zumab to scleroderma patients exhibited ameliorating
effects of skin sclerosis,’™ and seemed to reduce the
number of Erk-activated a-SMA-positive fibroblast in le-
sional skin (Figure 4D). These findings were inconclusive
because of the number of cases, and further studies were
required.

Another finding was reduction of LN swelling by
MR16-1 treatment in mice in the BLM-induced model of
scleroderma. We could not determine whether the LN
swelling associated with BLM treatment was a cause or
effect of BLM-induced skin sclerosis. Examination of the
differential ratios of leukocytes, such as T cells, B cells,
and macrophages, did not give any insight, as these
were not altered after 4 weeks of BLM injection (data not
shown). However, there was a slight, but significant, in-
crease in the numbers of cells double-positive for PDCA-
1"CD11c* (Figure 6D) or B220*CD11c* (data not
shown) in the draining LNs of MR16-1-treated mice rel-
ative to control Ab-treated mice in the prevention mode!.
This suggests that IL-6 might affect pDC numbers in the
LNs. LN swelling is not a well-known symptom in sclero-
derma, and only a few articles describe LN findings in
scleroderma.®’ We should keep an eye on such symp-
toms.

Recent studies have indicated that pDCs may promote
scleroderma via secretion of type 1 interferon,3? and in-
duction of type 1 interferon was found by anti-topoisom-
erase antibody-containing serum, but not by anti-centro-
mere antibody.***° However, other data suggest MHC
class ll-restricted antigen presentation by pDCs might
inhibit T-cell-mediated autoimmunity via selective expan-
sion of Ag-specific natural regulatory T cells.3* Because
MHC class ll-restricted proliferation of CD4™ T cells had
been previously thought to contribute to the pathogene-
sis of scleroderma,®® one could speculate that an in-
creased ratio of pDCs might prevent skin sclerosis via
regulating peripheral tolerance. However, it is clear that
the function of pDCs in pathogenesis of scleroderma is
complex and needs further study.

The clear positive effects of IL-6 inhibition in mouse
models with scleroderma indicate that further study of
IL-6-secreting cells, effectors, and signaling in sclero-
derma holds great promise for the development of ther-
apies for scleroderma, as well as for other diseases in
which IL-6 can play a pivotal role.
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Abstract

11B-hydroxysteroid dehydrogenase 1 (11f-HSD1) catalyzes the interconversion of cortisone and cortisol within the
endoplasmic reticulum. 118-HSD1 is expressed widely, most notably in the liver, adipose tissue, and central nervous system.
It has been studied intensely over the last 10 years because its activity is reported to be increased in visceral adipose tissue
of obese people. Epidermal keratinocytes and dermal fibroblasts also express 118-HSD1. However, the function of the
enzymatic activity 113-HSD1 in skin is not known. We found that 113-HSD1 was expressed in human and murine epidermis,
and this expression increased as keratinocytes differentiate. The expression of 118-HSD1 by normal human epidermal
keratinocytes (NHEKs) was increased by starvation or calcium-induced differentiation in vitro. A selective inhibitor of 11p-
HSD1 promoted proliferation of NHEKs and normal human dermal fibroblasts, but did not alter the differentiation of NHEKs.
Topical application of selective 113-HSD1 inhibitor to the dorsal skin of hairless mice caused proliferation of keratinocytes.
Taken together, these data suggest that 11p-HSD1 is involved in tissue remodeling of the skin. This hypothesis was further
supported by the observation that topical application of the selective 113-HSD1 inhibitor enhanced cutaneous wound
healing in C57BL/6 mice and ob/ob mice. Collectively, we conclude that 11B-HSD1 is negatively regulating the proliferation
of keratinocytes and fibroblasts, and cutaneous wound healing. Hence, 118-HSD1 might maintain skin homeostasis by
regulating the proliferation of keratinocytes and dermal fibroblasts. Thus 118-HSD1 is a novel candidate target for the
design of skin disease treatments.
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Introduction

The endogenous steroid hormone glucocorticoid (GC) is
released in response to various stressors such as physical injury
and psychological stress. It regulates biological processes including
growth, development, metabolism, and behavior [1,2]. In
mammalian cells, it induces diverse responses including differen-
tiation, proliferation, and apoptosis [3].

GC is the most effective anti-inflammatory drug for treating acute
and chronic inflammatory diseases, and has been used for more
than half a century. The major anti-inflammatory mechanism of
GC is the repression of inflammatory gene transcription factors such
as nuclear factor kB and activator protein-1 [1,4]. Topical
application of GC ointment is one of the most common treatments
for inflammatory dermatitis, and its mechanism is thought to be its
anti-inflammatory effects on keratinocytes and skin infiltrating
inflammatory cells. In addition to its strong anti-inflammatory
effects, GC also influences keratinocyte biology in other ways.
Microarray analyses have revealed that dexamethasone, a synthetic

@ PLoS ONE | www.plosone.org

glucocorticoid, regulates genes associated with differentiation,
metabolism, and inflammation in keratinocytes [5].

Cortisol is the endogenous GC in humans. The enzyme 118-
hydroxysteroid dehydrogenase (118-HSD) is known to catalyze the
interconversion between hormonally active cortisol and inactive
cortisone in cells [6,7,8]. The two iso-enzymes of 11B-HSD both
reside in the endoplasmic reticulum membrane [9]. The 11fB-
HSD1 isoform, which catalyzes the conversion of cortisone to
cortisol, is widely expressed at the highest levels in the liver, lung,
adipose tissue, ovary, and central nervous system. The 11B-HSD2
isoform, which catalyzes the conversion of cortisol to cortisone, is
highly expressed in the distal nephron, colon, sweat glands, and
placenta. Because 113-HSD1 activity is reported to be elevated in
the visceral adipose tissue of obese people, it has been studied
intensely over the last 10 years [10,11,12]. Targeted overexpres-
sion of 11B-HSD! in adipose tissue in mice has been found to
model metabolic syndrome [13,14].

Recently, 11B-HSD1 was found to be expressed in epidermal
keratinocytes, dermal fibroblasts, and outer hair follicle root sheath
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cells. 11B-HSD1 expression increases with age in primary dermal
fibroblasts and in skin tissues [15,16]. Furthcrmore, Cirillo ct al.
demonstrated enzymatic activity of 118-HSDs in keratinocyte in
culture [17]. While these results suggested that 11B-HSDs have
functions in skin component cells, the in vivo functions of 11§-
HSDs, in skin homecostasis remained unclear.

In this study, we demonstrate that 11B-HSD! is critical for skin
homcostasis, which functions by modulating keratinocyte and
fibroblast proliferation. In addition, we show the cffect of topical
application of a sclective inhibitor of 11B-HSD1 on mouse skin and
cutancous wound healing, which collectively may demonstrate the
possibility of 11B-HSD1 as a novel target in treating cutancous discase.

Materials and Methods

Cell culture

Normal human epidermal keratinocytes (NHEKS) and normal
human dermal fibroblasts (NHDFs) were purchased from DS
Pharma Biomedical (Osaka, Japan). NHEKSs werc cultured on type-
1 collagen-coated plates (Asahi Techno Glass, Funabashi, Japan) in
human keratinocyte serum-free medium (DS Pharma Biomecdical)
supplemented with bovine pituitary extract. Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
was used to culture NHDFs. Isolation and culture of mousc
keratinocytes and mouse fibroblasts were carried out as previously
described [18]. Full-thickness skin harvested from day 2 to day 4
newborn mice was treated with 4 mg/ml of dispase (Gibeo;
Invitrogen, Paisley, UK) for 1 h at 37°C. Next, the epidermis was
pecled from the dermis. The epidermis was trypsinized to prepare
single cclls. It was then incubated in Human Keratinocyte Serum
Free Medium for 6 h at 37°C under an atmosphere with 5% CO,.
Non-adherent cells were washed away with phosphate-buffered
saline (PBS) twice, and then cultured for 2-3 days in human
keratinocyte serum free medium before use in experiments. The
dermis was placed in PBS+0.05% type-1 collagenase (Sigma-
Aldrich, St Louis, MO, USA) and incubated at 37°C for 30 min
with vigorous agitation to prepare single cells. After filtration, cclls
were centrifuged at 200 g for 10 min, resuspended in DMEM+10%
FBS, and incubated at 37°C and in 5% COs. First or second
passage fibroblasts were used for experiments.

