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Abstract. Excess scar formation occurs after dermal injury
as a result of abnormal wound healing. Hypertrophic scars
and keloids both represent fibrotic skin conditions which can
be very difficult, even frustrating, to treat. Identification of
differences between hypertrophic scars, keloids and normal
scars are a prerequisite for finding the correct therapeutical
concept. Despite the relatively high prevalence of keloids in
the general population, the mechanisms underlying keloid
formation are only partially understood. This fact is reflected
in the multiple treatment modalities, of which no single
treatment has proven to be widely effective. Advances in our
understanding of the wound healing process reveal new
pathophysiological concepts for keloid formation. Our article
presents an overview on physiological wound healing and the
pathogenesis of scar formation, differentiates keloids from
hypertrophic scars and reviews current hypotheses for keloid
formation. This information might assist in deciphering the
complexity of keloid pathogenesis and help in the development of an efficacious therapeutical strategy.
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1. Introduction
The skin is the largest organ in the human body. Due to its
constant contact with the environment, it is able to adapt to
extrinsic stresses and strains in order to protect fragile systems
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within the body against the surrounding effects. After skin
wounding, an immediate and consistent initiation of repair
processes begins which can be summarized as the normal
healing response resulting in scar formation. In the case of a
disturbance in the delicate balance of reparative processes,
wound healing can be impaired drastically resulting in two
pathological extremes: chronic wounds (e.g. ulcers during
head and neck radiotherapy) or excess scar formation ranging
from hypertrophic scars to keloids (Fig. 1).
Though many reviews outlining the similarities and
differences of scar formation have been published in the last
three decades, little attention has initially been given to the
precise use of the terminology. Examples of the resulting
interchangeability of the terms or a questionable benefit of
further distinction are well illustrated in the articles of Alster
and Williams (1) and McGrouther (2). This generalization
had led to an incomplete understanding of the pathogenesis of
different scar types.
The terms hypertrophic scar and keloid are still used
interchangeably, which may lead to incorrect identification and
clinical diagnosis resulting in false therapeutical regimens.
However, there are many clinical, pathological and biochemical
differences that suggest these structures are distinct from each
other (3,4).
After skin injury, an immediate and consistent initiation of
repair processes must begin which can be summarized as the
normal healing response which results in scar formation. In
terms of surgical procedures, the competence of a surgeon is
often estimated by the patient who sees the resulting scar.
Handling scar tissue plays a central role in facial plastic
surgery (1,5-7). Dissatisfied patients urge the facial plastic
surgeon and hope to get a perfect result with no scar tissue left
after the therapy is finished. The facial plastic surgeon is
double challenged; besides a minimization of the unrealistic
conception of the patient, a very difficult tissue needs to be
classified correctly and treated with the most promising
therapeutical strategy.
Keloidal scarring is one of the most frustrating problems
in wound healing. Clinically, keloids are defined as scars that
invade adjacent healthy tissue and rarely regress over time.
They tend to occur in darker skinned individuals with a
familial tendency and not in extremes of age (8,9).
Advances in our understanding of the similarities and
differences of keloids and hypertrophic scars might help in
the development of efficacious strategies for prevention or
treatment.
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Figure 1. Any disturbance of the delicate balance of normal wound repair
leads to a disruption of anatomical structure and function.

2. Principles of wound healing
Understanding the basic principles of wound healing is an
essential prerequisite for elucidating the molecular differences
in the pathophysiology of scar tissue formation. The term
‘wound’ is defined as a disruption of normal anatomical
structure, and more importantly, its function (10-12).
Therefore, healing is a complex and dynamic process that
results in the restoration of anatomical continuity and function
(13). Skin wounding triggers a highly complex cascade of
local and systemic events that follow a specific time sequence
and can be categorized into four distinct, but overlapping
phases: hemostasis, inflammation, proliferation and remodeling
(10). A normal healing response results in scar formation.
However, in the case of a disequilibrium of reparative processes,
wound healing can be impaired drastically resulting in two
pathological extremes: deficient healing leading to chronic
wounds (e.g. ulcers caused by head and neck radiotherapy) or
excessive healing due to surplus deposition of connective
tissue (e.g. hypertrophic scars or keloids) (Fig. 2).

