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A B S T R A C T   

Atopic dermatitis (AD) is a chronic inflammatory skin disease with severe pruritus. Berberine, a naturally 
occurring isoquinoline alkaloid, has anti-inflammatory effects. This study investigated the effects and molecular 
mechanisms of berberine on AD-like symptoms in mice. In this study, NC/Nga mice with atopy-like dermatitis 
(dermatitis mice), fibroblast and mast cells were used. In dermatitis mice, intermittent oral administrations of 
berberine 3 times a week for 12 days inhibited skin symptom, itching, cutaneous infiltration of eosinophils and 
mast cells, and the expression of cutaneous eotaxin, macrophage migration inhibitory factor (MIF) and IL-4. 
Berberine also attenuated IL-4/MIF-induced eotaxin in fibroblasts and allergen-induced MIF and IL-4 in mast 
cells. In mast cells, the GeneChip® microarray showed that antigen increased the expression of EIF3F and 
MALT1, inhibited by berberine. The siRNAs for them inhibited the expression of MIF and IL-4 in antigen- 
stimulated mast cells. These results suggest that berberine improves AD-like symptoms through the inhibition 
of the eotaxin and pro-inflammatory cytokine expression and the related inflammatory cell recruitment. It is also 
suggested that the downregulation of EIF3F and MALT1 by berberine is involved in suppressing the cytokine 
expression. Taken together, berberine or berberine-containing crude drugs are expected to contribute to the 
improvement of AD symptoms.   

1. Introduction 

AD is one of the most common chronic inflammatory skin diseases. It 
is characterized by the infiltration of inflammatory cells, extensive 
pruritus and a clinical course of symptomatic flares and remissions [1]. 
The pathogenesis of the disease is now well understood, and important 
factors involved in the process include genetic factors, skin barrier 
dysfunction and immune dysregulation [2]. However, effective long- 
term treatment is sometimes difficult due to the chronic, relapsing na
ture of this disease, thus, there is a need to find better therapeutic op
tions with minimal side effects that are well tolerated over the variable 
course of this disease. Currently, many patients visit physicians seeking 

alternative treatments. 
Berberine (Fig. 1A) is a naturally occurring isoquinoline alkaloid and 

is a major component of traditional Kampo medicine Orengedokuto 
(OGT; Huang-Lian-Jie-Du-Tang in Chinese), which consists of four me
dicinal plants (Coptidis rhizome, Phellodendri cortex, Scutellariae radix and 
Gardeniae fructus) [3]. OGT is used for the treatment of AD [4,5]. 
Berberine has been reported to show anti-inflammatory and anti-oxidant 
effects [6–9]. Berberine suppresses inflammation through complex 
mechanisms that involve MAPKs, which are involved in regulating in
flammatory mediators such as ERK, JNK, and p38 protein kinases at 
both transcriptional and translational levels [10]. In macrophages, it 
suppressed inflammatory response through AMP-activated protein 
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kinase activation, demonstrating its anti-inflammatory potency [7]. 
Furthermore, berberine has been reported to block the induction of 
oedema by 12-O-tetradecanoylphorbol-13-acetate on the ears of mice 
[11] and to inhibit PGE2 level and cyclooxygenase-2 transcriptional 
activity through the regulation of activator protein-1 transcription fac
tor [8,12]. Berberine has been reported to inhibit mast cell degranula
tion in a rat model of allergic contact dermatitis [13], inhibit the 
expression of MMP-9 and IL-6 in normal human keratinocytes [14], and 
to induce an anti-inflammatory response in mice with oxazolone- 
induced contact dermatitis [15]. However, whether berberine im
proves symptoms of AD, such as skin inflammation and itching, has 
remained unclear. Thus, in the present experiments, we investigated the 
efficacy of berberine against symptoms of AD as well as the molecular 
inhibitory mechanisms of berberine in a mouse model of AD. 

2. Materials and methods 

2.1. Materials 

Berberine was obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Berberine was used at doses in vivo, which does not affect the body 
weight and spleen weight. In vitro, the concentrations used showed no 
cytotoxicity based on our preliminary experiments. 

In in vivo experiments, berberine or the vehicle (tap water) was 
orally administered 3 times a week for 12 days by gavage (oral zoned 
needle). Recombinant mouse Interleukin (IL)-4 was purchased from 
R&D systems (Minneapolis, MN, USA). Recombinant MIF was obtained 
from ProSpec (Newark, NJ, USA). In in vitro experiments, berberine and 
these cytokines were dissolved in culture medium. 