Histopathological analysis

Samples of normal skin from healthy volunteers were taken after
written informed consent. All studies were approved by the ethical
committee of Osaka University. Samples were fixed in 10%
formaldehyde for 24 h, followed by embedding in paraffin and
microtome sectioning. Slides were stained with hematoxylin and
cosin (H&E). For immunohistochemical analysis, sections were
hydrated by passage through xylene and graded ethanols. After
antigen retrieval for 10 min at 90°C in citric buffer, pH 6.0, the slides
were blocked with serum-free protein block (Dako-Cytomation,
Carpinteria, CA, USA) for 10 min, then incubated with primary
antibody overnight at 4°C (rabbit anti-11-HSD]1 antibody 1:100
dilution, Abcam, Cambridge, UK; rabbit anti-Ki-67 antibody 1:500
dilution, Novocastra Laboratories Ltd, Newcasle, UK). After
washing with tris-buffered saline (TBS) containing 0.05% Triton-
X100, slides were mounted using the Vectastain ABC kit® (Vector
Laboratories, Burlingame, CA, USA) followed by counterstaining
with haematoxylin. Rabbit IgG were used as the isotype controls. For
immunofluorescent analysis, sections were hydrated as described
above and incubated with primary antibody (rabbit anti-113-HSD1
antibody 1:100 dilution and mouse anti-keratin 14 antibody 1:500
dilution, Abcam), followed by secondary antibody (anti-rabbit Alexa
Fluor 555 and anti-mouse Alexa Fluor 488, Invitrogen).
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Western blotting

Cell samples were solubilized at 4°C in lysis buffer (0.5%
sodium deoxycholate, 1% Nonidet P40, 0.1% sodium dodecyl
sulphate, 100 pg/ml phenylmethylsulphonyl  fluoride, 1 mM
sodium orthovanadatc, and protease inhibitor cocktail). For in vivo
samples, skins were crushed in liquid nitrogen and solubilized at
4°C in lysis buffer. Ten 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 the membranes in 5%
w/v non-fat milk powder in TBS-T (50 mM Tris-HCI, pH 7.6,
150 mM NaCl, and 0.1% v/v Tween-20). The membrancs were
incubated with sheep anti-118-HSD1 antibody (The Binding Site,
Birmingham, UK), rabbit anti-keratin 1 antibody {Covance,
Emeryville, CA, USA), and anti-involucrin (IVL) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) 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
30 min at room temperature. Then, the membranes were washed
three times in TBS-T for 5 min. Finally, thc membranes were
incubated with cither HRP-conjugated anti-rabbit, anti-mousc, or
anti-sheep antibody at a dilution of 1:10,000 for 60 min at room
temperature. Protein bands were detected using the ECL Plus kit
(GE Hecalthcare, Buckinghamshire, UK). The intensity of the
bands was quantified by using NIH image J softwarc.

11B-HSD1 inhibitor treatment

11B-HSD1 inhibitor (385581) purchased from Merck (White-
house Station, NJ, USA) is a potent inhibitor of 11B-HSD1 with
>450- and >100-fold sclectivity over human and mouse 11p-
HSD2, respectively [19]. The inhibitor was dissolved in DMSO
and further diluted more than 100,000-fold in culture medium (for
i vitro experiments), in a 1:1 mixture of acetone:olive oil (for in vivo
topical application), or in PBS (for i vivo wound healing). DMSO
was used as a vchicle control.

MTS cell viability assay

Cellular viability was assessed using Cell Titer96® Aquecous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA).
Briefly, NHEKs or NHDFs were seeded onto 96-well plates (5000
cells/well or 500 cells/well in 100 pl medium, respectively). The
cells were allowed to attach for 24 h and then incubated with 11f-
HSD1 inhibitor or vehicle control at the indicated doses for 48 h.
Next, 20 ul of MTS reagent was added, and the cells were
incubated for 2 h. Optical density was measured at 490 nm with a
Micro Plate Reader (Bio-Rad, Hercules, CA, USA).

BrdU incorporation assay

Cell proliferation was assessed using cell proliferation ELISA,
BrdU (Roche, Basel, Switzerland) according to the manufacturer’s
protocol. Briefly, NHEKs were seeded onto 96-well plates (5000
cells/well in 100 pl medium). The cells were allowed to attach for
24 h and then incubated with 11B-HSDI inhibitor or vehicle
control at the indicated doses for 48 h. Next, cells were labeled with
BrdU, and incubated for 4 h. BrdU incorporation was quantified by
measuring with a Micro Plate Reader (Bio-Rad) at 450 nm.

siRNA transfection

NHEKs (50,000 cells/ml) were seeded on type-1 collagen
coated plates 1 day prior to transfection. Cells were transfected
with 11B-HSDI or control siRNAs (Invitrogen) at 50 nM using
RNAiI MAX (Invitrogen), and the culture medium was replaced
6 h later. Cells were used for experiments 48 h after transfection.
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RNA isolation and quantitative real time polymerase
chain reaction (rtPCR) )

Total RNA was isolated from cells using the SV Total RNA
Isolation System (Promega). The product was reverse-transcribed into
first-strand complementary DNA (¢cDNA). Thereafier, the expression
of 11B-HSDI, 11B-HSD2, IVL, and keratin 10 (K10) was measured
using the Power SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA) according to the manufacturer’s protocol. Glycer-
aldchyde-3-phosphate dehydrogenase (GAPDH) was used to normal-
izc the mRNA as quantificd GAPDH was not affected by the
treatment. Similar results were obtained in cach experiment when
another internal control, B-actin, was used to normalize the mRNA
(data not shown). Sequence-specific primers were designed as follows:
11B-HSDI, sense: 5'-tetectetctggetgggaaag, antisense: 5'- gaacceate-
caaagcaaacttg; IVL, sense: 5'-tetgecteagecttactgtg, antisense: 5'-
ggaggaggaacagtctigagg; K10, sense: 5'-tgaaaagceatggcaactcac, anti-
sense: b'-tgtegatctgaageaggatg; Fibroblast growth factor-2 (FGF-2),
sense: 5'-agagegacccteacatcaag, antisense: 5'- actgeccagttegtitcagt;
TGF-B, sense: 5'- cacgtggagetgtaccagaa: 5'- gaaccegttgatgteeactt |
Matrix metalloproteinase-1 (MMP-1), sense: 5'- gtgctaaaggtgecaatggt,
antisense: 5'- tecttggggtateegtgtag ; Collagen 1 alpha 1 (Collal), sensc:
5~ ctectegetttectteetet, antisense: 5 clectegetttectteetet 3 and
GAPDH, sensc: 5'- ggagteaacggatttggtegta-3', antiscnse: 5'- gecaacaa-
tatccactttaccagagttaa-3'. Real-time PCR (40 cycles of denaturation at
92°C for 15 scconds and annealing at 60°C for 60 scconds) was run
on an ABI 7000 Prism (Applied Biosysterns). Samples without reverse
transcriptase (negative control) did not show any amplification.

