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Abstract

Objectives To assess the efficacy of topically applied 2% hydroxypropyl cellulose

gels containing 0.5% fingolimod hydrochloride (FNGL) with or without 6%

colloidal oatmeal in an in vivo model of atopic dermatitis (AD).

Methods AD-like lesions were induced in SKH1/Hr hairless mice and were trea-

ted with FNGL gels, non-medicated base gels and Elidel� cream for 6 weeks. The

severity/improvement of the lesions was assessed regularly using the Eczema Area

and Severity Index (EASI), pH of the skin, transepidermal water loss, g/m2/h

(TEWL), humidity and temperature. At the end of the experiments, the plasma

levels of cytokines, FNGL and white blood cells were determined.

Key findings The EASI score was almost unchanged for the vehicle-only groups

compared to before the treatments, whereas the medicated groups showed a sig-

nificant decrease in the overall EASI score (P < 0.01), although there was non-

significant differences among them (P > 0.081). Both the FNGL groups also

showed a significant (P ˂ 0.05) reduction in blood WBC.

Conclusion This study shows that the gels containing 0.50% FNGL and FNGL

0.50% plus 6% colloidal oatmeal have potential for the treatment of AD. The

presence of colloidal oatmeal may provide additional benefits.

Introduction

Atopic dermatitis (AD) is a common, chronic and non-cur-

able immune-mediated inflammatory skin disorder. The

number of patients suffering from AD has tripled in the last

three decades,[1–4] and current estimates show that AD

affects approximately 17% of the population worldwide.[5]

AD clinical symptoms include skin redness, thickening,

lichenification and pruritus. Although the complete patho-

genesis of AD is not fully understood yet, there is consensus

that AD is the results of skin inflammation and hyperprolif-

erative epidermis.[6,7] The inflammation consists mainly of

T cells, antigen-presenting cells like dendritic cells (DC)

and macrophages.[8] Typically, in patients with AD, TH2

cell response that is responsible for activating B cells over-

whelms TH1 cell response resulting in increased production

of IgE immunoglobulin isotype responsible for type I

hypersensitivity in the serum.[9,10] TH2 cytokines (e.g.

interleukin-4; IL-4) are overexpressed, and TH1 cytokines

(e.g. interferon gamma (IFN-c)) are underexpressed[11,12]

in acute lesions. This results in an abnormal immunological

response and skin barrier malfunction.[5,7,13] Topical gluco-

corticoids are still the first-line therapy for patients with

AD, although prolonged use of these drugs may cause

adverse effects due to its non-specific immune modula-

tion.[14,15] There is also an increasing number of AD

patients with steroid resistant dermatitis. It is therefore vital

to find and evaluate new types of therapeutic agents.

Fingolimod (FNGL) is an immune modulator whose

mechanism of action differs from those of established

immune suppressants like corticosteroid.[16] FNGL is a syn-

thetic structural analogue of myriocin (ISP-I), a metabolite

of Isaria cinclarii,[17,18] and is currently approved for relaps-

ing forms of multiple sclerosis.[19,20] However, because of

its mechanism of action, FNGL has a potential in prevent-

ing the development of AD[21,22] as well as other immuno-

logical diseases like rheumatoid arthritis,[23] myasthenia

gravis[21,24] and type 1 diabetes mellitus.[25,26] The presence

of FNGL in the skin may inhibit the ability of dendritic cells

to migrate to draining lymph nodes and present antigens to
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na€ıve lymphocytes, leading to the anti-inflammatory

action.[27,28] FNGL may also inhibit keratinocytes prolifera-

tion[29] addressing the other aspect of AD pathogenesis,

which is hyperproliferation of the epidermis. Unfortu-

nately, FNGL has a narrow therapeutic window and has

severe adverse effects, such as bradycardia, infections and

macular oedema,[30,31] that limit its systemic administra-

tion. Moreover, it was shown that systemic administration

of FNGL impaired the initiation but not the elicitation

phase in an animal model of AD skin lesions. Therefore,

topical administration of FNGL may have superior benefits

to systemic administration in the treatment of a skin dis-

ease like AD.[32] The availability of topical products of

FNGL is a necessary step in the evaluation of FNGL as a

therapeutic agent for AD or other immune-mediated

inflammatory skin disorders like acne vulgaris, psoriasis

and systemic lupus erythematous. In a previous study,[33]

we developed a series of 2% hydroxypropyl cellulose gels

containing various percentages of fingolimod (0.05%,

0.10%, 0.50% and 1.00%) and of colloidal oatmeal (0%,

1%, 3%, 6% and 10%) as a possible penetration enhancer.