The healing cascade begins the moment the skin is injured.
Through bleeding, blood components are spilled into the
wound site. Platelets come into contact with exposed collagen
and different elements of the extracellular matrix. This
contact triggers the release of important growth factors such as
the transforming growth factor ß (TGF-ß) or platelet-derived
growth factor (PDGF), and clotting factors initiate the repair
process. Clotting takes place in order to obtain hemostasis,
which is the initiating reaction of the first phase of wound
healing. The result is the deposition of a fibrin clot at the site
of injury which serves as a provisional matrix for subsequent
events of healing. The above mentioned growth factors are the
two most important cytokines which initiate further steps along
the healing cascade. PDGF induces chemotaxis of neutrophils, macrophages, smooth muscle cells and fibroblasts. It
also stimulates the mitogenesis of fibroblasts and smooth
muscle cells. TGF-ß attracts macrophages and stimulates them
to secrete additional cytokines. It also enhances fibroblast
and smooth muscle cell chemotaxis and modulates collagen
and collagenase expression (10). According to the overlap
principle of wound healing phases, the result of this signaling
can mainly be observed in the proliferative phase which
follows the inflammatory phase.
Within 24 hours after injury, inflammation is increased by
neutrophils which enter the wound site and remove foreign
material, bacteria, non-functional host cells and damaged
matrix components by means of phagocytosis (14). This phase
can last up to 8 days (11). Beside neutrophils, mast cells are
another marker cell during this phase. They release enzymes,
histamine and other active amines which are responsible for
the characteristic signs of inflammation around a wound site
(rubor, calor, tumor, dolor and subsequently functio laesa).
Interestingly, fibrotic lesions are often associated with
increased densities of mast cells (10,15). Within 48 h after
injury, monocytes are activated to become wound macrophages. These cells are discussed to be the most essential
inflammatory cells involved in the normal healing response.
Their presence is a marker for the nearing end of the inflammatory phase and the beginning of the proliferative phase (16).
Inhibition of macrophage function results in a delay of the

Figure 2. Sequence of events during physiological wound healing.
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Figure 3. The central role of growth factors in physiological wound healing.

healing response. Macrophages continue phagocytosis and
release PDGF and TGF-ß further attracting fibroblast and
smooth muscle cells to the wound site.
Once the wound site is cleaned, the proliferative phase
begins with fibroblast migration and deposition of new extracellular matrix which is needed to restore structure and
function of the injured tissue. As the proliferative phase
progresses, the concerted release of TGF-ß by different cell
groups becomes the master control signal that regulates a
multitude of fibroblast functions (17,18). Fig. 3 summarizes
the central role of growth factors within physiological wound
healing.
During the proliferative phase (from day 8 to day 14 after
skin injury) fibroblasts are the predominant cells attaching to
the provisional fibrin matrix following proliferation and
collagen deposition (19). Collagen deposition is important
because it increases the strength of the wound. As collagen
production continues, collagenases and other factors degrade
it. Initially, the level of production exceeds the rate of
degradation, but later a homeostasis is gained. The equilibrium
between collagen production and degradation signals the onset
of the next phase. Fibroblasts, stimulated by growth factors,
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also differentiate into myofibroblasts, which are similar to
smooth muscle cells and responsible for wound contraction.
As the myofibroblasts contract, the wound edges are pulled
together which results in a reduction in wound size and an
increase in tensile strength in the wound region (12,20,21).
Deposited collagen reinforces the contracting wound site. At
the end of contraction, myofibroblasts stop their activity and
commit apoptosis (22,23). The parallel breakdown of the
provisional matrix triggers fibroblasts to stop migrating and
proliferating. The phase of maturation and remodeling begins.
The maturation phase can last for a year or longer, depending
on the initial size of the wound and whether it was closed or
left open (24). During this phase, type III collagen, which is
predominant in the proliferation phase, is degraded and
substituted by the stronger type I collagen. In comparison to
collagen in normal tissue, newly formed collagen fibers are
smaller and have a random appearance. Initially, disorganized
collagen fibers are rearranged, cross-linked and aligned along
tension lines (21). Thereby the tensile strength of the wound
increases. However, a mature scar will never return to the high
degree of organization of normal dermal architecture, therefore
scar tissue is always weaker than the surrounding normal
tissue with a maximum tensile strength of approximately 80%
of normal skin (10,25). At the end of maturation, the activity at
the wound site is reduced, blood vessels are removed by
apoptosis and the scar loses its erythematous appearance
(21,22).
Succession and intensity of every healing phase is mainly
controlled by growth factors and different cytokines (11,26).
The application of cDNA microarray analysis provides a
powerful tool to investigate differential gene expression in
pathological scar tissue, uninjured skin or normal scars. The
resulting broadscale evaluation may not only identify different
or new molecules that play an important role in scar pathology
but also their relevant period of time within the above
mentioned overlapping phases of wound healing (27,28). New
findings gathered hereby may clear the way for promising
concepts of genetic therapy simulating or enhancing physiological processes in order to optimize wound healing in
difficult skin wounding conditions.
3. Classification
The fundamentals of wound healing seem to be decoded;
however, the exact mechanism of wound healing regulation
remains a mystery. The ideal scar should be similar to a fine
line with a pigmentation related to the neighboring healthy
tissue, without any irregularities in texture or contractures
distorting the adjacent skin.
Despite the fact that all of these phenomena have been
described in many publications, the present knowledge of scar
formation seems not to be sufficient for a highly effective
transfer into clinical routine. The practical application still
constitutes a major challenge for the facial plastic surgeon,
particularly as it relates to abnormal scarring (3). A precise
prognosis for the resulting scar or identification of risk
factors and prevention of pathological scar formation remains
very difficult. Scar formation is influenced by a multitude of
factors such as location, pathogenesis (trauma, burn, surgery),
relevant pre-treatment (operative techniques or radiation),
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Table I. The main differences between keloids and hypertrophic scars.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Keloid
Hypertrophic scar
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Incidence
Rare
Frequent
Associated skin type

