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Rapamycin (RPM) and mycophenolic acid (MPA) are immunosuppressive drugs approved for use in preventing
transplant rejection. These drugs have also been used in the field of dermatology as glucocorticoid sparing agents
for autoimmune and inflammatory disorders such as atopic dermatitis (AD). The aim of this study was to inves-
tigate the therapeutic effect of topically applied RPM and/or MPA on AD-like skin lesions in NC/Nga mice. RPM
(0.04% – 4%), MPA (0.2% – 5%), and formulations of both agents at various ratios were administrated topically
toNC/Ngamicewith 2-chloro-1,3,5-trinitrobenzene (TNCB)-inducedAD-like skin lesions. The therapeutic effects
of topical RPM,MPA, and themixed formulations in TNCB-treated NC/Ngamicewere assessed bymeasuring skin
severity scores, ear thickness, and histological changes in the lesioned skin including mast cell count and total
serum IgE levels. Expression of interleukin (IL)-4, and interferon (IFN)-γ was also assessed.
Topical 4% RPM and/or 1% MPA treatment significantly improved clinical signs of AD such as erythema, edema,
excoriation, and dryness on day 29 (P b 0.05). In addition, 4% RPM, 1% MPA, and the mixed formulations signif-
icantly decreased epidermal thickening, dermal edema, and cellular infiltration into the dermis compared with
the vehicle. RPM (4%) and/or MPA (1%) significantly reduced the expression of IL-4 and IFN-γmRNA and protein
levels comparedwith the vehicle (P b 0.05). No significant change in the levels of total serum IgEwas induced by
topical 4% RPM and/or 1%MPA. The present results demonstrated that topical 4% RPM and/or 1%MPA improved
TNCB-induced AD-like lesions of NC/Nga mice by suppressing expression of Th2-related cytokines (IL-4) and
Th1-related cytokines (IFN-γ). These findings suggest that RPM and/orMPAmay be promising topical therapeu-
tic candidates for the treatment of AD.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disorder
characterized by recurring flare-ups, or flares [1]. In most patients, AD
is successfully managed with topical glucocorticoids and/or calcineurin
inhibitors (CnIs). However, topical glucocorticoids have several well-
known side effects including skin atrophy, striae, easy bruising, telangi-
ectasia, tachyphylaxis and rebound phenomenon, whereas use of
topical CnIs is associated with cutaneous irritation. As such, there have
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been a number of efforts aimed at developing new safe and effective
topical agents for AD [2–6].

Rapamycin (RPM) and mycophenolic acid (MPA) are immunosup-
pressive drugs usually used to prevent acute graft rejection. RPM
inhibits the response to interleukin (IL)-2, thereby blocking activation
of T and B lymphocytes. RPM also inhibits G1 to S phase cell-cycle pro-
gression [7]. On the other hand, MPA inhibits lymphocyte proliferation
by inhibiting inosinemonophosphate dehydrogenase, which is required
for proliferation of T and B lymphocytes [8].

Recently, systemic treatment with MPA has been shown to be effec-
tive in treating AD [9,10]. MPA delays the clinical response of AD com-
pared with cyclosporine by arresting the cell cycle of T lymphocytes at
the G0/G1 phase, but not by inhibiting IL-2 synthesis in lymphocytes
that have already been activated.

