
Review

Wound healing in adult skin: aiming for perfect regeneration
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Abstract
Wound healing in adult skin, a complex process involving many cell types and processes

such as epidermal, fibroblastic, and endothelial cell proliferation, cell migration, matrix syn-

thesis, and wound contraction, almost invariably results in scar tissue formation and wound

induration. Unlike in adult skin, wound healing in embryos involves repair processes that

result in the essentially perfect regeneration of damaged tissue. This paper discusses key

mechanisms that lead to scar tissue formation in adult human skin and treatment modali-

ties, including curcumin gel, that may result in essentially perfect skin regeneration follow-

ing surgical procedures.
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Introduction

The title of this paper was adapted from that of a previ-
ous report, ‘‘Wound healing – aiming for perfect skin
regeneration’’, published in Science by Dr. Paul Martin, a
British reconstructive surgeon.1 In order to discover how
adult human skin can be induced to reconstruct damaged
parts more perfectly after surgery, Dr. Martin compared
wound healing in adults with wound healing in embryos
in which perfect regeneration is observed after wounding.
Wounding of the skin occurs when the epidermal layer

is breached, thus exposing the underlying dermis to air.
Depending on the depth of the injury, the tissues that are
exposed to the air include fibroblasts, blood vessels, fas-
cial connective tissue, cartilage, and bone. A temporary
repair is achieved by the laying down of a fibrin blood
clot, which plugs the defect and seals off the underlying
tissues from oxygen in the air. The degenerating platelets
also secrete platelet-derived growth factor (PDGF), which
is both chemotactic to other inflammatory cells and stim-
ulates the first phase of cell proliferation of epidermal
cells, fibroblasts, and endothelial cells.
Inflammatory cells play an important role in wound

healing. Neutrophils arrive at the wound site within min-
utes of injury. They clear out debris and contaminating
bacteria and secrete proinflammatory cytokines that serve
to activate local fibroblasts and keratinocytes. Members of
the p-selectin adhesion molecules are known to be crucial

in the rolling and diapedesis of leukocytes across endothe-
lial cells into the wound, because these functions are
severely affected in p-selectin knockout mice.2 Within a
few days, the neutrophils are replaced by blood-borne
macrophages, which become activated and produce
cytokines and growth factors essential to wound healing,
as evidenced by findings that healing is impaired by the
prevention of macrophage infiltration.3 These cytokines
[interleukin-1 (IL-1) and tumor necrosis factor-a (TNF-a)],
which induce nuclear factor-jB (NF-jB) signaling path-
ways, and growth factors (fibroblast growth factor, trans-
forming growth factor-a [TGF-a] and TGF-b), which
amplify growth factor receptor-mediated pathways,
amplify the earlier proliferative wound signals induced by
neutrophils and platelets.

About a week following wounding, the wound clot is
infiltrated by activated fibroblasts, stimulated by TGF-b.
TGF-b is chemotactic to fibroblasts and stimulates fibro-
blast proliferation, thereby increasing the synthesis of sin-
gle strands of collagen by the activated fibroblasts. These
single collagen fibers polymerize and cross-link in the
extracellular matrix, forming thick strands of collagen
fibers. These fibers are embedded in a newly synthesized,
metalloprotein-rich extracellular matrix.

At this stage, a proportion of the wound fibroblasts
transform into myofibroblasts, which express a-smooth
muscle actin and resemble smooth muscle cells in their
capacity to generate strong contractile forces.4 This1058
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conversion of wound fibroblasts to myofibroblasts is
triggered by TGF-b1.5

In addition, the conversion of wound fibroblasts to
myofibroblasts rises with increased wound tension.6 The
tensile forces exerted by wound fibroblasts before, during,
and after contraction have been studied in collagen-gel
models.6–8 In vivo observations have shown that a num-
ber of tension-induced growth factors generated at the
wound site are potent stimulators of fibroblast-driven gel
contraction and granulation tissue contraction, i.e.
increased tension stimulates fibroblast proliferation and
contraction, while lack of tension induces increased
myofibroblast apoptosis.1 These observations may explain
the increased scarring observed in tissue that heals under
tension.