In vitro permeability and skin retention studies showed that

the gel containing 0.50% FNGL had the most promising

skin penetration properties over the other strengths and

that the presence of colloidal oatmeal at the 6% level fur-

ther enhanced FNGL penetration across porcine skin of

3.5-fold compared to the base gel.

In this study, we examined the in vivo efficacy of topi-

cally applied FNGL gels in an animal model of AD. Specifi-

cally, we tested the gels containing 0.50% FNGL with or

without 6% colloidal oatmeal (Aveeno�) on AD-like

lesions induced in SKH1/Hr hairless mice and compared

with the effects of non-medicated gels (base gel and base

gel with Aveeno�) and of Elidel� cream, a currently state of

the art topical treatment for AD.

Materials and Methods

Reagents

FNGL�HCL (FNGL; LC Laboratories, Woburn, MA, USA);

1-chloro, 2-4 dinitrobenzene (DNCB) and 1, 4-dioxane

(dioxane; Sigma-Aldrich, St. Louis, MO, USA). HPLC-

grade alcohol anhydrous (ethanol), acetic acid, acetone and

methanol (J.T. Baker, Philipsburg, NJ, USA); colloidal oat-

meal fine powder (Aveeno�; local pharmacy store).

Hydroxypropyl cellulose (Klucel�; Hercules Inc., Wilming-

ton, DE, USA). ELISA kit for IgE determination (Gen

Way� Biotech, Inc., San Diego, CA, USA), ELISA kits for

assaying for cytokine IL-4 and IFN-c (Cayman� Chemical

Company Ann Arbor, MI, USA). Elidel� 1% cream

(Valeant Pharmaceuticals North America LLC Bridgewater,

NJ, USA) was from a local pharmacy store.

Animals

The Institutional Animal Care and Use Committee (IACUC)

at Long Island University, Brooklyn, NY, approved all the

animal procedures. Six-week-old female mice (SKH1/Hr

type, hairless, immunocompetent, euthymic, inbred, trans-

genic) were purchased from Charles River (Wilmington,

MA). The animals were housed at constant temperature

(22 � 2 °C) and humidity (55 � 5%) and fed with stan-

dard diet and water throughout the experiments. All the

experiments in mice were performed in accordance with

regulations.

Gel formulations

Klucel� (2%) gel was prepared in batches of 20 g each

according to a procedure previously described.[33] Physical

evaluation and stability of the gel formulations were also

described in that article. Table 1 shows the actual composi-

tion of the gel preparations used in the experiments.

Induction of atopic dermatitis-like skin
lesions in mice and study protocol

Mice were divided into six groups of four mice each

(Table 1). Four mice did not receive any treatment (group

6: control group). In the remaining five groups, AD lesions

were induced according to a method previously

described.[34,35] Briefly, 100 ll of 1% solution of DNCB in

acetone was applied daily for 1 week (day 1–7) on the back

Table 1 Composition of gel formulation and investigational groups

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Vehicle Vehicle/Aveeno� Positive Control FNGL in Vehicle/Aveeno� FNGL in Vehicle Negative Control