Both RPM and MPA regulate dendritic cell maturation and T cell ac-
tivity, and thus their ability to improve immunologic skin disorders is
ycin and mycophenolic acid on TNCB-induced atopic dermatitis-like
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not unexpected [11]. Indeed, based on existing pharmacodynamic data,
topical RPM and MPA are both potential candidates to manage AD. To
date, there have been several attempts to use RPM and MPA topically
as therapeutics for inflammatory skin diseases [12–16]. Recently, Yang
et al. reported that topical administration of 0.2% RPM on AD-like skin
lesions for 4 weeks improved AD symptoms and histologic features of
NC/Nga mice as well as decreased IL-4 and IL-13 expression levels in
the lesional skin [14]. The anti-allergic and anti-inflammatory effects
of MPA have also been confirmed through a reduction in visual skin re-
action as well as suppression of hyperkeratosis and inflammatory cell
infiltration in the epidermis and dermis in experimental allergic contact
dermatitis induced by dinitrofluorobenzene [15]. Lastly, Wohlrab et al.
reported that 2% topical mycophenolate mofetil (MMF), the prodrug
of MPA, improves chronic plaque psoriasis lesions compared with 0.1%
betamethasone-17-valerated cream [16]. Taken together, these reports
of the anti-inflammatory properties of RPM and MPA strongly suggest
their use as anti-atopic agents.

MMF may be combined with other traditional immunosuppressive
agents to take advantage of potential synergistic effects; however,
such approaches may increase the risk infection and neoplasia [17].
Along these lines, Nguyen et al. suggested that the combination of
RPM andMMFmay better conserve the inhibition of T cell proliferation
compared to cyclosporine [18]. The combination of RPM and MMFmay
also interfere with early immune responses by targeting essential func-
tions of dendritic cells [19]. Therefore, the combination of these agents
is assumed to offer safer andmore complementary immunosuppressive
effects with reduced side effects compared with either drug alone.

Despite the potential promising effects of topical administration of
RPM or MPA alone, the effects of a combined formulation on AD have
not been fully studied. In addition, there have been very few experimen-
tal trials concerning the topical use of this combination in animal
models of AD. Thus, this study aimed to investigate the effects of topical-
ly applied RPM, MPA, and their combination, on 2-chloro-1,3,5-
trinitrobenzene (TNCB)-induced AD-like skin lesions in NC/Nga mice.

2. Materials and methods

2.1. Animals

4-week-old female NC/Nga mice were purchased from Japan SLC
(Shizuoka, Japan). Mice were maintained under SPF conditions at
24 ± 1 °C with a humidity of 50 ± 10% under a 12-h light/12-h dark
cycle. Food and tap water were provided ad libitum. Animal care,
handling, and experimental procedures were performed in accordance
with a protocol approved by the Animal Care and Use Committee of
The Catholic University of Korea.

2.2. Reagents

RPM, MPA, and the vehicle used in this study were kindly provided
by Iksu Co., Seoul, Korea. RPM (0.04 – 4%) andMPA (0.2 – 5%)were pre-
pared by first dissolving each in ethanol followed by further dilution
into the vehicle. Specifically, RPM was prepared first as a 28% (w/v,
4 g) solution in ethanol, and then as 10 g of 4% RPM (8.6 g vehicle and
1.4 g of the 28% solution).MPAwas prepared in a similar fashion by pre-
paring a 30% solution (w/v, 3 g) in ethanol, and then as 10 g of 1% MPA
(9.833 g vehicle and 0.167 g of the 30% solution). Combined RPM and
MPA formulations (RM) were prepared at ratios of 2:8, 5:5, and 8:2.
The vehicle included glycerin (5%), xanthan gum (0.1%), 1,3-butylene
glycol (6%), carbomer (0.3%), beeswax (2%), cetanol (2%), white petro-
latum (1.5%), lecithin (0.5%), arlacel 165 (2%), tween 60 (0.2%), arlacel
60 (0.2%), liquid paraffin (6%), dimethicone (1%), triethanolamine
0.3%, preservative (0.3%), and water (up to 100%). Among them, some
ingredients such as beeswax (2%) and dimethicone (1%) are known to
have an effect in inhibiting inflammation. For the positive control,
Please cite this article as: K.E. Jung, et al., Effects of topically applied rapam
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0.03% tacrolimus (Protopic®, Astellas Pharma Inc., Tokyo, Japan) was
used.

