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Effects of Topical Application of Betamethasone on
Imiquimod-induced Psoriasis-like Skin Inflammation in Mice

HIROKI MORI'2, KOJO ARITA? TAKAYUKI YAMAGUCHI?,
MIDORI HIRAI® and YOICHI KUREBAYASHI!~*

!Department of Integrated Drug Discovery Sciences, Kobe University Graduate School of Medicine, Kobe, Japan;
%Biological/Pharmacological Research Laboratories, Central Pharmaceutical Research Institute, Japan
Tobacco Inc., Takatsuki, Japan;
3Department of Pharmacokinetics and Pharmaceutics, Kobe University Graduate School of Medicine, Kobe,
Japan

Received 15 March 2016 /Accepted 16 June 2016
Key words: Imiquimod, Psoriasis, Skin Inflammation, Betamethasone, Cytokines

Psoriasis is a chronic inflammatory skin disease mediated by dysregulated auto-reactive immune
system. In this study, in order to confirm and further extend the pharmacological basis of topical steroids
in psoriasis therapy, we investigated the effect of betamethasone ointment on imiquimod (IMQ)-induced
skin inflammation in mice. In BALB/c mice, topical IMQ at the dose of 250 ug each on both sides of the
ear induced marked psoriasis-like skin inflammation within 5 days. The same dose of IMQ produced only
slight to moderate skin inflammation even on Day 7 in CB-17 scid mice. IMQ-induced skin inflammation
was associated with increased levels of mMRNA transcripts expression of signature cytokines of T helper
(Th)1/Th17 cells, i.e., interferon-y, interleukin (IL)-17 and IL-22 on Day 5. In addition, levels of mMRNA
expression of the markers of keratinocytes, i.e., IL-1f3, SI00A8, and S100A9, were dramatically elevated in
IMQ-treated mice. The IMQ-induced changes in cytokine expression were significantly suppressed by
topical treatment with betamethasone ointment. IMQ failed to produce significant changes in the mMRNA
levels of tumor necrosis factor-a as a marker of macrophages and NK1.2 as a marker of natural killer
cells and natural killer T cells. In contrast, mRNA level of a Th2 cytokine IL-13 was significantly
decreased by IMQ treatment and further suppressed by betamethasone. These findings provide the first
pharmacological evidence that the topical application of betamethasone prevents IMQ-induced
psoriasis-like skin inflammation in mice by inhibiting gene expressions of various cytokines related to Th1l
cells, Th17 cells and keratinocytes.

INTRODUCTION

Psoriasis is a chronic inflammatory skin disease characterized by skin thickening and sharply demarcated
erythematous plaques covered by silvery white scales due to hyperproliferation and excessive accumulation of
epidermal keratinocytes [1,2]. In patients with psoriasis, not only physical, but also psychological and social
dimensions of quality of life is significantly impaired since psoriatic plagues and inflammation on uncovered
skin are easily recognized by others in daily life [3,4,5]. Particularly, female patients suffer from feelings of
shame, self-esteem, and rejection [5,6,7]. Although the precise mechanism is not fully elucidated, it is commonly
accepted that dysregulated auto-reactive immune system is involved in the pathogenesis of this chronic skin
disease [8,9]. Growing clinical and preclinical evidence strongly suggests that T lymphocytes, particularly T
helper (Th) 1 cells and Th17 cells, play a pivotal role in progress and maintenance of psoriasis by secreting
interferon (IFN)-y, interleukin (IL)-17 and IL-22, while implicating other types of cells surrounding T cells in the
psoriatic skin such as dendritic cells (DCs) and keratinocytes [10,11,12,13,14]. In this context, strong
immunosuppressors, including cyclosporine and methotrexate, are used for treatment of severe, widespread
psoriasis, although clinical use of these drugs is often significantly limited by serious side effects, e.g., hepatic
and renal toxicity [15,16].