Higher prevalence in dark-pigmented
populations

None

Foregone skin injury

Yes

Yes

Typical site

Everywhere; most frequently ear lobe, sternum

Everywhere

Spontaneous regression

None

Frequent

Recurrence after surgical excision

Almost 100%

None

Contracture

Seldom

Often

Expansiveness

Infiltrates adjacent normal dermis

Confined to wound tissue

Time relation of appearance

Appearance after symptom-free interval,
proliferation without quiescent
or regressive phase

Emergence within 4 weeks,
intense grow for several months,
then regression

Orientation of the collagen fibres

Hypocellular collagen bundles,
fibres are larger, thicker,
more wavy, random orientation

Parallel orientation to the
epidermal surface

Myofibroblasts

None

Abundant nodules

Collagen

Increased ratio of type I to type III

Primarily collagen III

·(I)-procollagen

Increased gene transcription
and protein synthesis

Only increased mRNA
concentration, compensation at
the posttranscriptional level
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

relevant chronic illnesses, gender, gravidity, age, race, skin
type or even lifestyle (sun exposure, smoker versus nonsmoker). Major limiting factors during the healing process are
tensile forces acting on the wound area or wound infection.
Wound healing in adult human skin results in varying degrees
of scar formation, ranging clinically from asymptomatic scars,
to scars that are solely noticeable and problematic scars that
are accompanied by functional confinement (29). Scarring,
even in terms of non-pathological aberrances, remains an
individual process which can be subdivided into a spectrum of
nuances. As a result, a number of scar classification schemes
have been established in plastic surgery literature describing
main groups of wounds ranging from normal mature scars to
major keloids, with linear and widespread hypertrophic scars
placed somewhere near the middle (4,7,30) (Table II).
4. Keloids versus hypertrophic scars
A mature scar is light-colored, a flat fine line which only
rarely entails functional deficits of the surrounding tissue. In
most cases no therapy is required for functional reasons. As
summarized in Table I, keloids and hypertrophic scars are
separate clinical and histochemical entities (4,8,11,31). The
first challenge to effective scar therapy must be taken
seriously which is the correct identification and diagnosis of
problem scars.

In cases of hypertrophic scars, the wound healing process
begins with normal scarring, but the accumulation of repair
matrix occurs for a longer phase, with increasing morphologic
and biochemical abnormality. Hypertrophic scars are typically
red or pink in color, often pruritic, elevated but remaining
within the confines of the original wound, induced either by
trauma or surgery (8,32). The first occurrence is usually
several weeks after surgery. The time course is considerably
prolonged in comparison to the normal scar cycle. Often it
effects the scar as far as form and function are concerned,
particularly when caused by contraction, which is worse than
the effects in a mature scar (25). However, after a rapid
increase in size, a static phase begins which spontaneously
passes into a regression period (3,7). The maturation process
of hypertrophic scars can take up to two years time. In
contrast, keloid scarring does not follow the same pattern of
evolution, stabilization and involution. Keloids may appear
directly after an initiating event or start to grow some years
later arising from a mature scar. The latter characteristic
suggests some kind of activity within mature scar tissue, even
though the relevant outside influences and the potential extent
of alteration are not yet known. Keloids usually present in
individuals between 10 and 30 years of age and are less
frequent at the extremes of age (3). Although the keloid
reaction is less intense than in hypertrophic scars, the
continuous proliferation surpasses the growth of hypertrophic
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Table II. Scar classification.a
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Scar type
Characteristics
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Mature scar
A light-colored, flat scar.
Immature scar

A red, sometimes itchy or painful, slightly elevated scar. Many of these
will mature normally and become flat with a pigmentation similar to the
surrounding skin.

Linear hypertrophic scar

(Surgical or traumatic anamnesis). A red, raised, sometimes itchy scar
confined to the border of the original skin incision. Usual occurrence within
weeks after surgery. Rapid increase in size for 3 to 6 months and then,
after a static phase, regression. Full maturation process can take up to
2 years resulting in an elevated, slightly rope-like appearance.