GEL Composition

Klucel 2% 2% – 2% 2% –

Aveeno� – 6% – 6% – –

FNGL – – – 0.5% 0.5% –

Ethanol/water qsa 100 qs 100 – qs 100 qs 100 –

Elidel cream 1% – – 100% – – –
aqs: as much as suffices.
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of the hairless mice using a sterile micropipette. The DNCB

solutions were freshly prepared just before the application

due to the volatile nature of acetone. Care was taken to

apply the DNCB solution only to the area of the back where

mice cannot reach, to avoid spreading of the reagents to

other parts of the body. Then, from day 8 to the end of the

study (day 42), the concentration of the DNCB solution

was decreased to 0.5%, but the same volume (100 ll) of

the solution was applied every other day. Starting on the

same day (day 8), the AD-like lesion was treated with 0.5 g

of the investigational gels (groups 1, 2, 4, 5) or 0.1 g of

Elidel� cream (Valeant Pharmaceuticals North America

LLC Bridgewater; group 3). Gel or cream was applied

evenly to the back of the mice with mini silicone rubber

spatula (Williams-Sonoma, New York, NY, USA) every

24 h, 2 h before the application of the DNCB solution.

Figure 1 shows a schematic outline of the procedures.

Assessment of atopic dermatitis-like skin
lesions

An Eczema Area and Severity Index (EASI) score was used

to measure the severity and extent of atopic eczema

induced in the mice. Erythema (redness), scratching (exco-

riation), thickness (induration, papulation, oedema) and

lichenification (lined skin) were scored independently on a

scale from 0 to 3: 0 – none; 0.5 – none/mild; 1 – mild; 1.5 –
mild/moderate; 2 – moderate; 2.5 – moderate/severe; and 3

– severe. Evaluation of EASI scoring was conducted in dou-

ble blind by three observers at baseline and twice a week

thereafter. Average of the three evaluators was used to

determine the average cumulative EASI scoring (0–12). The
cumulative EASI score (erythema plus scratching plus

thickness plus lichenification) is an index of the severity of

inflammation (scale 0–12).[36,37]

The weight of each animal in grams was measured every

week using a properly calibrated weighing balance (Taylor

TS5 analogue scale, Las Cruces, NM, USA). The pH of the

lesional area of the skin was determined at baseline (0), ato-

pic skin (1) and 6 weeks (end of treatment) using a flat

surface electrode pH meter (Mettler-Toledo Giessen,

Columbus, OH, USA). Transepidermal water loss (TEWL),

temperature (°C) and humidity of the mice dorsal skin were

determined using a vapometer� SWL-3 (Delfin Technolo-

gies Ltd., Kuopio, Finland). Each measurement was per-

formed in triplicate. At the end of the 6-week study, blood

was collected from the heart and stored in heparinized

tubes (BD Vacutainer�, Franklin lakes, NJ, USA) at or

below 4 °C. Blood was centrifuged (Beckman Coulter, Alle-

gra� X-22R centrifuge, rotor # 4250) at 3901 g for 20 min

to separate plasma from the haematocrit. Plasma was anal-

ysed for IgE, IL-4, IFN-c concentration and also for fin-

golimod content, whereas haematocrit was analysed for

white blood cell (WBC) count.[38] IgE, IL-4 and IFN-c were
measured by ELISA using commercially available kits

according to manufacturer’s protocol. WBC count was

determined by diluting 10 ll of haematocrit (1 : 20 dilu-

tion) with 190 ll of acetic acid (3%) and vortex-mixed.

After 5 min, the diluted sample was placed evenly on Neu-

bauer chambers and covered, and after waiting an addi-

tional 2 min, the WBCs were counted using a hand-tally

counter (Heathrow scientific� counter, Vernon Hills, IL,

USA) and an inverted light microscope (Axiovert� 200M;

Thornwood, NY, USA) set at 1009 optical magnification.

Measurement of FNGL in plasma

Fingolimod was quantified in plasma using an HPLC

method adapted from Andreani et al.[39] Standards were

prepared by spiking 900 ll of mouse plasma (GeneTex,

Irvine, CA, USA) with standard solutions of FNGL.HCl in

water to obtain final concentrations of 5000, 2500, 1250,

625, 312.5, 156.25, 78 and 39 ng/ml. Fifty microlitres of

plasma (standard or sample) was transferred into a 2 ml

sterile microcentrifuge tube and extracted with 200 ll of 1M
NaCl, 0.25 ml of methanol and 50 ll of 18.5% hydrochloric