Cortisol measurement by ELISA

NHEKSs (10,000 cells/ml, 100 pl) were sceded on 96-well type-A
collagen-coated plates. The cells were allowed to attach for 24 h and
then the medium was changed to a high calcium (1.2 mM) basal
medium that did not contain bovine pituitary extract, to remove
cortisol from the culture media. The culture media were harvested

113-HSD1 in Skin Homeostasis

48 h later. Harvested samples were stored at —20°C until usce. The
amount of cortisol in samples was measured with an Cortisol EIA kit
(Cayman Chemical Company, Ann Arbor, MI, USA).

Wound healing assay

Male G57BL/6 and C57BL/6J-0b/0b mice were obtained from
Japan Charles River, Inc. Animal care was in accordance with the
institutional guidclines of Osaka University. At 6 weeks of age,
dorsal hairs were removed by using hair removal cream (cpilat,
Kracie, Inc., Tokyo, Japan). Full-thickness 15-mm wounds were
created on the backs of mice (n=3 in cach group for first
cxperiment and n =4 in cach group for sccond experiment) a day
after hair removal. 11B-HSDI inhibitor (10 uM) or vehicle control
dissolved in PBS was applied to the wound and the wound was
covered with hydrocolloid dressing. This application was repeated
cvery 2 days. The wound arcas were calculated by measuring the
major and minor axes on days, 0, 2, 4, 6, 8, 10, and 12 after
wounds were created. )

Topical 11B-HSD1 inhibitor treatment

Eight-weck-old male Hos: HR-1 mice (hairless mice) were
obtained from Japan SLC, Inc. Animal carc was in accordance
with the institutional guidelines of Osaka University. Mouse dorsal
skins (n=3 in cach group for first experiment and n=35 in cach
group for sccond cxperiment) were treated with 115-HSDI
inhibitor (50 uM) or vehicle control dissolved in a 1:1 mixturce of
acctone:olive oil for 5 continuous days. One day after the last
treatment, the treated dorsal skins were harvested for histological
analysis.

Statistical analysis

The data are cxpressed as mean values = standard deviation
(SD). The unpaired Student’s #test was used to determine the level
of significance of differences between the sample means.
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Figure 1. 11B-HSD1 expression in human skin. (a) Immunohistochemical staining of 118-HSD1 (DAB staining) in normal skin tissue. Bar =50 um
(b) tmmunofluorescent staining of 11B-HSD1 (red) and keratin 14 (green). Bar=100 uM (c) PCR detecting 114-HSD1 in NHEKs and NHDFs. RT-:

samples without reverse transcriptase (negative control).
doi:10.1371/journal.pone.0025039.g001
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Results

11B-HSD1 expression in the skin

First, the cxpression of 11B-HSDI in healthy skin was
examined. 11B-HSD1 was broadly expressed in all layers of the
epidermis and in dermal fibroblasts (Figure 1a). Its expression was
stronger in the cytoplasm of supra-basal cells, and only weakly
detected in basal cells. This was also confirmed by double staining
with both the ant-11B-HSD1 antibody and the basal cell marker,
anti-K 14 (Figure 1b). The cxpression of 11B8-HSD1 was also
detected in cultured NHEKSs and in NHDFs (Figure lc).

11B-HSD1 expression is increased by starvation or

calcium induced differentiation
We next investigated whether the starvation and differentiation
alter the expression of 113-HSD1 in NHEKSs. Starving keratino-
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cytes by depriving them of pituitary extract in the culture media
retards the growth of keratinocytes. Twenty-four hours of
starvation significantly increased the expression of 11B-HSDI
(Figure 2a). NHEKSs arc known to differentiate when 1.2 mM
calcium is added. This treatment causes the early differentiation
markers keratin 1 (K1), K10, and IVL to increasc as the cells
differentiate  [20,21]. The stimulation of differentiation with
1.2 mM of calcium increased the expression of 118-HSDI in
NHEK:s (Figure 2b and 2c). These results indicate that starvation
of essential supplements or calcium-induced  differentiation
increases the expression of 11B-HSD1 in NHEKSs.

11B-HSD1 regulates proliferation, but not differentiation,
of NHEKs

To determine if 113-HSD1 modulated keratinocyte proliferation,
we investigated the effect of selective 11B-HSD1 inhibitor on the

) (+)
1.2mM Ca

Involucrin

48H

48H OH 6H  24H

24H

OH 6H 48H OH 6H  24H

Figure 2. 118-HSD1 expression is increased with starvation and differentiation. (a) The relative expression of 118-HSD1 in NHEKs assessed
by rtPCR with or without pituitary extract (pit) in culture media. GAPDH was used as an internal control. (b)Western blotting for detecting 11p-HSD1,
Keratin 1, and Involucrin 48 h after adding 1.2 mM of calcium to culture media of NHEKs. The numbers indicate the relative ratio to B-actin. (c) The
relative expressions of 11B-HSD1, Keratin 10, and Involucrin of the indicated hour after adding 1.2 mM calcium to culture media of NHEKs assessed by
rtPCR. GAPDH was used as an internal control. An asterisk indicates a statistically significant difference (*P<0.05, **P<C0.01, Student’s t-test).
doi:10.1371/journal.pone.0025039.g002
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Figure 3. 11p-HSD1 regulates proliferation but not differentiation of NHEKs. (a,b) 11B-HSD1 selective inhibitor was applied to NHEKs at
indicated dose and proliferation of the cells was assessed by MTS assay (a) and BrdU absorption (b) 72 h later. DMSO was applied as vehicle control
and epidermal growth factor (EGF) was used as positive control in MTS assay. The relative ratio compared with absorbance of vehicle control (0 uM) is
suggested. The histograms indicate means and SDs for eight independent experiments. An asterisk (*) indicates a statistically significant difference
from the vehicle treated group (P<(0.05, Student’s t-test). (c) siRNA knockdown efficacy (left) and MTS assay (right) of NHEKs transfected with 118-
HSD1 or control. Assay was performed 48 h after transfection. Transfection of si11B-HSD1 decreased the mRNA expression 11B-HSD1 more than 95%
assessed by rtPCR. GAPDH was used as an internal control. The histograms indicate means and SDs for eight independent experiments. An asterisk (*)
indicates a statistically significant difference from the vehicle treated group (P<0.05, Student’s t-test). (d) Western blotting of NHEKs for detecting
Keratin 1, and Involucrin treated with 11B-HSD1 selective inhibitor at indicated dose for 72 h with or without 1.2 mM calcium treatment. p-actin was
used as an internal control. {e) The relative expressions of Keratin 10 and Involucrin treated with 10 uM 11B-HSD1 selective inhibitor for 48 h with or
without 1.2 mM calcium treatment assessed by rtPCR. GAPDH was used as an internal control. n.s.: not significant.
doi:10.1371/journal.pone.0025039.g003

proliferation of NHEKSs. Addition of 100 nM~10 uM of inhibitor to decreased cell viability. Knocking down 11B-HSD1 with siRNA
culture medium, induced cell proliferation in a dose dependent also reduced the viability of NHEKSs (Figure 3c¢). These observations
manner in both MTS assays (Figure 3a) and BrdU absorption assays suggest that basal levels of 11B-HSD1 are essential for keratinocytes
(Figure 3b), suggesting that 11B-HSD1 inhibits keratinoctye survival, and excessive loss of 11B-HSD1 activity with higher doses
proliferation. In contrast, higher doses (100 pM) of inhibitor of inhibitor (100 pM) or siRNA-mediated depletion, can therefore
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Figure 4. 11p-HSD1 regulates proliferation of NHDFs. (a) The relative expression of 118-HSD1 in NDHF assessed by rtPCR with 10% FBS or 1%
FBS in culture media. GAPDH was used as an internal control. (b) 118-HSD1 selective inhibitor was applied to NHDFs cultured in DMEM containing 2%
FBS at indicated dose and proliferation of the cells was assessed by MTS assay 72 h later. DMSO was applied as vehicle control. The histograms
indicate means and SDs for eight independent experiments. An asterisk (*) indicates a statistically significant difference from the vehicle treated
group (P<0.05, Student's t-test). (c) The relative expressions of Collal, MMP-1, FGF-2, TGF-f3 treated with 11B-HSD1 selective inhibitor at indicated

dose for 48 h assessed by rtPCR. GAPDH was used as an internal control.

doi:10.1371/journal.pone.0025039.g004

not be used to evaluate the functions of 11-HSDI in cortisol
production, proliferation, or differentiation of keratinocytes.

