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Abstract: Morinda citrifolia, a fruit generally known as “Noni”, has been traditionally used in parts of
East Asia to relieve inflammatory diseases. Although several studies using noni have been reported,
the effect of fermented Morinda citrifolia (ENONI) on atopic dermatitis (AD) has not been investigated.
Thus, we aimed to investigate the improving effect of ENONI treatment on AD-like skin lesions
and elucidate molecular mechanisms. ENONI was prepared by the fermentation of noni fruit with
probiotics and then extracted. ENONI was orally administrated to NC/Nga mice to evaluate its
therapeutic effect on 2,4-dinitrochlorobenzene (DNCB)-induced AD. Oral administration of FENONI
significantly alleviated AD lesions and symptoms such as dermatitis scores, ear thickness, scratching
behavior, epidermal thickness, and infiltration of inflammatory cells (e.g., mast cells and eosinophils).
In addition, ENONI treatment reduced the levels of histamine, IgE and IgG1/IgG2a ratio, thymus
and activation regulated chemokine (TARC), and thymic stromal lymphopoietin (TSLP) in serum and
beneficially modulated the expressions of Th1l, Th2, Th17, and Th22-mediated cytokines in lesioned
skin and splenocytes. Furthermore, the expressions of the skin barrier-related proteins including
filaggrin (FLG), loricrin (LOR), involucrin (IVL), zonula occludens-1 (ZO-1), and occludin (OCC)
were restored by ENONI treatment. Taken together, these results suggest that ENONI could be a
therapeutic agent to attenuate AD-like skin lesions through modulating the immune balance and skin
barrier function.

Keywords: atopic dermatitis; fermented Morinda citrifolia; NC/Nga; Th1; Th2; immune balance; skin
barrier function

1. Introduction

Atopic dermatitis (AD) is a multifactorial, chronic inflammatory skin disorder accompanied
by pruritus, dry skin, abnormal immune responses, and impaired epidermal barrier, which has no
influence on normal, non-atopic individuals [1]. Various studies indicated that the complex interaction
between surrounding environmental triggers and genetic mechanisms acts on triggering AD, and this
is highly correlated with immune system dysregulation [2]. Worldwide, AD is one of the most common
skin diseases, and its prevalence is estimated to be about 3% to 10% of adults and up to 20% of children,
which has about tripled in industrialized countries over the past three decades [3,4]. Also, AD is an
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initial step in “atopic march” that leads to asthma, food allergy, and allergic rhinitis, which results in
cutaneous diseases of systemic disorders and reduces the quality of life in afflicted patients [5].

The pathogenesis of AD is characterized by hyperactivation of a Th2-type immune response, skin
barrier abnormalities, and pruritus, and the interaction of above factors brings about chronic skin
inflammation [6]. Skin barrier dysfunction is one of the typical symptoms of AD and indicates defects
in skin barrier proteins [7]. Compromised skin barrier integrity allows entry of external antigens
and allergens, which activate immune responses across the skin surface. Under such conditions,
pro-inflammatory cytokines including IL-6, IL-33, TNF-«, and thymic stromal lymphopoietin (TSLP) are
produced by keratinocytes and Langerhans cells (LCs) [8]. These cytokines lead to differentiate naive
CD4* T cells into Th2 cells, and then Th2 cells secrete cytokines. These cytokines secreted by Th2 cells
drive the Th2 inflammatory response by immune and inflammatory cells [9,10]. The hyperactivated
Th2-type immune responses induce the isotype class switch from IgM to IgE, contribute to eosinophilia,
and cause pruritus [11,12]. Furthermore, increased Th2 polarization not only causes an imbalance
between Th1 and Th2 cells by suppressing the function of Th1 cells in AD, but it also leads to impairing
skin barrier functions by reducing epithelial barrier molecules [13]. Scratching behavior in response to
pruritus caused by AD damages the skin barrier and provokes high skin sensitivity to relatively weak
stimuli; as a result, subsequent pruritus exacerbates the disease cycle [6].

Corticosteroids are one of the commonly prescribed anti-inflammatory drugs for AD patients,
and they primarily target T cells, which are major perpetrators of AD pathogenesis [14]. However,
several studies reported that usage of corticosteroids over the long term or short term was associated
with undesirable side effects such as higher rates of sepsis, dermal atrophy, rebound dermatitis,
dyspigmentation, osteoporosis, venous thromboembolism, blurred vision, hypertension, and Cushing’s
syndrome [15]. Calcineurin inhibitor, as nonsteroidal therapy, is approved for the treatment of AD
as an alternative to corticosteroids. However, it was reported that calcineurin inhibitors may cause
lymphomas, leukemias, and malignancies [16]. Thus, there is a need to develop and research safer and
more effective anti-AD therapeutic products and therapies.

The in vivo model for AD using NC/Nga mice was established in 1997, and this inbred strain of
mouse is widely used to investigate the pathogenesis of AD [17]. 2,4-dinitrochlorobenzene (DNCB)
is extensively known as an allergenic chemical, which easily stimulates the skin surface, causing
hypersensitivity of the skin and contributing to inducing dermatitis in NC/Nga mice [18]. Repeated
application of DNCB induces AD-like skin lesions in mice, which indicate clinical features of human AD
such as increased level of serum IgE levels and Th2 cytokines as well as a defected skin barrier [19,20].

Noni is the fruit of Morinda citrifolia, originating in Southeast Asia, and is distributed around
Australia, the Pacific Basin, and the Caribbean [21]. Noni has been used as a beverage, fermented tonic,
and folk medicine in China, Australia, Polynesia, and Hawaii as a remedy for diabetes, heart trouble,
high blood pressure, skin infections, mouth sores, and toothache. It also has a variety of biological
effects including anti-hypertensive, anti-bacterial, anti-inflammatory, anti-asthma, stimulation of
immune system, and anti-cancer effects; therefore, it shows substantial therapeutic potentials [22].
We investigated the protective effects of fermented Morinda citrifolia (ENONI) in a DNCB-induced
atopic dermatitis model in vivo. This study focused not only on the AD-like skin lesion symptoms but
also the immunological balance of Th1 and Th2, and skin barrier function involved in tight junction
(T7) proteins.

2. Materials and Methods

2.1. Preparation of ENONI

The ENONI was provided from NST Bio (Gimpo, Korea). Morinda citrifolia (noni) fruit was
collected from the NST Bio Noni Farm Co. Ltd in French Polynesia (Indonesia islands), and FNONI
was produced in the NST bio. Briefly, harvested noni fruit was washed and frozen at —27 °C to remove
bacteria. Thawed noni were sliced, incubated with 2% NST 1805 (Lactobacillus plantarum) probiotics
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and water at 30 °C for 2-3 weeks, heated at 90 °C for 30 min, and evaporated to be concentrated.
After the fermentation period, the stock ferment was filtered using Whatman filter paper and vacuum
filtration to eliminate debris and fruit particles from the stock solution. The obtained solution was
stored at —20 °C for further use.

2.2. HPLC-UV Analysis of FNONI

One gram of the ENONI extract was diluted with 5 mL of HyO-MeOH (1:1) and mixed thoroughly;
the solution was collected into a 5 mL volumetric flask for HPLC analysis. The extracts were combined,
filtered, and then dried in a rotary evaporator under vacuum at 50 °C. The dried extracts were
re-dissolved with MeOH for HPLC analysis. Chromatographic separation was performed on a
Shimadzu 20A separations module coupled with 20A UV detectors, equipped with a C18 column
(4.6 mm x 250 mm; 5 pm, Waters Corporation, Milford, MA, USA). The pump was connected to two
mobile phases—A, MeCN; and B, 0.1% formic acid in HyO (v/v)—and the elute data flow rate was
0.8 mL/min. The mobile phase was consecutively programmed in linear gradients as follows: 0-5 min,
0% A; and 40 min, 30% A. The UV detector was monitored in the range of 235 nm. The injection
volume was 10 pL for each of the sample solutions. The column temperature was maintained at 25 °C.

2.3. Animals

NC/Nga mice (n = 48) aged four weeks were provided by SLC (Shizuoka, Japan). The mice
were kept in 55% =+ 5% humidity at 23 + 3 °C in individually ventilated cages (IVCs) under specific
pathogen-free (SPF) conditions with a 12 h light-dark cycle. The mice were fed a standard laboratory
diet (Central Lab Animal, Seoul, Korea) and water ad libitum. All experimental procedures were
performed according to the protocol approved by the Institutional Animal Care and Use Committee
guidelines of Kyung Hee University (approval no. KHUASP(SE)-18-079), and the drop-out mice were
zero until the day of the final experiment.