More recently, several biologics, including anti-tumor necrosis factor (TNF)-o., anti-1L12/23 and anti-I1L-17
antibodies, have been proven to achieve significant remission in patients with moderate to severe psoriasis.
However, there remains several concerns, including non-responder rate, increased risks of infections, cancer
development, and financial burden due to high drug prices [17]. Over the last 2 years, apremilast, a new orally
active inhibitor of phosphodiesterase 4, has been approved and launched for psoriasis treatment in the United
States and Europe [18,19]. In addition, a new Kv1.3 channel blocker, dalazatide (ShK-186), has been shown to
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be effective in psoriasis [20]. These new drugs have made a considerable contribution to establishment of a
wider range of therapeutic options for moderate to severe psoriasis patients who need systemic drug treatment.

On the other hand, mild to moderate psoriasis, that is majority of the patients, can be controlled by topical
steroids [1,2]. Although topical steroids are widely prescribed for those patients, their mechanisms of action
remain to be fully elucidated, at least partly, because experimental approaches were hampered by lack of reliable
animal models. Recently, it was reported that topical application of imiquimod (IMQ), a toll-like receptor
(TLR)-7 and TLR-8 agonist, to skin induced psoriasis-like skin inflammation in mice, and that DCs/Th1/Th17
axis plays an important role in inducing the skin inflammation [22]. The IMQ-induced skin inflammation in mice
is demonstrated to manifest diffuse epidermal hyperplasia and inflammatory cell infiltration that human psoriasis
patients have in common [22,23]. In addition, recent clinical studies have revealed that topical IMQ application
induced and even exacerbated psoriasis in human, and that drugs used for the treatment of psoriasis could also
suppress IMQ-induced psoriasis [24,25,26,27]. Based on these experimental and clinical findings, IMQ-induced
skin inflammation in mice is thought to be a valid animal model of psoriasis.

In this study, in order to confirm and further extend the pharmacological rationales of topical steroids in
psoriasis therapy, we investigated the effect of betamethasone ointment on IMQ-induced skin inflammation in
mice. Additional experiments were carried out to measure mRNA transcripts expression levels of various
cytokines and substances relevant to DCs/Th1/Th17 axis to assess the underlying mechanism of action of topical
betamethasone in IMQ-induced psoriasis model.

MATERIALS AND METHODS

Materials

Imiquimod (IMQ, 5% cream, Beselna®) was purchased from Mochida Pharmaceutical (Tokyo, Japan).
Betamethasone butyrate propionate (0.05% ointment, Antebate®) was purchased from Torii Pharmaceutical
(Tokyo, Japan). Real-time PCR probes and related agents were purchased from Applied Biosystems
(Massachusetts, USA). All other reagents were purchased from Wako Pure Chemical (Osaka, Japan) unless
otherwise stated.

Animals

Female BALB/c mice and male CB-17 scid mice aged 7-12 weeks old were obtained from SLC (Hamamatsu,
Japan) and from Charles River Laboratories Japan Inc. (Yokohama, Japan), respectively. The mice were housed
in-house under specific pathogen-free conditions at a room temperature of 23 +3°C and air humidity of
55 £ 15% in a 12-hour light/dark cycle environment, and they were provided with food and water ad libitum. All
animal experiments in this study were reviewed and approved by the Institutional Animal Care and Use
Committee of Japan Tobacco Inc. and were conducted in strict accordance with related ethical regulations.

Induction of Skin Inflammation

IMQ 5% cream was applied on inner and/or outer sides of the left ear skin once daily. The dose of IMQ was
either 250 pg on outer side, 500 ug on outer side, or 250 ug on both inner and outer sides of ear skin.
Betamethasone ointment or relevant ointment base was applied twice daily on to the left ear skin, at a volume of
5 uL to both the inner and/or outer sides. Thickness of the left ear was measured as a quantitative index of skin
inflammation utilizing a thickness gauge (IDA-112M, Mitutoyo, Kawasaki, Japan) once daily before the
application of IMQ. Age-matched normal control animals received neither IMQ nor vehicle cream. The
investigator who measured skin thickness was blinded to the treatment groups. For the experiments to assess
MRNA transcript expression, mice were euthanized on Day 5 by carbon dioxide gas, and the left ear was
harvested after examination of gross appearance for occurrence of inflammatory changes including erythema and
scaling. Part of the harvested tissue was sliced, fixed with buffered 10% formalin solution, and processed for
preparation of histological paraffin sections. The sections were stained with hematoxyline and eosin, and
subjected to light microscopic examination. The rest of the harvested ear tissue was stored at -80 °C for mRNA
analysis by real time PCR assays.