2.2. Animals 

Male NC/Nga mice (eight weeks old at the start of the experiments: 
Japan SLC, Shizuoka, Japan) were used for the study. AD-like lesion was 
induced by parasitizing mites according to previously described method 
[16,17]. Mice were housed in a room under controlled temperature 
(21–23 ◦C) and humidity (45%-65%) conditions with 12 h light (lights 
on from 07:00 to 19:00p.m.). Food and water were provided ad libitum. 
This study was carried out in strict accordance with the recommenda
tions in the Institute for animal experiments at University of Toyama. 
The study protocol was approved by the ethics committee, and the an
imal experiments using mice were conducted according to the guidelines 

set by the University of Toyama. 
All experiments using mice were conducted under the blind 

condition. 

2.3. Determining the clinical skin severity score 

The clinical skin severity score was evaluated as in our previous 
study [18]. In brief, the clinical severity for AD-like lesions was evalu
ated as the sum of the individual scores, graded as 0 (none), 1 (mild), 2 
(moderate), and 3 (severe) for each of five signs and symptoms (itch, 
erythema, edema, excoriation/erosion and scaling/dryness). 

2.4. Behavioral evaluation 

The behavioral analysis of mice was performed as described previ
ously [19]. In brief, the animals were placed individually in an acrylic 
cage composed of 4 equal-sized cells (13 × 9 × 40 cm) for at least 1 h for 
acclimation. Their behaviors were then videotaped for 1 h, with 
personnel kept out of the observation room. Spontaneous scratching 
toward any rostral regions of the body by the hind paws was counted. As 
mice make several rapid scratch movements for periods of about 1 s 
each, a series of these movements was counted as one bout of scratching. 

2.5. Determination of IgE 

Blood (20 µl) was collected from the heart of each mouse using a 
capillary glass tube under ether anesthesia, and centrifuged at 2,236 × g 
for 20 min at 4 ◦C. The serum was stored at − 80 ◦C until the analyses. 
The total IgE in the serum was detected using an enzyme-linked 
immunosorbent assay kit (abcam Ltd., Cambridge, UK). 

2.6. Histological analyses 

At day 0 or day 12 after the treatment with berberine or the vehicle, 
under anesthesia with the mixed solution (0.15 ml/30 g), which con
tained medetomidine (0.3 mg/0.3 ml/kg Domitol; Meiji Seika Pharma 
Co., Ltd., Tokyo, Japan), midazolam (4 mg/0.8 ml/kg Dormicum; 
Astellas Pharma Inc., Tokyo, Japan) and butorphanol (5 mg/ml/kg 
Vetorphale; Meiji Seika Pharma Co., Ltd.), the mice were transcardially 
perfused with phosphate-buffered saline (PBS) followed by 10% 
formalin in neutral buffer solution (Wako Pure Chemical Industries, 
Ltd., Osaka, Japan). The skin of the rostral back of the mouse was 

Fig. 1. The effects of berberine on atopic dermatitis-like symptoms in NC/Nga mice. In this study, healthy NC/Nga mice grown under specific pathogen free 
condition and dermatitis NC/Nga mice grown under conventional condition with mites were used. (A) Structure of berberine. The clinical skin severity scores (B) and 
scratching behaviour (C) of the NC/Nga mice after the oral administration of vehicle (tap water) or berberine (50 and 100 mg/kg) 3 times a week for 12 days. (D) The 
relationship between berberine (100 mg/kg) treatment and the serum total IgE levels on day 12. Each value represents the mean ± SD (n = 5). P value shows 
statistical significance. The data shown are representative of three independent experiments. 
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isolated and post-fixed with 10% formalin in neutral buffer solution 
(Wako Pure Chemical Industries, Ltd.). The skin was embedded in 
paraffin and cut with a microtome into 2-µm-thick sections. After 
deparaffinization, the sections were stained with hematoxylin & eosin 
(H&E) for the detection of eosinophils or toluidine blue for mast cells. 
Cells were counted at a magnification of × 400 and expressed as the total 
number of cells in 5 fields (5 sections per mouse, 5 mice per group). 