Next, we evaluated the effects of 118-HSD! inhibitor on the
calcium-stimulated differentiation of NHEKs. Although calcium
treatment increased the expression of 11B-HSDI, protein and
mRNA for K1 or K10, and IVL were not affected by 1 to 10 uM
of sclective 11B-HSD1 inhibitor (Figure 3d,c). These results
indicated that 11B-HSDI1 might be involved in the proliferation
but not in the differentiation of NHEKS.

11p-HSD1 regulates proliferation of NHDFs

We next investigated the function of 11B-HSDI in NHDFs.
Starving NHDFs by reducing medium concentrations of FBS from
10% to 1% for 24 h retards cell growth. The expression of 11B-
HSD1 was significantly enhanced in starvation conditions
(Figure 4a). Furthermore, similarly to the effects on keratinocytes,
the selective 113-HSDI inhibitor at doses of 100 nM and 1 uM
induced proliferation of NHDFs, demonstrating that 11B-HSD1
also negatively regulates NHDFs proliferation (Figure 4b). Next,
the effect of 11B-HSD1 inhibitor on the expression of fibrogenic
cytokines and fibroblast growth factors was evaluated (Figure 4c).
However, inhibition of 11-HSD1 at these doses did not affect the
expression of Collal, MMP-13, TGF-, or FGF-2. This indicates

@ PLoS ONE | www.plosone.org

that 11B-HSD1 was not involved in collagen metabolism, and
inhibits the proliferation of NHDFs via pathways independent of
the autocrine effects of these cytokines and growth factors.

Topical application of 11B-HSD1 inhibitor induces
hyperproliferation of the epidermis

To investigate the function of 113-HSD1 in vive, hairless mouse
skin was exposed to 11B-HSD1 inhibitor. 11B-HSDI1 is also
expressed in the epidermis and fibroblasts of murine skin in
C57BL/6 mice and Hos: HR-1 (hairless) mice (Figure 5a,b,d,e).
The expression of 11B-HSD1 was also detected in cultured
primary mouse keratinocytes and in cultured primary dermal
fibroblasts derived from C57BL/6 and Hos: HR-1 mice
(Figure 5c,f). Application of 50 pM selective 118-HSD1 inhibitor
to the dorsal skin of Hos: HR-1 mice for five continuous days
induced acanthosis (Figure 5g). The epidermal thickness was
significantly higher in selective 113-HSD1 inhibitor treated groups
than control groups (Figure 5h). In addition, the number of Ki-67
positive cells was significantly higher in 11B-HSDI inhibitor
treated skin than in vehicle treated skin (Figure 5ij). These results
demonstrate that 11-HSDI inhibitor also promotes the prolifer-
ation of keratinocytes i wivo.
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Figure 5. Selective inhibitor of 11B-HSD1 proliferates keratinocytes in murine skin. (s, d) Immunohistochemical staining of 11B-HSD1
(DAB staining) in C57BL/6 mouse (a) and Hos: HR-1 (hairless) mouse (d) skin tissue. Bar =50 uM. (b, ) Immunofluorescent staining of 113-HSD1 (red)
and keratin 14 (green) in C57BL/6 mouse (b) and Hos: HR-1 mouse (e) skin tissue. Bar=100 pM. (c, f) PCR detecting 11B-HSD1 in primary mouse
keratinocytes and primary mouse dermal fibroblasts of C578L/6 mouse (c) and Hos: HR-1 mouse (f). RT- samples without reverse transcriptase
(negative control). (g-j) Representative H&E staining (g) and Ki-67 staining (i) of 11B-HSD1 selective inhibitor or vehicle (1:1, acetone:olive oil) treated
skin of Hos: HR-1 mice. Bar= 100 um. (h) Epidermal thickness of vehicle and inhibitor treated mice. Intrafollicular epidermal thickness was calculated
by averaging five locations in each section. Three sections from each mouse were evaluated. Bars show mean epidermal thickness = SD of vehicle-
treated mice (n=5) and inhibitor-treated mice (n=5; *P<0.01, Student’s t-test). (j) The percentage of Ki-67 positive cells. Analyses were performed by
counting the total number of basal cells and cells expressing nuclear Ki-67 stain. Three sections from each mouse were evaluated. Bars indicate mean
*+ SD of vehicle-treated mice (n=5) and inhibitor-treated mice (n=>5; *P<0.05, Student’s t-test).

doi:10.1371/journal.pone.0025039.g005
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Figure 6. The role of 118-HSD1 in wound healing of C57BL/6 mice. (a-f) H&E (a, b), Ki-67 (¢, d), and 118-HSD1 (e, f) staining of ulcer edge and
non ulcer skin of the same section. Inserts: high magnification of the fibroblasts. Bar=100 pm. (g) Macroscopic view of wound healing on day 10. A
15-mm wound was created on the back of 6-week-old male mice and wound closure was monitored with application of vehicle or 113-HSD1
inhibitor every other day. (h) Reduction of wound area on days 2, 4, 6, 8, 10, and 12. The histograms indicate means and standard deviations for four
mice in each group. An asterisk indicates a statistically significant difference (*P<<0.05, Student’s t-test). (i) Representative Ki-67 staining in day2
wound edge skin and the percentage of Ki-67 positive cells in day2 and day4 wound edge epidermis. Analyses were performed by counting the total
number of basal cells and cells expressing nuclear Ki-67 stain. Bars indicate mean = SD of vehicle-treated mice (n=6) and inhibitor-treated mice

(n=6; *P<0.05, Student’s t-test). Bar= 100 um.
doi:10.1371/journal.pone.0025039.g006

11B-HSD1 inhibitor promotes wound healing in C57BL/6
mice

Taken together, these findings demonstrate that 11B-HSDI1
regulates the proliferation of keratinocytes and fibroblasts. We
therefore hypothesized that 113-HSDI inhibitor would promote
wound healing. The keratinocytes at wound edges are hyperpro-
liferative, thus the epidermis becomes thick in this region, with
increased Ki-67 positive cells (Figure 6a-d). Interestingly, the
intensity of 113-HSD1 detected with immunohistochemical staining
was lower in wound edge keratinocytes than in non wound
keratinocytes in the same section (Figure 6e¢,f). The intensity of 11B-
HSD1 did not differ between wound edge fibroblasts and non-