Real Time PCR Assays

Total RNA samples in the ear tissues were obtained with RNeasy® Lipid Tissue Mini Kit (QIAGEN, Venlo,
the Netherlands), following the manufacturer’s instruction. In short, harvested ear tissues stored at -80 °C were
homogenized with TissueLyser 1l (QIAGEN, Venlo, the Netherlands) using the buffer provided in the kit, and
RNA samples were extracted and purified by applying the homogenates to the kit column followed by eluting
RNA samples binding to the column by RNA-free water. The expression levels of mMRNA transcripts coding
cytokines of interest in the present study were measured by the TagMan Gene Expression Assays with the
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RNA-to-Ct™ 1-Step Kit, using relevant probes recommended by the manufacturer. The probes employed in the
present study were: IFN-y, Mm01168134 m1; IL-13, Mm00434204 m1; IL-17, Mm00439618 m1; IL-22,
MmO01226722_g1; 1L-23, Mm00518984_m1; TNF-a, Mm00443258 m1; IL-13, MmO00434228_m1; S100AS8,
MmO00496696_g1; S100A9, Mm00656925 _m1; and NK1.2, Mm00824341_m1. The GAPDH (Mm99999915
_g1) was used as an endogenous control gene and the expression levels of cytokines were corrected for the
GAPDH levels to normalize for input.

Statistical Analysis

Values of ear thickness were shown as the increases from the pre-treatment values measured at Day 1 and
were expressed as mean + standard deviation (S.D.). Statistical significance was analyzed by F-test followed by
Aspin-Welch’s t-test and Bartlett’s test followed by Dunnett’s test or Steel test in ear thicknesses, and by
Bartlett’s test followed by Tukey’s test or Steel-Dwass test in mRNA transcript levels. A p value of less than
0.05 was considered statistically significant.

RESULTS

Chronological Changes of IMQ-induced Skin Inflammation

In BALB/c mice, IMQ applied to the ear skin induced ear swelling measured as a quantitative index of skin
inflammation on Days 3, 5 and 7 (Figure 1A). Most profound ear swelling was achieved at the dose of 250 ug
each on both sides of the ear through the whole observation period. As shown in Figure 2, redness, erythema,
thickening and scaling were observed in the left ear skin of BALB/c mice treated with IMQ at 250 ug on both
the outer and inner sides of the left ear once daily for 5 days. Light microscopic examination demonstrated that
the IMQ-treated ear had marked parakeratosis, hyperkeratosis, acanthosis and infiltration of inflammatory cells,
such as lymphocytes and neutrophils, in the thickened dermis. Based on these results, the protocol of applying
250 ng of IMQ each to both sides of the left ear once daily for 5 days was employed in the following
experiments using BALB/c mice. It was confirmed that, the same dose of IMQ produced only slight to moderate
skin inflammation even on Day 7 in CB-17 scid mice that inherently lack T cells and B cells (Figure 1B).

A B

24.0 - 24.0 -
- ;(2)3 1 o-Normal 22.0 1
2 .0 1 v 20.0

e @
E 180 - IMQ, 250 pg S 180 { ~—-Normal
j 16.0 —*IMQ, 250 pg x 2 2 160 - ~-IMQ, 500
£ E 1% 1 e-1vmg, 500 22 e
= £ 140 Q. 500 pe £ E14.0 A
S 5 E12.0 -
s 12.0 1 S 1o

== = <10.0 A
o X 10.0 A E=
=) o Z 8.0 A
] 8.0 1 o
= s 6.0 -
s 6.0 A = 4.0 -

40 © 50

2.0 A 0.0 %

X ——— %
0.0 5— 2.0 -
1 3 5 7 1 3 5 7
Days after commencement of IMQ treatment Days after commencement of IMQ treatment