2.4. Induction of AD-Like Skin Lesions and ENONI Treatment

AD-like skin lesions were induced by DNCB (Sigma-Aldrich, St Louis, MO, USA) topical
application in NC/Nga mice described in the methods of our previous study [20]. Briefly, after 1
week of acclimation, dorsal hair of NC/Nga mice was removed by using an electric shaver. After
shaving hair, the mice were randomly divided into the following 6 groups, and 8 mice were allocated
in each group (sample size was n = 8 per group): nontreated control group (Normal, naive control
group), DNCB-treated group (Control, negative control group), DNCB-treated + prednisolone 3 mg/kg
(Sigma-Aldrich, St Louis, MO, USA) group (PD, positive control group), and DNCB-treated + ENONI
250, 500, 1000 mg/kg group (FNONI 250, ENONI 500, ENONI 1000). To induce AD-like skin lesions,
1% DNCB was dissolved in an acetone and ethanol mixture (2:3 v/v) and then was topically applied on
the shaved dorsal area (200 pL) and right ear (100 uL) twice a week for sensitization. Following the
sensitization, 0.4% DNCB dissolved in an acetone and olive oil mixture (3:1 v/v) was challenged on
the dorsal skin (150 uL) and right ear (50 uL) repeatedly three times a week for 9 weeks. The mice in
the normal and control groups were orally administered 0.5% carboxymethyl cellulose (0.5% CMC).
Administration of PD (3 mg/kg prednisolone) and FNONI (250, 500, 1000 mg/kg) was performed
daily for 4 weeks. AD-like skin lesions were decided by dermatitis score, scratching behavior, and
histological and immunological parameters.

2.5. Dermatitis Score and Ear Thickness

The dermatitis score was recorded three times a week as described previously (Tuesday, Thursday,
and Saturday at 14:00) [23]. The scores graded as 0 (none), 1 (mild), 2 (moderate), or 3 (severe)
were measured for each of the five symptoms (erythema/edema, dryness, erosion, excoriation, and
lichenification). The total dermatitis score was quantified as the sum of all individual scores for five
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symptoms (maximum score: 15). The ear thickness was gauged on the right ear of each mice three
times a week using a thickness gauge (Mitutoyo Corporation, Tokyo, Japan).

2.6. Scratching Behavior

The measurement of scratching behavior in experimental mice was recorded three times a week,
as described in the previous study (Monday, Wednesday, and Friday at 14:00) [24]. Briefly, after vehicle
administration, mice were placed in acryl cages for at least 1 h. Then, we measured and recorded
the scratching movements of the neck, ears, and dorsal skin with hind paw for 30 min, which was
scored from 0 to 4 (0, none; score 2, scratching shorter than 1.5 s; score 4, scratching longer than 1.5 s).
The total score of scratching behavior was determined as the sum of individual measured records.

2.7. Histological Analysis

The dorsal skin tissue of mice was cut for histological analysis and fixed in 10% neutral formalin.
Then, fixed tissues were embedded in paraffin and sliced into 4 pm thick sections. The tissue sections
were stained with hematoxylin and eosin (H&E) and toluidine blue (TB). The stained tissues were
supplied from the Korea pathology technical center (Cheongju, Korea). After staining, dorsal images
were photographed with an optical microscope (400x, DP Controller Software; Olympus Optical,
Tokyo, Japan). The thickness of skin epidermis and the number of infiltrated inflammatory cells were
measured from each six locations using Image ] software (National Institute of Health, Starkville,
MD, USA).

2.8. Serum Immunoglobulin and Cytokine Analysis

Blood was immediately collected after mice were sacrificed. The method of blood collection was
performed according to the protocol approved by the institute’s animal ethics committee [25]. Briefly,
on the last day of the experiment, mice were anesthetized using inhalation of isoflurane (2-2.5%),
and blood samples were withdrawn from venous vessels. The posterior vena cava technique was
used as a terminal procedure of sacrifice. The serum samples were obtained from blood using a
centrifuge (3000x g, 4 °C, 15 min) and stored at —80 °C until use. The levels of Ig, thymus and activation
regulated chemokine (TARC), TSLP, and histamine concentrations in serum were measured using
mouse enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instructions.
(IgE, Shibayagi, Gunma, Japan; IgG; and IgGo,, Enzo Life Sciences, Farmingdale, NY, USA; TARC,
TSLP, and histamine, Elabscience, Huston, ID, USA).

2.9. Splenocyte Isolation and Splenic Cytokine Analysis

Spleens were isolated from each NC/Nga mouse after the last treatment, and then examinations
were performed as described [26]. Briefly, spleens were collected from NC/Nga mice aseptically, which
were smashed with a sterile syringe plunger and dispersed into a single-celled suspension using a
cell strainer (BD Biosciences, Franklin Lakes, NJ, USA). After treatment with red blood cell lysing
buffer Hybri-Max (Sigma-Aldrich, St. Louis, MO, USA), the splenocytes were washed three times
using RPMI-1640 (Gibco, Carlsbad, NY, USA) supplemented with 10% fetal bovine serum (Gemcell
FBS; Gemini Bio-products, West Sacramento, CA, USA), 100 U/mL penicillin (CALSSON, Smithfield,
UT, USA), and 50 mg/mL streptomycin (CALSSON, Smithfield, UT, USA). The isolated splenocytes
were cultured in 24-well plates for 72 h at the concentration of 1 X 10 cells/well treated with 5 pg/mL
concanavalin A (Con-A) (Sigma-Aldrich, St. Louis, MO, USA) in 5% CO; incubator at 37 °C. After
incubation, the supernatant was collected, and splenocytes were homogenized in lysis buffer containing
cOmplete™ protease inhibitor cocktail tablets (Roche Diagnostics, Indianapolis, IN, USA). The lysates
were centrifuged at 10,000 g for 15 min at 4 °C and then collected. The collected supernatants of
splenocyte and the lysates were frozen at —70 °C for subsequent cytokine analysis. The concentrations
of cytokines (IL-4, IL-5, IL-6, IL-12, IL-13, IL-17, IL-22, IL-31, IL-33, and IFN-y) in the supernatants
were measured using an ELISA kit according to the manufacturer’s instructions (Elabscience, Houston,
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ID, USA). The concentrations of protein in the lysates were measured using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA). The levels of cytokines in the supernatants
were normalized to the protein concentrations of lysates.

2.10. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA was obtained from dorsal skin tissues using the Easy-RED total RNA extraction kit
(Intron Biotechnology, Seoul, Korea) according to the manufacturer’s instructions. After the RNA
extraction, we quantified the RNA using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). Complementary DNA (cDNA) synthesis was performed using
a cDNA synthesis kit (TaKaRa Bio, Shiga, Japan) with the extracted RNA. Quantitative real-time
polymerase chain reaction (qQRT-PCR) was executed with synthesized cDNA and SYBR Premix EX Taq
(TaKaRa Bio, Shiga, Japan) into the ABI StepOnePlus™ real-time PCR system (Applied Biosystems,
Waltham, MA, USA). The primer sequences are listed in Table 1. The mRNA expression level of
each gene was calculated from the cycle threshold (C;) value using the AAC; method and normalized
to GAPDH.

Table 1. The primer sequences (in vivo).

Gene Sequence (Forward) Sequence (Reverse)
IFN-y ATG AAC GCT ACA CAC TGC ATC CCATCCTTT TGC CAG TTC CTC
IL-4 ACG GGA GAAGGGACGCCAT GAA GCC GTA CAG ACG AGC TCA
IL-5 CAA AAA GAG AAG TGT GGC GAG G TAG ATA GGA GCA GGA AGC CC
IL-6 TAG TCC TTC CTA CCC CAA TTT CC TTG GTC CTT AGC CACTCC TTC
IL-12 GCA GAA AGG TGC GTT CCT CG ATG TGC AGG TGT GGT TGG GC
IL-13 CCTGGC TCTTGCTTGCCTT GGT CTT GTG TGA TGT TGC TCA
IL-17A AAG GCA GCA GCG ATC ATC C GGA ACG GTT GAG GTAGTCTGA G
IL-22 CGA TCT CTG ATG GCT GTC CT ACG CAA GCATTITCTC AGA GA
IL-31 TCA GCA GAC GAATCA ATACAGC TCG CTC AAC ACTTTG ACTTTC T
IL-33 TCC AAC TCC AAG ATT TCC CCG CAT GCA GTA GAC ATG GCA GAA
Pro-FLG GAATCC ATA TTT ACAGCA AAGCACCTTG  GGT ATG TCC AAT GTG ATT GCA CGA TTG
TNF-a CAC AAG ATG CTG GGA CAG TGA TCC TTG ATG GTG GTG CAT GA
TSLP TGC AAG TAC TAG TAC GGA TGG GGC GGA CTT CTT GTG CCA TTT CCT GAG
GAPDH CGG CCG CAT CTIT CTIT GTG CCG ACCTTC ACC ATT TTG TCT AC