@ PLoS ONE | www.plosone.org

wound fibroblasts (Figure 6e,f inserts). Because our data show that
11B-HSD1 negatively regulates the proliferation of keratinocytes,
we considered that the decreased expression of 118-HSDI in
wound edge keratinocytes might be promoting their proliferative
state. To investigate whether selective 11-HSDI inhibitor could
promote wound healing, we applied 10 pM 113-HSD1 inhibitor
every other day to wounds created on the dorsal skin of C57BL/6
mice. The wound areas were significantly smaller in the 11$-HSD!
inhibitor treated group than the vehicle treated group (Figure 6g,h).
The number of Ki-67 positive cells was significantly higher on day2
and day4 wound edge epidermis in the 118-HSD1 inhibitor treated
group than the vehicle treated group (Figure 61).
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Figure 7. Selective 11§-HSD1 inhibitor enhance wound healing in ob/ob mice. (a,b) Representative H&E staining (a) and 11B-HSD1 staining
(b) of 6-week-old male wildtype and ob/ob mice. Bar=50 pm. (c) The relative expressions of 11B-HSD1 in epidermis, fibroblasts, and whole skin
extract of wildtype and ob/ob mice assessed by rtPCR. GAPDH was used as an internal control (P<<0.05, Student's t-test). (d) Macroscopic view of
wound healing on day 8. A 15-mm wound was created on the back of 6-week-old male ob/ob mice and wound closure was monitored with
application of vehicle or 118-HSD1 inhibitor every other day. (e) Reduction of wound area on days 2, 4, 6, 8, 10, and 12. The histograms indicate
means and standard deviations for four mice in each group. An asterisk indicates a statistically significant difference (*P<0.05, Student’s t-test). (f)
Representative Ki-67 staining in day4 wound edge skin and the percentage of Ki-67 positive cells in day2 and day4 wound edge epidermis. Analyses
were performed by counting the total number of basal cells and cells expressing nuclear Ki-67 stain. Bars indicate mean * SD of vehicle-treated mice
(n=3) and inhibitor-treated mice (n=3; *P<0.05, Student's t-test). Bar=100 pm.

doi:10.1371/journal.pone.0025039.g007

11B-HSD1 inhibitor promotes wound healing in ob/ob
mice

We finally assessed wound healing in obese/obese (66/06) mice, the
model of impaired wound healing. In 06/0b mice, the dermal layer
was thinner, and the subcutancous adipose layer was thicker, than in
age-matched wildtype mice (Figure 7a). Interestingly, the expression
of 11B-HSDI was significantly higher in the skin extract of 0b/0b
mice, however, the expression did not differ in the epidermal extract

@ PLoS ONE | www.plosone.org

and the fibroblast extract (Figure 7b,c). These data suggest that
increased subcutaneous adipose tissue in 0b/0b mice is responsible for
increased expression of 11B-HSDI in the skin extract. Notably,
application of 10 pM 11B-HSD1 inhibitor every other day improved
wound healing more in 06/0b mice than in C57BL/6 mice (Figure 7d
and 7e). The number of Ki-67 positive cells was significantly higher
on day2 wound edge epidermis in the 118-HSDI inhibitor treated
group than the vehicle treated group (Figure 71).
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Discussion

The present study shows that 11p-HSDI is a regulator of
keratinocyte and fibroblast proliferation. We found that the
expression of 11B-HSD1 is higher in the cytoplasm of supra-basal
differentiating cells than in basal proliferating cells of the normal
epidermis, and that the inhibition of 11B-HSDI incrcascs the
prolifcration of keratinocytes and fibroblasts. We also report that
topical application of a sclective 11B-HSD1 inhibitor promotes
keratinocyte proliferation and wound healing.

Skin is one of the most chronically stress-loaded tissucs because
it faces the outside environment and is exposed to stressors
including bacteria, ultraviolet radiation, and mechanical stimula-
tion. Thus, it makes intuitive scnse that skin cxpresses the
functional cortisol activating ecnzyme 118-HSDI1. Specifically,
our experiments using immunofluorescence staining revealed that
118-HSD1 is expressed in the supra-basal arca of the epidermis.
This expression pattern of 11-HSD1 is different from previous
reports [17]. However, 115-HSD1 expression being limited to the
supra-basal cpidermal arca scems rcasonable, considering that
11B-HSD1-mediated suppression of excessive proliferation in
differentiated keratinocytes might contribute to maintain adequate
cpidermal thickness. In addition to its known anti-inflammatory
propertics, glucocorticoid (c.g., cortisol and corticosterone) is
known to regulate the proliferation of keratinocytes and prolong
epidermal turnover time [22,23,24,25]. Consistent with this, we
have shown that sclective inhibition of 118-HSD1 promotes the
proliferation of keratinocytes both in vitro and in vive, suggesting
that intracellular activators of cortisol would negatively regulate
keratinocyte proliferation (Figure 3 and 5). Hence, we conclude
that topical application of selective 118-HSD1 inhibitor has the
potential to be an cffective treatment to stimulate the proliferation
of keratinocytes. However, we observed that high doses of selective
11B-HSD1 inhibitor and siRNA knock down of 11B-HSDI
decreased the viability of keratinocytes. Thus, it is important to
determine the optimal dosage to stimulate proliferation without
unwanted toxic effects. Unexpectedly, the sclective 11B-HSDI
inhibitor did not influence calcium-induced differentiation of
keratinocytes. As calcium-induced differentiation n witro differs
from in vivo differentiation, further study may needed to determine
if 11B-HSD1 plays a functional role in keratinocyte differentiation.

Glucocorticoids are known to increase in response to stress or
medical therapy, and impair wound healing because they inhibit
proliferation of cells and proinflammatory cytokine production [26,27].
In this study, we showed that 11B-HSDI inhibitor significantly
promotes cutancous wound healing. We think the decrease in the
expression of 11B-HSDI in keratinocytes at wound edges might be a
normal physiological mechanism that promotes the proliferation of
keratinocytes during wound healing. Thus, the selective 118-HSD1
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inhibitor might promotc wound healing because it supports this
mechanism. The selective 118-HSD1 inhibitor also promotes the
proliferation of NHDFs i wiro, and the cffect of the inhibitor on
fibroblasts also might assist wound healing. The cffect of inhibitor on
endothelial cells and inflammatory cytokines, which also arc important
factors in wound healing, needs to be evaluated in the future.

It is intriguing that the inhibitor has a stronger cffect on wound
healing in 0b/0b mice, a model of impaired wound healing. These
mice exhibit severe diabetes and obesity syndromes, phenotypes
mediated by the loss of the ob gene product: the 16 kDa cytokine
leptin [28,29]. The expression of 11B-HSD1 is clevated in stromal
vascular cells and maturc adipocytes isolated from the adipose tissuc
of 0b/ob mice [30]. Interestingly, the expression of 115-HSD1 was
also elevated in the skin cxtract of 0b/0b mice (Figure 7c). The
selective 11B-HSD1 inhibitor promoted wound healing in 0b/0b
mice, almost to the same level as the inhibitor treated group of
C57BL/6 mice. Thus, we hypothesize that increased expression of
11B-HSD1 in 0b/0b mouse skin might play an important role in
delayed wound healing in 0b/0b mice. The mouse skin cxtract is
composed of cpidermis, dermis, subcutancous adipose tissuc, and
cutancous muscular tssuc. It was recently reported that subcuta-
neous adiposc tissuc is an important regulator of dermal fibroblast
prolifcration in high-fat dict induced obese mice [31]. It is possible
that not only keratinocytes and fibroblasts, but also the subcutane-
ous adiposc layer, which is markedly increased in 0b/0b mice, could
be a source of 11B-HSDI in 6b/0b mice as the cxpression of 11p-
HSD1 did not differ in the epidermal extract and the fibroblast
extract. We think that the 113-HSD1 inhibitor might also act on the
subcutancous adiposc tissuc to accelerate wound healing in 0b/0b
mice, although further study is needed to test this theory.

Qbesity is a global problem that affects 400 million adults
worldwide [12,32]. Adipose tissuc overexpression of 118-HSD1 is
observed in human obesity, and inhibition of 11B-HSD1 has been
proposed to be of potential therapeutic benefit to patients with
obesity and type 2 diabetes mellitus [33,34,35]. Our results suggest
that in addition to systemic administration of 113-HSD1 inhibitor,
topical application of 11B-HSD1 inhibitor is potentially effective for
the treatment of the chronic wounds of obese and diabetic patients.

