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Background: Stress-induced disruption of hormonal balance in animals and
humans has a detrimental effect on wound healing.
The Problem: After the injury, keratinocytes migrate over the wound bed to
repair a wound. However, their nonmigratory phenotype plays a role in
pathogenesis of chronic wounds. Despite many therapeutic approaches, there
is a dearth of treatments targeting the molecular mechanisms mediated by
stress that prevent epithelization.
Basic/Clinical Science Advances: Recent studies show that epidermal kerati-
nocytes synthesize stress hormones. During acute wound healing, cortisol
synthesis in the epidermis is tightly controlled. Further, a key intermediate
molecule in the cholesterol synthesis pathway, farnesyl pyrophosphate (FPP),
can bind glucocorticoid receptor (GR) and activate GR. Additionally, kerati-
nocytes express beta-2-adrenergic-receptor (b2AR), a receptor for the stress
hormone epinephrine. Importantly, migratory rates of keratinocytes are re-
duced by cortisol, FPP, epinephrine, and other b2AR agonists, thus indicating
their role in the inhibition of epithelization. Topical inhibition of local gluco-
corticoid and FPP synthesis, as well as treatment with b2AR antagonists
promotes wound epithelization.
Clinical Care Relevance: Modulation of local stress hormone production may
represent an important therapeutic target for wound healing disorders. To-
pical administration of inhibitors of cortisol synthesis, statins, b2AR antago-
nists, and systemic beta-blockers can decrease cortisol synthesis, FPP, and
epinephrine levels, respectively, thus restoring keratinocyte migration ca-
pacity. These treatment modalities could represent a novel therapeutic ap-
proach for wound healing disorders.
Conclusion: Attenuation of the local stress-induced hormonal imbalance in
epidermis may advance therapeutic modalities, thereby leading to enhanced
epithelization and improved wound healing.

BACKGROUND
It is well recognized that stress,

whether emotional or psychological,
impairs wound healing.1 Stress
stimulates the ‘‘fight or flight re-
sponse,’’ causing systemic release of
cortisol and epinephrine.

Epithelization is an important
component of successful wound
healing, which is impaired in chronic
wounds. During acute healing, epi-

dermal keratinocytes become acti-
vated. They proliferate, migrate,
cover the wound bed and reconstruct
a barrier that prevents infection and
dehydration. Keratinocytes at the
nonhealing wound edge are hyper-
proliferative and mitotically active,
but they fail to migrate, thus creating
hyperkeratotic tissue at the edge of
the wound.2 Another factor contrib-
uting to the impaired epithelization
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Abbreviations
and Acronyms

11bHSD2 = 11-beta-hydro-
xysteroid dehydrogenase 2

b2AR = beta-2-adrenergic
receptor

CYP11B1 = 11-beta-hydroxylase

FPP = farnesyl pyrophosphate

GR = glucocorticoid receptor

GCs = glucocorticoids

HEKs = human epidermal
keratinocytes

IL-1b = interleukin-1-beta

PI3K = phosphatidylinositol
3-kinase

PNMT = phenylethanolamine-
N-methyltransferase
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in chronic wounds may be improper wound bed
matrix. A fibrin matrix that is commonly seen in
chronic wounds is not preferred by epithelial cells,
and, therefore, their migration is compromised.

In addition to systemic release, recent studies
demonstrate how locally induced stress hormones
impair keratinocyte migration and wound heal-
ing. A novel finding that human epidermal kera-
tinocytes (HEKs) in vitro and epidermis in vivo
synthesize cortisol and express an enzyme indis-
pensable for cortisol synthesis, 11-beta-hydroxy-
lase (CYP11B1) and an enzyme that controls its
negative feedback mechanism, 11-beta-hydro-
xysteroid dehydrogenase2 (11bHSD2) was recently
discovered.3 Besides cortisol, an important inter-
mediate in the cholesterol synthesis pathway, far-
nesyl pyrophosphate (FPP), can act as an agonist
for the glucocorticoid receptor (GR) and inhibit
keratinocyte migration as well. Elevation of an-
other stress-induced hormone, epinephrine, also
impairs healing. Elevated catecholamine (e.g.,
epinephrine) levels activate the keratinocyte beta-
2-adrenergic receptor (b2AR), thus resulting in
impairment of cell motility and wound re-epitheli-
zation.

