; C, �30.

Figure 3.
Different liver fibroblastic cell populations involved in fibrogenesis and their
suggested behavior during remodeling of fibrotic tissue. Similar to pericytes,
hepatic stellate cells can modulate their myofibroblastic differentiation, and
particularly their �-SM actin expression in response to modification of
sinusoidal blood pressure; in these cells, the myofibroblastic differentiation
appears reversible. The myofibroblastic differentiation of portal fibroblasts
resembles that of dermal fibroblasts and seems to be a terminal differentiation
requiring apoptosis for cell disappearance.
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(myo)fibroblastic cells express neural/neuroendocrine
features such as silver staining, neural-cell adhesion,
glial fibrillary acidic protein, nestin, synaptophysin,
neurotrophins, and neurotrophin receptors (for review,
see Cassiman and Roskams, 2002). Human and rat
hepatic stellate cells also express alpha B-crystallin
(Cassiman et al, 2001).

During wound healing of a full-thickness rat skin
wound, cellular retinol-binding protein-1 (CRBP-1) is
transiently expressed by a significant proportion of
fibroblastic cells including myofibroblasts (Xu et al,
1997), suggesting that it plays a role in the evolution of
the granulation tissue. CRBP-1 is highly expressed in
the liver, particularly in hepatic stellate cells. CRBP-1
is involved in vitamin A metabolism as it mediates both
retinol esterification to retinyl esters and retinol oxida-
tion to retinal and retinoic acid. Recently, we have
observed that in normal liver portal fibroblasts did not
express CRBP-1 contrary to hepatic stellate cells
(Uchio et al, 2002). After CCl4 injury, CRBP-1 expres-
sion was maintained in myofibroblastic �-SM actin–
positive hepatic stellate cells. After bile duct ligation,
portal fibroblasts (proliferating around ductular struc-
tures) acquired expression of both CRBP-1 and �-SM
actin. During hepatic stellate cell activation in culture,
CRBP-1 expression gradually increased until Day 5
when �-SM actin expression was obvious. Cultured
portal fibroblasts developed both CRBP-1 and �-SM
actin expression. In both cell populations, TGF-�1
treatment increased CRBP-1 expression. Thus, in
normal liver, CRBP-1 expression is different in differ-
ent fibroblastic cells, a finding that adds to the con-
cept of heterogeneity of liver fibrogenic cells. Further-
more, during myofibroblastic differentiation, hepatic
stellate cells lose their stores of retinol and maintain a
high level of CRBP-1 expression, while portal fibro-
blasts acquire CRBP1 expression. Together, these
data suggest a correlation between CRBP-1 expres-
sion and myofibroblastic differentiation. Furthermore,
recent observations demonstrate that CRBP-1 is a
good marker to identify quiescent hepatic stellate cells
present in normal human liver (Fig. 4A). In pathologic
conditions, immunostaining of both CRBP-1 and
�-SM actin helps to identify a wide range of hepatic
stellate cell phenotypes and allows the identification of
different (myo)fibroblast-like subpopulations (Fig. 4B).

It has also been shown recently that portal fibro-
blasts express ecto-nucleoside triphosphate diphos-
phohydrolases, which hydrolyze extracellular nucleo-
tides and are therefore potential regulators of
nucleotide-mediated signaling (Dranoff et al, 2002).
According to the authors, this distribution may repre-
sent a previously unrecognized mechanism for the
regulation of nucleotide signaling in bile duct
structures.

In Vivo and In Vitro Studies of Fibrosis Resolution.
We have shown that apoptosis mediates the decrease
in cellularity during the transition between skin granu-
lation tissue and scarring (Desmoulière et al, 1995,
1997a). This observation has now been extended to
other organs. Thus, in the liver, myofibroblasts derived
from hepatic stellate cells disappear by apoptosis

during the spontaneous resolution of rat liver fibrosis
induced by CCl4 treatment (Iredale et al, 1998). During
liver fibrosis, the activated hepatic stellate cells are a
major source of TIMP-1. During spontaneous recovery
from liver fibrosis, there is a decrease of TIMP expres-
sion, an increase in collagenase activity, and in-
creased apoptosis of hepatic stellate cells, highlight-
ing a potential role for TIMP-1 in hepatic stellate cell
survival. Murphy et al (2002) have demonstrated that
TIMP-1 directly inhibits hepatic stellate cell apoptosis
via matrix metalloproteinase inhibition.

