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The endogenous glucocorticoid, cortisol, is released from the adrenal gland in response to various stress
stimuli. Extra-adrenal cortisol production has recently been reported to occur in various tissues. Skin is
known to synthesize cortisol through a de novo pathway and through an activating enzyme. The enzyme
that catalyzes the intracellular conversion of hormonally-inactive cortisone into active cortisol is 11b-
hydroxysteroid dehydrogenase 1 (11b-HSD1). We recently reported that 11b-HSD1 is expressed in nor-
mal human epidermal keratinocytes (NHEKs) and negatively regulates proliferation of NHEKs. In this
study, we investigated the role of 11b-HSD1 in skin inflammation. Expression of 11b-HSD1 was induced
by UV-B irradiation and in response to the pro-inflammatory cytokines, IL-1b and TNFa. Increased corti-
sol concentrations in culture media also increased in response to these stimuli. To investigate the func-
tion of increased 11b-HSD1 in response to pro-inflammatory cytokines, we knocked down 11b-HSD1 by
transfecting siRNA. Production of IL-6 and IL-8 in response to IL-1b or TNFa stimulation was attenuated in
NHEKs transfected with si11b-HSD1 compared with control cells. In addition, IL-1b-induced IL-6 produc-
tion was enhanced in cultures containing 1 � 10�13 M cortisol, whereas 1 � 10�5 M cortisol attenuated
production of IL-6. Thus, cortisol showed immunostimulatory and immunosuppressive activities depend-
ing on its concentration. Our results indicate that 11b-HSD1 expression is increased by various stimuli.
Thus, regulation of cytosolic cortisol concentrations by 11b-HSD1 appears to modulate expression of
inflammatory cytokines in NHEKs.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Glucocorticoids (GCs) are one of the most effective classes of
drugs for treating acute and chronic inflammatory conditions.
GCs have been used in the clinic for more than 50 years. The major
anti-inflammatory mechanism of GCs is repression of inflamma-
tory gene transcription factors, such as nuclear factor-jB and acti-
vator protein-1 [1,2]. GCs are also widely used as topical ointments
for inflammatory dermatitis, such as atopic dermatitis and contact
dermatitis. GCs have anti-inflammatory effects on keratinocytes
and on inflammatory cells that infiltrate the skin. GCs also affect
proliferation, differentiation, and metabolism of keratinocytes [3].
Cortisol, an endogenous GC in humans (corticosterone in rodents),
is released in response to various stressors, including physical injury
and psychological stress. Cortisol activity depends on glucocorticoid
output from the adrenal gland and is controlled by the hypotha-
lamic–pituitary–adrenal (HPA) axis. Various stressors, such as inflam-
mation, viral infection, or trauma, can stimulate the HPA axis [4].
Extra-adrenal cortisol production in various tissues is also reported
[5–11]. Skin cells are also known to synthesize cortisol through a de
novo pathway and through an activating enzyme [12–24].

The enzyme that catalyzes the intracellular conversion of hor-
monally-inactive cortisone into active cortisol is 11b-hydroxyster-
oid dehydrogenase 1 (11b-HSD1) [25,26]. This enzyme is expressed
in many tissues, with the highest levels found in the liver, lung,
adipose tissue, ovaries, and central nervous system [25,27].

Expression of 11b-HSD1 occurs in epidermal keratinocytes, der-
mal fibroblasts, and root sheath cells of the outer hair follicle
[22,23,28,29]. In addition, 11b-HSD1 enzymatic activity has been
detected in cultured keratinocytes [29]. We previously reported
that 11b-HSD1 negatively regulates cutaneous wound healing by
modulating proliferation of keratinocytes and fibroblasts [30].
We also reported that expression of 11b-HSD1 is decreased in
benign and malignant tumors of the skin, including squamous cell
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carcinoma, basal cell carcinoma, and seborrheic keratosis, possibly
due to increased proliferation of keratinocytes in these tumors
[22]. In addition, expression of 11b-HSD1 increases with age and
in photo-exposed dermal fibroblasts [23,31].