CLINICAL PROBLEM ADDRESSED

Chronic, nonhealing wounds contribute to a
global disease burden, thus impacting both the
health care system and economy, along with the
patient’s quality of life.4 These wounds fail to
progress through the normal stages of wound

healing and enter a state of chronic inflamma-
tion. Stress-induced hormones glucocorticoids
(GCs) and catecholamines have been shown to
interfere with keratinocytes ability to migrate
during the normal wound healing process.3,5–8

Therefore, a potential therapeutic approach may
be blocking the enzymes and/or receptors neces-
sary for the local production and function of
stress hormones.

RELEVANT BASIC SCIENCE CONTEXT

GCs, key regulators of the physiological stress
response, inhibit wound healing by modulation of
diverse physiological processes, including metabo-
lism, cell migration, proliferation, differentiation,
and inflammation.8 HEKs synthesize cortisol,
which is dependent on enzymes CYP11B1 and
11bHSD2. Interestingly, interleukin-1-beta (IL-
1b), the first pro-inflammatory cytokine released
by keratinocytes on epidermal injury, induces ex-
pression of CYP11B1 and increases cortisol pro-
duction during early phases of wound healing,
whereas inhibition of cortisol synthesis increases
IL-1b production.3 This regulatory balance be-
tween GC synthesis and pro-inflammatory cyto-
kines represents one possible mechanism through
which GCs may prevent an excessive inflamma-
tory response to epidermal injury, thus prevent-
ing wounds from entering a state of pathologic
inflammation.

GCs are synthesized from cholesterol. The me-
valonate pathway is essential for cholesterol syn-
thesis in skin. A main branch point intermediate
in the mevalonate pathway is FPP.9 FPP can bind
GR, thus causing many of the same deleterious
effects as GCs during the wound healing process.
Each is shown to inhibit keratinocyte migration
and wound epithelization through a similar
mechanism by targeting expression of the early
wound healing markers, keratin 6 and 16.3,9 Epi-
nephrine, an additional regulator of the stress
response, has also been implicated in the inhibi-
tion of wound healing. It is synthesized by kera-
tinocytes7 and in burn wounds, due to a local up-
regulation of the epinephrine-synthesizing en-
zyme phenylethanolamine-N-methyltransferase
(PNMT). In conjunction with an increase in sys-
temic levels, epinephrine impairs keratinocyte
migration and wound re-epithelization. A nonmi-
gratory keratinocyte phenotype on b2AR activa-
tion is shown to be due to the down-regulation
of the AKT pathway, stabilization of the actin
cytoskeleton, and an increase in focal adhesion
formation.6
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EXPERIMENTAL MODEL
OR MATERIAL: ADVANTAGES
AND LIMITATIONS

Various approaches are utilized to study kera-
tinocyte migration and wound epithelization. The
in vitro wound scratch assay allows direct exami-
nation of the effect of a substance on a specific cell
type without influencing other tissue components.
For example, primary human or animal keratino-
cytes and cells from animals in which a gene of
interest is genetically deleted can be utilized.
Wounding of keratinocytes by scratch creates a
defect in cell monolayers, thus stimulating adja-
cent keratinocytes to migrate and repopulate the
wounded area. It is important to discriminate be-
tween the effect of proliferation and migration of
adjacent cells on wound closure; pretreatment with
DNA synthesis inhibitor before wounding elimi-
nates cell proliferation so that only migration rates
are studied.