Reversibility of experimental cholestatic liver fibro-
sis following obstacle removal has been observed a
long time ago (Birns et al, 1962; Cameron and Prasad,
1960). More recently, Hammel et al (2001) have stud-
ied a group of patients with cholestatic liver fibrosis
who underwent surgical decompression of an ob-
structed biliary system. By comparing liver-biopsy
specimens obtained before and after surgery, they

Figure 4.
Cellular retinol-binding protein-1 (CRBP-1) expression in human normal liver
(A) and in steatosis (B). In normal liver (A), immunostaining with the antibody
against CRBP-1 detects a very low expression in hepatocytes. In contrast, it
allows perfect highlighting of hepatic stellate cells clearly located beneath the
endothelial cells; delicate cytoplasmic processes along sinusoids and some-
times between hepatocytes are very finely underlined by the CRBP-1 immu-
nostaining. In steatosis (B), the hepatic stellate cell bodies show numerous
CRBP-1–negative lipid droplets inside their cytoplasm; delicate cytoplasmic
processes positive for CRBP-1 are visible between steatotic enlarged hepato-
cytes and along sinusoids.
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observed in some patients a significant regression of
the liver fibrosis after decompression. However, the
mechanisms involved in fibrosis resolution remain
essentially unknown. Recently, we have studied the
effect of bilioduodenal anastomosis and of simple
biliary decompression by bile aspiration on the remod-
eling of the lesion in bile duct-ligated rats (Costa et al,
2003). After anastomosis, collagen deposition and
�-SM actin expression were back to control values
after 7 days. These parameters remained practically
unchanged 24 hours after biliary decompression. After
anastomosis or decompression, apoptosis of both
fibroblastic and bile ductular cells increased greatly
and was accompanied by ultrastructural features of
extracellular matrix degradation. Biliary decompres-
sion and anastomosis did not modify total concentra-
tion and composition of the biliary bile acid pool.
These observations demonstrate that in the model of
cholestatic fibrosis induced by common bile duct
ligation, the withdrawal of intraductal pressure is a
sufficient stimulus to induce apoptosis in bile duct
epithelial and portal fibroblastic cells and to elicit
extracellular matrix remodeling; they help elucidate
the mechanisms involved in regression of cholestatic
diseases and highlight the role of mechanical stimuli
on cell growth, phenotype, and death.

Innervation. The deficiency of a correct innervation,
such as in paraplegic or quadriplegic patients, leads to
an impaired healing of injuries below the level of spinal
cord lesion (Basson and Burney, 1982; Olivari et al,
1972). In diabetic neuropathy, the healing is also
impaired (Johnson and Doll, 1984). The exact mech-
anism by which nerve cells stimulate healing is not
clear; one hypothesis is that impaired nociception may
cause repeated trauma; another hypothesis is that
neuropeptides stimulate cells involved in healing. In
burn wound healing, nerve regeneration takes place
concomitantly with angiogenesis during granulation
tissue development (Kishimoto, 1984).

Neuropeptides are synthesized in the neuronal body
and released at the periphery by axons where they
modulate local blood flow (Wallengren, 1997), inflam-
mation (neurogenic inflammation) (Jancso et al, 1967),
and immune functions (Maggi, 1997). Neuropeptides
also stimulate proliferation of endothelial cells and
fibroblasts in vitro (Nilsson et al, 1986; Ziche et al,
1990) and the production of cytokines by keratino-
cytes (Song et al, 2000). In rats, myofibroblastic dif-
ferentiation precedes nerve regeneration probably be-
cause myofibroblasts produce neurotrophic factors
(Liu et al, 1999), evincing mutual stimulation between
fibroblasts-myofibroblasts and nerve cells. In the ab-
sence of noradrenergic signaling induced by chemical
denervation with the toxic 6-hydroxydopamine
(OHDA), which induces degeneration of dopaminergic
terminal fibers, the healing of incisional cutaneous
lesions is impaired (Kim et al, 1998).