In this study, we investigated the association between 11b-HSD1
and skin inflammation, especially in keratinocytes. We found that
various stimuli, including cytokines, UV-B irradiation, and the hap-
ten, 2,4,6-trinitrobenzene sulfonic acid (TNBS), increased expression
of 11b-HSD1 in keratinocytes. We further found that 11b-HSD1
modulated the response to various pro-inflammatory cytokines.

2. Materials and methods

2.1. Materials

Tumor necrosis factor a (TNFa), interleukin-1b (IL-1b) were
purchased from R&D Systems (Minneapolis, Minnesota, USA) and
dissolved in 0.1% bovine serum albumin in Phosphate Buffered Sal-
ine (PBS). TNBS were purchased from Nacalai Tesque (Kyoto, Japan)
and dissolved in PBS.

2.2. Cell culture

Normal human epidermal keratinocytes (NHEKs) were pur-
chased from DS Pharma Biomedical (Osaka, Japan). NHEKs were
cultured on type-1 collagen plates (Asahi Techno Glass, Funabashi,
Japan) in human keratinocyte serum-free media (DS Pharma Bio-
medical or Life Technologies). Cortisol and bovine pituitary extract
were removed from media 24 h prior to experiments.

2.3. Western blotting

Cell samples were placed at 4 �C in lysis buffer (0.5% sodium
deoxycholate, 1% Nonidet P40, 0.1% sodium dodecyl sulfate,
100 lg/ml phenylmethyl sulfonyl fluoride, 1 mM sodium ortho-
vanadate, provanadate, and protease inhibitor cocktail). Thirty
micrograms of protein were separated on SDS–polyacrylamide gels
and transferred onto polyvinylidine fluoride membranes (Bio-Rad,
Hercules, CA, USA). Non-specific protein binding was blocked by
incubating membranes in 5% w/v non-fat milk powder dissolved
in TBS-T (50 mM Tris–HCl, pH 7.6, 150 mM NaCl, and 0.1% v/v
Tween-20). The membranes were incubated with sheep anti-11b-
HSD1 antibody (The Binding Site, Birmingham, UK) at a dilution
of 1:1000 overnight at 4 �C or with mouse monoclonal anti-b-actin
(Sigma–Aldrich, St. Louis, MO, USA) at a dilution of 1:5000 for
60 min at room temperature. Membranes were then washed three
times in TBS-T (5 min each time). Finally, membranes were incu-
bated with either HRP-conjugated anti-mouse, or anti-sheep anti-
body at a dilution of 1:10000 for 60 min at room temperature.
Protein bands were detected with the ECL Plus kit (Thermo Scien-
tific, Rockford, Illinois, USA).

2.4. Small interfering RNA (siRNA) transfection

NHEKs (50,000 cells/ml) were seeded on type-1 collagen coated
plates 1 day prior to transfection. Cells were transfected with
50 nM 11b-HSD1 siRNA or control siRNA (Invitrogen) using RNAi
MAX (Invitrogen). Culture media was replaced 6 h later. Cells were
used for experiments 48 h after transfection.

2.5. RNA isolation and quantitative real-time polymerase chain
reaction (rtPCR)

Total RNA was isolated from cells with the SV Total RNA Isola-
tion System (Promega). The product was reverse-transcribed into
first-strand complementary DNA (cDNA). Expression levels of
11b-HSD1, interleukin-6 (IL-6), and interleukin-8 (IL-8) were mea-
sured with the Power SYBR Green PCR Master Mix (Applied Biosys-
tems, Foster City, CA) according to the manufacturer’s protocol.
Levels of mRNA were normalized to the housekeeping gene, glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). Sequence-specific
primers were designed as follow: 11b-HSD1, sense: 50-
tctcctctctggctgggaaag-30, antisense: 50-gaacccatccaaagcaaacttg-30;
IL-6, sense: 50-gaaagcagcaaagaggcact-30, antisense: 50-tttcaccagg-
caagtctcct-30; IL-8, sense: 50-tctgcagctctgtgtgaagg-30, antisense:
50-acttctccacaaccctctgc-30; and GAPDH, sense: 50-ggagtcaacg-
gatttggtcgta-30, antisense: 50-gcaacaatatccactttaccagagttaa-30.
Real-time PCR (40 cycles of denaturation at 92 �C for 15 s and
annealing at 60 �C for 60 s) was performed on an ABI 7000 Prism
(Applied Biosystems). Samples without reverse transcriptase (neg-
ative control) did not show any amplification.
2.6. Enzyme-linked immunosorbent assay (ELISA)