acid (6.25 N). After vortexing (Fisher vortex genie 2TM,

Bohemia, NY, USA) for 2 min, 0.5 ml of chloroform was

added, vortex-mixed for 5 min and centrifuged at 13225 g

for 10 min. The lower chloroform phase was transferred

Figure 1 Schematic outline of the protocol procedures and molecular structure of fingolimod.
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into a new plastic centrifuge tube. After repeating lipid

extraction with another 0.5 ml of chloroform, the two chlo-

roform phases were combined and chloroform was evapo-

rated under nitrogen gas at 50 °C (PIERCE Reacti-Therm�

Heating module; Champaign, IL, USA). The samples were

reconstituted by subsequent addition of 200 ll of dioxane,
200 ll dipotassium hydrogen phosphate (70 mM, pH 9.00)

and 200 ll of the derivatizing agent Fmoc-Cl (18 mg in

5 ml dioxane). Finally, the resulting solution was filtered

through BD precision glide� filter needle with 5 lm filter

(1.1 9 40 mm, Mettawa, IL, USA) and 10 ll was injected
onto the HPLC column, a reversed phase C18 column

(250 9 4.6 mm KromasilTM 100-5 C18) equipped with a

guard column (Phenomenex� security guardTM, Torrance,

CA, USA). Separation was performed at room temperature

(25 °C) with a mobile phase consisting of methanol, 70 mM

K2HPO4 buffer (pH: 9) and water (90 : 5 : 5 v/v). Flow rate

was 1.5 ml/min. Excitation wavelength was k = 263 nm,

and emission wavelength was k = 316. Typical retention

time was 20 min. Peak height was used to determine

FNGL concentration. The assay was linear in the range

5–0.039 lg/ml (r2 ≥ 0.99), and the lower limit of quantifi-

cation was 0.039 lg/ml. The CV (%) for interday assays at

39 ng/ml (lowest limit of quantification, LLOQ) and

5000 ng/ml was 8.67 and 0.1, respectively. As Fmoc-Cl is

highly light sensitive, all Fmoc-Cl standard solutions and

samples were always freshly prepared and protected from

light with aluminium foil or amber-coloured glassware.

Plasma extraction efficiency was determined by comparing

the extraction from plasma and water. The absolute recov-

ery was in the range (91.68 � 1.37 to 105.64 � 17.93), and

average relative recovery (extraction efficiency) was in the

range of (90.72 � 2.66 to 95.5 � 2.81).

Statistical analysis

Mean, standard deviation (SD), standard error mean

(SEM), coefficient of variation (CV%), percentage error (E

%) were calculated with Microsoft Excel 2013 (Microsoft,

Seattle, WA, USA). One-way analysis of variance was per-

formed, followed by the post hoc Dunnett’s multiple com-

parison tests (IBM-SPSS for Windows, Armonk, NY), with

P < 0.05 defined as statistically significant.

Results

General assessment of mice conditions
during the study

Mice weight

At the beginning of the study, the average mice weight was

15.8 � 0.5 g, and at the end of the study, it was

22.4 � 0.6. Overall, there was no significant difference in

the average weight of the mice (P > 0.71) across the study

groups. However, reduction in weight and internal bleeding

was found in one mouse at week 4 (group 5) and in one

mouse at week 5 (group 4). Those mice were immediately

euthanized.

Lesion area pH

Figure 2 shows the baseline pH (week 0, no treatment), pH

at week 1 (DNCB treatment only) and at week 6 (end of

treatment) for each group. For all groups, with the excep-

tion of the negative control (group 6), there was a signifi-

cant difference in pH between the time periods (P < 0.001).

ANOVA showed that the pH increased significantly with

DNCB treatment (week 1) and decreased significantly

(P < 0.05) following the topical treatments (week 6) com-

pared to baseline pH (week 0) except for group 1 (vehicle

only; P > 0.052). Within each time period, there was no

significant difference between treatment groups (P > 0.071).

Transepidermal water loss (g/m2/h)

The TEWL increased significantly (P < 0.001) at the end of

the first week (DNCB treatment only) compared to baseline

TEWL (week 0) and decreased significantly (P < 0.05) at

the end of the study for all the groups including the vehicle

group (group 1; Figure 3).