Although it has been known for some time that
hepatic stellate cells are in contact with nerve fibers
(Bioulac-Sage et al, 1990; Ueno and Tanikawa, 1997),
almost nothing is known regarding the function of this
innervation. However, a few studies suggest that the

adrenergic innervation and/or circulating cat-
echolamines can influence the course of fibrogenesis.
Isolated hepatic stellate cells respond to norepineph-
rine by increasing their secretion of prostaglandins
(Athari et al, 1994). Prostaglandins decrease the pro-
liferation of activated hepatic stellate cells (Mallat et al,
1996), and prostaglandin E1 treatment decreases liver
fibrosis in the bile duct ligation model (Beno et al,
1993). One could thus conclude that catecholamines
may have a protective effect against fibrogenesis.
Furthermore, recent studies have shown that interrup-
tion of the parasympathetic innervation by vagotomy
(LeSage et al, 1999) or interruption of the dopaminer-
gic innervation by a single intraportal injection of
OHDA (Glaser et al, 1999) markedly decrease bile duct
epithelial cell proliferation in bile duct ligated rats,
probably reducing portal fibroblast growth. The effects
of noradrenergic antagonism on CCl4-induced liver
fibrosis in rats have also been investigated (Dubuisson
et al, 2002). Two weeks of CCl4 (375 �l/kg by gavage,
three times a week) induced a � 5-fold increase in the
area of fibrosis as compared with controls. Addition of
OHDA decreased fibrosis by 60%. After 6 weeks of
CCl4, the area of fibrosis increased about 30 fold in
CCl4-treated animals and was decreased by 36% with
OHDA (Fig. 5, A and B). At 2 weeks, OHDA abrogated
the CCl4-induced increase in mRNA level of TIMP-1,
and it greatly reduced it at 6 weeks. Finally, when rats
treated with CCl4 for 2 weeks also received prazosin,
an antagonist of �1 adrenergic receptors, fibrosis was
decreased by 83%. Thus, destruction of noradrener-
gic fibers or antagonism of noradrenergic signaling
through �1 receptors inhibited the development of
liver fibrosis. As adrenoreceptor antagonists have a
very good safety profile, they appear as attractive
drugs to reduce liver fibrogenesis.

Antifibrotic Molecules with a Direct Effect on Myo-
fibroblasts. We and others have shown that in different
animal models of liver fibrosis, pentoxifylline, a methyl
xanthine phosphodiesterase inhibitor, is able to re-
duce fibroproliferation and myofibroblastic differenti-
ation and appears as a potential antifibrogenic drug
(Desmoulière et al, 1999; Peterson, 1993; Raetsch et

Figure 5.
Effect of 6-hydroxydopamine (OHDA) on liver fibrosis after CCl4 treatment for
6 weeks (Sirius red staining). (A) Rat treated with CCl4 alone. (B) Rat treated
with CCl4 and OHDA. Scale bar � 200 �m. From Dubuisson et al (2002), with
the kind permission of the publisher.

Myofibroblast in Tissue Repair

Laboratory Investigation • December 2003 • Volume 83 • Number 12 1697



al, 2002). (In France, pentoxifylline in association with
tocopherol is now used in hepatitic C treatment as an
antifibrotic agent in a multicentric randomized clinical
trial promoted by the Agence Nationale de Recherche
sur le Sida; co-ordinator: S. Pol, Hôpital Necker, Paris,
France.) It has been shown that �IFN decreases �-SM
actin expression by human hepatic stellate cells in
culture (Mallat et al, 1995) and reduces liver fibrosis in
non-A, non-B hepatitis (Guerret et al, 1999; Manabe et
al, 1993). More recently, we have observed that trans-
resveratrol (Godichaud et al, 2000), a grapevine-
derived polyphenol, shows antifibrotic activity, sug-
gesting a useful action to prevent excessive scarring.
Indeed, many botanicals including colchicine and si-
lymarin, have been investigated for their antifibrotic
potential, but mechanisms of action need to be further
explored (review by Stickel et al, 2002).