Ex vivo human skin experimental wound models
have been validated in many studies. Similar ex-
pression patterns for multiple genes involved in
epithelization and wound healing were confirmed
when ex vivo wound models were compared with
acute human wounds, thus proving the reliability
and usefulness of ex vivo wounds in studying
healing. The influence of multiple cell types during
wound healing can be addressed by only using in
vivo models.10 Excisional wounds in animals are
widely used. Epithelization rates are usually
measured by planimetry and compared.

The data generated from in vitro, ex vivo, and in
vivo studies, in spite of its importance, do not al-
ways reflect the same process in humans. Un-
fortunately, the most important validation of the
experimental data during acute wound healing in
humans is limited due to difficulties in generating
and obtaining acute human wound tissue.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

Stress hormones are a contributing culprit in
the pathogenesis of delayed healing, but their
mechanism of action has not been fully elucidated.
Recent literature suggests that enzymes neces-
sary for both cortisol and epinephrine synthesis
are located in the epidermis, and keratinocytes
synthesize both hormones, locally.3,6,11,12 Local
cortisol and epinephrine synthesis impairs kera-
tinocyte migration and ultimately delays epithe-
lization.3,5 HEKs and epidermis in vitro and ex
vivo, along with porcine epidermis in vivo, express
CYP11B1, an enzyme necessary for the cortisol

production, and produce clinically relevant levels
of cortisol.

Injury-related molecules, such as pro-inflam-
matory cytokine IL-1b, contribute to controlling the
local production of cortisol by keratinocytes. Corti-
sol production by keratinocytes can be induced by
IL-1b during wound healing and, on the contrary,
inhibition of cortisol synthesis can induce IL-1b
production.3 Importantly, CYP11B1 expression
and cortisol production is regulated during acute
wound healing.3 This tightly regulated cortisol
synthesis in the epidermis may serve as a local
negative feedback loop to control the initial pro-in-
flammatory response and allow the acute wound
healing process to proceed. However, in the setting
of chronic wounds and persistent inflammation, one
can speculate that this tightly controlled mecha-
nism is deregulated.

FPP, an intermediate in cholesterol synthesis,
can act as an agonist for the GR, and treatment
with mevastatin, an inhibitor of cholesterol syn-
thesis which blocks the formation of FPP, elimina-
tes the activation of GR and enhances keratinocyte
migration and wound epithelization in the acute
wound setting.9 However, studies have shown that
enhanced keratinocyte migratory potential is not
mediated through the inhibition of cholesterol
synthesis despite the disrupted skin barrier. This
effect was due to the blockade of FPP’s activation of
the GR.9 Taken together, this finding establishes a
second, upstream mechanism whereby the stress
hormone pathway can be activated in epidermis.
The role of FPP in the pathogenesis of chronic
wounds and their nonmigratory keratinocytes
needs further investigation.

Keratinocytes express b2AR for epinephrine,
another stress hormone implicated in wound
healing. Increased epinephrine levels are detri-
mental to wound healing. Activation of b2AR de-
creases human keratinocyte migratory speed,
delays healing of an in vitro scratch wound assay,
impairs healing of an excisional human skin wound
ex vivo, delays healing of acute surgical wounds in
vivo, and results in impairment of oral mucosal
wound healing.5,13–17 Similar to CYP11B1, the
epidermal level of the epinephrine synthesizing
enzyme PNMT is up-regulated during burn wound
injury. Burn wounding of skin induces local epi-
dermal generation of epinephrine by up-regulation
of the enzyme, PNMT, required for epineph-
rine synthesis in the peri-wound epidermis.6 In-
terestingly, the PNMT promoter has a GC response
element,18 thus indicating the possibility of inter-
action between both stress hormone pathways
during wound healing and, further, their syner-
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gistic role in inhibition of keratinocyte
migration and epithelization. Although
cross-talk between these two pathways
may exist, further studies are needed
to elucidate their role in wound healing
impairment.