NHEKs (100,000 cells/ml, 100 ll) were seeded in a 96-well
type-1 collagen-coated plate. Cells were allowed to attach for
24 h. Media was then changed to basal media, which did not con-
tain cortisol or bovine pituitary extract. Culture media were har-
vested and stored at �20 �C. The amount of cortisol was
measured with the Cortisol EIA kit (Cayman Chemical Company,
Ann Arbor, MI, USA). This ELISA kit also cross-reacts with cortisone
(less than 2%). Therefore, we measured the absorbance of media
containing 10 nM cortisone. We measured the concentrations of
IL-6 and IL-8 with the Quantikine Immunoassay (R&D Systems).
Each assay was performed according to the manufacturer’s
protocol.
2.7. Statistical analysis

The data are expressed as means ± standard deviations (SD).
The significance of differences was determined by the unpaired
Student’s t-test.
3. Results

3.1. Various stimuli increased expression of 11b-HSD1 in NHEKs

We evaluated expression of 11b-HSD1 in NHEKs in response to
various stimuli, including TNFa, UV-B irradiation, and TNBS. TNFa,
TNBS, and UV-B irradiation increased 11b-HSD1 mRNA levels in
NHEKs (Fig. 1A). In addition, pro-inflammatory cytokines, such as
IL-1b and TNFa, increased protein levels of 11b-HSD1 (Fig. 1B).
These stimuli also increased cortisol concentrations in the cell cul-
ture media of NHEKs, as measured by ELISA (Fig. 1C). These results
suggest that expression of 11b-HSD1 is induced by various stimuli
in NHEKs.
3.2. Knockdown of 11b-HSD1 by siRNA decreased cortisol levels in
media

We knocked down 11b-HSD1 expression and measured cortisol
concentrations in cultured media to determine the effects of 11b-
HSD1 on cortisol production in NHEKs. Transfection of 11b-HSD1
siRNA reduced mRNA levels of 11b-HSD1, confirming that knock-
down was successful (Fig. 2A). Cortisol concentrations significantly
increased upon addition of cortisone. However, knockdown of 11b-
HSD1 reduced cortisol production (Fig. 2B). These data indicate
that 11b-HSD1 is at least partially responsible for regulating corti-
sol production in NHEKs.



Fig. 1. Various stimuli increased expression of 11b-HSD1 in normal human epidermal keratinocytes (NHEKs). (A) NHEKs were exposed to vehicle, TNFa (10 ng/ml), 2,4,6-
trinitrobenzene sulfonic acid (TNBS, 0.1 mM), UV-B irradiation (40 mJ/cm2), or sham irradiataion, and harvested after 1 hour. Expression of 11b-HSD1 was measured by rtPCR.
GAPDH served as an internal control. An asterisk (⁄) indicates a statistically significant difference (⁄P < 0.05, Student’s t-test). (B) NHEKs were stimulated with vehicle, 10 ng/
ml IL-1b or TNFa, and Western blotting for 11b-HSD1 was performed after 24 h. b-actin served as an internal control. (C) NHEKs were exposed to vehicle, IL-1b (10 ng/ml),
TNFa (10 ng/ml), TNBS (0.1 mM), UV-B irradiation (40 mJ/cm2), or sham irradiataion for 24 h. Cortisol concentrations in cell culture media were then measured by ELISA.