The Myofibroblastic Cells in Kidney Pathology

Human Pathologies. Renal interstitial fibrosis is a
major factor in progressive renal disease leading to
expansion of the interstitial extracellular matrix, prolif-
eration of fibroblastic cells, differentiation of myofibro-
blasts, and eventually contraction, collapse, and scar-
ring of the kidney. The progression of tubulointerstitial
fibrosis is in fact the best correlate of declining renal
function (Hewitson and Becker, 1995). Tubulointersti-
tial fibrosis is a common endpoint of many renal
diseases and is a feature of several experimental
models of renal disease in animals.

The human renal diseases include those caused by
infection as seen in pyelonephritis, in drug- or toxin-
related conditions such as cyclosporine A treatment,
in immunologic diseases such as lupus nephritis, in
transplant rejection, in IgA glomerulonephritis, in
physical obstruction, and in a number of hereditary
disorders such as polycystic kidney disease (for re-
view, see Razzaque and Taguchi, 2002). Additionally,
metabolic disorders leading to kidney disease such as
diabetic nephropathy are also associated with tubulo-
interstitial fibrosis in addition to the glomerular
changes that they cause, such as matrix expansion
and glomerulosclerosis.

Animal Models of Tubulointerstitial Fibrosis: Mech-
anisms and Cells Involved. A number of animal models
have been used to study cellular events leading to
interstitial fibrosis, including ureteral ligation or ob-
struction, experimental infection (as a model of pyelo-
nephritis), sub-total nephrectomy, and experimental
diabetes induced with drugs such as streptozotocin.

As with many organs, the kidney possesses a
population of fibroblasts that can become activated
after injury and may transform into myofibroblasts.
These cells are predominantly present around tubules
in the kidney (Fig. 6); in the normal kidney, they are
�-SM actin negative. As with myofibroblasts present
during wound repair in the skin, renal interstitial myo-
fibroblasts are generally �-SM actin positive but can
rarely show other markers of muscle differentiation
such as desmin. Other specific markers have also
been suggested such as FSP-1, a putative marker of

interstitial myofibroblasts in the kidney, which is dis-
cussed further below (Strutz et al, 1995; Iwano et al,
2002).

The same growth factors that stimulate differentia-
tion of myofibroblasts in the skin have been implicated
in the transformation of renal fibroblasts that are �-SM
actin–negative to �-SM actin—positive myofibro-
blasts. Much early work concentrated on TGF-� as the
major stimulus to transformation of resident fibro-
blasts to myofibroblasts (Horvath et al, 1996). Impor-
tantly, these growth factors contribute to fibrosis by
causing increased extracellular matrix synthesis, col-
lagen I and III in particular. Matrix deposition is favored
also by the reduction in matrix metalloproteinases
brought about by increased TGF-� expression. Other
factors that have been implicated include CTGF,
TNF-�, and angiotensin II (Goldschmeding et al, 2000;
Gupta et al, 2000; Klahr et al, 1995). Angiotensin II
involvement is suggested by data showing that
angiotensin-converting enzyme inhibitors can inhibit
fibrosis in the kidney (Ruiz-Ortega and Egido, 1997). In
addition, studies with angiotensin receptor knockout
animals show reduced fibrosis in the kidney of animals
with experimental models of fibrosis such as ureteral
obstruction (Ishidoya et al, 1995). These studies have
generally suggested that angiotensin II acts through
stimulation of TGF-� rather than acting directly on
interstitial cells. Along the same lines, angiotensino-
gen knockout animals show less renal fibrosis in
response to injury (obstruction) with both collagen
expression and tubular atrophy reduced (Fern et al,
1999). Angiotensin may be produced locally in the
interstitium of the kidney allowing for a paracrine or
autocrine stimulation of interstitial fibroblasts (Okada
et al, 2002).

Many of the renal pathologies have an inflammatory
component, and attraction of polymorphonuclear cells
and monocytes/macrophages into the tissue provides
another source of growth factors and cytokines capa-
ble of stimulating myofibroblast differentiation and
proliferation, and extracellular matrix production.