2.7. Cell culture and stimulation 

Murine dermal fibroblasts were obtained from mice. Dermal fibro
blasts were isolated by dissecting the dermal layer; these skin specimens 
were then floated in PBS containing 0.25% dispase (Life Technologies, 
Carlsbad, CA, USA) at 4 ◦C overnight. The fibroblasts were cultured and 
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Nakarai, 
Kyoto, Japan) containing 10% fetal bovine serum (FBS, Summit 
Biotechnology, Ft. Collins, CO, USA), penicillin (100 units/ml) and 
streptomycin (100 µg/ml) at 37 ◦C in a humidified atmosphere of 5% 
CO2 in air. Cells were used between passages 2 and 8. The cells were 
cultured with IL-4 (1 ng/ml), MIF (100 ng/ml), and berberine (10 μM) 
alone or in combination for 6 or 24 h. The concentration of cytokines in 
stimulation experiments was decided based on their basal circulating 
level according to our previous study [20]. MIF basal circulating levels 
are 1000-fold higher than other cytokines. In the relevant experiments, 
IL-4 (1 ng/ml), or MIF (100 ng/ml) was added. 

To evaluate the effect of berberine on the antigen-mediated 
degranulation in mast cells, we used the evaluation system using DNP 
and the DNP-specific IgE. Briefly, the MC/9 murine mast cells (American 
Type Culture Collection, Manassas, VA, USA) were maintained by 
passaging in DMEM (Nakarai) supplemented with 5 × 10− 5 M 2-mercap
toethanol (Sigma), 10% Rat T-STIM (Becton Dickenson, Heidelberg, 
Germany) and 10% FBS (Summit Biotechnology). The cells were then 
cultured with 500 ng/ml monoclonal anti-2,4-dinitrophenol-IgE (anti 
IgE-DNP; Sigma) in DMEM for 24 h. After washing twice with the culture 
medium, MC/9 cells were incubated with DNP-bovine serum albumin 
(BSA) (LSL, Tokyo, Japan, 100 ng/ml) and berberine (10 μM) either 
alone or in combination for 6 or 24 h. 

The specific siRNAs that were used as a control, eukaryotic translation 
initiation factor 3 subunit F (EIF3F) and mucosa-associated lymphoid tissue 
protein 1 (MALT1), were purchased from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA). These specific siRNAs were transfected at a concen
tration of 1 μM using Lipofectamin RNAi MAX reagent (Life Technolo
gies, Carlsbad, CA) according to the manufacturer’s instructions. An 
MTT assay was performed after 48 h in order to assess cell viability (data 
not shown). At 48 h after transfection, the cells were stimulated with 
DNP-BSA (100 ng/ml) for 24 h and then harvested for protein isolation. 

2.8. Reverse transcription and real-time polymerase chain reaction (PCR) 
analyses 

Total RNA was extracted from each mouse skin or cultured cells 
using the Nucleo Spin Extract II (Takara Bio, Shiga, Japan). Real-time 
quantitative PCR (qPCR) assay was performed on a real-time PCR sys
tem (Mx3005P, Stratagene, Tokyo, Japan) using SYBR PreMix ExTaq 
(Takara Bio, Shiga, Japan) or Premix ExTaq (for the use of TaqMan 
probes; Takara Bio) in accordance with the manufacturers’ protocols. 
Reverse transcriptase reaction (Omniscript Reverse Transcriptase, Qia
gen) was carried out with DNase-treated total RNA using oligo primers; 
MIF, IL-4, IL-5, interferon (IFN)-γ, MALT1 and EIF3F (Bio-Rad, Hercules, 
CA, USA). The cycling conditions were 10 min at 95 ◦C, and then 40 
cycles of 30 sec at 95 ◦C, 1 min at 60 ◦C, and 1 min at 72 ◦C. Each mRNA 
expression level was normalized to the mRNA expression level of glyc
eraldehyde-3-phosphate dehydrogenase (GAPDH). 