Comparable to GC treatment of cul-
tured human and murine keratinocytes,
treatment with levels of epinephrine
equivalent to burn-stressed animals led
to decreased migration rates. Activation
of the b2AR in keratinocytes results in
decreased signaling through the PI3K/
AKT pathway and a consequential non-
migratory cell phenotype and decreased
locomotory speed. This is accompanied by
a stabilization of the actin cytoskeleton,
an increase in focal adhesion formation,
and an overall nonmigratory phenotype
in HEK.

Inhibiting the production or action of
stress hormones can reverse the delete-
rious effects on healing and keratinocyte
migration. The application of metyr-
apone, a CYP11B1 inhibitor, significantly
promotes the rate of epithelization and
wound closure in in vivo and ex vivo
wounds.3 Similarly, topical mevastatin,
an 3-hydroxy-3-methylglutaryl-CoA re-
ductase inhibitor, reduces endogenous
levels of FPP and increases epithelization
in an ex vivo wound model.9 Further,
inclusion of a b2AR antagonist, timolol,
reverses the inhibitory effects of epi-
nephrine on keratinocyte migration and
wound epithelization.6 Systemic admin-
istration of a b2AR antagonist accelerates
wound epithelization in an in vivo burn
wound model. Taken together, these
findings demonstrate the potential use of stress
hormones as targets for future therapeutic ap-
proaches for burns and chronic wounds.

INNOVATION

The epidermis represents an extra-adrenal
source of stress hormones, as keratinocytes pro-
duce cortisol and epinephrine. Cortisol and epi-
nephrine have been shown to inhibit wound
healing and are, therefore, important targets for
therapeutic approaches. Two novel topical treat-
ments, which are typically used to improve car-
diovascular health, are proposed to improve
wound healing: statins and beta-blockers.5,9,19 Ad-
ditionally, topical treatment with metyrapone, an

inhibitor of CYP11B1, enhanced keratinocyte mi-
gration and wound epithelization.

Although statins are known to lower cholesterol
synthesis and reduce lipid levels, they may im-
prove wound healing. Mevastatin reverses inhibi-
tion of epithelization by FPP and enhances the
epithelization rate in acute wounds. Statins target
the mevalonate pathway and have been proved to
be beneficial in wound healing.19 Ongoing clinical
trials in patients with burns and diabetic foot ul-
cers treated with statins will be helpful in evalu-
ating the effects of systemic statins on healing
outcomes.

b2AR antagonists, or beta-blockers, are widely
used for the treatment of cardiac arrhythmias,
cardio-protection after myocardial infarction, and

TAKE-HOME MESSAGE
Basic science advances

� Systemically released stress hormones, cortisol and epinephrine, are
well known to inhibit wound healing, but until now, the mechanism of
this action has not been well understood.

� The epidermis represents an extra-adrenal source of stress hormones, as
keratinocytes produce both cortisol and epinephrine.

� Cortisol and FPP act as agonists to the GR. Both cortisol-GR and FPP-GR
complexes target the K6 promoter to down-regulate K6 expression, thus
decreasing keratinocyte migration.

� Activation of the b2AR in keratinocytes results in decreased signaling
through the PI3K/AKT pathway, thus resulting in a nonmigratory cell
phenotype and decreased locomotory speed.

Clinical science advances

� Evidence from experimental wound healing models indicates that local
production of stress-related hormones in keratinocytes contributes to
delayed wound healing.

� Drugs such as statins and beta-blockers are widely used in the medical
community, inexpensive, and maintain a good safety profile. Until re-
cently, they have shown little benefit in wound healing.

� Mevastatin and timolol have recently shown promise in reversing the
harmful effects of cortisol and epinephrine on keratinocyte migration and
wound epithelization.

Relevance to clinical care

� Chronic, nonhealing wounds are a problem reaching epidemic propor-
tions worldwide.