Figure 6.
�-Smooth muscle (SM) actin staining in a rat kidney after unilateral ureteric
obstruction. Peritubular fibroblasts, which are normally �-SM actin negative,
rapidly differentiate into �-SM actin–expressing myofibroblasts. �100

Desmoulière et al

1698 Laboratory Investigation • December 2003 • Volume 83 • Number 12



TGF-� and CTGF are candidates for important roles in
stimulating myofibroblast differentiation and extracel-
lular matrix output. This is clear from studies showing
increased TGF-� expression in the kidney in fibrotic
disorders and by studies that have localized the ex-
pression to the interstitium. The importance of TGF-�
as a stimulus to fibrosis can be shown by studies
where inhibition of TGF-� either with the matrix protein
decorin (Peters et al, 1997) or by blocking its expres-
sion using antisense oligonucleotides have reduced
the progression of fibrosis in experimental models
(Akagi et al, 1996; Isaka et al, 2000). TGF-� is also
likely responsible for glomerular changes through ac-
tions on mesangial cell extracellular matrix secretion.

Apoptosis, as mentioned above, plays an important
role in resolution of normal wound repair as the highly
cellular granulation tissue recedes to leave a relatively
acellular scar. In renal fibrosis significant numbers of
apoptotic cells have been observed. These are largely
inflammatory cells, though some tubular epithelial
cells and relatively few interstitial cells may also un-
dergo apoptosis. However, there may be, as in wound
healing, a more significant loss of cells during the
collapse phase, which is dependent on apoptosis of
both tubular and interstitial cells. In obstructive mod-
els of kidney disease, tubular cell and interstitial cell
apoptosis occurs resulting in atrophy (Lieberthal et al,
1998).

Origin of Renal Myofibroblasts. The origin of the
myofibroblastic cells in tubulointerstitial fibrosis re-
mains to some extent open to discussion. It was
assumed previously that the origin of renal myofibro-
blasts was largely local, by recruitment, proliferation
and differentiation of resident interstitial fibroblasts.
However, there remains a possibility that circulating
cells could contribute to the fibrotic lesion in the renal
interstitium (Iwano et al, 2002). Additionally, recent
evidence suggests local epithelial to mesenchymal
transdifferentiation of tubular epithelial cells to myofi-
broblasts expressing �-SM actin (Fan et al, 1999;
Iwano et al, 2002; Oldfield et al, 2001). This has been
demonstrated in experimental models where cells lose
epithelial markers such as e-cadherin staining and
acquire mesenchymal phenotypic markers such as
vimentin and the myofibroblast marker �-SM actin.
Iwano et al (2002) have recently shown that fibroblasts
expressing FSP1 and collagen I arise by epithelial to
mesenchymal transformation during unilateral ureteric
obstruction. In vitro studies of tubular epithelial cell
lines have also added weight to the suggestion that
this is possible and that this epithelial-mesenchymal
transformation can be mediated by growth factors, in
particular TGF-� (Fan et al, 1999), and by other
molecules such as advanced glycosylation end-
products, which are present in the plasma and tissue
of diabetic humans and diabetic animals (Oldfield et al,
2001). CTGF itself has been shown to be associated
with transdifferentiation of tubular epithelial cells to
myofibroblasts in the remnant kidney model of fibrosis
(Frazier et al, 2000).

Antifibrotic drugs have also been used to try to limit
the extent of tubulointerstitial fibrosis in various animal

models of renal disease, eg, the reduction in myofi-
broblasts and in extracellular matrix synthesis in the
remnant kidney model brought about by mycopheno-
late mofetil treatment (Badid et al, 2000). A number of
these compounds such as pentoxifylline, pirfenidone,
and others have shown effects such as a reduction of
fibroblast collagen synthesis in vitro (Hewitson et al,
2000).