Widespread hypertrophic scar

(Burn anamnesis). A widespread, red, elevated, sometimes pruritic scar
confined to the borders of the burn injury.

Minor keloid

A focally raised, itchy scar extending over normal tissue. Possible
development up to 1 year after injury and with no spontaneous
regression. Surgical excision is often followed by recurrence.

Major keloid

Large, elevated (>0.5 cm) scar, possibly painful or pruritic,
extending over normal tissue. Spreading can continue over years.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aModified

from Mustoe, 2002 (7).

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
scars and exceeds in size by indefinite progression (8,33-36).
As a result, keloids are characterized by exuberant,
erythematous scars, which grow beyond the confines of the
original wounds and rarely regress over time (9) (Fig. 4).
Besides their variable extent of elevation, keloid scars can
become very painful or pruritic. Major keloids show elevation
levels of more than 0.5 cm above the skin surface. An inactive
keloid shows cessation of scar growth but no degeneration of
the elevated tissue (4,11,30). Furthermore, the resulting
disfigurement not only leads to a cosmetic nuisance, but often
results in a significant burden for the patient (8,9,37,38).
Histopathology. In clinical practice, the histopathological
diagnosis is regarded to provide the arbitration of highest
accuracy. This is not universally valid as far as scar pathology
is concerned. The histological analysis is complicated by
common matrix morphology and cellular function in the early
phases of keloids and hypertrophic scars (39). Although
pathological scarring is conditional on morphological and
functional changes, which eventually can be identified at one
point in time, these alterations do not occur simultaneously
within the entire scar tissue. Therefore, the major obstacle of
histopathological scar analysis is the correct sampling and
the precise characterization of the cell or tissue source (25).
Hypertrophic scars and keloids begin with a similar
morphology, with the hypertrophic scar phasing through a
proliferative to a static state with collagen that is increasingly
organized. Keloids invade surrounding normal dermis, which
differentiates them from hypertrophic scars that may appear
overgrown, but histologically do not extend beyond the
margins of the wound tissue (3,39). Both types of scars show
increased deposition of collagen and proteoglycans within
the dermis and the subcutis. A common characteristic is the
increased fibroblast density, but only keloids have increased

fibroblast proliferation rates (8,37). The collagen bundles in
the dermis of normal mature scar tissue appear relaxed and in
an unordered arrangement. Collagen bundles of hypertrophic
scars and keloids are stretched and aligned in the same plane
as the epidermis (9,30). Hypertrophic scars contain primarily
type III collagen with abundant nodules containing myofibroblasts and large collagen filaments. In contrast, keloids consist
of type I and III hypocellular collagen bundles without any
myofibroblasts (40). A histological characteristic of hypertrophic scars is the presence of nodules containing a high
density of cells and collagen (39,41). These nodules are
located within the middle or deeper layer of the scar. The
absence of such nodules is typical for keloids (42). The
histological appearance of keloids is characterized by a broad
dermis. Collagen fibers in keloids are larger, thicker and more
wavy than in hypertrophic scars or normal mature scars and
form acellular node-like structures in the deep dermal portion
of the lesion (8,9,39,41). The acellular core is surrounded by
a concentration of hyperproliferating fibroblasts and contains
thick bands of immature collagen that are poorly vascularized.
The presence of large, broad, closely arranged collagen fibers,
also parallel to the epidermis and composed of numerous
fibrils is accepted to be the most consistent histologic
distinguishing characteristic of keloids (25,30,41).
Butler et al summarized four histologic features that are
consistently found in keloid specimens and therefore are
deemed pathognomonic for keloid diagnosis: the presence of
keloidal hyalinized collagen, a tongue-like advancing edge
underneath the normal-appearing epidermis and papillary
dermis, horizontal cellular fibrous bands in the upper reticular
dermis, and prominent fascia-like fibrous bands (30).
Besides morphological differences there are also
similarities between both scar forms. Hypertrophic scars and
keloids show a reduced collagenase activity and an increased
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date, no single unifying hypothesis adequately explains the
entire background of keloid formation.
5. Concepts of pathogenesis
Two factors are generally regarded as key factors for keloid
formation: genetic predisposition and skin lesion. Although
clinical observations established the above mentioned factors
to be the generally accepted pivotal criteria for keloids,
detailed knowledge of the pathophysiological background is
scarce and the most important question remains unanswered.
What is the central triggering stimulus for the cascade of
events causing the formation of keloids? Is the stimulus
constant or does it alter? The following section presents
hypotheses that have been proposed to explain the keloid
phenomenon, in respect to already acknowledged factors and
others not yet approved elements with potential impact on the
pathogenesis of keloid formation.