Factors associated with increased scarring

Unlike wounds in embryos, adult wounds almost always
heal with scarring. Scarring is associated with various fac-
tors, including the type of wound, site of involvement,
depth of the wound, presence of infection or excess
inflammation, and tension exerted at the wound edges.
Furthermore, injury to the underlying blood vessels and
exposure of the wound to oxygen in the case of deep
wounds tend to induce hypertrophic scar formation.
Finally, genetic factors, such as the tendency to form
keloids, will obviously affect how the patient heals after
surgery.
Scarring, often severe, is associated with injury caused

by burns and scalds, with greater degrees of scarring asso-
ciated with more severe (third-degree) and extensive (lar-
ger surface area) burns. Hypertrophic scarring occurs
frequently after thermal injury and involves the formation
of a severe fibrosis of the skin, which limits movement. In
addition, wounds associated with massive damage to
underlying blood vessels, such as chemical or thermal
burns and severe cold-induced injury, tend to be associ-
ated with severe scarring. Increased expression of TGF-b1
has been observed in keloids and hypertrophic scars,9 and
TGF-b, particularly TGF-b1 and TGF-b2, has been impli-
cated in the pathogenesis of keloids.10 It is believed that
TGF-b may also be implicated in hypertrophic scarring in
burns and scalds.11

Deep wounds also tend to be associated with injury to
underlying blood vessels. The association between scar-
ring and the depth of dermal injury was quantified by
Dunkin et al.12 The deep dermal end of the wound healed
with a visible scar, whereas the superficial epidermal end
showed no residual mark after 18 weeks. High-frequency
ultrasound analysis showed a gradual reduction in scar
thickness at the deep end and no detectable scar at the
shallow end. Dermal fibroblasts from different layers of

human skin are heterogeneous in their expression of col-
lagenase and types I and III procollagen mRNA,13 and it
is not surprising that deep dermal fibroblasts have been
shown to contribute to hypertrophic scarring.14

The increased scarring observed at various wound sites
may have a basis in the increased tissue tension exerted
on wounds at various scar-prone locations. The conver-
sion of wound fibroblasts to myofibroblasts increases with
greater wound tension,6–8 whereas lack of tension induces
apoptosis. In addition, wounds located in areas of
increased movement, such as on the shoulders, presternal
chest, and clavicular areas, may subject the healing tissues
to repeated tension, thereby making them more prone to
hypertrophic scarring.

The association between vascular injury and scarring
may be related to the release of oxygen free radicals in
vascular compromised wounds that are exposed to oxy-
gen in the air. In uninjured skin with a normal comple-
ment of blood vessels, the oxygen free radicals released
by oxidative phosphorylation are quenched by an abun-
dance of intravascular free radical quenchers, including
superoxide dismutase, catalases, and reduced glutathi-
one. The presence of damaged blood vessels allows
unquenched free radicals to accumulate in sites exposed
to oxygen in the air.15 Tissues exposed by surgery to
oxygen in the air can be protected from exposure by
the close apposition of the skin edges using multiple,
closely positioned, fine stitches (M. C. Y. Heng, unpub-
lished data, 2010). The size of space between the
stitches depends upon the thickness of the skin and
ranges from £0.5 mm in eyelid skin to 1 mm in the skin
of the back.

Inflammatory cytokines and growth factors in
hypertrophic scarring and keloids

Burn patients with hypertrophic scarring were observed
to have polarized IL-4+ Th2 cytokine production, with
significantly increased IL-10 and TGF-b production.11

TGF-b is a pleiotrophic growth factor secreted by many
activated cells, including inflammatory cells. The conver-
sion of wound fibroblasts into myofibroblasts has also
been linked to TGF-b1 secretion in adult skin.