2.11. Western Blot Analysis

The dorsal skin tissues were smashed using a pestle after being frozen with liquid nitrogen.
Subsequently, the skin tissues were homogenized with lysis buffer containing cOmplete™ protease
inhibitor cocktail tablets (Roche Diagnostics, Indianapolis, ID, USA). The lysates of dorsal skin
tissues were sonicated and centrifuged at 10,000x g for 15 min at 4 °C. The concentrations of protein
from the supernatant were quantitated using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Rockford, IL, USA). After quantitation, equal amounts of protein were loaded on sodium
dodecyl sulfate-polyacrylamide gel (SDS-PAGE; Bio-Rad, CA, USA) at 7.5% or 12% for electrophoresis
and transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with
5% skim milk in Tris-buffered saline with 0.5% Tween-20 (TBST) and incubated at 1:1000 primary
antibody overnight at 4 °C. The following day, the membranes were treated with a horseradish
peroxidase-conjugated (HRP) secondary antibody (GeneTex, Inc., Irvine, CA, USA) for 2 h at a diluted
concentration of 1:5000 and were visualized using a ChemiDoc™XRS + System (Bio-Rad, Richmond,
CA, USA). The expression level of each protein was analyzed by Image Lab statistical software (Bio-Rad,
CA, USA) and normalized to 3-actin. The primary antibodies used for Western immunoblotting were
as follows: filaggrin (FLG) (GeneTex, Inc., Irvine, CA, USA), loricrin (LOR) (GeneTex, Inc., Irvine, CA,
USA), involucrin (IVL) (Santa Cruz, CA, USA), occluding (OCC) (Abcam, Cambridge, MA, USA),
zonula occludens-1 (ZO-1) (Abcam, Cambridge, MA, USA), and (3-actin (Santa Cruz, CA, USA).
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2.12. Statistical Analysis

The data are expressed as the mean + standard error of the mean (SEM). We performed one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. All analyses were
performed using the Statistical Package for Social Science Software Program 23 software (SPSS; Chicago,
IL, USA). Statistical significance (p-value) was defined as follows: # p <0.05, i p<0.01,and i p <0.001
compared to the normal; * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the control.

3. Results

3.1. Identification and Quantification of Deacetylasperulosidic Acid (DAA) and Asperulosidic Acid (AA) in
the FNONI

HPLC-UV analysis at 235 nm was used to determine the components of noni and ENONI, and the
established standard chromatogram is shown in Figure 1. DAA and AA, major constituents of Morinda
citrifolia, were found to be detected at high concentrations in noni and ENONI. Retention time (Rt;
DAA, 18.78 + 0.06 min; AA, 27.31 + 0.05 min) matched with the standard. Content analysis indicated
that noni extracts contained 9.303 + 0.146 mg/g of DAA and 1.470 + 0.065 mg/g of AA. ENONI extracts
contained 13.219 + 0.146 mg/g of DAA and 2.266 + 0.065 mg/g of AA (Table 2).
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Figure 1. Representative HPLC-UV chromatogram of noni and ENONI. (A) Standard; (B) Noni extract;
(C) ENONI extract. The arrows represent deacetylasperulosidic acid (DAA) and asperulosidic acid
(AA). (Standard DDA Rt: 18.78 + 0.06 min; noni and ENONI each 18.78 + 0.08 and 18.79 + 0.07 min.
Standard AA Rt: 27.31 + 0.05 min; noni and ENONI each 27.32 + 0.06 and 27.32 + 0.07 min) AU:
Absorption unit.

Table 2. Content of deacetylasperulosidic acid (DAA) and asperulosidic acid (AA) in the Noni and
F.NONI extract (mg/g of concentrate extract).

Sample DAA AA

Noni 9.303 + 0.146 1.470 £ 0.065
FENONI 13.219 £ 0.146 2.266 + 0.065




Nutrients 2020, 12, 249 7 of 18

3.2. ENONI Attenuated DNCB-Induced AD-Like Skin Lesions and Scratching Behavior

The experimental procedure is summarized in Figure 2A. Repeated topical application of DNCB
aggravated AD-like skin lesions, including edematous erythema, erosion, lichenification, excoriation,
dryness and scratching behavior; however, the administration of ENONI and PD indicated restoration
of those lesions. Figure 2B shows representative images of dorsal skin in six groups, including Normal,
Control, PD, and ENONI 250, 500, and 1000. In Figure 2(Ca—c), the dermatitis score, ear thickness,
and scratching behavior were significantly increased in the control group compared to that in the
normal group. However, in Figure 2(Ca), the administration of ENONI decreased dermatitis scores
in a dose-dependent manner over time. In Figure 2(Cb), the administration of ENONI reduced
ear thickness of hyperkeratosis and dermal thickening compared with those in the control group.
In addition, as shown in Figure 2(Cc), the administration of ENONI indicated an antipruritic effect,
resulting in significantly reduced scratching behavior in a dose-dependent manner compared to
the control group. Administration of ENONI 500 and 1000 tended to restore dermatitis scores, ear
thickness, and scratching behavior more effectively than the PD did, which served as the positive
control. Taken together, administration of ENONI attenuated DNCB-induced AD-like skin lesions as
well as scratching behavior in mice.

A Induce atopic dermatitis by topical application of DNCB

1%
.4% DNCI
NeB I 0.4% DNCB (three times a week)
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Figure 2. Experimental procedure and effect of ENONI on the clinical features of AD-like symptoms
induced by DNCB in NC/Nga mice. (A) Schematic diagram of the experimental procedure for the
induction of AD lesions and ENONI treatment. (B) Photographic images of skin lesions in NC/Nga
mice were taken on the last day of the experiment in the fourth week. (C) Clinical features in NC/Nga
mice—(a) dermatitis score, (b) ear thickness, and (c) scratching behavior—were evaluated three times a
week in the term of the administration of vehicle, prednisolone, and ENONI. The results were presented
as mean + SEM (1 = 6). ### p <0.001 vs. normal, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control. Normal,
untreated group; Control, atopic dermatitis induced by DNCB; PD, positive control (prednisolone 3
mg/kg) treated group; FNONI (fermented Morinda citrifolia 250, 500, or 1000 mg/kg) treated group;
DNCB (2,4-dinitrochlorobenzene).

3.3. ENONI Inhibited Thickening of the Epidermis and Infiltration of Inflammatory Cells

We observed infiltrated eosinophils, epidermal hyperplasia, and infiltrated mast cells through
the H&E and TB staining in the dorsal skin. In Figure 3(Aa), H&E staining demonstrated that the
thickening of the epidermis by hyperkeratosis and excoriation, and dense infiltration of eosinophils
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into the skin, was significantly increased in the control group compared with those in the normal
group. However, the administration of ENONI restored the epidermal thickness dose-dependently and
reduced the number of eosinophils in the dorsal skin (Figure 3(B,Cb)). As shown in Figure 3(Ab,Ca),
the number of mast cells in the control group also increased in dorsal skin compared to those in the
normal group, whereas the administration of ENONI decreased the number of infiltrated mast cells.
Administration of ENONI 1000 tended to decrease the infiltration of inflammatory cells and epidermis
thickness more than PD did. Taken together, ENONI administration attenuated the infiltration of
inflammatory cells and restored epidermis thickness.

A Naive control DNCB

F.NONI F.NONI F.NONI
Normal Control PD 250 500 1000

B 140 C a 1 b o
%

~ o
- E 80 E
£ g £
o 2n 2
E ¢ 5
s ae 2
2 3 E
= S =0 5
o Z s
E E 2
Y 40 g
] s -
£ = 3 2
2 2 ]
= z 2
= = 20 E

z z.
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] 2 o0l ]
Normal Control ~ PD  F.NONI F.NONI F.NONI Normal Control PD  F.NONI F.NONI F.NONI Normal Control PD  F.NONI FNONI F.NONI
250 500 1000 250 500 1000 250 500 1000

Figure 3. Effect of ENONI on DNCB-induced histological features of AD-like skin lesions in NC/Nga
mice. (A) Representative dorsal skin images of histological examination (400x, scale bar = 100um);
(a) H&E staining; the thicknesses of the epidermis are marked with bars, and infiltration of eosinophils
is indicated by arrows; (b) toluidine blue staining; the infiltrations of mast cells are indicated by
arrows. (B) The thicknesses of the epidermis were measured in the dorsal skin lesion and averaged.
(C) The number of infiltrated inflammatory cells, (a) mast cells and (b) eosinophils, were measured in
1 mm? of a dorsal skin lesion and averaged (n = 6). The results were presented as mean + SEM (n = 6).
i p < 0.001 vs. normal, ** p < 0.01, *** p < 0.001 vs. control. Normal, untreated group; Control, atopic
dermatitis induced by DNCB; PD, positive control (prednisolone 3 mg/kg) treated group; FNONI
(fermented Morinda citrifolia 250, 500, or 1000 mg/kg) treated group.