Temperature and humidity

Both temperature and humidity were not significantly dif-

ferent from the baseline levels (week 0) at the end of the

study (humidity: P > 0.49; temperature P > 0.99). Interest-

ingly, humidity increased significantly (P < 0.01) at week

Figure 2 Average pH measured for each group before induction of

AD-like lesion (week 0), after 1 week of treatment with DNBC (week

1), and at the end of the study (week 6). All values are mean � stan-

dard error mean (SEM).
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2, 3 and 4 for groups 1–5 compared to the negative control

group (group 6). However, humidity was non-significantly

different among the groups (P > 0.67), and at the end of

the study, it is known that higher humidity and TEWL are

common pathological features of the AD disease.[40]

EASI score

Figure 4 shows the average cumulative EASI score observed

for each group during the 5 weeks of treatment. The col-

umn ‘before treatment’ shows the average cumulative score

for all the mice treated with DNCB before they received

any topical treatment. The DNCB treatment successfully

induced an AD-like lesion as the average cumulative EASI

score was significantly (P < 0.0001) higher compared to

that recorded before the beginning of the treatment or to

the negative control group. The Dunnett’s post hoc t-tests

show that at the end of the 5-week treatment, the average

cumulative EASI score was almost unchanged for the vehi-

cle-only groups (groups 1 and 2) compared to before the

treatments, whereas the medicated groups (3, 4 and 5)

showed a significant decrease in the overall EASI score

(P < 0.048 for group 3 and P < 0.010 and P < 0.019 for

groups 4 and 5, respectively); however, there was non-sig-

nificant difference among them (P > 0.081).

White blood cell count

Figure 5 presents the WBC count/ll detected in the blood

of each group. For all groups, the WBC count was within

the normal range for SKH1 hairless mice (5000–12000/
ll)[41]. However, there was a significant decrease in WBC

count for the FNGL treatment groups, group 4 (P ˂ 0.05)

and group 5 (P ˂ 0.001) compared with the control group

(group 6) even though the two groups were non-signifi-

cantly (P > 0.78) different one from the other. A reduction

in the WBC count was observed in the positive control

group (Elidel� cream); however, the decrease was non-sig-

nificant (P > 0.074).

Plasma IgE level

Figure 5 shows the plasma IgE levels detected in the six

groups. Group 1 (gel vehicle) shows a very significant

increase in IgE level (P < 0.001) up to 1.73 � 0.056 lg/ml

Figure 3 Average TEWL (g/m2/h), temperature (°C) and humidity of mice atopic dermatitis-like skin lesions (n = 4). All values are mean � SEM.

Figure 4 Average cumulative Eczema Area and Severity Index (EASI;

mean � SEM, n = 4) score (0–12) vs time (weeks) in normal mouse

(group 6) and mice suffering from DNCB-induced AD-like skin lesion

(groups 1–5), which were treated with vehicle (group 1), vehicle/col-

loidal oatmeal (group 2), positive control (Elidel� cream, group 3),

FNGL containing 6% colloidal oatmeal gel (group 4) and FNGL con-

taining no colloidal oatmeal (group 5). *P < 0.05 compared to the

‘before treatment’ group with Dunnett’s test. EASI score for the con-

trol group (group 6) was always 0.
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compared with the negative control group (group 6). The

increase in IgE levels was partially offset in the other groups

(groups 2, 3, 4 and 5). Indeed, all of them show a signifi-

cant decrease (P < 0.05) compared to group 1, although

their levels of IgE were still significantly higher than in the

normal mice (group 6). The FNGL gels (group 4 and 5)

displayed the maximum effect with a non-significant differ-

ence between the two groups (P > 0.32). Interestingly, the

colloidal oatmeal gel (group 2) and Elidel� cream (group

3) were equally effective in reducing plasma IgE level.

Plasma IL-4 expression

Figure 5 shows IL-4 expression detected in the six groups

at the end of the experiment. Only the group treated with

the gel vehicle only (group 1) exhibited a statistically signif-

icant increase of IL-4 (P < 0.01), whereas the medicated

groups are non-significantly different from the untreated

group (group 6). The degree of reduction due to the pres-

ence of FNGL, Aveeno� or pimecrolimus compared to the

vehicle alone (group 1; P < 0.05) in IL-4 expression was in

the order: group 4 (FNGL + Aveeno�) > group 3

(Elidel�) > group 2 (Aveeno�) > group 5 (FNGL).