� Stress hormones released either systemically or locally play an important
role in the pathogenesis of delayed healing.

� Understanding the mechanisms responsible for impaired epithelization in
chronic wounds will facilitate development of therapeutic targets.

� In the future, statins and beta-blockers may be useful additions to the
therapeutic armory for the treatment of delayed or impaired wound
healing and burns.
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hypertension. They could be a novel therapeutic
option for wound healing, as beta-blockers, such
as timolol, target the b2AR, and diminish the
downstream effects of epinephrine during wound
healing. Therefore, topical application of b2AR
antagonists may represent a promising treatment
for chronic wounds.

Further studies are needed to address these po-
tential therapies in wound healing. One necessary
question to be addressed is whether topical applica-
tion of statins and beta-blockers is safe and whether
these are clinically useful drugs for the treatment of
patients with chronic, refractory wounds.

SUMMARY ILLUSTRATION

This illustration demonstrates the effect of local
stress hormone production on keratinocytes mi-
gration and epithelization. Local stress hormones,
cortisol, and epinephrine are produced by kerati-

nocytes. They bind to their respective receptors,
b2AR and GR, thus leading to down-regulation of
the AKT pathway, stabilization of actin cytoskele-
ton, an increase in focal adhesion formation, and
down-regulation of keratins 6 and 16. b2AR and
GR activation lead to inhibition of keratinocyte
migration and subsequent inhibition of epitheli-
zation and wound healing. However, inhibitors of
cortisol synthesis, statins, b2AR antagonists, and
systemic beta-blockers can decrease cortisol syn-
thesis, FPP, and epinephrine levels, respectively,
when topically applied to the skin, and restore
keratinocyte migration capacity.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

Until recently, systemically released cortisol and
epinephrine were recognized as the only mechanism
through which stress hormones influenced wound
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healing.1 However, novel studies have shown that
cortisol and epinephrine are also locally released
during skin injury by resident keratinocytes.

IL-1b induced levels of locally released cortisol
are postulated to play a role in the termination of
the inflammatory phase of wound healing. It is
possible that other inflammatory cytokines exert
similar effects on cortisol release. Additionally, this
novel finding poses a question relating to hormone
regulation during chronic inflammatory states.
Further research is needed to investigate this ar-
chetype of the inflammatory response present in
wound healing and possibly in other inflammatory
skin conditions.

In stressed individuals, elevated levels of
systemic epinephrine could contribute to the
inhibition of wound healing by delaying the re-
epithelization in skin and cornea. However, it is
likely that the dynamic process of re-epithelization
is not solely dependent on the effects of epineph-
rine. For example, effects of statins investigated in
patients with burns show that preinjury statin use
is associated with an 83% reduction in the likeli-
hood of death after burn injury.20 Therefore, the
synergistic effects of cortisol and epinephrine on
the inhibition of keratinocytes’ locomotion during
skin repair needs further exploration.

FUTURE DEVELOPMENT OF INTEREST

It is well recognized that wound healing is delayed
in the elderly. According to the World Health Orga-

nization (www.who.int/topics/ageing), the elderly
population is growing faster than all other age
groups. Nonhealing wounds, most commonly due to
vascular disease, diabetes mellitus, or prolonged
pressure, affect about 6.5 million people in the Uni-
ted States, with wounds in the elderly accounting for
85% of these.4 In addition to enormous suffering of
patients, nonhealing wounds among the elderly
represent a major area of unmet clinical need and
lead to significant mortality. During recent years,
experimental evidence emerged supporting new
therapeutic revenues to accelerate epithelization, a
defying parameter of wound healing. Among them,
statins and beta-blockers, medications already
widely used among the elderly population, may
provide new therapeutic approaches for treatment of
wound healing disorders. Clearly, further investi-
gations are needed to determine the best adminis-
tration route, concentration, and type of drug that
wound lead to the best healing outcomes.
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