3.4. ENONI Regulated the Levels of Immunoglobulins and Cytokines in Serum

To investigate the effect of ENONI on AD, we measured the levels of immunoglobulins and
cytokines. Th2-mediated IgE and IgG1, Thl-mediated IgG2a, and AD-related cytokine histamine,
TARC, and TSLP were measured. In Figure 4A and Table 3, the levels of IgE and IgG; were increased
more in the control group than those in the normal group. However, IgE and IgG; dose-dependently
decreased in the ENONI groups more than those in the control group, whereas the levels of 1gG;,
were not different by ENONI administration compared to that in the control group. Previous studies
indicated that prednisolone suppressed the production of IgE, IgGy, and IgGy, [20,27]. In our study, as
an immune suppressor, the administration of PD significantly reduced the levels of IgE, IgG1, and IgGy,
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compared to those in the control group. As shown in Table 3, the ratio of IgG1/IgG,, was significantly
downregulated after the administration of ENONI in a dose-dependent manner compared to the
control group. We also measured histamine, TARC, and TSLP. As shown in Figure 4C,D, the serum
levels of histamine, TARC, and TSLP in the control group were increased more than those in the normal
group; however, this upregulation was alleviated in the ENONI groups in a dose-dependent manner.
The efficacy of ENONI 1000 on histamine, TARC, and TSLP tended to be similar to those in the PD.
Taken together, ENONI administration attenuated the imbalance of the immune response.
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Figure 4. Effect of ENONI on levels of AD-related cytokines and IgE in the serum of AD-induced
NC/Nga mice. (A) Levels of IgE in serum; (B) levels of histamine in serum; (C) levels of TARC in serum;
(D) levels of TSLP in serum. The sera of NC/Nga mice were collected on the last day of the experiment
and measured using ELISA. The results were presented as mean + SEM (n = 6). ## p < 0.001 vs. normal,
*p <0.05,** p <0.01, ** p < 0.001 vs. control. Normal, untreated group; Control, atopic dermatitis
induced by DNCB; PD, positive control (prednisolone 3 mg/kg) treated group; FNONI (fermented
Morinda citrifolia 250, 500, or 1000 mg/kg) treated group.

Table 3. Effects of ENONI on serum IgGl1, IgG2a, and the IgG1/IgG2a ratio level in NC/Nga mice.

Serum Level (ug/mL) Normalized to

Concentration (mg/kg

Groups Body Weight) IgG1 IgG2a Normal IgG1/IgG2a
Normal - 722.6 +107.9 597.8 + 279.5 1.0
Control - 24149 + 215.4 ## 1687.8 + 268.4 ## 1.8 ##
PD 3 1299.7 + 317.7 *** 1038.9 + 152.4 *** 1.2*
250 1992.1 + 251.9 * 1368.5 + 140.3 17
ENONI 500 1688.7 + 258.5 ** 1389.5 + 242.8 1.4%
1000 1273.6 + 231.8 *** 1485.8 + 116.5 1.1 **

The levels of IgG1 and IgG2a were measured in serum of NC/Nga mice using ELISA. The ratio of IgG1/IgG2a was
presented in this table. The results were presented as mean + SEM (n = 5). *# p < 0.01, ## p < 0.001 vs. normal,
*p <0.05,** p < 0.01, ** p < 0.001 vs. control. Normal, untreated group; Control, only atopic dermatitis induced by
DNCB; PD, positive control (prednisolone 3 mg/kg) treated group; ENONI (fermented Morinda citrifolia 250, 500, or
1000 mg/kg) treated group.
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3.5. ENONI Regulated the Balance of Cytokine Production in Splenocytes

To investigate the effect of ENONI on AD-related cytokine production in the spleen, we performed
an ex vivo experiment. As shown in Figure 5(Aa—-e), the production of Th2-mediated cytokines IL-4, IL-5,
IL-13, IL-31, and IL-33 was significantly increased in the control group, which were dose-dependently
restored by the administration of ENONI. Also, the levels of cytokines IL-6, IL-17, and IL-22 were also
significantly increased in the control group more than those in the normal group, while the ENONI
group indicated a decrease greater than those in the control group (Figure 5(Ca—c)). However, the
levels of Th1l-mediated cytokines IL-12 and IFN-y did not indicate a significant difference in the control
group compare to that in the normal group; the administration of ENONI tended to be increased more
than that of the control group (Figure 5(Ba,b)). The administration of PD suppressed Th2-mediated
cytokines as well as Th1-, Th17-, and Th22-mediated cytokines. Taken together, the administration of
ENONI modulated the balance of cytokines production in the spleen.
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Figure 5. Effect of ENONI on AD-related cytokine secretion in the splenocytes of AD-induced NC/Nga
mice. (A) Levels of (a) IL-4, (b) IL-5, (c) IL-13, (d) IL-31, and (e) IL-33 in the supernatant of splenocytes.
(B) Levels of (a) IL-12 and (b) IFN-y in the supernatant of splenocytes. (C) Levels of (a) IL-6, (b) IL-17,
and (c) IL-22 in the supernatant of splenocytes. The splenocytes of NC/Nga mice were obtained on the
last day of the experiment and responded to in vitro. Con-A stimulation for 72 h, then supernatant
was measured using ELISA. The results were presented as mean + SEM (n = 5). # p <0.05, L p <0.01,
it p < 0.001 vs. normal, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control. Normal, untreated group;
Control, atopic dermatitis induced by DNCB; PD, positive control (prednisolone 3 mg/kg) treated
group; ENONI (fermented Morinda citrifolia 250, 500, or 1000 mg/kg) treated group.
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3.6. ENONI Regulated DNCB-Induced Cytokine Gene Expression in Dorsal Skin

To investigate the effect of ENONI on AD-related cytokine gene expression in the dorsal skin, we
performed RT-qPCR analysis. As shown in Figure 6(Aa—f), the expression of Th2-mediated cytokines,
including IL-4, IL-5, IL-13, IL-31, IL-33, and TSLP, were significantly increased in the control groups compared
to those in the normal group. Also, the expressions of Th17, Th22, and inflammatory cytokines, including
TNF-«, IL-6, IL-17A, and IL-22, were markedly upregulated in the control group (Figure 6(Ca—d)). However,
the administration of ENONI downregulated these AD-related cytokine gene expressions compare to the
control group in a dose-dependent manner. On the other hand, gene expressions of Th1-mediated cytokines,
including IL-12p40 and IFN-y, were decreased in the control group more than those in the normal group,
while ENONI groups recovered these cytokine gene expressions to normal levels (Figure 6(Ba,b)). Gene
expressions of all the AD-related cytokines were reduced in the PD group compared with those in the
control group. Taken together, the administration of ENONI attenuated the immune imbalance through the
modulation of AD-related and inflammatory cytokine expression in dorsal skin.
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Figure 6. Effect of ENONI on gene expression of AD-related cytokines in the dorsal skin of AD induced
NC/Nga mice. (A) Gene expression of (a) IL-4, (b) IL-5, (¢) IL-13, (d) IL-31, (e) IL-33, and (f) TSLP.
(B) Gene expression of (a) IL-12p40 and (b) IFN-y. (C) Gene expression of (a) TNF-«, (b) IL-6, (c) IL-17A,
and (d) IL-22. The total RNA was isolated from the dorsal skins of NC/Nga mice and analyzed
by RT-qPCR and then normalized to GAPDH. The results were presented as mean + SEM (n = 5).
# p <0.05, # p <0.01, ittt p <0.001 vs. normal, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control. Normal,
untreated group; Control, atopic dermatitis induced by DNCB; PD, positive control (prednisolone 3
mg/kg) treated group; FNONI (fermented Morinda citrifolia 250, 500, or 1000 mg/kg) treated group.
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3.7. ENONI Restored DNCB-Induced Defects in Skin Barrier Function

To investigate the effect of ENONI on skin barrier function, we measured skin barrier proteins
and mRNA in the dorsal skin. In Figure 7(A,Ba—e), the protein levels of the skin barrier including tight
junctions, such as FLG, LOR, IVL, OCC, and ZO-1, were significantly decreased in the control group
compared to those in the normal group. These proteins levels of expression were dose-dependently
restored in the group of ENONI. Furthermore, in Figure 7C, the mRNA expression of pro-FLG was
significantly decreased in the control group compared to that in the normal group. Decreased gene
expression of pro-FLG was recovered in the ENONI-treated groups. ENONI 500 and 100 increased all
the mRNA and protein expressions more effectively than PD. Taken together, the ENONI treatment
restored skin barrier dysfunction through the increase of mRNA and protein expression of the skin
barrier, including TJs.
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Figure 7. Effect of ENONI on skin barrier dysfunction in the dorsal skin of AD-induced NC/Nga mice.
(A) Protein levels of FLG (34 kDa), LOR (26 kDa), IVL (68 kDa), OCC (59 kDa), ZO-1 (187 kDa), and
3-actin (43 kDa) were analyzed using Western immunoblotting. (B) The protein levels of (a) FLG,
(b) LOR, (c) IVL, (d) OCC, and (e) ZO-1 were quantified by band density and normalized to 8-actin.
The results were presented as mean + SEM (n = 4). (C) Gene expression levels of pro-FLG were
analyzed in dorsal skin using RT-qPCR. The results were presented as mean + SEM (1 = 5); *## p < 0.001
vs. normal, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control. Normal, untreated group; Control, atopic
dermatitis induced by DNCB; PD, positive control (prednisolone 3 mg/kg) treated group; ENONI
(fermented Morinda citrifolia 250, 500, or 1000 mg/kg) treated group; FLG, filaggrin; LOR, loricrin; IVL,
involucrin; ZO-1, zonula occludens-1; OCC, occludin; pro-FLG, pro-filaggrin.