In summary, the present study identfies a novel role for 11f-
HSDI in the promotions of keratinocyte and fibroblast prolifer-
ation. Targeting 118-HSD! could be a novel approach to treat
chronic wounds, and skin discases with aberrant proliferation.
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Furpose of review

Antihistamines, both old firsi-generation and new, are frequently prescribed to patients
with allergic skin diseases. As the expected roles of antihistamines differ in each
dermatosis, we should carefully consider the characteristics of each antihistamine prior
io use. This review covers recent antihistamine topics, including novel pharmacological
aclion, and enhancement of patient quality of life {Qol).

Recent findings

Nensedative, second-generation antihistamines are recommended as first-line
treatment for urticaria, For atopic dermatitis, most position papers doubt their efficacy of
treatment due to insufficient evidence. However, recent articles revealed novel H1
receptor-independent properties for these agents, such as modulation of cylokine and
chemokine production, tissue remodeling, and indicated its favorable effects on atopic
dermatitis. Furthermore, several important benefits of second-generation antihistamines
on the amelioration of atopic dermatitis symptoms, patient QoL and labor efficiency
including loss of productivity and absenteeism from the workplace have been reported.
In contrast, prescription of first-generation antihistamines for skin allergies should be
avoided due to their bad risk/benefit ratio. Whereas they are not better in controlling itch,
they also fail to improve patient labor efficiency unlike second-generation antihistamines.
Summary

Although antihistamine usefulness varies greatly, understanding the characteristics of

each antihistaming will allow more personalized therapy for skin allergies.
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antihistamine, pharmacological property, quality of life, sedation, skin allergy
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Introduction

In many instances, chemical mediators such as histamine,
which are derived from degranulated mast cells or baso-
plils, act as wiggers of inflammation, Released histamine
acrs on histamine recepror-expressing cells such as
epithelial cells, fibroblasts, endothelial cells, antigen-
presenting cells (e.g. Langerhans cells, dendritic cells,
and macrophages), and nerve cells, and elicits inflamma-
tory coll accumulation, vasodilation, and transvasculae
leakage of plasma. as well as provokes irch sensations {1].

Antihistamines are an excellent choice for controlling
both carly and late-phase skin allergy. They show
promise for the rrearment of skin allergy in which hista-
mine H1 receptor-mediated signals are primarily impli-
cated in its pathology {i.c. urticaria) and also ameliorate
the lare effecrs of allergic inflammadon by modulating
inflammatory factor produetion and tissue remodeling [2].

By contrust, there is concern sbout the possible adverse
effects of antihistamines, Classical antihistamines can

1828-4050 © 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins

cross the blood—brain barrier and cause widespread
impairment of cognitive and psychomotor funcrion via
histamine H1 recepror antagonism. In addition, classic
antihistamines, including older, first-generarion antihis-
ramines, have anticholinergic activiry that can exacerbate
pre-existing discases, such as glavcoma, prostatic hyper-
plasia, and astriction.

e is speculated that physicians wre able to provide
appropriute rreatment by exploiting the features of cach
antihistamine. Here we review the recent literature,
discussing the characrensties and choices of antihista-
mines and reconsidering the best medicarions for patients
with skin allergies,

Antithistamine in the treatment of urticaria:
synopsis

First, identification and exclusion of potential causes (e.g.
drugs, physical stmuli, inflammatory or infectious dis-
cases, auroantibodies, dietary, exe.y should be considered
in the management of urticaria [3-7]. As for sympromaric

DOE10.1087/ACLObO 1363283429609



therapy, antihistamines are believed o be a reliable
therapeutic option {3-7] (Table 1). In the trearment
of acure idiopathic (spontancous) urticaria, the first-line
uwse of ponsedative, scecond-generation antihistamines
are strongly recommended, although the quality of evi-
dence is low {Table 1) {31 As acute idinpathic urticaria
oceurs in an unexpected fashion, high-quality evidence
in placebo-controlled clinical trials is difficult o obrain.
Meanwhile, in the treatment of chronic idiopathic urti-
caria and cold urticarta, nonsedative, second-generation
antihistamines are recommended as a first-line rearment
due to strong scientific evidence of their safety and
efficacy [3]. In dailv practice, some cases are resistant
w rypical doses of nonsedative, sccond-generation
antihistamines on an empirical basis. In such cases,
updosing or a combination of antihistamines has been
thought o provide clinical benefit (Table 1), Recent
retrospective clinical analysis has revealed thar updosing
of single, nonscdative, second-generation antihistamines
has more pruritus suppressive effeets than a combination
of more than one antihistamine [8].

Antihistamine for the treatment of atopic
dermatitis: synopsis

Table 2 summarizes the position of anrihistamines in
munagement of atopiv dermatitis [9-13], Histamine has
been thoughe o partly contribute to the pathogenesis of
the acute phase of atopic dermatitis but not to the chronic
phase of aropic dermatitis. Because of chis situation,
many guidelines for the ueatment of atopic dermaritis
have found thempeutic value regarding improvement
of ttch and sleep disturbance by the central depressant
action of older, firsst-generation antihistamines [9,10,13]
(Table 2). The effects of H1 receptor antagonists on
the sympromatic improvement of atopic dermatits were
underestimated because of 4 lack of supporting evidence
[9,10,12,14]. Likewise, the soporific effect of sedating
antihistamines on  pruritus  relief has also  been
introduced with extremely weak evidence [9-11,13]
Under such circumsrances, Kawashima ¢ o/, [16] con-
ducted randomized, multicenter, double-blind, placebo-
controlled, parallel-group studies and demonstrated
the efficacy of nonsedative, second-generation antihis-
ramines in the wearment of iteh in atopic dermatits.
According to the accumulation of evidence for the
efficacy of pewer second-generation antihistamines
[17,18], the Japanese Dermatological Association recom-
mends  choosing lower sedative, second-genchation
antihistamines initially [15]. Thus, although further data
are required, antihistamines with or withour sedative
acrion might reduce the intensity of itch in atopic
dermativis, On the basis of current knowledge, it
seems warranted to use nonsedating antihistamines in
pruritic atopic dermartitis since the response may differ
individually,
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Key points

Benefits of antihistamines in the treatment of
skin allergies

Histamine affects various skin cells and exerts plelotropic
effects that lead to the pathological condition of atopic
dermaritis. Recent studies have provided cvidence of
the novel functional characteristics of antihistamines that
lead vo the amelioration of the various symptoms of atopic
dermatitis [19-25.26%.27-46] (Table 3).

Effects of antihistamines on iich

Ireh is @ major symptom 1o atopic dermatids and is
wnduced by specific, nonmvelinated C-fiber stimulation.
The magnitude of iwh i modulated by changes in
stimulus frequency [47]. Additionally, increased epider-
mal nerve fiber density is frequendy observed in atopic
dermaritis skin lesions  [47-49]. More recent second-
generation antihistamines demonstrated  decreases in
cpidermal nerve fiber densitics via the decreased expres-
sion of nerve elongation factors (e.g. nerve groweh factor.
amphiregulin) and increased expression of axonal chemo-
repellant factors (e semaphorin 3A)  [26°]. Further-
maore, several studies have referred particularly to the
effects of certain antihistamines on decreasing nerve
excitability (Table 3). Along with neuronal depolariz-
ation, neuropeptides such as substance P oare released
from nerve endings. Substance P elicits serarching beha-
vior that is possibly mediared by its autocrine effects or by
histamine through the degranulation of mast cells {30].
Previous stuchies  [27,28,34] have discussed the novel
functional characteristics of anthistamine to inhibit cap-
saicin-evoked neural excitation or substance P-induced
mast cell degranulation,