Plasma IFN-c expression

Figure 5 shows IFN-c expression in the six groups. When

the hairless mouse was treated with DNCB, the amount of

IFN-c decreased as shown with the comparison of group 1

with the control (group 6). IFN-c expressions increased

upon the application of the medicated gels with maximum

effect for group 4 (60.52 � 4.91 pg/ml). The increasing

rank order of IFN-c expression was group 4 > group

3 > group 5 > group 2. The rank order of IFN-c
expression was inverse that of IgE levels and that of IL-4

expression.

Plasma FNGL level

FNGL plasma levels were determined to evaluate possible

systemic effects. A slight but non-significant (P > 0.27) dif-

ference was observed in the plasma concentration of FNGL:

Figure 5 Blood WBC count, plasma IgE, IL-4, IFN-c and FNGL level in normal mouse (group 6) and mice suffering from DNCB-induced AD-like

skin lesion (group 1–5), which were treated with vehicle (group 1), vehicle with colloidal oatmeal (group 2), positive control (Elidel� cream, group

3), FNGL containing 6% colloidal oatmeal gel (group 4) and FNGL containing no colloidal oatmeal (group 5). Values are mean � SEM (n = 4 for

groups 1, 2, 3, 6; n = 3 for groups 4 and 5). *P < 0.05 compared to group 1 with Dunnett’s test.
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30.99 � 1.4 and 37.91 � 4.47 lg/ml for the groups 4 and

5, respectively.

Discussion

This study investigates the hypothesis that FNGL, an

immune modulator formulated as a topical gel, may reduce

the clinical manifestations of AD, an immunological skin

disease. Several gels were previously formulated and tested

in vitro to find out the FNGL strength and concentration of

the penetration enhancer (colloidal oatmeal) that exhibited

the most promising skin permeability and retention charac-

teristics.[33] The gels selected for in vivo experiments con-

sisted of 0.5% FNGL in a 2% Klucel� hydroalcoholic gel

base with or without addition of 6% colloidal oatmeal.

Colloidal oatmeal, also known as Aveeno�, was selected

because it has its own dermatological benefits.[42] Indeed,

several OTC products containing Aveeno� have recognized

anti-inflammatory (soothing/calming) and antioxidant

properties and improve skin moisture and barrier

function.[43] The gels were tested in an animal model of AD

where AD-like skin lesions were induced with a strong sen-

sitizer (DNBC).[34,44,45] It has been reported that following

DNBC challenge, the mice skin expression of both TH1 and

TH2 immune responses as well as the production of IgE

and TH2 cytokines is similar to that observed in human

patients of AD.[5,34,46,47] On the macroscopic level, the skin

of mice treated with DNBC exhibits an AD-like lesion; that

is, it appears dry, red and rough: topical signs of a compro-

mised barrier function.[46,48,49] The results of this study

show that the AD-like lesions were successfully induced in

the mice models as all the indexes of skin AD lesions (pH,

TEWL and EASI) remarkably increased after 1 week of

DNCB application compared with both the measurements

performed before the application and the negative control

group (group 6).

The EASI score was developed by the European Task

Force on Atopic Dermatitis to evaluate the severity of the

disease as objectively as possible.[36,37] We used the same

criteria for the mouse model; however, we did not account

for the area of the lesion, being the area approximately the

same in all mice. Analysis of EASI score data from groups 4

(0.5% FNGL gel, 6% Aveeno�) and 5 (0.5% FNGL gel)

shows that the presence of FNGL substantially reduced the

visual symptoms of AD compared to the vehicle-only

groups (group 1 and group 2) and resulted in a score simi-

lar to that of the positive control (group 3, Elidel� cream).

Although the presence of Aveeno� alone (group 2) moder-

ately reduced the EASI score when added to the base gel

(group 2), it did not substantially increase the effect of

FNGL (Figure 4).