4. Discussion

Several studies have reported that AD is closely related to environmental, genetic, and
immunological factors [28,29]. Immune dysregulation and skin barrier abnormalities are major
features in AD, which are involved in complex pathophysiology [30]. Recent studies tried to apply the
therapeutic effect of natural preparation and traditional medicine to prevent and cure AD [20,31,32].
Morinda citrifolia fruit, also known as noni, is reported to have antioxidant activity, which suggests that
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antioxidant effects may contribute to immune-modulating and anti-inflammatory activity [33]. In a
previous study, noni was reported to have beneficial immunomodulatory effects in inadequate immune
responses through regulating expressions of Th1l and Th2 cytokines in vivo [34]. In addition, a recent
study reported that in inflammatory bowel disease, noni juice reduced expressions of inflammatory
cytokines and preserved intestinal architecture [35]. Iridoids including DAA and AA are the major
constituents of noni, which are known to have antioxidant and free radical scavenging activities and
quench lipid peroxides [36]. Gaertneroside, a similar iridoid extracted from plants, has been shown
to have regulatory effects on immune cells in vitro [37]. DAA and AA were reported to inhibit the
release of TNF-« from peritoneal macrophage cells in mice [38]. We found that DAA and AA were
considerably increased in the fermented noni with probiotics compared to the components of the noni
in HPLC analysis. Thus, in this study, we investigated the effects of ENONI in the AD model in vivo.
The in vivo AD model using NC/Nga mice is suitable to screen potential anti-AD agents.

In our investigation, we found that the administration of ENONI attenuated AD lesions and
symptoms by DNCB. Administration of FNONI considerably improved skin lesion severity and
dose-dependently recovered clinical factors including dermatitis score, ear thickness, and scratching
behavior (Figure 2). In addition, the histological analysis indicated that ENONI treatment reduced
epidermal thickness and infiltration of mast cells and eosinophils (Figure 3). Following these results,
to investigate the restorative effects of ENONI against AD, we focused on immune balance and skin
barrier function through modulating expressions of AD-related cytokines.

The pathophysiology of AD has immunological abnormalities that are involved in the systemic
increased Th2 response, and a combination of other T cell subset responses includes Th1, Th22, and
Th17 [39,40]. Penetration of antigens and allergens through a defective epidermal barrier activates
keratinocytes and secretion of TARC, TSLP, and IL-33, which acts on skin resident dendritic cells and
mast cells [41,42]. Activated mast cells degranulate and secrete pro-inflammatory cytokines, including
IL-4, IL-6, TNF-, and histamine, which cause exacerbating AD-related symptoms including pruritus.
Activated dendritic cells trigger polarization of Th2 cells from naive T helper cells [43]. Differentiated
Th2 cells express Th2-derived cytokines such as IL-4, IL-5, IL-13, and IL-31[44]. IL-4 and IL-13 promote
isotype switching in B cells, resulting in the synthesis of IgE and generation of IgG1, and they also
reduce expressions of skin barrier proteins [45]. IL-5 plays a crucial role in eosinophil development,
proliferation, and survival [46]. IL-31 is an important pruritogenic inflammatory cytokine, which
inhibits epidermal terminal differentiation and causes scratching behavior as well as exacerbation
of skin barrier dysfunction [47,48]. The cytokines derived from Th2 re-stimulate keratinocyte and
can cause increased cytokine release, including IL-6, IL-33, TNF-«, and TSLP, from keratinocyte or
epidermal dendritic cells and accelerate the progression of AD [49]. In this study, the levels of histamine,
TARC, and TSLP in serum were increased in the control group, while the ENONI groups indicated the
reduction of those cytokines (Figure 4B-D). Splenic productions of Th2-derived cytokines, including
IL-4, IL-5, IL-13, IL-31, and IL-33, were significantly increased in the control group, whereas the
administration of ENONI and PD reduced splenic production of Th2-derived cytokines (Figure 5A). In
addition, cytokine gene expressions, including IL-4, IL-5, IL-13, IL-31, IL-33, and TSLP, were increased
in the dorsal skin of the control group. However, the administration of ENONI and PD decreased
the gene expressions of cytokines compared to those in the control group (Figure 6A). These results
suggest that ENONI administration attenuated upregulation of AD-related Th2 cytokines in serum,
splenocytes, and dorsal skin. In addition, the decreases of Th2 cytokines such as histamine, IL-5,
and IL-31 were correlated with the decreased number of infiltrated inflammatory cells and reduced
scratching behavior [43,46—48].

The upregulation of Th2 cytokines including IL-4 is known to inhibit the generation of Thl
cells [50]. The development of Thl cells requires the presence of IL-12 and IFN-y [51]. IL-12 is a
key factor of Th1 cell differentiation, and secreted IFN-y by Thl1 cells is known to suppress Th2 cell
function and IgE synthesis as well as promote the generation of IgG,, in B cells [2,52]. The serum
IgG1/IgGy, ratio is a representative marker of the Th2/Th1 balance. Increased Th2-derived cytokines
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and deficiency of Thl-derived cytokines are hallmarks of AD, which indicates Th2/Th1 imbalance [53].
In our study, Thl-derived cytokines including IL-12 and IFN-y in splenocytes and dorsal skin tended
to be decreased in the control group, whereas the expression of Thl-derived cytokines was normalized
by the administration of ENONI (Figures 5B and 6B). Consequently, our data showed that ENONI
treatment decreased the levels of serum IgE compared to the control group (Figure 4A) and also
restored the Th2/Th1 balance through regulating the serum IgG;/IgGo, ratio (Table 3). In contrast, it
was observed that the administration of PD not only inhibited expressions of Th1 and Th2 cytokines in
serum, splenocytes, and skin, but it also downregulated the level of serum immunoglobulin compared
to the control group. Results were already reported that prednisolone had inhibitory effects on allergic
dermatitis in the mouse model [20,27]. These data indicate that the administration of ENONI improved
AD-related immune imbalance through modulating the Th1/Th2 balance in serum, splenocytes, and
dorsal skin. Taken together, these results suggest that PD acted as an immune suppressor in mice,
whereas the administration of ENONI had an effect on restoring the Th1/Th2 balance through inhibiting
Th2 cells and improving Th1 cells simultaneously, which regulate the level of Th1 or Th2 differentiation.

Th17 cells are correlated with the development of AD severity and produce IL-17 and IL-22 [54].
IL-17 induces the expression of various pro-inflammatory cytokines and is reported to have a crucial
role in Th2 cell differentiation [55]. IL-17 also causes neutrophil recruitment leading to neutrophil- and
eosinophil-mediated inflammation [56]. IL-22 is secreted by Th17 as well as Th22 and is synergistically
increased with IL-17 in keratinocytes, leading to the downregulation of FLG expression [54,57]. In this
study, the splenic production of IL-6, IL-17, and IL-22 was significantly increased in the control group
compared with those in the normal group, while the ENONI or PD induced a decrease in the expression
of IL-6, IL-17, and IL-22 compared to those in the control group (Figure 5C). Similarly, gene expressions
of IL-6, IL-17A, IL-22, and TNF-« were increased in the dorsal skin of the control group. Administration
of ENONI and PD decreased the expressions of IL-6, IL-17A, IL-22, and TNF-« compared to those in
the control group (Figure 6C). These results indicate that the administration of FNONI modulated the
AD-related immune imbalance by regulating the responses of the AD-related T cell subset, including
Th17 and Th22, as well as the Th1/Th2 balance.

Impaired epidermal skin is one of the hallmarks of AD. FLG is an important structural protein in the
skin barrier and promotes aggregation of the keratin cytoskeleton to build up the outermost epidermal
barrier [54]. In addition, FLG contributes to cell differentiation and is degraded into hydrophilic amino
acids. The combination of FLG and hydrophilic amino acids is important for hydration and pH of the
skin [40]. LOR and IVL, natural moisturizing factors, are also essential components of the epidermal
envelope, and they are cross-linked to pro-FLG and act as reinforcement proteins in the cornified
envelope [58]. Several studies reported that various cytokines were increased in AD patients and
led to skin barrier dysfunction, which includes TSLP and IL-33 secreted by keratinocytes as well as
Th2-derived cytokines such as IL-4, IL-13, and IL-31 [48,54,59]. In addition, IL-22 and IL-17 were also
reported to downregulate the expressions of T] proteins and terminal differentiation genes, including
FLG, LOR, and IVL [39,48]. In our previous study, we reported that repeated application of DNCB on
the dorsal skin of NC/Nga mice downregulated the expressions of FLG, IVL, and LOR [20]. In the
present study, protein expressions of FLG, IVL, and LOR were considerably reduced in the dorsal skin
of the control group, which indicated that the epidermal barrier was impaired. The administration of
ENONI significantly recovered decreased expressions of FLG, IVL, and LOR, while PD administration
slightly increased the expressions of the proteins compared with the control group (Figure 7(Ba—c)).