2.3. Induction of AD-like skin lesions

TNCB-induced AD-like skin lesions in NC/Nga mice were produced
as previously described [3]. Briefly, the abdomens and ears of mice
were sensitized epicutaneously by applying 150 μl of 5% TNCB dissolved
in ethanol/acetonemixture (4:1 vol/vol) once. Oneweek after sensitiza-
tion, the dorsal surface of the ears was challenged each with 20 μl of 1%
TNCB dissolved in acetone/olive oil (4:1 vol/vol). The treatmentwith 1%
TNCB was applied repeatedly to the ears every other day for 2 weeks,
and then twice a week for a further 2 weeks along with topical
treatments.

2.4. Topical administration of RPM, MPA, and mixed formulations on NC/
Nga mice

After AD-like lesions were fully developed during the first 2-week
challenge, RPM (0.04 – 4%), MPA (0.2 – 5%), three mixed formulations
of RPM and MPA (2:8, 5:5, 8:2), vehicle, and 0.03% tacrolimus were ap-
plied topically to the dorsal side of ears (0.05 g per ear) of each group
once per day, five times a week, for a total of 2 weeks. The design of
the study is summarized in Fig. 1. In the first experiment, NC/Nga
mice were allocated into 9 groups (TNCB only; vehicle; 0.04%, 0.4%,
and 4% RPM; 0.2%, 1%, and 5% MPA; and 0.03% tacrolimus, with 6 mice
per group. In the second experiment, NC/Ngamicewere divided equally
into 8 groups (TNCB only, vehicle, 4% RPM, 1%MPA, 4%RPMand 1%MPA
mixed formulations (2:8, 5:5, 8:2), and 0.03% tacrolimus), with 5 mice
per group.

2.5. Measurement of skin severity score, ear thickness, and scratching
behavior

The severity of dermatitis was assessed macroscopically and
photographed in a blinded fashion once a week beginning after the
first challenge using the following scoring system. The skin severity
scorewas defined as the sum of individual scores for each of the follow-
ing 4 signs: erythema (hemorrhage), edema (swelling), excoriation
(erosion), and dryness. Each of these items was scored as 0 (none), 1
(mild), 2 (moderate), or 3 (severe) as previously described [3]. The de-
gree of therapeutic effects of each trial agentwas expressed as a relative
fold increase ((D29 (post-treatment) − D15 (pre-treatment)) / D15
(pre-treatment) skin severity score +1). Ear thickness was measured
once per week using dial calipers (Kori Seiki MFG, Tokyo, Japan). Two
separate investigators whowere blinded to the grouping of the animals
performed the assessments independently.

2.6. Histopathology

Ear sampleswere obtained on day 29,fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at a thickness of 5 μm. Tissue sec-
tions were then stained with hematoxylin and eosin (H&E) and tolui-
dine blue. The number of mast cells was counted independently by
two separate researchers in 5 randomly selected sites at ×400
magnification.

2.7. Quantitative reverse transcription–polymerase chain reaction
(RT-PCR)

Total RNA was isolated using Trizol® reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer's protocol. Equal amounts of RNA
(1 μg) were reverse transcribed into cDNA using Prime ScriptTM RT re-
agent Kit with gDNA Eraser® (Takara Bio, Otsu, Japan). Quantitative
RT-PCR was performed using a CFX96TM Real-Time PCR Detection
System® (Bio-Rad, Hercules, CA)with SYBR®premix Ex TaqTM (TaKaRa
ycin and mycophenolic acid on TNCB-induced atopic dermatitis-like
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Fig. 1. Study design.
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BIO) and specific primers for IFN-γ, IL-4, and β-actin. The primer
sequences are shown Table 1. The cycling conditions consisted of an
initialization step for 10 s at 95 °C followed by two-step PCR for
45 cycles of 95 °C for 5 s (denaturation) and 58 – 60 °C for 30 s (anneal-
ing/extension). Fluorescence intensity was measured in real time using
the optical module. Melt curves were used to determine product speci-
ficity. Results were normalized to the level of β-actin gene expression.
Table 1
Primers utilized in this study.