The normal pH of the human skin is slightly acidic

(4.5–6.0), whereas the pH of the lesion in patients suffering

from AD is in the range of 5.5–6.5.[50] The reported pH of

stratum corneum surface in SKH1 hairless mice is 6.0.[51]

In this study, we observed a baseline pH of 6.37 � 0.041.

Treatment with DNCB significantly increased pH to

6.8 � 0.054, whereas FNGL treatment significantly

reduced the pH of the DNCB-treated skin back to

6.47 � 0.02. Reduction in the pH towards baseline pH

was observed also for the vehicle/colloidal oatmeal formu-

lation (group 2) and not for the vehicle-only gel (group 1).

This suggests that Aveeno� alone may have pH normaliza-

tion properties. The pH of the gel formulations ranged

from 5.02 to 5.73.[33]

TH cells are central to the pathogenesis of AD. T helper

cells are classified as TH1 or TH2 based on a variety of

characteristics including the profile of cytokines produced

by the respective cells. TH1 cells are involved in cell-

mediated inflammatory DTH reactions and produce large

quantities of IFN-c, TNF-a and IL-2. Several TH1 cytoki-

nes activate cytotoxic, inflammatory and delayed hypersen-

sitivity reactions and act to promote macrophage

activation. TH2 cells typically produce IL-4, IL-5 and sev-

eral other cytokines, such as IL-6, IL-9, IL-10 and IL-13.

TH2 cells produce antibodies/immunoglobulins, of which

immunoglobulin IgE is responsible for allergic reactions or

type I hypersensitivity. A biphasic profile of cytokine

expression occurs in AD, with activation of IL-4-producing

TH2 cells predominating over INF-c-producing TH1 cells

in the early acute phase and vice versa in the chronic

phase.[52,53] The TH1/TH2 balance may be fundamental to

the pathogenesis of AD.[38] In our model of AD, we mea-

sured the concentration of cytokines in peripheral blood

and not directly in skin, because there is a reported

good correlation between plasma and skin cytokines

levels in AD.[54,55] Plasma IgE increased by 15-fold

(1.73 � 0.056 lg/ml as compared to 0.11 � 0.017 lg/ml)

after DNCB treatment and reduced to more than one-third

(0.55 � 0.068 lg/ml) following 5 weeks of topical medica-

tion. This effect was quite similar across the FNGL groups

(groups 4 and 5), the positive control group (pimecrolimus

cream, group 3) and the colloidal oatmeal alone gel (group

2). The decrease in IFN-c due to treatment with DNCB is

possibly due to the increase in IL-4 in response to DNCB

treatment, which causes the differentiation of TH0 cells

into TH2 cells, which produce IgE, and inhibits IFN-c pro-

duction by inhibiting the differentiation of TH0 cells into

TH1 cells that secrete IFN-c. This was reversed, when trea-

ted with FNGL or the positive control due to reversal of

the above process. IgE is responsible for type I hypersensi-

tivity reactions resulting in allergic responses, while TH1

cells are responsible for delayed type hypersensitivity

(DTH) reactions (type IV hypersensitivity). IFN-c produc-

tion greatly increased with the 0.5% FNGL formulation

containing 6% colloidal oatmeal (Figure 4), whereas the
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IL-4 plasma level observed for the same group exhibited

maximum reduction. This suggests that the presence of

0.5% FNGL and colloidal oatmeal causes an increase in

IFN-c production, most likely by increasing TH1 activity

and by decreasing the levels of IL-4 possibly through inhi-

bition of basophils, which is required for TH2 cell differen-

tiation.[56] INF-c is predominantly produced by TH1, NK

NKT and TCTL cells and IL4 by TH2 cells.
[57]