Figure 1. IMQ-induced skin inflammation in BALB/c mice (A) and in CB-17 scid mice (B). (A) IMQ
was applied once daily with a dose of either 250 ug only to outer side of the ear skin, 250 ug to both
outer side and inner side of the ear skin, or 500 pug only to outer side of the ear skin. (B) 500 pg of IMQ
was applied once daily only to outer side of the ear skin. Normal control animals received neither IMQ
nor vehicle cream. Data are expressed as mean change in ear thickness (x 102 mm) + S.D. n = 5-7.

Effect of Betamethasone on IMQ-induced Skin Inflammation

Figure 3 illustrates the effect of betamethasone ointment on the skin inflammation induced by topical IMQ
once daily for 5 days in BALB/c mice. Treatment of the ear with betamethasone ointment twice daily
significantly (p <0.01) inhibited the development of IMQ-induced skin inflammation on Days 3, 4 and 5.
Morphological changes of the IMQ-affected skin, such as redness, erythema, thickening and scaling, were also
markedly diminished by treatment with topical betamethasone. Sham operation with relevant ointment alone
produced little or negligible effect on the IMQ-induced skin thickening and morphological changes throughout
the 5-day observation period.
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Figure 2. Typical phenotypic images, close-ups, and histological images of left ear on Day 5. (A, B, C)
Normal control animals received neither IMQ nor vehicle cream. (D, E, F) IMQ application on left ear
skin. F, inset, a close-up image of inflammatory cells in dermis. Ear thickening, erythema, and scaling are
observed on gross appearance. The histological image shows parakeratosis, hyperkeratosis, acanthosis,
infiltration of lymphocytes and neutrophils in thickened dermis. Scale bar = 100 um

Effects of Betamethasone on Th cells-related Cytokine Expression in IMQ-induced Skin Inflammation

Figure 4 summarizes the effects of betamethasone on mRNA transcripts expression levels of Th cells-related
cytokines in the IMQ-affected ear tissues of BALB/c mice. Repeated application of IMQ resulted in remarkable
and significant (p < 0.01) increases in the mRNA levels of signature cytokines of Th1/Thl7, i.e., IFN-y, IL-17
and 1L-22 on Day 5. In contrast, mMRNA level of a Th2 cytokine IL-13 was significantly (p < 0.01) decreased by
IMQ treatment. Topical treatment of IMQ-applied ear skin with betamethasone twice daily for 5 days
dramatically inhibited the increases in the expression levels of IFN-y, IL-17, IL-22 and IL-13, compared to those
of the disease control group.

Effects of Betamethasone on Psoriasis-related Cytokine Expression in IMQ-induced Skin Inflammation

Following to the measurement of Th cells-related inflammatory cytokines, the mMRNA transcripts levels of
other cytokines and substances related to the pathophysiology of psoriasis were also measured in the ear tissues
harvested on Day 5 (Figure 5). IMQ elicited a marked and significant (p < 0.01) increase in the expression level
of IL-23. In addition, the mMRNA levels of markers of keratinocytes, i.e., IL-1p, S100A8, and S100A9, were
dramatically elevated in IMQ-treated mice, while there were no significant changes in the mRNA levels of
TNF-a as a marker of macrophages and NK1.2 as a marker of natural Kkiller cells and natural killer T cells.
Topical application of betamethasone significantly (p < 0.01) decreased the mRNA levels of IL-1p, S100AS8,
S100A9, and NK1.2, compared to those of the group treated with IMQ alone. On the other hand, betamethasone
was with only little or negligible effects on the expression levels of IL-23 and TNF-a in the IMQ-treated ear,
although the statistical significance was achieved for the result of TNF-a expression.
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Figure 3. Effects of betamethasone on IMQ-induced skin inflammation. Normal control animals
received neither IMQ nor vehicle cream. Each data represents mean change in ear thickness
(x102mm) £S.D. n=10 except for the IMQ group (n=8). }: p<0.01 vs. Normal group
(Aspin-Welch’s t-test), ##: p <0.01 vs. IMQ group (Dunnett’s test), §§: p < 0.01 vs. IMQ group (Steel
test).