TJs reside below the stratum corneum and regulate selective permeability into the paracellular
pathway [60]. Flaky tail mice, AD model of FLG mutation, indicated skin barrier dysfunction and
showed decreased expression of LOR and OCC [61]. Furthermore, several studies reported that FLG
mutation in humans indicated reduced expressions of TJ proteins, including Zo-1 and OCC, and
disruption of TJs results in the incorporation of LC dendrites to TJs and processing of the immune
response [62,63]. The severity of AD is inversely correlated with expression levels of FLG and TJs [64].
In this study, we observed that TJ protein expressions, including ZO-1 and OCC, were also reduced in



Nutrients 2020, 12, 249 15 of 18

the control group compared to the normal group. However, the ENONI dose-dependently increased
the protein expressions of ZO-1 and OCC compared to those in the control group (Figure 7(Bd,e)),
which indicates that ENONI restored skin barrier impairment and dysfunction. Especially, ENONI
treatment more effectively restored TJ proteins, including Zo-1 and OCC, than PD did. These data
suggest that the administration of ENONI considerably alleviated AD skin lesions through restoring
skin barrier proteins including TJs. Furthermore, these results correlated with a decreased dermatitis
score and reduced expression of AD-related cytokines involved in disrupting the skin barrier in the
FENONI-treated group.

5. Conclusions

Administration of ENONI significantly improved AD lesions and symptoms including dermatitis
score, ear thickness, epidermal thickness, and scratching behavior. In addition, ENONI treatment
beneficially modulated the Th1/Th2 immune balance as well as Th17 and Th22 immune responses,
and it reduced the infiltration of inflammatory cells. Abnormal skin barrier function was considerably
restored by administration of ENONIL Taken together, this study suggests that ENONI could be a
potential therapeutic agent to prevent and cure AD.

Author Contributions: Conceptualization, S.Y.C.; validation, S.H.K. and G.S.S.; formal analysis, S.Y.C., S H.K.,
and G.S.S,; investigation, S.Y.C., S.H K., and G.S.S,; resources, S.Y.C., SH.K,, and G.S.S.; data curation, S.H.K. and
G.5.S.; writing—original draft preparation, S.Y.C. and S.H.K.; writing—review and editing, S.Y.C. and S HK;
visualization, S H K. and G.S.S.; supervision, S.Y.C.; project administration, S.Y.C. All authors have read and
agreed to the published version of the manuscript.

Funding: Authors received no funding for this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Rerknimitr, P,; Otsuka, A.; Nakashima, C.; Kabashima, K. The etiopathogenesis of atopic dermatitis: Barrier
disruption, immunological derangement, and pruritus. Inflamm. Regen. 2017, 37, 14. [CrossRef] [PubMed]

2. Leung, D.Y,; Boguniewicz, M.; Howell, M.D.; Nomura, I.; Hamid, Q.A. New insights into atopic dermatitis. J.
Clin. Investig. 2004, 113, 651-657. [CrossRef] [PubMed]

3. Thaci, D.; Simpson, E.L.; Beck, L.A.; Bieber, T.; Blauvelt, A.; Papp, K.; Soong, W.; Worm, M.; Szepietowski, ].C.;
Sofen, H. Efficacy and safety of dupilumab in adults with moderate-to-severe atopic dermatitis inadequately
controlled by topical treatments: A randomised, placebo-controlled, dose-ranging phase 2b trial. Lancet 2016,
387,40-52. [CrossRef]

4. Williams, H.C. Atopic dermatitis. N. Engl. J. Med. 2005, 352, 2314-2324. [CrossRef] [PubMed]

5. Spergel, ].M.; Paller, A.S. Atopic dermatitis and the atopic march. J. Allergy Clin. Immunol. 2003, 112,
S5118-5127. [CrossRef]

6. Nakajima, S.; Nomura, T.; Common, J.; Kabashima, K. Insights into atopic dermatitis gained from genetically
defined mouse models. . Allerqy Clin. Immunol. 2019, 143, 13-25. [CrossRef]

7. Egawa, G.; Kabashima, K. Barrier dysfunction in the skin allergy. Allergol. Int. 2018, 67, 3-11. [CrossRef]
Egawa, G.; Kabashima, K. Multifactorial skin barrier deficiency and atopic dermatitis: Essential topics to
prevent the atopic march. J. Allergy Clin. Immunol. 2016, 138, 350-358. [CrossRef]

9.  Novak, N,; Bieber, T. Allergic and nonallergic forms of atopic diseases. J. Allergy Clin. Immunol. 2003, 112,
252-262. [CrossRef]

10. Stott, B.; Lavender, P.; Lehmann, S.; Pennino, D.; Durham, S.; Schmidt-Weber, C.B. Human IL-31 is induced
by IL-4 and promotes TH2-driven inflammation. J. Allerqy Clin. Immunol. 2013, 132, 446-454.e445. [CrossRef]

11.  Amin, K. The role of mast cells in allergic inflammation. Respir. Med. 2012, 106, 9-14. [CrossRef] [PubMed]

12.  Feld, M.; Garcia, R.; Buddenkotte, J.; Katayama, S.; Lewis, K.; Muirhead, G.; Hevezi, P,; Plesser, K.;
Schrumpf, H.; Krjutskov, K. The pruritus-and TH2-associated cytokine IL-31 promotes growth of sensory
nerves. J. Allergy Clin. Immunol. 2016, 138, 500-508.e524. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s41232-017-0044-7
http://www.ncbi.nlm.nih.gov/pubmed/29259713
http://dx.doi.org/10.1172/JCI21060
http://www.ncbi.nlm.nih.gov/pubmed/14991059
http://dx.doi.org/10.1016/S0140-6736(15)00388-8
http://dx.doi.org/10.1056/NEJMcp042803
http://www.ncbi.nlm.nih.gov/pubmed/15930422
http://dx.doi.org/10.1016/j.jaci.2003.09.033
http://dx.doi.org/10.1016/j.jaci.2018.11.014
http://dx.doi.org/10.1016/j.alit.2017.10.002
http://dx.doi.org/10.1016/j.jaci.2016.06.002
http://dx.doi.org/10.1067/mai.2003.1595
http://dx.doi.org/10.1016/j.jaci.2013.03.050
http://dx.doi.org/10.1016/j.rmed.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22112783
http://dx.doi.org/10.1016/j.jaci.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/27212086

Nutrients 2020, 12, 249 16 of 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kim, Y.-J.; Choi, M.].; Bak, D.-H.; Lee, B.C; Ko, E.J.; Ahn, G.R,; Ahn, SSW.; Kim, M.].; Na, J.; Kim, B.J. Topical
administration of EGF suppresses immune response and protects skin barrier in DNCB-induced atopic
dermatitis in NC/Nga mice. Sci. Rep. 2018, 8, 11895. [CrossRef] [PubMed]

Ong, PY,; Leung, D.M. Immune dysregulation in atopic dermatitis. Curr. Allergy Asthma Rep. 2006, 6,
384-389. [CrossRef] [PubMed]

Waljee, A K.; Rogers, M.A,; Lin, P; Singal, A.G.; Stein, ].D.; Marks, RM.; Ayanian, J.Z.; Nallamothu, B.K.
Short term use of oral corticosteroids and related harms among adults in the United States: Population based
cohort study. BMJ 2017, 357, j1415. [CrossRef] [PubMed]

Carr, W.W. Topical calcineurin inhibitors for atopic dermatitis: Review and treatment recommendations.
Pediatr. Drugs 2013, 15, 303-310. [CrossRef]

Matsuda, H.; Watanabe, N.; Geba, G.P.; Sperl, J.; Tsudzuki, M.; Hiroi, ].; Matsumoto, M.; Ushio, H.; Saito, S.;
Askenase, PW. Development of atopic dermatitis-like skin lesion with IgE hyperproduction in NC/Nga mice.
Int. Immunol. 1997, 9, 461-466. [CrossRef]

Zhang, E.Y,; Chen, A.Y.; Zhu, B.T. Mechanism of dinitrochlorobenzene-induced dermatitis in mice: Role of
specific antibodies in pathogenesis. PLoS ONE 2009, 4, €7703. [CrossRef]

Jin, H.; He, R.; Oyoshi, M.; Geha, R.S. Animal models of atopic dermatitis. J. Investig. Dermatol. 2009, 129,
31-40. [CrossRef]

Lee, JW,;, Wu, Q. Jang, Y.P; Choung, S.Y. Pinus densiflora bark extract ameliorates 2,
4-dinitrochlorobenzene-induced atopic dermatitis in NC/Nga mice by regulating Th1/Th2 balance and
skin barrier function. Phytother. Res. 2018, 32, 1135-1143. [CrossRef]

Kinghorn, A.D.; Chai, H.-B.; Sung, C.K.; Keller, W.J. The classical drug discovery approach to defining
bioactive constituents of botanicals. Fitoterapia 2011, 82, 71-79. [CrossRef] [PubMed]

McClatchey, W. From Polynesian healers to health food stores: Changing perspectives of Morinda citrifolia
(Rubiaceae). Integr. Cancer Ther. 2002, 1, 110-120. [CrossRef] [PubMed]