Fibroblasts are converted into myofibroblasts only in
adult wounds. In embryos, there is no apparent conver-
sion from fibroblasts to myofibroblasts.16–18 Conse-
quently, in embryos to late fetal stage, wounds heal
without scarring. Much has been learned from observa-
tions of wound healing in marsupials, which are born at
a developmental stage equivalent to that of a young
amniote fetus. For the first few days of their post-natal
life, wounds in these fetal marsupials heal without scar-
ring.19 There is a strong correlation between the age of
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onset of scarring and the first stage in development when
inflammation is generated.20 The difference between
embryo and adult skin may refer to the secretion of TGF-
b1. In the embryo, TGF-b1 is expressed transiently and at
low levels after injury.21,22 In the adult wound, high and
prolonged levels of TGF-b1 secretion have been
observed.23 Of interest is the observation that grafting
adult skin in a fetal environment results in scar forma-
tion, which suggests that the inflammatory elements that
lead to TGF-b formation are contained in adult grafted
skin.
Transforming growth factor-b has also been implicated

in the pathogenesis of keloids, particularly TGF-b1 and
TGF-b2,10 whereas TGF-b3 is thought to have an inhibi-
tory role. Expression of TGF-b1 is known to increase in
keloids and hypertrophic scars, particularly in the early
stages of wound healing.9

Signaling pathways in scar tissue formation
targeted by treatment modalities

The occurrence of injury to the skin instigates signals
that lead to the initiation of wound healing, resulting
in inflammation, neovascularization, scarring, post-
inflammatory pigmentation, and epidermal proliferation.
One of the first changes involves the activation of tran-
scription activators, particularly NF-jB (Fig. 1). The
activation of NF-kB involves the removal of its inhibi-
tory protein IjBa by IjBa kinase, a serine/threonine acti-
vated by phosphorylase kinase (PhK) and inhibited by
curcumin.24 Activation of NF-kB results in the sub-
sequent activation of over 200 genes involved in inflam-
mation, cell migration, cell proliferation, cell cycling,
cell survival, and inhibition of apoptosis. Targeting PhK,
which is activated five minutes following injury, serves
to block signaling induced by NF-jB, which comprises

inflammation including T cell and macrophage activa-
tion, TGF-b1 secretion, fibroblast proliferation, and
myofibroblast conversion.

Treatment modalities

Inhibitory cytokines and monoclonal antibodies

Reduced scarring in post-burn patients has been noted
following interferon-a2b (IFN-a2b) treatment. The
improvement has been associated with decreased angio-
genesis mediated by vascular endothelial cell growth fac-
tor (VEGF),25 as well as by decreased fibrocytes.26 More
recently, anti-TGF-b1 antibodies have been observed to
give promising results in animal studies,27 but the treat-
ment is still experimental. The addition of exogenous
TGF-b3, which has inhibitory properties for fibroblast
proliferation, is also undergoing clinical trials.27

Intralesional corticosteroid injections, silicone gel

sheeting and laser therapy

Intralesional corticosteroid injections have been used for
many years and, until recently, have represented the
mainstay of therapy for hypertrophic scars and keloids.
However, improvement is limited, and keloids fre-
quently recur. More recently, 1550-nm fractional
erbium-glass laser28 and pulse dye laser29 have been
reported to be useful in scar prevention and treatment.
Multifaceted therapy, such as the combination of int-
ralesional corticosteroids/5-fluorouracil with 595-nm
long pulsed dye laser and 1450-nm diode laser, was
attempted in one patient,30 but the results were far less
satisfactory than those achieved with curcumin gel (see
below). Silicone sheeting for preventing and treating
hypertrophic scars has also been used, with uncertain
and unproven benefits.31