DISCUSSION

In the present study, we confirmed that repeated application of IMQ to the ear skin induced severe skin
inflammation characterized by skin thickening, parakeratosis, hyperkeratosis, acanthosis and inflammatory cell
infiltration in BALB/c mice within 5 days. The morphological features of IMQ-induced skin inflammation were
similar to those of human psoriasis, as has been reported in a previous study [22]. Furthermore, IMQ produced
only mild to moderate skin thickening of slower onset in male CB-17 scid mice even after repeated application
once daily for 7 days, whereas it elicited fully established, severe psoriasis-like skin inflammation in female
BALB/s mice within 5 days. Since we found no gender-related difference in development of IMQ-induced skin
thickening in either CB-17 scid or BALB/c mice (unpublished data), these results suggest that immunological
mechanisms are involved, at least partly, in the development of IMQ-induced skin inflammation in mice. We
also found that topical application of betamethasone significantly suppressed IMQ-induced skin thickening and
other associated morphological changes. This finding provides the first experimental evidence that
betamethasone ointment, like the most potent steroid clobetasol [28], could suppress the experimental psoriasis
model.

Activation of skin DCs via TLR-7 and TLR-8 triggers the development and chronicity of skin inflammation in
psoriasis [29]. An endogenous ligand to TLR-7 and TLR-8 is the complex of an antimicrobial peptide LL37 and
self-derived single-stranded RNA released by dying cells [30,31,32]. Recently, it was demonstrated that, in the
psoriatic skin, the LL37-self RNA complex was elevated in the keratinocytes, and that activated DCs release
various cytokines, including IL-12 and IL-23, triggering the directed differentiation of naive Th cells into Thl
and Th17 cells, respectively [29,33]. IMQ is a potent agonist to TLR-7 and TLR-8 [22], and known to activate
DCs on topical application onto the skin in humans and mice [22,34]. These clinical and experimental findings
strongly suggest that Th1/Th17 axis, in concert with other types of cells such as DCs and keratinocytes, play
pivotal roles in the pathogenesis of psoriasis. In line with this view, the present experiments showed that IMQ
application on mouse ear elicited a marked increase in mRNA transcripts expression of 1L-23 measured as a
marker of DCs, and that expression levels of signature cytokines of Th1/Th17 cells, such as IFN-y, IL-17, I1L-22,
were also profoundly increased in the IMQ-affected psoriatic skin. On the other hand, expression level of a Th2
cytokine I1L-13 was significantly decreased in response to repeated IMQ application. These results confirm that
IMQ activated DCs through TLR-7 and TLR-8 to produce an environment dominated by Th1 and Th17 in the
skin, as seen in other autoimmune disease models [35]. The constitutive expression of 1L-13 observed in this
study is considered to be attributable to the proneness to Th2 of BALB/c strain used in the present study [36,37].
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Figure 4. Effects of application of 2 x 250 ug of IMQ and 5 pL of 0.05% betamethasone on mRNA
transcripts expression levels of Th cells-related inflammatory cytokines in ear tissue on Day 5. Normal
control animals received neither IMQ nor vehicle cream. Data represent mean expression levels in the
normal group, the IMQ group, and the IMQ + betamethasone treatment group, relative to a control
house-keeping gene (GAPDH)+S.D. (n=8-10). 88: p<0.01l. IMQ vs. Normal group or
IMQ + betamethasone vs. IMQ group (Steel-Dwass test).