Gene Forward primer 5′ → 3′ Reverse primer 5′ → 3′

IFN-γ CGGCACAGTCATTGAAAGCCTA GTTGCTGATGGCCTGATTGTC
IL-4 TCTCGAATGTACCAGGAGCCATATC AGCACCTTGGAAGCCCTACAGA
β-actin TGTGATGGTGGGAATGGGTCAGAA TGTGGTGCCAGATCTTCTCCATGT

Fig. 2. Changes in skin severity scores according to RPM andMPA treatments as a function
of concentration. Changes in skin severity scores after 2 weeks of treatment with RPM or
MPA are shown as the relative fold increase (RFI). Each experimental group consisted of
six mice. *P b 0.05 compared with the vehicle. RPM; rapamycin, MPA;mycophenolic acid.

Please cite this article as: K.E. Jung, et al., Effects of topically applied rapam
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Analysis of relative gene expression data was calculated using the
2−ΔΔCT method. All experiments were repeated twice.

2.8. Enzyme-linked immunosorbent assay (ELISA)

IL-4 and INF-γ protein levels of skin lesions weremeasured by com-
mercial ELISA kits® (eBioscience, San Diego, CA) according to the
manufacturer's instructions. Total IgE in the serum was measured
using an ELISA kit® (Bethyl Laboratories Inc., Montgomery, TX) accord-
ing to the manufacturer's instructions.

2.9. Statistical analysis

All data were expressed as the mean ± standard error of the mean
(SEM). One-way analysis of variance followed by Tukey'smultiple com-
parison test was used for statistical analysis. The Kruskal–Wallis test
was used for comparisons of the three groups. In all cases, P values
b0.05 were considered significant.

3. Results

3.1 . Therapeutic effect of topical RPM and MPA on TNCB-induced AD-like
skin lesions according to concentration

To identify the most effective concentrations of RPM and MPA for
treating TNCB-induced AD-like skin lesions, we investigated RPM at
0.04%, 0.4%, and 4% and MPA at 0.2%, 1%, and 5% based on previous
data [12–16]. To evaluate the therapeutic effect of RPM and MPA on
AD-like skin lesions, we scored the clinical signs of the ears according
to criteria for 4 major clinical signs of AD, namely, erythema/hemor-
rhage, edema, excoriation/erosion, and scaling/dryness. The skin severity
scores of all TNCB-treated groups increased progressively with time
during the 2-week challenge period. However, after initiating treatment,
Fig. 3. Changes in skin severity scores according to treatment with 4% RPM, 1% MPA, and
several mixed formulations (2:8, 5:5, 8:2). Changes in skin severity scores after 2 weeks
of treatmentwith RPM andMPA are shown as the relative fold increase (RFI). Each exper-
imental group consisted of five mice. *P b 0.05 compared with the vehicle. RPM;
rapamycin, MPA; mycophenolic acid, RM; rapamycin + mycophenolic acid.

ycin and mycophenolic acid on TNCB-induced atopic dermatitis-like
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4% RPM was found to have the most significant effect on reducing
the skin severity score compared with the vehicle (P b 0.05
(Fig. 2A). Among the MPA treated groups, administration of 1%
MPA resulted in the largest decrease in skin severity score
(P b 0.05) (Fig. 2B).
Fig. 4. Histological features of AD-like skin lesions after a 2 weeks of treatment with RM (8:2)
magnification, ×100 (C) Number of mast cells in 5 randomly chosen visual fields at ×400 m
mice. All values are expressed as the mean ± SEM. **P b 0.01 compared with the vehicle. RPM

Please cite this article as: K.E. Jung, et al., Effects of topically applied rapam
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3.2. Therapeutic effect of topical 4% RPM, 1% MPA, and mixed formulations
on TNCB-induced AD-like skin lesions

We conducted the next experiments using the mixed formulations
containing 4% RPM and 1% MPA. First, in order to determine whether
, 4% RPM, and 1% MPA. (A) H&E; original magnification, ×100 (B) toluidine blue; original
agnification. HPF indicates high-power fields. Each experimental group consisted of five
; rapamycin, MPA; mycophenolic acid, RM; rapamycin + mycophenolic acid.
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the mixed formulation of 4% RPM and 1% MPA was superior to the
effects of each drug alone, we tested various mixed formulations (2:8,
5:5, 8:2) with those of the single agent. Although there were no statisti-
cally significantly differences between the various treatment groups,
the largest decrease in skin severity scorewas achievedwith the combi-
nation of 4% RPM and 1% MPA (RM, 8:2) (P b 0.05) (Fig. 3).