Topical hyperbaric oxygen therapy

Low-pressure topical hyperbaric oxygen therapy has been
shown to assist in the healing of deep ulcers with minimal
scarring.15 Necrotic wounds contain damaged blood ves-
sels. When exposed to oxygen in the air, the surface layer
of tissues becomes necrotic as a result of the presence of
the unopposed free radicals generated when the wound
makes contact with oxygen. These unopposed free radi-
cals occur because of inadequate supplies in the tissues of
free radical quenchers (superoxide dismutase, catalases,
and reduced glutathione) that would normally be avail-
able for injury-free oxidative phosphorylation in undam-
aged tissue blood vessels. This constant generation of
unopposed free radicals prevents necrotic wounds from
healing. Within the confines of ‘‘therapeutic pressures’’,
low-pressure topical hyperbaric oxygen is believed to
neutralize the free oxygen radicals that are released when
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Figure 1 Signaling pathways in scar tissue formation: targets
for anti-scarring therapy. TNF-a, tumor necrosis factor-a;
NF-jB, nuclear factor-jB; TGF-b1, transforming growth
factor-b1
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tissues are exposed to oxygen in the air, thus allowing
neovascularization and the healing of wounds with mini-
mal scarring.15 However, topical hyperbaric oxygen treat-
ment is more suitable for open than sutured wounds. In
addition, the treatment must be administered for a period
of four hours per day, which makes it both expensive and
impractical for routine use.

Topical curcumin (curcumin gel) for hypertrophic scar

treatment and prevention

Injury triggers a number of signaling pathways to
cause increased cell proliferation, and including fibroblast
proliferation, endothelial cell proliferation and the prolif-
eration of myofibroblasts, resulting in the formation of
scar tissue. These pathways are mediated by the transcrip-
tion regulator NF-jB. Prior to injury, NF-jB exists as a
pair of dimers (p50/p65) within the cytoplasm. When acti-
vated by a number of inflammatory stimuli, including sur-
gical injury, these NF-jB dimers translocate to the
nucleus, where they bind to the jB site on the DNA, an
event that results in the transcription of over 200 genes
responsible for cell proliferation, cell migration, cell
cycling, and the inhibition of apoptosis,32,33 and thus in
fibroblast proliferation, a requirement for subsequent scar
tissue formation.
The activation of NF-jB requires phosphorylation at

multiple serine/threonine-specific sites as well as tyrosine-
specific sites.34–37 The process of activating NF-jB
requires the removal of its inhibitory protein, IjBa, by
phosphorylation of its kinase, IjBa kinase. IjBa kinase is
a serine/threonine kinase which is activated by PhK and
inhibited by curcumin, a PhK inhibitor.38 Protein kinases
usually transfer high-energy phosphate bonds to either
serine/threonine or tyrosine residues. This is because pro-

tein kinases, with the exception of PhK, allow only one
configuration at the substrate binding site. PhK is a
unique enzyme in which the spatial arrangements of the

(a)

(b)

(c)

(d)

Figure 2 Patient 1. (a) Right oblique
and (b) frontal views of the hypertrophic
scar at the site of graft repair at removal
of sutures 3 weeks after grafting. (c)
Right and (d) frontal views of the hyper-
trophic scar after 6 weeks of topical
treatment with extra-strength curcumin
gel

(a)

(b)

Figure 3 Patient 2. (a) Scarring at the removal of sutures of
a sclerosing basal cell carcinoma with graft repair. (b) Mini-
mal residual scarring is apparent after 2 months of topical
treatment with extra-strength curcumin gel b.i.d.
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specificity determinants can be manipulated such that
PhK can transfer high-energy phosphate bonds from ATP
(adenosine-5¢-triphosphate) to substrates of different spec-
ificities, such as serine/threonine and tyrosine residues.39

This is achieved by means of a hinge joint between the
subunits, which alters the size of the substrate binding
site, and by ions such as Mn or Mg, which allow the
shape of the substrate binding site to be altered by swiv-
eling in one plane by binding to Mn and in another by
binding to Mg, thus allowing for dual specificity.39,40