Suto, H.; Matsuda, H.; Mitsuishi, K.; Hira, K.; Uchida, T.; Unno, T.; Ogawa, H.; Ra, C. NC/Nga mice: A
mouse model for atopic dermatitis. Int. Arch. Allerqy Immunol. 1999, 120, 70-75. [CrossRef]

Takano, N.; Arai, I.; Kurachi, M. Analysis of the spontaneous scratching behavior by NC/Nga mice: A
possible approach to evaluate antipruritics for subjects with atopic dermatitis. Eur. J. Pharmacol. 2003, 471,
223-228. [CrossRef]

Parasuraman, S.; Raveendran, R.; Kesavan, R. Blood sample collection in small laboratory animals. ].
Pharmacol. Pharmacother. 2010, 1, 87. [CrossRef] [PubMed]

Yang, M.; Cook, M.E. Dietary Conjugated Linoleic Acid Decreased Cachexia, Macrophage Tumor Necrosis
Factor-a Production, and Modifies Splenocyte Cytokines Productionl. Exp. Biol. Med. 2003, 228, 51-58.
[CrossRef]

Mimura, T,; Shinozaki, Y,; Kawasaki, H,; Iwamura, H. JTP-27536 [(+)-1,
3-dihydroxy-2-hydroxymethylpropyl-2-ammonium 2-[(R)-3-cyclo-hexyl-1-phenylpropyl]-1, 3-dioxo-2,
3-dihydro-1H-isoindole-5-carboxylate monohydrate], a novel inhibitor of immunoglobulins and interleukin-5
with anti-inflammatory properties in mouse allergic dermatitis model. J. Pharmacol. Exp. Ther. 2005, 314,
293-301.

Sugiura, K.; Shamoto, M.; Sakamoto, N.; Shinzato, M.; Osada, A.; Sugiura, M.; Hayakawa, R.; Kato, Y. It is
true that, when Langerhans cells migrate from the skin to the lymph node, they are transported via lymph
vessels. Dermatology 2003, 206, 222-224. [CrossRef]

Novak, N.; Bieber, T. The role of dendritic cell subtypes in the pathophysiology of atopic dermatitis. J. Am.
Acad. Dermatol. 2005, 53, 5171-5176. [CrossRef]

Boguniewicz, M.; Fonacier, L.; Leung, D.Y. Atopic and Contact Dermatitis. In Clinical Immunology; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 611-624.

Sohn, E.; Kang, 5.C.; Jang, S.-A.; Kwon, ].E.; Pyo, S.; Koo, H.J. Fermented Korean red ginseng ameliorates
1-chloro-2, 4-dinitrobenzene-induced atopic dermatitis via MAPKs/NF-«kB pathway in mice. FASEB |. 2016,
30. [CrossRef]

Yin, J.; Yoon, S.; Ahn, H.; Lee, M. Inhibitory activity of allergic contact dermatitis and atopic dermatitis-like
skin in BALB/c mouse through oral administration of fermented barks of Alnus sibirica. Molecules 2018, 23,
450. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41598-018-30404-x
http://www.ncbi.nlm.nih.gov/pubmed/30093649
http://dx.doi.org/10.1007/s11882-996-0008-5
http://www.ncbi.nlm.nih.gov/pubmed/16899200
http://dx.doi.org/10.1136/bmj.j1415
http://www.ncbi.nlm.nih.gov/pubmed/28404617
http://dx.doi.org/10.1007/s40272-013-0013-9
http://dx.doi.org/10.1093/intimm/9.3.461
http://dx.doi.org/10.1371/journal.pone.0007703
http://dx.doi.org/10.1038/jid.2008.106
http://dx.doi.org/10.1002/ptr.6061
http://dx.doi.org/10.1016/j.fitote.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20804827
http://dx.doi.org/10.1177/1534735402001002002
http://www.ncbi.nlm.nih.gov/pubmed/14664736
http://dx.doi.org/10.1159/000053599
http://dx.doi.org/10.1016/S0014-2999(03)01828-4
http://dx.doi.org/10.4103/0976-500X.72350
http://www.ncbi.nlm.nih.gov/pubmed/21350616
http://dx.doi.org/10.1177/153537020322800107
http://dx.doi.org/10.1159/000068902
http://dx.doi.org/10.1016/j.jaad.2005.04.060
http://dx.doi.org/10.1096/fasebj.30.1_supplement.1174.2
http://dx.doi.org/10.3390/molecules23020450
http://www.ncbi.nlm.nih.gov/pubmed/29463011

Nutrients 2020, 12, 249 17 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

West, B.J.,; Deng, S.; Isami, F,; Uwaya, A.; Jensen, C.J. The potential health benefits of noni juice: A review of
human intervention studies. Foods 2018, 7, 58. [CrossRef] [PubMed]

Palu, A.K.; Kim, A.H.; West, B.J.; Deng, S.; Jensen, J.; White, L. The effects of Morinda citrifolia L.(noni) on
the immune system: Its molecular mechanisms of action. J. Ethnopharmacol. 2008, 115, 502-506. [CrossRef]
[PubMed]

Coutinho de Sousa, B.; Reis Machado, J.; da Silva, M.V.; da Costa, T.A.; Lazo-Chica, J.E.; Degasperi, T.D.P;
Rodrigues Junior, V.; Sales-Campos, H.; Uber Bucek, E.; Freire Oliveira, C.J. Morinda citrifolia (noni) fruit
juice reduces inflammatory cytokines expression and contributes to the maintenance of intestinal mucosal
integrity in DSS experimental colitis. Mediat. Inflamm. 2017, 2017. [CrossRef] [PubMed]

Wang, M.Y.; Peng, L.; Jensen, C.J.; Deng, S.; West, B.]. Noni juice reduces lipid peroxidation-derived DNA
adducts in heavy smokers. Food Sci. Nutr. 2013, 1, 141-149. [CrossRef]

Cimanga, K.; Hermans, N.; Apers, S.; Van Miert, S.; Van den Heuvel, H.; Claeys, M.; Pieters, L.; Vlietinck, A.
Complement-Inhibiting Iridoids from Morinda morindoides. ]. Nat. Prod. 2003, 66, 97-102. [CrossRef]

Li, B.; Zhang, D.-M.; Luo, Y.-M.; Chen, X.-G. Three New and Antitumor Anthraquinone Glycosides from
Lasianthus acuminatissimus MERR. Chem. Pharm. Bull. 2006, 54, 297-300. [CrossRef]

Brunner, PM.; Guttman-Yassky, E.; Leung, D.Y. The immunology of atopic dermatitis and its reversibility
with broad-spectrum and targeted therapies. J. Allergy Clin. Immunol. 2017, 139, S65-576. [CrossRef]
Werfel, T.; Allam, J.-P; Biedermann, T.; Eyerich, K.; Gilles, S.; Guttman-Yassky, E.; Hoetzenecker, W.; Knol, E.;
Simon, H.-U.; Wollenberg, A. Cellular and molecular immunologic mechanisms in patients with atopic
dermatitis. J. Allergy Clin. Immunol. 2016, 138, 336-349. [CrossRef]

Asahina, R.; Maeda, S. A review of the roles of keratinocyte-derived cytokines and chemokines in the
pathogenesis of atopic dermatitis in humans and dogs. Adv. Vet. Dermatol. 2017, 8, 15-25.

Agrawal, R.; Woodfolk, J.A. Skin barrier defects in atopic dermatitis. Curr. Allergy Asthma Rep. 2014, 14, 433.
[CrossRef] [PubMed]

De Benedetto, A.; Kubo, A.; Beck, L.A. Skin barrier disruption: A requirement for allergen sensitization? J.
Investig. Dermatol. 2012, 132, 949-963. [CrossRef] [PubMed]

Kim, J.E.; Kim, ].S.; Cho, D.H.; Park, H.J. Molecular mechanisms of cutaneous inflammatory disorder: Atopic
dermatitis. Int. J. Mol. Sci. 2016, 17, 1234. [CrossRef]

Brandt, E.B.; Sivaprasad, U. Th2 cytokines and atopic dermatitis. J. Clin. Cell. Immunol. 2011, 2, 110.
[CrossRef] [PubMed]

Simon, D.; Braathen, L.; Simon, H.U. Eosinophils and atopic dermatitis. Allergy 2004, 59, 561-570. [CrossRef]
[PubMed]

Sonkoly, E.; Muller, A.; Lauerma, A.IL; Pivarcsi, A.; Soto, H.; Kemeny, L.; Alenius, H.; Dieu-Nosjean, M.-C.;
Meller, S.; Rieker, J. IL-31: A new link between T cells and pruritus in atopic skin inflammation. J. Allergy
Clin. Immunol. 2006, 117, 411-417. [CrossRef] [PubMed]

Furue, M. T helper type 2 signatures in atopic dermatitis. J. Cutan. Immunol. Allergy 2018, 1, 93-99. [CrossRef]
Saeki, H.; Tamaki, K. Thymus and activation regulated chemokine (TARC)/CCL17 and skin diseases. ].
Dermatol. Sci. 2006, 43, 75-84. [CrossRef]