3.3. Effect of topical RM (8:2), 4% RPM, and 1% MPA on TNCB-induced
epidermal thickening and inflammatory cell infiltration in the ear skin

Histologically, epidermal hyperplasia and inflammatory cell infiltra-
tion including eosinophils and mast cells in the dermis represented the
largest decrease following treatment with the RM (8:2) formulation
(Fig. 4A, B). Specifically, the mast cell number increased by TNCB was
significantly reduced in groups treated with RM (8:2), 4% RPM, and 1%
MPA compared to the vehicle (P b 0.01), although there were no
significant differences between RM (8:2) and single agents (Fig. 4C).

3.4. Effect of topical RM (8:2), 4% RPM, and 1% MPA onmRNA expression of
cytokines in TNCB-induced ear skin

The mRNA expression of IL-4 and IFN-γwas constitutively absent or
minimal in the untreated group. However, TNCB-induced mRNA
expression of IL-4 and IFN-γ was significantly reduced in the RM (8:2)
Fig. 5. Effect of topical RM (8:2), 4% RPM, and 1%MPA on mRNA expression of (A) IL-4, (B) IFN
Data are presented as the mean ± SEM. *P b 0.05 compared with the vehicle. IL-4; i
rapamycin + mycophenolic acid.

Please cite this article as: K.E. Jung, et al., Effects of topically applied rapam
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treatment group compared to the vehicle (p b 0.05). Expression of IL-4
and IFN-γ mRNA was also significantly reduced in the 4% RPM treat-
ment group compared to the vehicle (p b 0.05). With respect to the
1% MPA treated group, the TNCB-induced mRNA expression of both
IL-4 and IFN-γ was significantly reduced compared to the vehicle
(p b 0.05) (Fig. 5).

3.5. Effect of topical RM (8:2), 4% RPM, and 1% MPA on protein levels of
cytokines in TNCB-induced ear skin

The protein expression of IL-4 and IFN-γwas significantly increased
in TNCB-induced AD-like skin lesions. The increase of IL-4 and IFN-γ
was significantly reduced in the RM (8:2) treatment group and the 4%
RPM treatment group compared to the vehicle (p b 0.05). With regard
to the 1% MPA treated group, the TNCB-induced protein expression of
IL-4, but not of IFN-γwas significantly reduced compared to the vehicle
(p b 0.05) (Fig. 6).

3.6. Effect of topical RM (8:2), 4% RPM, and 1% MPA on TNCB-induced total
serum IgE levels

RM (8:2), 4% RPM, and 1% MPA all failed to reduce total serum IgE
levels (data not shown).
-γ in TNCB-induced ears of NC/Nga mice. Each experimental group consisted of five mice.
nterleukin-4, IFN-γ; interferon γ, RPM; rapamycin, MPA; mycophenolic acid, RM;
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Fig. 6. Effect of topical RM (8:2), 4% RPM, and 1% MPA on protein expression of (A) IL-4, (B) IFN-γ in TNCB-induced ears of NC/Nga mice. Each experimental group consisted of fivemice.
Data are presented as the mean ± SEM. *P b 0.05 compared with the vehicle. IL-4; interleukin-4, IFN-γ; interferon γ, RPM; rapamycin, MPA; mycophenolic acid, RM;
rapamycin + mycophenolic acid.
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4. Discussion