Additionally, PhK, which is activated within five minutes
of injurious stimuli, is also responsible for the generation
of ATP through the activation of glycogen phosphorylase
at ser-14,24 for repair processes, including inflammation
and fibroblast proliferation. Curcumin, a non-competitive
and selective inhibitor of PhK,38 has been shown to be a
potent inhibitor of NF-kB activation41 and hence to cause
the blockade of signaling pathways for fibroblast prolifer-
ation.41

Although the curcumin molecule is not readily
absorbed through the skin, we have found that the gel
preparation of curcumin is capable of penetrating injured

skin, such as in psoriasis,42 sufficiently to decrease PhK
levels within the epidermis.42 Outcomes in the series of
patients presented herein demonstrate that curcumin gel
is also capable of penetrating at least as far as the superfi-
cial dermis in post-surgical scars, with significant resolu-
tion of post-surgical scarring. In patient 4, perfect
regeneration was achieved in the grafted site, with some
scarring, albeit minimal, in the temporal area closed
under some tension. In patient 5, near perfect regenera-
tion was observed as early as four weeks after the
removal of stitches. Stitches were removed at two weeks
from the donor site and at four weeks from the graft. As
the graft was devoid of blood supply at the time of the
surgery, it required four weeks to acquire new blood ves-
sels from the surrounding tissues in order for the graft to
heal sufficiently for the stitches to be removed. In patient
6, the wound was closed with an O-to-Y rotation flap,
from which stitches were removed at two weeks post sur-
gery. As the wound was closed under some tension,
prominent early scarring was observed at the time of
suture removal at two weeks, but the scar was seen to

(a) (b) (c)

(d)

Figure 4 Patient 3. (a) A large squamous cell carcinoma situ-
ated over the middle and distal phalanx of the ring ringer
was excised, and (b, c) repaired by graft. (d) Topical treat-
ment with extra-strength curcumin gel facilitated healing
with minimal scarring

(a)

(b)

Figure 5 Patient 4. (a) Excision and donor sites at the time
of surgery. (b) Seven months later, the grafted site on the
malar cheek had healed with no evidence of scarring (perfect
regeneration), but the donor site on the temple, which was
closed with some tension, healed with some scarring
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have resolved four weeks later. Although early NF-kB-
dependent scarring is reversible, this may not be true of
hypertrophic scarring, which is based on TGF-b1/TGF-
b2-dependent myofibroblast proliferation.

Case reports

Patient 1

Patient 1 was a 42-year-old Caucasian woman with a
biopsy-proven sclerosing carcinoma on the nose of two
years’ duration. The tumor was situated over the right
nasal side wall and spread to involve the right supratip
and tip of the nose and to encroach on the right alar of
the nose (Fig. 2a). The tumor was excised down to carti-
lage and bone and the defect closed with a graft from a
donor site situated over the left nasal side wall and bridge
of the nose. Sutures were removed three weeks later,
when prominent scarring was observed (Fig. 2a, b).
Extra-strength curcumin gel (12%) was massaged into the
scar tissue twice daily. Six weeks later, minimal scarring
was observed (Fig. 2c, d).

Patient 2

Patient 2 was a 28-year-old Hispanic man with a scleros-
ing basal cell carcinoma over the right lower eyelid. This
was excised down to muscle and the defect closed using a
tissue graft taken from a donor site over the lower eyelid
and cheek. A prominent scar was observed at the time of

suture removal (Fig. 3a). Extra-strength curcumin gel was
massaged into the scar twice daily, with minimal residual
scarring (Fig. 3b).

Patient 3

Patient 3 was an 80-year-old man with a large, well-
differentiated carcinoma situated over the dorsum of the
fourth finger. This was excised down to tendon and bone
and the defect closed with a graft taken from the dorsum
of the same hand. The stitches were removed four weeks
later, and extra-strength curcumin was applied with mini-
mal residual scarring (Fig. 4).