Interestingly, the gel containing the FNGL and colloidal

oatmeal (group 4) was able to bring the IL-4 to a level clo-

ser to the baseline (group 6) than the gel containing no col-

loidal oatmeal (group 5). The addition of Aveeno� in

group 4 treatment as compared to group 5 treatment

showed a greater reduction in DNCP-induced increase in

IL-4; the reverse was observed with regard to INF-c. IL-4
presumably secreted by basophils causes the differentiation

of na€ıve TH0 to TH2 cells that bring about B-cell activation

and differentiation. IL-4 is also involved in the differentia-

tion mature B cells into plasma cells that produce IgE. The

differentiation of TH0 into TH1 cells results in the reduc-

tion in the secretion of INF-c. It appears that the inclusion
of Aveeno� potentiates the activity of TH1 cells. This may

be due to the presence in colloidal oatmeal of phenolic

avenanthramides[58,59] that may exert additional inhibitory

action on plasma cytokine level. IL-4, a TH2 cytokine, is

reported to play a key role in the overproduction of IgE;

IL-4 expression and together with IgE level can be used as a

measurement to assess the capability of the investigational

gels to modulate DNCB-induced immune response.[12] In

all likelihood, it appears that DNCB initiates an allergic

reaction caused by IgE-mediated type I hypersensitivity,

which is then superseded by TH1-mediated DTH reaction,

a type IV hypersensitivity reaction brought about by the

treatment with FNGL and Aveeno�. Based on the results of

IgE production, IL-4 expression and IFN-c expression, it is

evident that 0.5% FNGL containing 6% colloidal oatmeal,

among the preparations tested had the greatest inhibitory

effect on the development of AD-like skin lesion due to

allergic reactions.

The skin in AD lesion, as well as the blood of the patients

with AD, presents high levels of WBC, in particular, the T

lymphocytes. One of the major systemic effects of FNGL is

a remarkable reduction in circulating T lymphocytes that

are sequestrated in secondary lymphoid organ such as

lymph nodes,[38] an effect, which is similar to that caused

by steroidal anti-inflammatory agents. Therefore, the mice

blood was analysed for WBC counts to determine systemic

effects of the investigational gel after topical administration.

WBC count was markedly reduced (43.70% and 46.68% for

group 4 and group 5, respectively) with (P < 0.01), whereas

it was unchanged in the atopic mice (1.32%; group 1).

These data suggest that FNGL was absorbed into the sys-

temic circulation from the topical application as confirmed

by the fact that a substantial concentration of FNGL was

detectable in plasma at the end of the study. This also may

explain why two mice in the groups receiving FNGL gels

exhibited signs of severe toxicity and died before the end of

the study. The hairless nude mice used in this experiment

have very thin skin compared to humans; thus, the trans-

dermal delivery may have been far greater than in an actual

clinical setting. Eventually, the strength/frequency of appli-

cations of the gels must be optimized in translational clini-

cal studies. Once in the blood, FNGL is phosphorylated to

the active moiety, S-enantiomer fingolimod-P, and fin-

golimod-P is dephosphorylated back to the inactive form

fingolimod. At steady state, fingolimod and fingolimod-P

are in dynamic equilibrium.[29] Comparable to our results,

a recent study demonstrated that relatively high concentra-

tions of topically administered FNGL can reduce dendritic

cells migration in secondary lymphoid organ accompanied

by a reduced allergic inflammatory response in AD.[27,28,32]

One study showed that fingolimod induced apoptosis at

the high dose of 1–10 lg/ml after topical application.[60] In

this study, the strength of the FNGL gels was selected based

on the maximum permeability properties observed in vitro

in intact porcine skin. The present study shows that a sub-

stantial amount of FNGL reached the systemic circulation

from the topically applied 0.5% gels with or without pene-

tration enhancer. This result may also be because the skin

of the hairless mice offers less resistance to transdermal per-

meability compared to normal skin. Further studies are

necessary to optimize the gel strength to minimize systemic

effects.

Conclusion

In conclusion, the results of this study show that topical

application of 0.5% FNGL gel with or without the addition

of 6% colloidal oatmeal is effective in reducing the appear-

ance of DNCB-induced AD-like skin lesion in hairless mice.

In addition, FNGL gels were able to reduce specific plasma

cytokine levels as well as other inflammation markers

that DNCB induce. However, further studies need to be

conducted to optimize the gel strength and avoid the

systemic toxicity. Based on these results, FNGL topical for-

mulation might have promising effects on other immune-

mediated inflammatory skin disorders like disorders such

as psoriasis.
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