2.9. Western blot analyses 

Frozen skin tissue or cells were homogenized in T-PER tissue 
extraction reagent (Pierce, Rockford, IL) containing protease inhibitor 
mixture and centrifuged at 12,000 rpm for 10 min at 4 ◦C. The protein 
content in the supernatants was measured using a Bio-Rad protein assay 
kit (Bio-Rad, Hercules, CA, USA). The protein lysates were separated 
using SDS-PAGE (5%-20% acrylamide gradients; ATTO Corporation, 
Tokyo, Japan) and transferred to nitrocellulose membranes using an 
Immobilon-P transfer membrane (Milli-pore Corp, Bedford, MA, USA). 
Nitrocellulose membranes were blocked with 5% skim milk in TBST and 
blotted with the indicated primary antibodies as follows: anti-MIF 
(MAB19781, R&D Systems Inc., Minneapolis, MN, USA), anti-eotaxin 
(ab25086) and anti- IL-4 (ab9728) (abcam Ltd, Cambridge, UK) and 
anti-MALT1 (sc-130494), EIF3F (sc-390413), IL-5 (sc-7887), IFN-γ (sc- 
9344-R) and β-actin (sc-8432) (Santa Cruz Biotechnology Inc., Santa 
Cruz, CA, USA) antibodies. The relative amounts of proteins associated 
with specific antibodies were normalized according to the intensities of 
β-actin. Enhanced chemiluminescence (ECL) detection reagent (Lumi
nata TM Forte Western HRP substrate, Millipore, Billerica, MA, USA) 
was used to detect chemiluminescent horseradish peroxidase (HRP)- 
conjugated antibodies. Chemiluminescent signals were detected using 
an LAS-4000 (Fuji Film, Tokyo, Japan). Band intensity was measured 
using the Image J software program and normalized for β-actin. 

2.10. Measurement of histamine 

The MC/9 murine mast cells were cultured with 500 ng/ml mono
clonal anti-2,4-dinitrophenol-IgE in DMEM for 24 h. After washing twice 
with the culture medium, MC/9 cells were incubated with DNP-BSA 
(100 ng/ml) and berberine (100 μM) either alone or in combination 
for 2 h. Histamine levels in release media were measured. The concen
tration of the released histamine was measured with the histamine 
enzyme immunoassay kit (Bertin Pharma, Montignyle-Bretonneux, 
France) according to the manufacturer’s recommendation. 

2.11. GeneChip analyses 

The gene expression was analyzed using a GeneChip® microarray 
system with a Mouse Genome 430 2.0 array (Affymetrix, Inc., Santa 
Clara, CA, USA) spotted with 45,101 probe sets. Samples for array hy
bridization were prepared as described in the Affymetrix GeneChip® 
Expression Technical Manual. The obtained hybridization intensity data 
were analyzed using GeneSpring® GX (Agilent Technologies, Inc.) to 
extract the significant genes. To examine the gene ontology, including 
the biological processes, cellular components, molecular functions and 
gene networks, the obtained data were analyzed using Ingenuity® 
Pathway Analysis tools (Ingenuity Systems Inc., Mountain View, CA, 
USA), as previously described. The microarray data “Identification of 
genes involved in the anti-inflammatory effects of berberine in DNP- 
activated mouse MC/9 mast cells” are accessible through GEO2R se
ries accession number GSE76202. 

2.12. Statistical analyses 

The values are expressed as the means ± standard deviation (SD) of 
the respective test or control group. The statistical significance of dif
ferences between the control and test groups was evaluated by either 
Student’s t-test or Dunnett’s multiple comparisons. All statistical ana
lyses were conducted under the blind condition. 

3. Results 

3.1. The effects of berberine on atopy-like symptoms in mice 

In comparison to healthy mice grown under SPF condition, the 
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clinical skin severity score (Fig. 1B), spontaneous scratching (an itch- 
related behaviour) (Fig. 1C) and serum IgE level (Fig. 1D) were appar
ently increased in dermatitis mice grown under conventional conditions 
with mites. The intermitted oral administration of berberine (50 and 100 
or 100 mg/kg) in healthy mice did not affect the clinical skin severity 
score (Fig. 1B), spontaneous scratching (Fig. 1C), or serum IgE level 
(Fig. 1D). In comparison to vehicle-treated dermatitis mice, berberine 
(50 and100 or 100 mg/kg) significantly inhibited the increased clinical 
skin severity score (Fig. 1B), spontaneous scratching (Fig. 1C), and the 
serum IgE level (Fig. 1D) in dermatitis mice. 

3.2. The effects of berberine on the number of cutaneous eosinophils and 
mast cells in dermatitis mice 

In comparison to healthy mice, the number of cutaneous eosinophils 
was apparently increased in dermatitis mice (Fig. 2A). The intermittent 
oral administration of berberine (50 and 100 mg/kg) significantly 
inhibited the increase of cutaneous eosinophils in dermatitis mice in a 
dose-dependent manner (Fig. 2A, B). 