We demonstrated here that a combined mixture of topical RPM and
MPA markedly improves AD-like skin lesions in NC/Nga mice. Clinical
analysis revealed that topical 4% RPM, 1% MPA, and the combination
of 4% RPM and 1% MPA (RM, 8:2) significantly decreased skin severity
scores encompassing erythema/hemorrhage, edema, excoriation/
erosion and scaling/dryness compared to the vehicle group. Although
there were no statistically significant differences between the various
treatment groups, treatment with the RM combination resulted in the
largest decrease in skin severity score. These findings were supported
by histopathologic analysis. Our present data was different from Yang
et al.'s result that 0.2% RPM was most effective. It has been estimated
that our base is cream formulation, not ointment which usually is
known to be better penetration than cream. Further studies are needed
with various base formulations of RPM. As forMPA, 5%MPAhas been in-
effective both clinically and histologically. The lack of effectiveness of 5%
MPA is perhaps due to skin irritation where it is higher in concentration
than that previously reported to be effective. We would need to refine
the effective range of MPA in future experiments.

Leung and Bieber reported that Th2 cytokines are dominant during
the acute phase of AD, and that Th1 cytokines are also highly expressed
and contribute to the pathogenesis of chronic AD [20]. Th2-type cyto-
kines, especially IL-4, are predominantly produced by T cells and mast
Please cite this article as: K.E. Jung, et al., Effects of topically applied rapam
skin lesions in NC/Nga mice, Int Immunopharmacol (2015), http://dx.doi.
cells, and might also play an important role in the pathogenesis of AD
[21]. Furthermore, the presence of IFN-γ-producing T cells correlates
with the chronification and severity of AD skin lesions [22]. In the
present study, the mixed RM formulation significantly suppressed
TNCB-induced elevation of IL-4 and/or IFN-γmRNAand protein expres-
sion compared to the vehicle group. Thus, our results suggest that the
suppressive effect of topically administered mixed RM formulation, as
well as 4% RPM and 1% MPA as single agents, on AD-like skin lesions
in NC/Nga mice was possibly mediated by a local tissue Th2 and Th1
response. Therefore, it might be possible that 4% RPM and/or 1% MPA
are effective for both acute and chronic stageAD. IL-4mRNAand protein
expression as well as INF-γ protein level in the vehicle group were also
reduced compared to TNCB only. These results might be due to anti-
inflammatory effects of beeswax (2%) and dimethicone (1%) in the
vehicle [23,24].

Serum IgE levels are elevated in approximately 70 – 80% of AD pa-
tients. Although serum IgE levels are not necessary to diagnose AD,
they do appear to correlate with disease severity [25]. In addition, itch
intensity in AD patients is closely related to IgE [26]. Contrasting reports
of intranasal and intraperitoneal administration of RPM reducing IgE in
experimental allergic asthma suggest that the effects of RPM are largely
dependent on the route of administration [27]. In addition to thesefind-
ings, Chang et al. demonstrated that systemic MPA treatment inhibits
IgE production in vitro [28]. In our study, topical administration of 4%
ycin and mycophenolic acid on TNCB-induced atopic dermatitis-like
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RPM and/or 1% MPA failed to reduce TNCB-induced elevation of total
serum IgE levels. These results may suggest that topical administration
of 4% RPM and/or 1% MPA does not have systemic effects.

This preliminary study had some limitations. Specifically, we were
unable to measure the skin permeability of the individual agents. In ad-
dition, we were unable to measure the skin infection which may follow
the use of immunosuppressive drugs (PRM and MPA). To compare the
therapeutic effect of topical RPM, MPA, and their mixed formulation
and demonstrate their safety, additional studies using an additional
animal model of AD are underway.

In conclusion, our results demonstrated that topical administration
of 4% RPM, 1% MPA, and a mixture of these two agents suppressed
TNCB-induced AD-like skin lesions in NC/Nga mice, and that 4% RPM
contributed a greater antipruritic effect. Taken together, RPM and/or
MPA may be considered as potential topical therapeutic options for
managing AD in the near future.
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