Figure 4. Keloid formation after anthelixplasty (A) or piercing of the ear
lobe (B). Histological picture of a keloid (C) with enlarged collagen fibres
within the dermis (D).

activity of prolinhydroxylase. Furthermore, evidence for
elevated levels of chondroitin-4-sulfate have been found,
which encloses collagen and thereby protects it against
proteolytic processes (43). Both types of skin abnormalities
are unique to humans and are characterized by excessive
deposition of collagen in the dermis and subcutaneous tissues
secondary to skin injuries. Both lesions demonstrate overproduction of multiple fibroblast proteins suggesting either
persistence of wound healing signals or a failure in appropriate
downregulation of wound healing cells.
Hypertrophic scars result from injury to the deep dermis,
particularly traumatic wounds and wounds that manifest a
prolonged phase of inflammation and fibroplasia (9). Keloid
formation has been associated with different mechanisms. To

Genetics and immunology. It has been estimated that keloids
most frequently occur among 15-20% of Blacks, Hispanics and
Orientals and less commonly in Caucasians. There appears to
be a genetic predisposition to keloid formation (8,38) in the
darker skinned. So far no keloid formation has been described
in albinos (11). Melanocytes could play an important role in
keloid formation, however subsequent study is required.
Most cases occur sporadically, although a positive family
history is not unusual (44). Linkage analyses were performed
to identify the chromosomal location of the predisposing gene.
So far no specific gene has been linked to the development of
keloids. Marneros and coworkers studied families with an
autosomal dominant inheritance pattern of keloids. The gene
scans provided first evidence for keloid susceptibility loci on
chromosomes 2q23 and 7p11 (45). Familial tendencies suggest
a polygenic inheritance pattern. However, darker complexion
does not correlate with a higher rate of keloid formation, as
seen in a study of 175 Malaysian keloid patients (8,46).
The human HLA status is believed to potentiate the
development of keloid phenotypes. Initial findings indicate a
relevant association of the HLA-types: HLA-DR5, HLADQw3, HLA-DQA1 and HLA-DQB1 with keloid formation
(47,48). Various gene polymorphisms encoding for the TGF-ßsubtypes ß-1, ß-2 and ß-3 as well as the TGF-ß-receptor have
been evaluated in Caucasian patients, without any evidence
of statistically significant associations with keloids (49-52).
It is likely that mutliple genes impart susceptibility to keloid
development, with different genes contributing to keloid
formation in different families (38). The simultaneous analysis
of multiple genes gave new insight into keloid pathogenesis.
Thereby, increased expression of fibronectin and the ·-1
chain of type I collagen proteins was found, both being
commonly associated with pathological wound healing. A
comparison of expression levels between healthy skin fibroblasts and keloid fibroblasts showed elevated levels of the
proto-oncogenes bcl-2, c-jun and c-fos, and no expression of
the tumor suppressor gene p53 in keloid fibroblasts (53). The
level of p53 is highest in keloids when compared to normal
and hypertrophic scars (54). The two oncogenes ribosomal
protein 18 and Stat-3, both important proteins for cell
proliferation, may be linked to keloid pathogenesis (55,56).
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Another important factor related to keloid formation may
be a dysregulation of apoptosis (57,58). If keloid fibroblasts
fail to undergo physiologically programmed cell death and,
thus, continue to produce and secrete connective tissue
beyond the period expected in normal scar formation, the
hypertrophic and progressive nature of keloids may result
(59). It was noted that normal skin fibroblast cultures have a
2-fold higher percentage of apoptotic cells than keloid
fibroblast cultures (60). Furthermore, expression of apoptosisrelated genes, e.g. DAD-1 (defender against cell death 1) or
TRADD (TNF R-1 associated death domain), is significantly
reduced in keloid fibroblasts (59). Seifert et al found an upregulation of the apoptosis inhibitor AVEN at the margin of
keloids, while apoptosis-inducing genes such as ADAM12 and
genes inducing extracellular matrix degradation such as matrix
metalloproteinase-19 were upregulated in the regressing keloid
center (61).
Keloids are associated with particular human leukocyte
subtypes (8). An inherited abnormal immune response to
dermal injury opens up another perspective in the pathogenesis of keloid formation. A genetic influence might be
directed through an immune phenotype. Immunological
alterations were documented by various research groups. In
comparison to healthy skin, patients who develop keloids
have a high incidence of allergic diathesis and elevated levels
of serum concentrations for the immunoglobulins IgG, IgA
and IgM (8,47,62-65). Multiple studies found trends in the
patterns of serum complement and immunoglobulin G and
immunoglobulin M levels in keloid-forming patients (62-64).
Clinical evidence also suggests an inherently hypersensitive
cell-mediated immune system in keloid patients (8,63). In line
with the immune-response hypothesis, Appleton and