Inflammatory blockade of antihistamines

Histamine has been implicated as a cause of inflamma-
tion and tssue remodeling in atopic dermariris [2,51-33],
primarily through H1 recepror aetivadon [51]. Dermal
fibroblasts, endothelial cells, Langerhans cells, and
cosinophils are all involved in the pathogenesis of atopic
dermatitis via the production of inflammatory mediators,
adherence of inflammarory cells to endothelial cells, and
alterations of dermal intercellular matrix components



Table 1 Position of antihistamines in the recommendations for urticaria management

Reference {type) Type of urticaria

Recommendation

Sedative antihistamines

Nonsedative antihistamines

Comment

[8] (guideline} Acute spontaneous urticaria
Chronic spontanecus urticaria

Cold urticaria

{4] (guidetine) Chronic urticaria, angio-edema

[5] {position Chronic urticaria
paper)
{6l Acute urticaria/angio-edema

Chronic urticariafwith or without
angio-edema

{71 {guideline) Idiopathic urticaria

Urticaria inducible by particular
stimuli

Special type of urticaria

Btart with 2 standard dose of
a nonsedating H1 antihistamine

Start with a standard dose of
a nonsedating H1 antihistamine

New low-sedative antihistamines
represent firsi-line therapy

Comprises a cornerstone of therapy

Remains the mainstay of
symptomatic treatment
Prophylactic administration

Consecutive administration provides
benefit

Consider prescription if the cause
is unavoidable

For cholinergic urticaria, antihistamines
should be considered as basic
treatment

Prescribe based on the clinical
situation

Should be avoided (except
for special situations”)

Start with a standard dose
as a first-line treatment

For adulis

Should be avoided

Start with a standard dose
as a first-ling treatmant

For children

Alternatively, short-term use
in the evening

Consider if the symptoms are
severe, associated angio-
edema, and patients are
anxious and disturbed at night

May be considered when
necessary to achieve optimal
hive and pruritus relief

Sedative action may be desirable
for reducing discomfort dug
to pruritus

Mot stated

Mot stated

|
??ot stated

Preferred

Recommended as a
first-line therapy

May be quite effective in
controlling the urticarial
process without side effects

Minimal risk of adverse effects

Not stated

Mot stated

Mot stated

if standard dose does nat
achieve adequate symptom
relief, increase the dose
when the benefits outweigh
the risks {” unprocurable in
some situations)

{i patients do not achieve
adequate symptom relief
at a standard dose of
nonssdative antihistamines,
increase the dose when the
benefits outweigh the risks

There s presently no clear
evidence that updosing
or a combination of
antihistamines provide
significant clinical benefits

Carefully build up the dose
of older sedative
antihistamines

The decision to choose
between first- and second-
generation antihistamines
should consider these
differences

Motice the possibility that
treatment does more
harm than good

Think elimination of
a causative factor first

No special mention

* Unprocurable in some situations.

iBseye uMs  0Bb



of small sample size or poor study design
Previous studies have revealed efficacy

other concurrant allergic diseases
over & months of age during acute flare

Lack of solid evidence of efficacy
should be considered for chidren

antihistamines in patients with

Majority of studies were flawed because
[16-18]

Evidence of benefit is unconvincing
Evidence of clinical efficacy is low
There is benefit by the use of

Comment

symptoms of atopic dermatitis
Recommended as initial choice

ocours

Ofier if severe tching or urticaria  Prescription of sadative antihistamines

Nonsedative antihistamines
May be effective in reliaving

Clinical efficacy is unproven

Uncertain
Modest value

side effects and the suppression

reduce itching and improve
of pruritus

sleep
Benefits from soporific effect

severe for the child {over

6 months of age) or their

parents
Offer at bedtime if the noctumal

Adjunctive therapy to possibly
pruritus persists

Offer if sleep disturbance is

Sedative antihistamines

Principally selected

Usetul

experiences
of suppressing pruritus and preventing
exacerbation fror scratching

or allergic rhinoconjunctivitis and

urlicaria
Useful as a short-term adjuvant to

of patisnts and physicians
Offer to patients with siesp disruption

a topical treatment

{13} {guideline for children  Offer antihistamines depending on
the situation

of pruritus,

Antihistamines are used for the purpose  Consider while observing both

Recommendation

Unclear

Dependent on the individual

Some patients may benefit for the relief

between 0 and 12 years

of age)

Tabie 2 Position of antihistamines in the recommendations for atople dermatitis management

18] {recommendation)

{12] {consensus)
[14] {practice parameter)

Reference {type)

115] {guideling)

{11} {guideline}

[10] lreview)
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(Table 3). Interestingly, it has been reported that
antihistamines have favorable pharmacological properties
on these aspects i vitre [2,29-34,39-46). Keratinocytes
are considered an immunocompetent cell type for the
production of cytokines or other biological substances.
Antihistamine-induced production of inflammarory eyw-
kines or chemokines and inhibition of adhesion mole-
cules and major histocomparibility complex class 11
expression  have  been  experimentally  verified in
keratinoeytes [19-25,39]1 (Table 3). Furthermore, mast
cell-derived inflammatory cytokines and growth factor
seeretion by various stimuli are also involved in the
pathogenesis of skin allergles and are inhibited by cestain
antihistamines [34-38.534] (Tablc 3).

Animal models

At present, animals with chronic dermatitis, which were
developed by repeated topical application of haprens, are
considered an experimental model of atopic dermatitis
[55,56]. The effects of the oral administration of certin
second-generation  antihistamines have been verified
using these animal models and were found as decreasing
levels of inflammatory mediators, reduction in scrazch
behavior, and amclivration of skin barrier function
[26°,29,57]. Interestingly, oral administration of olopata-
dine o animals in an atopic dermatitis model decreased
the atopic dermatitis-induced increase in transepidermal
water loss, the tissue concentrations of histamine, the
expression of semaphorin 3A in the epidermis, and the
serum titer of antigen-specific Igh [26°,29]. Thus, it was
concluded that second-generation antihistamines might
properly regulate not only abnormal immune reactions
but also imbalances in skin homeostasis in atopic
dermatitis.

From the patients’ perspective

Regarding quality of life (Qol.), labor efficiency, and loss
of daily activities, skin allergy is widely perceived as
a Qol.-impairing disease [58°,59%60]. Looking at the
results of a questionnaire using validated measures,
The Work Productivity Assessment Index (WPAID),
which focused on patients with pruritus, overall work
producrivity impairment, overall classroom productivity
impairment, and activity impairment were reduced
approximarely 40, 41, and 50%, respectively [59°].
As for atopic dermativisfurticaria, the results for the
evaluation of overall work impairment, overall classroom
impairment, and daily activity impairment were reduced
approximately 40/42, 41/63, and 50/38%, respectively
[59°]. From these results, it appears that Qo in patients
with skin allergies was severely affected, and clinicians
should provide remedies to improve patient Qol.,
including the WPAI index.