Patient 4

Patient 4 was an 85-year-old man with a large basosqua-
mous carcinoma situated over the left malar cheek and
temple. This was excised down to deep fascia and muscle,
and the wound grafted with a tissue graft taken from the
temple (Fig. 5a). Stitches were removed from the donor
site at two weeks and from the graft at four weeks.
Extra-strength curcumin gel was applied to the surgical
site for two months from the removal of the stitches until
the resolution of the scar (Fig. 5b).

Patient 5

Patient 5 was an 80-year-old woman with biopsy-proven
sclerosing basal cell carcinoma (Fig. 6a) affecting the
right alar of the nose and paranasal cheek and right

(a)

(b)

(c)

(d)

(e)
Figure 6 Patient 5. Sclerosing basal cell
carcinoma of the nasal ala (a) before
and (b) after excision. (c) The resulting
wound was repaired by a tissue graft
obtained from the paranasal cheek.
(d, e) Scarring resolved at both the
surgical and graft sites after topical
treatment with extra-strength curcumin
gel b.i.d. for 4 weeks
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nasal side wall. This was excised (Fig. 6b) and the
defect closed with a tissue graft taken from a donor site
situated over the right paranasal cheek (Fig. 6c). Stitches
were removed from the donor site at two weeks and
from the graft at four weeks, after which extra-strength
curcumin gel was massaged into the surgical sites twice
daily, with resolution of residual scarring four weeks
later (Fig. 6d, e).

Patient 6

Patient 6 was a 72-year-old woman with a large scleros-
ing basal cell carcinoma (Fig. 7a) involving the right
lower eyelid and malar cheek. Excision resulted in a large
defect, which was not grafted but closed using an O-to-Y
rotation flap (Fig. 7b). As a result of the tension applied
by the flap, a prominent scar was observed at the time of
suture removal at two weeks (Fig. 7c). Extra-strength
curcumin gel was applied twice daily and achieved com-
plete resolution of the scar (Fig. 7d) 30 days later.

Conclusions

All wounds in adults heal with scarring and are further
aggravated by genetic predisposition, wound location and
depth, wound tension, exposure to oxygen in the air,
infection, and inaccurate stitching. Signaling pathways for

fibroblast proliferation are mediated through NF-kB acti-
vation. Hypertrophic scarring occurs when fibroblasts
further convert to myofibroblasts, a process stimulated by
TGF-b1 and TGF-b2, and inhibited by TGF-b3. NF-kB is
activated by PhK and blocked by curcumin. To date,
there is a lack of effective anti-scarring treatments avail-
able for general use. Corticosteroids with or without laser
treatments have been tried but are generally unsatisfac-
tory and do not achieve ‘‘perfect regeneration’’. The
application of monoclonal antibodies against TGF-b1 and
TGF-b2 and exogenous inhibitory TGF-b3 has been
largely experimental, and its effects are unproven to date.
Topical hyperbaric oxygen therapy requires that wounds
be open to have benefit and is unwieldy and usually not
applicable in sutured wounds. The series of post-surgical
wounds presented here, which includes wounds both with
and without grafts, all of which were treated with extra-
strength curcumin gel (12%), demonstrates results that
approached perfect regeneration in some patients. It is
believed that successful treatment of scarring involves
blocking the apparently reversible NF-kB-based fibroblast
proliferation rather than resolving myofibroblast-based
hypertrophic scarring, which may be irreversible. Early
treatment with curcumin gel is believed to block PhK/NF-
kB-based fibroblast proliferation, which then prevents the
development of hypertrophic scars. However, curcumin

(a) (b)

(c) (d)

Figure 7 Patient 6. A large sclerosing
basal cell carcinoma involving the right
lower eyelid, malar and infraorbital
cheek (a) before and (b) after excision
closed with an O-to-Y rotation flap.
(c) Early scarring was apparent over the
eyelid, malar and infraorbital cheek
following suture removal 2 weeks later.
(d) Scarring resolved after 30 days of
topical treatment with extra-strength
curcumin gel b.i.d.
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gel appears to be effective only in the early stages of scar
tissue formation.
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