coworkers noted numerous apoptotic cells at the interface
between dermis and keloids, a feature characteristic of cellmediated immune attack (57). The resulting considerations
vary from a local immune reaction to an autoimmune
connective tissue disease (64,66).
Neutrophils and mast cells are the marker cells during the
inflammatory phase of physiological wound healing.
Interestingly, fibrotic lesions are often associated with
increased densities of mast cells (10,15). The release of
cytokines, particularly interleukins and TGF-ß, stimulates
mast cell chemotaxis and fibroblast production of collagen.
Skin injury exposes the pilosebaceous unit to systemic
circulation, and in sensitive individuals this stimulus triggers
T-lymphocyte recognition and proliferation of antigenspecific T-lymphocytes similar to a delayed-type hypersensitivity reaction (67). This process continues as the keloid
growths and further pilosebaceous units on the advancing
border are disrupted (68,69). Memory cells develop which
initiate larger secondary immune responses. The sebum
hypothesis explains the distribution and behavior of keloids.
Keloids affect only humans, as animals do not have comparable
sebaceous glands. They do not occur on the palms and soles
since these areas are devoid of sebaceous glands. Keloids
occur in adolescence and early adulthood when sebum
production is maximal (68). Patients with keloids demonstrate
a positive skin reaction to intradermal sebum antigen with
sebum vaccine being able to successfully desensitize the
antigens from keloid recurrence after excision (69).
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Skin lesion. It is widely accepted that keloids develop
subsequently to injury or inflammation of the skin. Keloids
most often occur in a setting of surgical or non-surgical wound
healing. They can also occur after minor insults to the skin
(e.g. mosquito bite or vaccination) or inflammatory skin
conditions (e.g. acne vulgaris, folliculitis, varicella infection)
(6,35,38,70). Sometimes, patients may not recall an inciting
trauma or inflammatory process. The causative event may
remain unrecognized or forgotten, as the perniciousness of
keloidal pathology may be their occurence after a long
lasting uneventful interval.
During physiological wound healing, mechanical tension
accumulates within the contracting wound site. Mechanical
tension on a healing wound stimulates fibroblast proliferation
and increases the synthesis and deposition of collagen, citing
sites of keloid predilection in areas of increased tension (e.g.
chest, deltoid and back) (32,71-73). Skin tension could be the
reason why keloids occur in young people and are almost
absent in the elderly, whose skin characteristically has poor
tension (32,68). Calnan and Copenhagen observed a regression
of keloid tissue after autotransplantation of keloids to the
anterior abdominal wall, a site of little wound tension (74).
In vitro and in vivo studies suggest that mechanical strain
not only promotes collagen synthesis but also dictates collagen
architecture and orientation as well as dermal remodeling
(75). The physiological orientation of collagen is perpendicular
to muscle contraction. Therefore, incisions performed
perpendicular to the muscle contraction, and parallel to the
relaxed skin tension lines, will heal with no or little collagen
distortion (Fig. 5), whereas non-aligned tension forces due
to an inadequate choice of incision line or scars placed at
sites of high tension (e.g. flexor surfaces) will very likely
result in pathologic scar formation (8). Wang et al compared
the effects between normal and keloid fibroblasts subjected
to mechanical strain. They observed an increased expression in
TGF-ß1, -ß2, and collagen I in keloid fibroblasts. Additionally,
there was increased formation of focal adhesion complexes
with increased activation of focal adhesion kinase, a signaling
component of the focal adhesion complex (76).
However, sites of frequent keloid formation (e.g. earlobe or
chest) which are not generally accepted to be under tension
also exist (32). Although stretch and tension are important
parameters of the final appearance of the scar, they are more
likely to play a role in hypertrophic scar formation than they
do in keloid formation (8,75).
Extracellular matrix. The extracellular matrix (ECM) plays a
pivotal role in healthy skin physiology as well as in wound
healing reactions. The predominant cell of scar tissue is the
fibroblast, which is responsible for collagen synthesis and
other extracellular matrix components including enzymes
which are involved in the remodeling process. Cellular gene
expression is controlled by adhesive interaction of connective
tissue cells with their surrounding ECM. The contact of
fibroblasts with the surrounding ECM is established by
integrin receptors (77,78). Integrin expression is influenced
by cytokines such as TGF-ß. The integrins ·1ß1, ·2ß1 and
·3ß1 have been described as binding to collagens, with some
members such as laminin (·1ß1) or fibronectin (·3ß1) also
binding to other ECM components. A major fibronectin
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Figure 5. The relaxed skin tension lines correspond to the skin folds of an aged face (left) and run perpendicularly to the facial musculature (right).