The number of cutaneous mast cells in dermatitis mice were appar
ently increased in comparison to healthy mice (Fig. 2C). The intermit
tent oral administration of berberine (50 and 100 mg/kg) significantly 
inhibited the increase of cutaneous mast cells in dermatitis mice in a 
dose-dependent manner (Fig. 2C, D). In addition, berberine (50 and 100 

mg/kg) significantly attenuated the number of degranulated cutaneous 
mast cells in dermatitis mice in a dose-dependent manner (Fig. 2C, D). 

3.3. The effects of berberine on the expression and production of eotaxin 
and pro-inflammatory cytokines in the skin of dermatitis mice 

The mRNA (Fig. 3A) and protein (Fig. 3B,C) levels of eotaxin, Th2- 
type cytokines (MIF, IL-4 and IL-5) and Th1-type cytokine IFN-γ in the 
skin of dermatitis NC/Nga mice were apparently increased in compari
son to healthy mice. The intermittent oral administration of berberine 
(50 and 100 mg/kg) did not affect the mRNA or protein levels of eotaxin, 
MIF, IL-4, IL-5 and IFN-γ in the skin of healthy mice. However, in the 
skin of dermatitis mice, berberine (50 and 100 mg/kg) inhibited the 
mRNA (Fig. 3A) and protein (Fig. 3B,C) levels of eotaxin, MIF, IL-4 and 
IL-5, but not IFN-γ. 

3.4. The effect of berberine on the expression of eotaxin induced by IL-4 
or/and MIF in primary cultures of murine fibroblasts 

Eotaxin is regarded as a key mediator of tissue eosinophilia [21]. In 
primary cultures of murine fibroblasts, a single stimulation with IL-4 (1 
ng/ml) or MIF (100 ng/ml) significantly increased the expression of 
eotaxin mRNA (Fig. 4A) and markedly increased the expression of the 
protein (Fig. 4B) in comparison to unstimulated fibroblasts. 

Fig. 2. The effects of berberine on the histological features in NC/Nga mice. The histological features of the NC/Nga mice to which berberine or vehicle (tap water) 
was orally administered were determined using H&E and toluidine blue staining. (A) Eosinophils are indicated by arrowheads. The experiments were repeated three 
times with similar results. One representative image is shown here. Scale bar for the large upper panels = 100 μm; scale bar for the small lower panels = 15 μm. (B) 
The number of eosinophils in the skin lesions of dermatitis NC/Nga mice to which vehicle or berberine was orally administered. Each value represents the mean ± SD 
(n = 5). P value shows statistical significance. (C) The histological assessment of the mast cells. The upper panel shows the presence of mast cells (red arrowheads), 
The lower panel, with a higher magnification view, shows non-degranulated (intact) mast cells (red arrow) and de-granulated mast cells (green arrow) in vehicle- 
treated dermatitis NC/Nga mice. Scale bar = 100 μm. (D) The total number of mast cells and the number of degranulated mast cells in the skin lesions of dermatitis 
NC/Nga mice to which vehicle or berberine was orally administered. Values are shown as the mean ± SD (n = 5). (B, D) P value shows statistical significance. The 
data shown are representative of three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 3. The effects of berberine on the expression of eotaxin and pro-inflammatory cytokines in NC/Nga mouse skin. Berberine or vehicle (tap water) was orally 
administered 3 times a week for 12 days in healthy and dermatitis NC/Nga mice. Total RNA for real-time PCR (A) and protein for Western blotting (B) were extracted 
on day 12, after starting the oral administration of berberine or the vehicle. (A) For real-time PCR, the expression of each mRNA was normalised to the level of 
GAPDH mRNA in each sample. Data are presented as the mean ± SD (n = 5). P value shows statistical significance. The data shown are representative of three 
independent experiments. (B) For Western blotting, band densities were measured using the ImageJ software program to evaluate the intensity of bands. The signal 
intensity was normalised to that of β-actin. (C) The effects of berberine on the expression of eotaxin and pro-inflammatory cytokines in NC/Nga mouse skin. The data 
correspond to (B). Data are presented as the mean ± SD (n = 5). P value shows statistical significance. The data shown are representative of three independent 
experiments. 
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Furthermore, combined stimulation with MIF and IL-4 caused a sub
stantial increase in the expression of eotaxin (mRNA and protein) 
(Fig. 4A, B). However, treatment with berberine (10 μM) in the presence 
of MIF and IL-4 resulted in the decreased production of eotaxin (mRNA 
and protein) in fibroblasts in comparison to treatment with cytokines 

either alone or in combination (Fig. 4A, B). 