Conclusion

The role of the myofibroblast as the main regulator of
granulation tissue evolution and of fibrotic change
development is presently well accepted (for review,
see Tomasek et al, 2002). Figure 7 represents our
working model on myofibroblastic differentiation and
on its role during normal and pathologic tissue repair
processes. The activity of myofibroblast depends on
the combined action of cytokines and growth factors,
extracellular matrix components, and, importantly, on
the development of mechanical tension. Several as-
pects of myofibroblast regulation have been eluci-
dated, but many remain to be explained, in particular
the role of mechanical tension in the production and
transmission of force. In this respect, it will be impor-
tant to increase our knowledge of the composition of
cell-to-matrix and cell-to-cell adhesion complexes,
which appear to play an important role to connect
myofibroblasts to extracellular connective tissue and
among them. These studies should take into account
the context of myofibroblast evolution and, in partic-
ular, the environment in which contraction phenomena
takes place. Recent studies have shown that exter-
nally applied mechanical load can lead to the rapid
and sequential induction of distinct extracellular ma-
trix components in (myo)fibroblasts, indicating that
extracellular matrix composition is adapted specifi-
cally to changes in load (Chiquet et al, 2003). These
interactions between (myo)fibroblasts and extracellu-
lar matrix components, as well as the role of these
interactions on cell behavior, have been particularly
well described in three-dimensional collagen matrices
(Grinnell, 2003; Grinnell et al, 2003).

The generation of force by the myofibroblast is
starting to be elucidated, and further work on the
mechanisms of stress fiber isometric contraction will
furnish tools leading to the understanding not only of
granulation tissue contraction mechanisms but also of
the evolution of granulation tissue into a more perma-
nent pathologic fibrotic tissue. As discussed above,
the transmission of the isometric force produced by
the myofibroblast is regulated by both stress fiber
contractile activity and deposition and quality of ex-
tracellular matrix. Understanding of the interplay be-
tween these processes will be important to improve
our knowledge of several physiologic and pathologic
situations. In this respect it is noteworthy that a
myofibroblastic nonfibrogenic phenotype has been
described recently (Pan et al, 2002). This observation
raises the possibility that formation and resumption of
fibrosis are due at least in part to the prevalent action
of a specific myofibroblastic phenotype.
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Figure 7.
A model for fibroblast-myofibroblast modulation during normal or excessive scar development. Proto-myofibroblasts express stress fibers containing cytoplasmic
actins and develop focal adhesions. Myofibroblasts express stress fibers containing �-smooth muscle (SM) actin and supermature focal adhesions. During granulation
tissue resolution, the reversion of the myofibroblast phenotype to the fibroblast phenotype remains to be demonstrated. ECM � extracellular matrix.
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Several agents have been shown to influence myo-
fibroblast activity. Some of them, eg, interferons
(Guerret et al, 1999; Mallat et al, 1995; Pittet et al,
1994), have shown a limited but clear effect on human
fibrotic diseases. The description of the possibility that
the N-terminal peptide of �-SM actin influences myo-
fibroblast contraction and, albeit indirectly, collagen
synthesis, may open a new perspective in the strategy
toward regulation of fibrotic changes (Hinz et al, 2002).
Many arguments now suggest major relationships
between hemostasis and fibrosis, and activation of the
coagulation cascade has been observed during pul-
monary (Kotani et al, 1995) and liver (Papatheodoridis
et al, 2003) fibrosis. Indeed, in addition to its role in
hemostasis, thrombin exerts profibrotic effects via
activation of the major thrombin receptor, protease-
activated receptor-1. Thrombin is known to modulate
myofibroblastic differentiation (Bogatkevich et al,
2001), and thrombin inhibition reduces extracellular
matrix deposition and CTGF mRNA levels in
bleomycin-induced pulmonary fibrosis (Howell et al,
2001). Thus, modulation of the coagulation cascade
and of the profibrotic effects of coagulation proteases
could interfere with fibrotic disorders. Finally, acting
on TGF-�, a main factor involved in myofibroblastic
differentiation and on some of its partners such as
CTGF (Duncan et al, 1999) or endothelin-1 (Shao et al,
2003), may represent interesting tools to attenuate the
“dark side” of tissue repair (Border and Ruoslahti,
1992). This nonexhaustive list of mechanisms acting
on myofibroblast phenotype and activity illustrates
different ways to develop new potential therapeutic
strategies, including receptor antagonists, blocking
antibodies, and antisense oligonucleotides, able to
interfere with fibrogenesis.

In conclusion, during the past 40 years, the concept
of granulation tissue contraction and fibrocontractive
changes formation has been clarified in many aspects.
Further work on the biology of the myofibroblast will
definitively contribute to the understanding and the
control of normal and pathologic connective tissue
remodeling.
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