Fig. 2. Knockdown of 11b-HSD1 by siRNA decreased cortisol levels in media. (A)
NHEKs were transfected with si11b-HSD1 or control siRNA for 48 h. The mRNA
expression of 11b-HSD1 was assessed by rtPCR. GAPDH served as an internal
control. An asterisk (⁄) indicates a statistically significant difference (⁄P < 0.01,
Student’s t-test). (B) Cortisol concentrations were measured in the media of NHEKs
transfected with si11b-HSD1 or control siRNA. Cortisone (1 nM) was added in some
experiments. An asterisk (⁄) indicates a statistically significant difference compared
to the vehicle-treated group (⁄P < 0.05, Student’s t-test).
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3.3. Knockdown of 11b-HSD1 abrogated the response of keratinocytes
to pro-inflammatory cytokines

Next, we investigated the role of 11b-HSD1 in the response to
pro-inflammatory cytokines. NHEKs were transfected with control
siRNA or 11b-HSD1 siRNA and stimulated with IL-1b or TNFa. The
mRNA levels of IL-6 were then evaluated. IL-6 expression was in-
duced by IL-1b and TNFa in control siRNA-transfected cells. How-
ever, IL-1b- or TNFa-mediated induction of IL-6 was abrogated by
knockdown of 11b-HSD1 (Fig. 3A and C). Similarly, IL-1b- or TNFa-
induced IL-8 mRNA expression levels were also decreased upon
knockdown of 11b-HSD1. In addition, stimulation of control siR-
NA-transfected cells with IL-1b or TNFa resulted in increased con-
centrations of IL-6 (Fig. 3E) and IL-8 (Fig. 3F) in culture media.
However, these effects were abrogated by 11b-HSD1 knockdown.
These results suggest that 11b-HSD1 expression contributes to
the production of the inflammatory cytokines, IL-6 and IL-8, in
keratinocytes.
3.4. Opposing effects of low-dose versus high-dose cortisol on the
inflammatory response of keratinocytes

We examined the effects of cortisol on the pro-inflammatory re-
sponse of keratinocytes. NHEKs were exposed to various concen-
trations of cortisol for 24 h and then stimulated with IL-1b. IL-6
mRNA levels were induced by low doses of cortisol (1 � 10�13

and 1 � 10�10 M) in comparison to cells cultured in cortisol-free
media. In contrast, mRNA expression of IL-6 was decreased in
NHEKs exposed to a higher dose of cortisol (1 � 10�7 M) in com-
parison to either the lower-dose groups (1 � 10�13 and
1 � 10�10 M) or the control group cultured in cortisol-free media
(Fig. 4A). Similarly, IL-6 concentrations in culture media were in-
creased in NHEKs cultured in a low dose of cortisol (1 � 10�10 M)
(Fig. 4B).



Fig. 3. Knockdown of 11b-HSD1 abrogated the response of keratinocytes to pro-inflammatory cytokines. (A–D) NHEKs were transfected with si11b-HSD1 and stimulated
with IL-1b (10 ng/ml) or TNFa (10 ng/ml). Cells were harvested after 1 hour. Expression levels of IL-6 (A and C) and IL-8 (B and D) were measured by rtPCR. GAPDH served as
an internal control. An asterisk (⁄, ⁄⁄) indicates a statistically significant difference (⁄P < 0.05, ⁄⁄P < 0.01, Student’s t-test). (E and F) Keratinocytes were transfected with si11b-
HSD1 or control siRNA and stimulated with vehicle, IL-1b (10 ng/ml) or TNFa (10 ng/ml). Culture media were harvested 24 h later. Concentrations of IL-6 (E) and IL-8 (F) were
measured by ELISA. An asterisk (⁄) indicates a statistically significant difference (⁄⁄P < 0.01, ⁄P < 0.05, Student’s t-test).
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4. Discussion

In this study, we investigated the role of 11b-HSD1 in NHEKs.
We found that expression of 11b-HSD1 was induced by various
stimuli. We further revealed that knockdown of 11b-HSD1 dimin-
ished the response to pro-inflammatory cytokines. These results
suggest that cortisol production, which is mediated by 11b-HSD1,
is important for the production of inflammatory cytokines in
NHEKs. Thus, 11b-HSD1 expression and activity may be needed
in order to achieve an optimal inflammatory response in
keratinocytes.