Biedermann, T.; Skabytska, Y.; Kaesler, S.; Volz, T. Regulation of T cell immunity in atopic dermatitis by
microbes: The yin and yang of cutaneous inflammation. Front. Immunol. 2015, 6, 353. [CrossRef]

Sun, L.; He, C.; Nair, L.; Yeung, J.; Egwuagu, C.E. Interleukin 12 (IL-12) family cytokines: Role in immune
pathogenesis and treatment of CNS autoimmune disease. Cytokine 2015, 75, 249-255. [CrossRef]
Boguniewicz, M.; Jaffe, H.S.; Izu, A ; Sullivan, M.].; York, D.; Geha, R.S.; Leung, D.Y. Recombinant gamma
interferon in treatment of patients with atopic dermatitis and elevated IgE levels. Am. J. Med. 1990, 88,
365-370. [CrossRef]

Shershakova, N.; Baraboshkina, E.; Andreev, S.; Purgina, D.; Struchkova, I.; Kamyshnikov, O.; Nikonova, A.;
Khaitov, M. Anti-inflammatory effect of fullerene C 60 in a mice model of atopic dermatitis. J. Nanobiotechnol.
2016, 14, 8. [CrossRef] [PubMed]

Czarnowicki, T.; Krueger, ].G.; Guttman-Yassky, E. Skin barrier and immune dysregulation in atopic
dermatitis: An evolving story with important clinical implications. J. Allergy Clin. Immunol. Pract. 2014, 2,
371-379. [CrossRef] [PubMed]

Noda, S.; Krueger, ].G.; Guttman-Yassky, E. The translational revolution and use of biologics in patients with
inflammatory skin diseases. J. Allergy Clin. Immunol. 2015, 135, 324-336. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/foods7040058
http://www.ncbi.nlm.nih.gov/pubmed/29641454
http://dx.doi.org/10.1016/j.jep.2007.10.023
http://www.ncbi.nlm.nih.gov/pubmed/18063495
http://dx.doi.org/10.1155/2017/6567432
http://www.ncbi.nlm.nih.gov/pubmed/28194046
http://dx.doi.org/10.1002/fsn3.21
http://dx.doi.org/10.1021/np020215h
http://dx.doi.org/10.1248/cpb.54.297
http://dx.doi.org/10.1016/j.jaci.2017.01.011
http://dx.doi.org/10.1016/j.jaci.2016.06.010
http://dx.doi.org/10.1007/s11882-014-0433-9
http://www.ncbi.nlm.nih.gov/pubmed/24633617
http://dx.doi.org/10.1038/jid.2011.435
http://www.ncbi.nlm.nih.gov/pubmed/22217737
http://dx.doi.org/10.3390/ijms17081234
http://dx.doi.org/10.4172/2155-9899.1000110
http://www.ncbi.nlm.nih.gov/pubmed/21994899
http://dx.doi.org/10.1111/j.1398-9995.2004.00476.x
http://www.ncbi.nlm.nih.gov/pubmed/15147438
http://dx.doi.org/10.1016/j.jaci.2005.10.033
http://www.ncbi.nlm.nih.gov/pubmed/16461142
http://dx.doi.org/10.1002/cia2.12023
http://dx.doi.org/10.1016/j.jdermsci.2006.06.002
http://dx.doi.org/10.3389/fimmu.2015.00353
http://dx.doi.org/10.1016/j.cyto.2015.01.030
http://dx.doi.org/10.1016/0002-9343(90)90490-5
http://dx.doi.org/10.1186/s12951-016-0159-z
http://www.ncbi.nlm.nih.gov/pubmed/26810232
http://dx.doi.org/10.1016/j.jaip.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25017523
http://dx.doi.org/10.1016/j.jaci.2014.11.015
http://www.ncbi.nlm.nih.gov/pubmed/25541257

Nutrients 2020, 12, 249 18 of 18

56.

57.

58.

59.

60.

61.

62.

63.

64.

Park, H,; Li, Z; Yang, X.O.; Chang, S.H.; Nurieva, R.; Wang, Y.-H.; Wang, Y.; Hood, L.; Zhu, Z; Tian, Q. A
distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat. Immunol.
2005, 6, 1133. [CrossRef] [PubMed]

Michalak-Stoma, A.; Pietrzak, A., Szepietowski, J.C.; Zalewska-Janowska, A., Paszkowski, T,;
Chodorowska, G. Cytokine network in psoriasis revisited. Eur. Cytokine Netw. 2011, 22, 160-168. [CrossRef]
Kim, B.E.; Leung, D.Y. Epidermal barrier in atopic dermatitis. Allergy Asthma Immunol. Res. 2012, 4, 12-16.
[CrossRef]

Kim, B.S; Siracusa, M.C.; Saenz, S.A.; Noti, M.; Monticelli, L.A.; Sonnenberg, G.F.; Hepworth, M.R.; Van
Voorhees, A.S.; Comeau, M.R,; Artis, D. TSLP elicits IL-33-independent innate lymphoid cell responses to
promote skin inflammation. Sci. Transl. Med. 2013, 5, ral16-ral70. [CrossRef]

De Benedetto, A.; Rafaels, N.M.; McGirt, L.Y,; Ivanov, A.L; Georas, S.N.; Cheadle, C.; Berger, A.E.; Zhang, K,;
Vidyasagar, S.; Yoshida, T. Tight junction defects in patients with atopic dermatitis. J. Allergy Clin. Immunol.
2011, 127, 773-786. [CrossRef]

Nakai, K.; Yoneda, K.; Hosokawa, Y.; Moriue, T.; Presland, R.B.; Fallon, P.G.; Kabashima, K.; Kosaka, H.;
Kubota, Y. Reduced expression of epidermal growth factor receptor, E-cadherin, and occludin in the skin of
flaky tail mice is due to filaggrin and loricrin deficiencies. Am. . Pathol. 2012, 181, 969-977. [CrossRef]
Kubo, A.; Nagao, K.; Yokouchi, M.; Sasaki, H.; Amagai, M. External antigen uptake by Langerhans cells with
reorganization of epidermal tight junction barriers. J. Exp. Med. 2009, 206, 2937-2946. [CrossRef] [PubMed]
Gruber, R.; Elias, PM.; Crumrine, D.; Lin, T.-K.; Brandner, ].M.; Hachem, J.-P,; Presland, R.B.; Fleckman, P.;
Janecke, A.R.; Sandilands, A. Filaggrin genotype in ichthyosis vulgaris predicts abnormalities in epidermal
structure and function. Am. . Pathol. 2011, 178, 2252-2263. [CrossRef] [PubMed]

Batista, D.; Perez, L.; Orfali, R.; Zaniboni, M.; Samorano, L.; Pereira, N.; Sotto, M.; Ishizaki, A.; Oliveira, L.;
Sato, M. Profile of skin barrier proteins (filaggrin, claudins 1 and 4) and Th1/Th2/Th17 cytokines in adults
with atopic dermatitis. J. Eur. Acad. Dermatol. Venereol. 2015, 29, 1091-1095. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/ni1261
http://www.ncbi.nlm.nih.gov/pubmed/16200068
http://dx.doi.org/10.1684/ecn.2011.0294
http://dx.doi.org/10.4168/aair.2012.4.1.12
http://dx.doi.org/10.1126/scitranslmed.3005374
http://dx.doi.org/10.1016/j.jaci.2010.10.018
http://dx.doi.org/10.1016/j.ajpath.2012.06.005
http://dx.doi.org/10.1084/jem.20091527
http://www.ncbi.nlm.nih.gov/pubmed/19995951
http://dx.doi.org/10.1016/j.ajpath.2011.01.053
http://www.ncbi.nlm.nih.gov/pubmed/21514438
http://dx.doi.org/10.1111/jdv.12753
http://www.ncbi.nlm.nih.gov/pubmed/25271795
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of F.NONI 
	HPLC-UV Analysis of F.NONI 
	Animals 
	Induction of AD-Like Skin Lesions and F.NONI Treatment 
	Dermatitis Score and Ear Thickness 
	Scratching Behavior 
	Histological Analysis 
	Serum Immunoglobulin and Cytokine Analysis 
	Splenocyte Isolation and Splenic Cytokine Analysis 
	RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Identification and Quantification of Deacetylasperulosidic Acid (DAA) and Asperulosidic Acid (AA) in the F.NONI 
	F.NONI Attenuated DNCB-Induced AD-Like Skin Lesions and Scratching Behavior 
	F.NONI Inhibited Thickening of the Epidermis and Infiltration of Inflammatory Cells 
	F.NONI Regulated the Levels of Immunoglobulins and Cytokines in Serum 
	F.NONI Regulated the Balance of Cytokine Production in Splenocytes 
	F.NONI Regulated DNCB-Induced Cytokine Gene Expression in Dorsal Skin 
	F.NONI Restored DNCB-Induced Defects in Skin Barrier Function 

	Discussion 
	Conclusions 
	References

