
















response, keratinocyte activation,which involves release of pre-
stored IL-1� and a cascade of the timely regulated secretion of
other proinflammatory cytokines and growth factors (7). In
response, keratinocytes activate a number of processes such as
proliferation and migration, differentiation, and DNA repair
(11). However, very little is known about the mechanisms that

FIGURE 8. Metyrapone promotes wound healing in ex vivo human and
in vivo porcine wound models. A, hematoxylin and eosin staining dem-
onstrates complete epithelialization after treatment of acute ex vivo
wounds with metyrapone. Open arrowsindicate wound edges after initial
wounding, whereas solid arrowspoint to the epithelialized edges of the
migrating fronts 4 days after the wounding. B, quantification of the rate of
epithelialization 4 days after wounding is shown. Metyrapone (10� 3

M)
promotes epithelialization in a human skin organ culture model (*, p �
0.05). Topical dexamethasone (Dex, 10� 3

M) treatment delayed epithelial-
ization when compared with control untreated skin (**, p � 0.03) (n � 3).
C, quantification of the epithelialization rate in a porcine deep partial
thickness model is shown. Metyrapone treatment promotes epithelializa-
tion (*, p � 0.01), whereas dexamethasone inhibits it (**, p � 0.006) (n � 4).
Error barsrepresent S.D.

FIGURE 6. 11� -HSD2 (negative feedback enzyme) is induced by glucocor-
ticoids. A, expression of 11�-HSD2 during ex vivohuman acute wound heal-
ing (n � 3) is shown. Induction of 11�-HSD2 48 h post wounding is shown.
Quantitative real time PCR for the expression of 11�-HSD2 is shown. Expres-
sion levels were normalized to HPRT1. Error barsrepresent S.D. B, dexameth-
asone (Dex, 10�3 M) treatment for 6 h of human skin leads to a 4-fold induction
of 11�-HSD2 (n � 3). Quantitative real time PCR for the expression of 11�-
HSD2 is shown. Expression levels were normalized to HPRT1. Error barsrepre-
sent S.D.

FIGURE 7. Inhibitionof cortisol productionduringwoundhealing leads to
induction of IL-1 � expression. Acute wound explants were treated with
metyrapone (10�3

M), dexamethasone (DEX, 10�3 M), or combination for 48 h
(n � 3). Metyrapone treatment induces expression of IL-1�, whereas dexa-
methasone reverses that effect. Error barsrepresent S.D.
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control this rapid inflammatory response. One possibility is
receptor unresponsiveness or down-regulation by a high con-
centration of ligand. Alternatively, factors such as IL-10, IL-RA,
TGF-�1, or glucocorticoids may participate in resolution of
inflammation and reversal of the activation. Glucocorticoids
are known to attenuate the proinflammatory response in the
body (30, 65). It was shown that reduction in local production of
GCs in intestinal epithelium increases the susceptibility ofmice
to compound-induced experimental colitis due to augmented
immune response (56). Therefore, it is possible that keratino-
cytes produceGCs to allowproinflammatory signaling in a con-
trolled, timed fashion while preventing excess inflammation,
which can lead to further tissue damage and weakened repair.
In our previously published data we have shown that GC treat-
ment of HEK inhibits synthesis or signaling pathways of most
cytokines and growth factors involved in the inflammatory
phase of wound healing in a precise timely fashion (TNF�,
IL-1�, IL-4, IL-8, EGF, VEGF, INF-�, TGF�) (30).We have also
shown that GCs utilize a complex molecular mechanism to
inhibit the effects of EGF in wound healing (49, 66–68). Here
we have shown that inhibition of endogenous cortisol synthesis
with metyrapone during wound healing increases the expres-
sion of IL-1� comparedwith untreatedwound. This result indi-
cates that endogenous cortisol synthesis in skin can serve as a
mechanism that limits inflammation during acute wound
healing.
In view of our data, we propose that GC synthesis acts as

paracrinemechanism to increase the tissue level of cortisol. It is
well established that the immune response to injury affects
ACTH-cortisol secretion, causing increased release of cortisol
as proinflammatory cytokines such as TNF�, IL-1, and IL-6 act
on the hypothalamic, pituitary, or adrenal component of HPA
axis (24). Our results indicate the possibility that the similar
mechanism exists locally in tissues such as epidermis. In addi-
tion, constitutive epidermal cortisol synthesis changes the par-
adigmof inflammatory response and brings a new concept; that
is, proinflammatory signals need to overcome the endogenous
basic levels of GC for inflammation to occur. This further raises
a number of interesting possibilities, particularly in chronic
inflammatory and stress-mediated skin disorders as well as
auto-immune diseases with skin manifestations.
De Novo Synthesis of Glucocorticoids in Keratinocytes during

Acute Wound Healing—Another surprising finding is the
increased presence of CYP11B1 in the epidermis during the
time course of wound healing. Interestingly, CYP11B1 protein
levels were found to be gradually increasing, with the peak at
48 h post wounding. Increased levels of CYP11B1 at 48 h post
wounding coupled with a similar increase of hormone-acti-
vated GR-P indicates a linked pattern where the induction of
cortisol synthesis leads to the activation of the GR pathway. A
possible explanation for this result is induction of cortisol syn-
thesis by proinflammatory signals triggered by wounding.
Spatiotemporal cellular organization is especially crucial in

the wound healing process; thus, a tight regulatory pattern is
essential. Therefore, increased levels of CYP11B1 and cortisol
are resolved by 96 h post wounding. Although GCs may be
useful for tight control of proinflammatory signals, the pro-
longed presence of high levels of cortisol would slow down or

inhibit wound healing. We showed that dexamethasone treat-
ment blocks epithelialization, whereas metyrapone treatment
promotes epithelialization compared with the control wound.
This control of GC synthesis during wound healing occurs at
two levels. It is induced by IL-1� upon wounding, whereas it is
down-regulated by IGF-1, which is released later during wound
healing. It is possible that other wound-healing-mediated sig-
nals regulate CYP11B1 expression as well. In addition, down-
regulation of CYP11B1 occurs by its own negative feedback
loop whereby cortisol induces HSD11B1 that converts active
cortisol into an inactive form.
In summary, data presented in this paper describe de novo

synthesis of cortisol by epidermal keratinocytes in vitro and in
vivo. Epidermal keratinocytes synthesize and secrete cortisol,
express CYP11B1, an enzyme important for the last step of
cortisol synthesis, and show constitutive activation of the GR
pathway. Furthermore, IL-1 induces the CYP11B1 enzyme and
increases cortisol production by epidermis. In contrast, inhibi-
tion of cortisol synthesis increases IL-1. Cortisol levels increase
upon acute epidermal injury by wounding in both human skin
explants and porcine skin samples, possibly to limit initial pro-
inflammatory response. Therefore, we propose that epidermal
synthesis of cortisol in situ constitutes a negative feed-back
mechanism to curb inflammatory response caused by epider-
mal injury.
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Kainu, K., Ranta, S., Turpeinen, U., Hämäläinen, E., Jiao, H., Karvonen,
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