receptor is the integrin ·5ß1 which is also known to be
expressed by fibroblasts (79). Integrin expression is regulated
by cytokines and growth factors released from the ECM
through limited proteolysis or from adjacent cells by autocrine
and paracrine mechanisms (9,37,78). On fibroblasts, collagen
recognition is mainly achieved by ·1ß1 and ·2ß1 integrins.
Several findings suggest that binding of ·1ß1 integrin to
collagen I results in an almost complete arrest of collagen
synthesis according to a negative feedback regulation
mechanism (80). Antibody blockage of · 1ß1 integrin
prevents downregulation of collagen synthesis (81). Binding
of ·2ß1 integrin has no effect on collagen synthesis (77). An
abnormal reduction in ·1ß1 expression could result in a loss
of the negative feedback which could explain the increased
collagen synthesis within keloid tissue. However Szulgit et al
(79) observed the greatest expression of ·1ß1 integrin in
keloidal fibroblasts. This finding might be due to the influence
of the profibrotic cytokine TGF-ß which is found in elevated
concentrations in the ECM of keloids, and has been shown to
upregulate surface integrin expression (82). So far little
research has been conducted on the expression of integrins
within keloidal lesions. Further study is required to understand
the correlation between the ECM milieu and the maintenance
and function of fibroblast integrin expression.
An essential feature of tissue repair and remodeling
processes is the proteolytic degradation of the ECM. Within
the remodeling phase during wound healing, collagen III is
substituted by collagen I, proteoglycans are synthesized and
fibrin and fibronectin are degraded. The two major groups of
ECM-degrading enzymes are the serine proteinases, including
tissue plasminogen activator (tPA) and urokinase plasminogen
activator (uPA), and the matrix metalloproteinases (MMPs).