GC medications are well-established systemic and topical
anti-inflammatory agents. However, the anti-inflammatory effects
of GC-based drugs are achieved at concentrations that are much
higher than physiological levels of GCs. Glucocorticoids have the
potential to enhance or suppress the immune response depending
on the concentration and duration of exposure [32–35]. In fact,
10�10 M of corticosterone has been shown to enhance expression
of pro-inflammatory cytokines in mouse peritoneal macrophages,
whereas higher concentrations of corticosterone (10�7 M and
10�6 M) suppress the immune response [36]. Furthermore,
inactivation of glucocorticoid receptor (GR) in peritoneal macro-
phages abrogates the immunostimulatory and immunosuppressive
actions of GC. Thus, the stimulatory and suppressive effects of GCs
on the immune system appear to be mediated through a common
pathway involving GR [36]. Low-dose versus high-dose cortisol
had opposing effects on the pro-inflammatory response of NHEKs
in our experiments. These data are consistent with the opposing
actions of cortisol reported in the literature. In addition, these data
indicate that the concentration of cortisol is a critical parameter to
consider during experimental design and interpretation.

The role of 11b-HSD1 in inflammation has been previously
studied. Expression of 11b-HSD1 was induced in the murine
macrophage cell line, J774.1, in response to LPS. Importantly,
inhibition of 11b-HSD1 significantly suppressed expression of
pro-inflammatory cytokines. Thus, 11b-HSD1 mediated pro-
inflammatory responses in macrophages [37]. In addition, LPS,
TNF-a, and IL-1b augmented expression of 11b-HSD1 in 3T3-L1
preadipocytes. Inhibition of 11b-HSD1 reduced TNFa-induced
IL-6, whereas overexpression of 11b-HSD1 further augmented
TNFa-induced IL-6 expression [38]. These results are consistent
with our findings in NHEKs.



Fig. 4. Opposing effects of low-dose versus high-dose cortisol on the inflammatory
response of keratinocytes. (A) The indicated dose of cortisol was added to cultured
media for 24 h, and then cells were treated with vehicle or IL-1b (10 ng/ml). Cells
were harvested after 1 hour, and IL-6 expression was investigated by rtPCR. GAPDH
served as an internal control. (B) The indicated dose of cortisol was added to
cultured media for 24 h, and then cells were treated with vehicle or IL-1b (10 ng/ml)
for 24 h. Culture media were collected 24 h later, and concentrations of IL-6 were
measured by ELISA. An asterisk (⁄) indicates a statistically significant difference
(⁄⁄P < 0.01, ⁄P < 0.05, Student’s t-test).
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Local corticosterone activation by 11b-HSD1 was reported to
occur during inflammation in vivo. In addition, 11b-HSD1 expres-
sion was increased in lung tissue after immune cells were activated
by an anti-CD3 antibody [11]. In the K/BxN serum-induced inflam-
matory arthritis model, mice that were deficient for 11b-HSD1
showed an earlier onset and slower resolution of inflammation
than wild-type mice. These data suggest that 11b-HSD1 protects
against inflammation in this model of arthritis [39]. These in vivo
results varied from our results, because11b-HSD1 showed immu-
nosuppressive activities in the in vivo model. Investigating local
in vivo cortisol production in skin is complicated, because local cor-
tisol is produced de novo and through 11b-HSD1-mediated path-
ways. Furthermore, 11b-HSD1 is expressed in other skin cells,
including fibroblasts, melanocytes, and immune cells. Thus, in
addition to keratinocytes, these cells must be considered as sources
of skin cortisol synthesis. To improve current understanding of the
function of 11b-HSD1 in keratinocytes, future studies must be per-
formed in keratinocyte-specific 11b-HSD1-knockout mice.

In summary, we demonstrate that 11b-HSD1 modulates a
pro-inflammatory response in NHEKs by altering cortisol produc-
tion. Keratinocytes are located in the outer layer of the skin and
are continuously exposed to various mechanical and chemical
stimuli. Thus, 11b-HSD1-mediated cortisol production is a poten-
tial mechanism by which local skin inflammation occurs.
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