Our data also show that topical IMQ markedly increased the expression level of IL-1p, a cytokine released
by activated keratinocytes [29], and that it also profoundly increased the expression levels of S100A8 and
S100A9, known as antimicrobial peptides produced by hyperproliferative keratinocytes and upregulated in
psoriatic conditions [38,39]. These results indicate that keratinocytes were highly activated in the IMQ-induced
skin inflammation in mice. Since signature cytokines of Th1/Th17 cells, i.e., IFN-y, IL-17, and IL-22, are
reported to be capable of activating keratinocytes [29], the IMQ-induced expression of IL-13, S100A8 and
S100A09 is likely to occur secondarily in response to activation of Th1/Th17 cells, although the possibility cannot
be excluded that IMQ directly activated skin keratinocytes. These analyses of mMRNA expression carried out in
this study may all indicate that, like in human psoriasis, Thl and Th17 cells may play pivotal roles, in concert
with activated DCs and keratinocytes, in induction and exacerbation of the IMQ-induced psoriasis model.
Although a previous study reported possible involvement of natural Killer cells and natural Killer T cells in
psoriatic condition [40], the possibility could be excluded that they are implicated in the pathogenesis of
IMQ-induced skin inflammation since the mMRNA transcript expression level of their marker, NK1.2, was not
changed by IMQ.
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Figure 5. Effects of application of 2 x 250 ng of IMQ and 5 pL of 0.05% betamethasone on mRNA
transcripts expression levels of inflammatory cytokines and substances in ear tissue on Day 5. Normal
control animals received neither IMQ nor vehicle cream. Data represent mean expression levels in the
normal group, the IMQ group, and the IMQ + betamethasone treatment group, relative to a control
house-keeping gene (GAPDH)+S.D. (n=8-10). 88 p<0.01. IMQ vs. Normal group or
IMQ + betamethasone vs. IMQ group (Steel-Dwass test), 11: p <0.01. IMQ + betamethasone vs. IMQ
group (Tukey’s test).

TNF-a is one of the proven cytokines that play pivotal roles in the pathophysiology of psoriasis, and various
biologics targeting TNF-o or the receptor of TNF-o are available for the treatment of psoriasis in the clinic,
these biologics have been achieving great success as the first-line drugs for psoriasis patients who need systemic
treatments [41]. In psoriatic conditions, TNF-a is produced by macrophages, natural killer T cells, keratinocytes
as well as DCs, and it activates DCs to produce IL-12 and IL-23, resulting in the differentiation of naive T cells
[29]. In the present study, however, the mRNA transcript expression level of TNF-o remained the same between
the normal group and the IMQ-treated group, indicating that TNF-a. is not implicated in the pathogenesis of
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IMQ-induced skin inflammation at least under the experimental condition employed this time. Further studies
are necessary to elucidate the possible roles of this highly inflammatory cytokine under different condition, e.g.,
more chronic state.

We also found that topical application of betamethasone ointment significantly suppressed IMQ-induced
increases in mMRNA transcript expression levels of IFN-y, IL-17, 1L-22, IL-1B, SI00A8 and S100A9 in the
mouse skin tissues. These results indicate that betamethasone exerted its anti-inflammatory effects against IMQ
-induced psoriasis model by suppressing Thl cells, Th17 cells and keratinocytes. The current finding that
betamethasone exhibited marginal effect on IL-23 expression suggests that the steroid did not affect directly on
DCs and left them activated by IMQ. Although the constitutive expression of TNF-a. and NK1.2 was
significantly decreased by treatment with betamethasone, the significance of the phenomena in the protective
effect of the steroid remains unknown because expression levels of these cytokines were not changed in
IMQ-affected skin tissues.

In summary, the present study provides the first pharmacological evidence that topical application of
betamethasone effectively prevents IMQ-induced psoriasis-like skin inflammation in mice by inhibiting gene
expressions of various cytokines related to Thl cells, Th17 cells and keratinocytes that are known to play critical
roles in the pathogenesis of human psoriasis. These findings confirm and further validate the therapeutic
rationales of topical steroids for treatment of mild to moderate psoriasis. Further studies on the later stage of
IMQ-induced skin inflammation are warranted to investigate any direct effects of betamethasone on
keratinocytes and macrophages, as well as the possible involvement of general anti-inflammatory effects due to
phospholipase A2 and/or cyclooxygenase 2 inhibition.
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