They interact and form a lytic cascade for ECM remodeling
(9). MMP-1 (collagenase-1), -8 (collagenase-2) and -13
(collagenase-3) degrade collagen types I, II and III by
proteolysis of the triple helix (83). The major function of the
plasminogen activator is the control of activation of
plasminogen into plasmin. Plasmin is the primary effective
enzyme in fibrinolysis. It also activates procollagenase into
collagenase and participates in other breakdown processes of
ECM proteins. The initiation of the proteinase cascade by
plasminogen activator results in an important amplification of
proteolytic activity (9). The complexity of the entire system
can be visualized by the control feedback loop of plasmin,
which also induces the release of active TGF-ß from its
latency-associated protein (84). The released TGF-ß regulates
plasminogen activator inhibitor-1 (PAI-1), matrix metalloproteinases, tissue inhibitor proteinases-1 (TIMP-1) and
genes encoding ECM components and their integrin
receptors (9).
The formation of the extracellular matrix is carried out by
the synthesis of collagen, fibronectin and proteoglycans, all
conducted by fibroblasts (31). A deficient synthesis of products
that promote matrix degradation or an excessive matrix
synthesis, or both, explain the lack of scar regression in keloids
(3,85). Collagen degradation is mediated by MMPs. TGF-ß
modulates the expression of MMPs (86). TGF-ß is known to
induce the expression of MMP-2, -9 and -13 in fibroblasts,
whereas MMP1 expression is negatively regulated through
SMAD 3 and 4 (87). The extracellular matrix of keloids
shows elevated levels of fibronectin and proteoglycans as
well as MMPs. Neely et al reported significantly increased
MMP-2 activity in keloids and no change in MMP-9 activity
(88). Besides elevated levels of MMP-1, -2 and TIMP-1
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Fujiwara et al found an increase in the production of MMP-1
and -2, but no influence on TIMP-1, after addition of TGF-ß1
to cultures of keloid fibroblasts (89).
As recent developments in molecular therapy offer exciting
prospects for the modulation of matrix turnover, continuing
investigation concerning the effect of TGF-ß on the expression
of MMPs in keloid fibroblasts is required.
Growth factors. The majority of keloid research involves the
evaluation of protein factors and the signaling pathways that
might play a role in keloid formation. A considerable number
of cytokines and growth factors is linked to every step in the
reaction cascade. According to the manifoldness, many
cytokines may play a potential role in keloid pathogenesis.
Keloid fibroblasts show an increased number of growth
factors and their receptors. Furthermore, keloid fibroblasts also
respond more briskly to growth factor-induced signals (3). The
derailment of matrix production in keloids is therefore
strongly influenced by growth factors. The growth factors
TGF-ß and PDGF play a major role in physiological wound
healing. Both factors show significantly abnormal activities
in keloid fibroblasts (8). TGF-ß activates the production of the
ECM, and PDGF stimulates cell proliferation and migration.
Besides these two important growth factors, other cytokines
must be mentioned; basic fibroblast growth factor (FGF)
induces angiogenesis, and tumor necrosis factor · (TGF-·)
and interleukin-1 promote inflammation, cell migration and
proliferation (31).
TGF-ß is one of the most well-studied growth factors and
seems to play the main role in the pathophysiology of
excessive scar formation as found in keloids (37,90). The
initial step in the development of a fibrotic reaction in scar
tissue is the expression of TGF-ß by neovascular endothelial
cells. They activate adjacent fibroblasts to express elevated
levels of TGF-ß as well as type I and VI collagen (91). Keloid
fibroblasts are more sensitive to TGF-ß stimulation and
respond to a lower factor concentration compared to normal
fibroblasts (31,92). The importance of TGF-ß was demonstrated by Shah and coworkers. The application of neutralizing
antibodies to TGF-ß resulted in an improved quality of wound
healing and a reduced scar tissue formation (93,94). TGF-ß
promotes fibroblast proliferation and synthesis of ECM
components (e.g. elastin, fibronectin and collagen type I and
III). Matrix growth is stimulated indirectly by TGF-ß via
induction of PDGF. PDGF has been shown to be responsible
for an acceleration of granulation tissue formation and for
stimulation of collagen production during the later stages of
wound healing (31). Keloid fibroblasts also show an increased
response to PDGF compared to normal skin fibroblasts (95).
Therefore, significantly abnormal activities were observed in
keloidal tissue concerning the growth factors TGF-ß and
PDGF (8). In addition to increased cytokine production, keloid
fibroblasts also show an increased transcription of the
corresponding receptors (30).
Differential TGF-ß isoforms are expressed during physiological wound healing of the skin and during keloid formation.
TGF-ß1 and -ß2 are known to have profibrotic properties and
TGF-ß3 seems to inhibit fibrotic reactions (30,96). TGF-ß is
produced by a variety of different cells. The highest concentrations are found in thrombocytes, the initiating cells of
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wound closure. The effects of TGF-ß are mediated through the
various receptor types I, II and III. Besides the stimulation of
an increased cellular production of ECM components, TGF-ß
also increases the cellular expression of matrix receptor
integrin and the synthesis of PAI-1 and TIMP, whereas the
expression of collagenase and plasminogen activator (PA) is
decreased. This upregulation of inhibitor synthesis and downregulation of protease synthesis further augments the accumulation of ECM proteins, and is the basis for the formation of
fibrotic tissue due to excessive action of TGF-ß (9).
The isoforms TGF-ß1 and -ß2 are overexpressed in keloid
fibroblasts (3). In addition, increased expression of the TGF-ß
receptor types I and II and an increased phosphorylation of
SMAD 3 (and TGF-ß associated intracellular signaling
molecule) are further features of keloids which support the
central role of TGF-ß in keloid pathogenesis (97).
Although many other growth factors such as epidermal
growth factor (EGF), connective tissue growth factor (CTGF),
or the previously mentioned fibroblast growth factor (FGF),
and tumor necrosis factor · (TGF-·) have substantial influence
on cell growth and differentiation during wound healing, the
effects of these factors are contrarily discussed in keloid
tissue (9,31). TGF-ß is a well acknowledged growth factor in
keloid formation with extensive scientific focus being placed
on this pathway. Interestingly, a recent study by Campaner
and coworkers (98) reported that overexpression of TGF-ß1
is an important component in the formation of keloid tissue,
but is not as sufficient as an independent factor, providing
evidence for the hypothesis that keloid formation is a multifactorial process (38).
6. Conclusion
In addition to the above mentioned key factors for keloid
formation, various hypotheses have been presented which
focus on various details of keloid development. However, to
date, the key question regarding keloid formation, whether
excessive scar tissue formation is the result of an increased
collagen synthesis or due to a reduced breakdown or both,
remains unanswered. At present no single unifying hypothesis
can be formulated. The multitude of treatment modalities, with
no single treatment proven to be widely effective, underlines
how little is known about the disease process and indicates
the complex and multi-variable pathogenesis of this disease
(30).
At present, research evidence indicates that TGF-ß is one
of the main cytokines responsible for stimulating a multitude
of signaling mechanisms. The collective release of this growth
factor by platelets, lymphocytes, macrophages, endothelial
cells and fibroblasts and the divergence of presented
explanatory approaches suggest that keloid formation is not
due to just one disturbed wound healing process, but that a
wide array of subsequent healing mechanisms are involved.
Keloid scarring continues to be a complex and poorly
understood subject. A better understanding of growth factor
mechanisms, wound matrix degradation and immunologic
response is slowly beginning to highlight the complex process
of keloid scar formation. Future trends using three-dimensional models for analysis of the mechanical component or
the development of animal models (eg. transgenic mice)
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might help to decode the complexity of this subject.
In order to identify more effective therapy regimens and
also to advance prevention strategies, we must continue to
improve our understanding of the biological mechanisms of
scar formation in general and particularly of keloid formation.
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