For the choice of treatment, the differences berween
nonsedative versus sedative antihistamines have been
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Table 3 Antiblstamines affect many different types of cells

Target cells Effect

Antihistamines

Keratnocyte
(L-toe, TNF-u)

Downmaodulation of chemokines (IP-10, TARC,

RANTES, Mig, ' TAC, MiF)

Downmodulation of growth factor (VEGF}
Downmodulation of adhesion molecule (ICAM-1}

Downmodulation of MHC class {l
Upregulation of semaphorin 3A
Nerve fiber

capsaicin-induced hyperalgesia

Fibroblast Upregulation of hyaluronic acid

Downmodulation of histamine induced collagen

synthesis and ICAM-1 expression

Inhibition of nitric oxide induction by TNFu stimulation
Inhibition of VEGF-induced proliteration

Endothelial cell

Inhibition of substance
Punduced mitric oxide
synthesis

Mast cell {basophil)

Bepotastine [34]

Inhibition of degranulation by vanous stimuli
Suppression of antigen-presenting ability
Downmodulation of chemokines {TARCs)

Langerhans cell

Inhibition of adhesion
Suppression of eosinophil sunaval

Eosinophil

Downmodulation of proinflammatory cylokines

Downmodulation of number of epidermal narve fiber
BDownmodulation of capsaicin-evoked calcium response
Pretreatment with antihistamine prevented

Inhibition of histamine, angiogenic factors and
cytokine secretion by various stimuli

Bepotastine [18], mizolastine {20},
levocetirizing [21] #1 )

Bepotastine [18], epinastine [22],
fexofenadine [23], loratadine [24],
desloratadine [24], mizolastine {20],
cetirizine (28]

Mizolastine [20]

Bepotastine [19], epinastine [22]

Epirastine (28]

Olopatadine [26°)

Clopatadine {26°]

Dexbromphenramine [27]

Katotifen [28]

Olopatadine [29]
Emedastine [30,31], diphenhydramine {30]

Fexofenadine [32]
carebastine [33]

Rupatadine [38], clopatadine [36]

Epinastine [37}

Bepotastine [34], desloratadine [38])

Olopatadine [38], fexofenadine [40]

Olopatadine [41)

Levocetinzine [42}

Desloratadine [43], epinastine [44],
diphenhydramine [45], chlorpheniramine [45),
texofenadine [46]

#1, downmodufation of histamine-dependent expression. ICAM, mtercellular adhesion molecule; MHG, major histocompatibility complex; TARC,
thymus and activation-regulated chemokine; TNF, tumor necrosis factor; VEGF, vascular endothelial growih factor.

addressed [58°.59%], Regarding the WPAL indes, it is
obvious that nonsedative  anrthistamines  produced
greater overall improvements in productivity in patients
with skin diseases than did sedatdve anthistamines
(Fig, 1) [58°,59°]. Nonscdative antihistamines signifi-
cantly improved work productiviey under almost all
background conditions. A significant effecr of sedative
antihistamines was identified for the ‘male’ and “ecvema/
dermatits’ categories, bur no significant improvements
were seen with sedanive antihistamines for patients
in other categories (Fig. 1) [58°] In a comprehensive
comparison of other evaluation irems, borh sedative and
nonsedative antihistamines successfully provided signifi-
cant relief of iteh symptom, as well as improvement
in impaired Qol. (Skindex-16 measures; Fig. 2) [58°]
However, sedative antthistamines failed to reduce work
productivity and daily activity impairments, despite their
favorable effects on trch and Qoll (Fig. 2) [57]. Impairgd
performance as an adverse effect of sedarive antihista-
mines may be a major factor in these divergent results,
Alternatively, nonsedative antihistamines significantly
reduced overall work productivity and  daily activiry
impairments (Fig. 2) [57]. Addidonally, the extent of
impairment in overall work productivity can be predicred
by such Qol. measures as the Skindex-16 measures.
Mevertheless, clinicians should keep in mind that they

vould overestimate che effect of sedative antihistamines
to improve work productivity by relying solely on
patient itch intensity and Qol. values. For these reasons,
nonsedative antihistamines have substantal value in
the rreatment of parients with skin allergies.

Disadvantages of antihistamines for the
treatment of skin allergies

Adverse effeets of antihistamine are found notonly in the
trearment of skin allergies bue in all allergic discases.
As histaminc is essental for some normal mammalian
physiological functions, itis casy to assume thar impairing
histaminergic signaling might cause certain physical
disorders [61%°].

Adverse effacts of first-generation antihistamines on
the central nervous system

Histamine is known to be important in waking mechan-
isms and cognitive functioning by affecting histaminergic
neuronal systems in the mammalian brain §62,63,64% 651
In these target arcas, histamine modulates nevronal
activiey and excitability via histamine receprors, including
the H1 recepror [65]. During wakefulness, histaminergic
neurons discharge ronically and selectively, Adminis-
tration of various substances thar impair histaminergic
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Figure 1 The impact of antihistamines on overall work productivily impairment, activity productivity impairment, and overall
classroom productivity impairment per certain parameters of pruritic skin diseases
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Changes in the evaluated value of certain parameters from baseline were adjusted with background factors and the initial value (a linear model), Results
arg shown in a forest plot. Black or red horizontal lines indicate 95% confidence intervals and the results of nonsedative and sedative antihistamines,
respectively. The rhomboid or square dot on the center of the horizontal line indicates the point estimate. Significance is indicated by horizontal lines
that do not overlap with the vertical line where the least mean square = 0. NA, not applicable. Reproduced with permission from the Japaness Society of

Allergology [69°]

.

transmission cause a significant decrease in wakefulness
[66], Likewise, many previous studies have focused
on the impairment of cognitive function after antihista-
mine administration [64°°,67,68]. In a review by van
Ruirtenbeek e @/ [64°°] to determine which cognitive
domains are most sensitive to antihistamines, cognitive
functioning, such as driving, psychomotor skills, atten-

tion, and memories, were impaired by histaminergic
hypofunction. Shamsi and Hindmarch [67] referred
particularly to evidence of the harm of the ‘sedation’ of
antihistamines on the safe performance of cognitive and
psychomortor tasks of evervday life, and such excessive
sedation in dayrime increases che risk of accidents and
reduces compliance, as well as the efficacy and ucility of
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Figure 2 The impact of antihistarnines on patient outcomes o atopic dermatitis
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The figure shows the impact of antihistamines on {a) itch visual analog scale, (b} Skindex-16 score, (¢} overall work productivity impairment, and (d) daily
activity productivily impairment seen in afopic dermatitis. The data of baseline assessment (dark gray bas} and postireatment assessment {light gray
bas) are shown as the mean = SD. " Statistically significant improvement compared with the data of baseline assessment (P2 0.001), "P < 0.01, AH,
antihistamines; NA, not applicable. Reproduced with permission from [58°L

antihistamines. In certain guidelines or recommendations
for the wearment of urtdearia and atopic dermatitis,
sedative antihistamines are recommended to be taken
hefore bedtime to improve sleep. However, a caution has
been raised about wking frst-generation antihistamines
hefore bedrime, because histaminergic hypofunction of
the ceneral nervous system may be maintained undil the
next morning [67,69°). This sedative action lasts longer
than 12 h, whereas the antipruritie effects last only 4=6h
{31, Yanai and Tashiro [68] confirmed the degree of
sedative action of first-generation antihistamines by
the visualization of cerebral Hi receptor occupancy of
antihistamines using positron emission tomography
with [''Cl-doxepin. As a significant correlation between
cognitive function decline and brain H1 recepror occu-
pancy was observed in chlorpheniramine [68,70], such
imaging might be useful in predicting the adverse effects
of sedanive antihistamines. Furthermore, histamine and
the H1 recepror are also known to regulate the level of
food intake, body mass, and adiposity [71,72); it has been

cautioned that H1 antihistamine users had a higher
odds ratio for being overweight [73°%], Thus, histamine
is essential for maintenance of activides of daily living
produced by histaminergic neural excitation, and we
should keep in mind thar antihistamines with high
brain penetration, including older fisst-gencration and-
histamines, will impair the daily acuvities of patients.

impairment of innate immune responses only by Hrst-
generation antihistamines

Infection is a major causal agent of skin allergies, includ-
ing urticaria and atopic dermarits {74-76]. St Pewer er o/,
1771 reported thar prescription of diphenhvdramine,
a first-generation antihistamine, to children undergoing
surgery for a perforated appendix significantly inereased
the risk of postoperative abscess, suggesting that firse-
gencration antihistamines increase the susceptibility
of infection. Metz & af [78%°] validated the effects
of diphenhydramine and desloratadine, a more recent
nonscdating sccond-generation antihistamine, on innate