Fig. 4. The effects of berberine on the expression of eotaxin and pro-inflammatory cytokines (MIF, IL-4, IL-5 and INF-γ) in murine fibroblasts and mast cells, and on 
the release of histamine from mast cells. (A, B) Murine fibroblasts were stimulated with IL-4 (1 ng/ml), MIF (100 ng/ml) and berberine (10 µM) alone or in 
combination. (C, D, E) Murine mast cells sensitized with anti-DNP-IgE were stimulated with DNP-BSA (100 ng/ml) and berberine (50 and 100 µM). Total RNA (A, C) 
and protein (B, D) were extracted at 6 and 24 h after stimulation, respectively. The medium sample for measuring histamine was collected 120 min after stimulation. 
The mRNA (A, C) and protein (B, D) expression levels were analysed by real-time PCR and Western blotting method, respectively. For real-time PCR (n = 5), the 
relative amount of mRNA targeted was first normalised to the level of GAPDH mRNA in each sample and then to the average of expression levels in non-treated cells. 
For Western blotting (n = 5), the band densities were measured using the ImageJ software program to evaluate the intensity of bands. The signal intensity was 
normalised to that of β-actin. (B,D) Upper panels show typical examples on the results of Western blots. (E) Histamine in the medium (n = 5) was measured using an 
EIA kit. Data are presented as the mean ± SD. P value shows statistical significance. The data shown are representative of three independent experiments. 

T. Andoh et al.                                                                                                                                                                                                                                  



Biochemical Pharmacology 185 (2021) 114439

7

Fig. 5. A GeneChip analysis in mast cells exposed to DNP-induced allergic stimulation. (A) Mast cells sensitized with anti-DNP-IgE (500 ng/ml) were cultured with 
berberine (100 μM) or DNP-BSA (100 ng/ml) or both for 24 h. K-means clustering of the probe sets that were differentially expressed by a factor of 2.0 or more was 
carried out using the GeneSpring® GX software program (Agilent Technologies Inc., Santa Clara, CA, USA). (B) Gene network cluster-1. Genes that were down- 
regulated in the berberine group in comparison to the DNP group in cluster-1 were analysed by the Ingenuity® Pathway analysis software program. The network 
is displayed graphically as nodes (genes) and edges (biological relationships between the nodes). Nodes and edges are displayed as various shapes and labels that 
depict the functional class of genes and the nature of the relationship between the nodes, respectively. (C) Heat maps of 15 selected genes. Intensity in the blue and 
red color range indicates downregulated and upregulated probe sets, respectively. Cells treated with berberine or DNP or both were used for the real-time PCR assay 
(D) and Western blotting assay (E, F) of the genes and proteins of MALT and EIF3F, respectively. (D) For real-time PCR, the expression of each mRNA was normalized 
to the level of GAPDH mRNA in each sample. Data are presented as the mean ± SD (n = 5). P value shows statistical significance. The data shown are representative 
of three independent experiments. (E) For Western blotting, band densities were measured using the ImageJ software program to evaluate the intensity of bands. The 
signal intensity was normalized to that of β-actin. (F) The effects of berberine on the expression of MALT and EIF3F in NC/Nga mouse skin. The data correspond to 
(E). Data are presented as the mean ± SD (n = 5). P value shows statistical significance. The data shown are representative of three independent experiments. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.5. The effects of berberine on the DNP-induced MIF and IL-4 expression 
and histamine release in murine mast cells sensitized with anti-DNP IgE 

After IgE-dependent stimulation, mast cells release allergic media
tors, such as histamine, β-hexosaminidase, cytokines, chemokines and 
arachidonic acid derivatives, mediating chronic inflammation [22]. We 
therefore evaluated the effects of berberine on the expression and pro
duction of MIF and IL-4 in murine mast cells. Stimulation with berberine 
or sensitization with anti-DNP IgE did not induce the expression of 
eotaxin, MIF, IL-4, IL-5, or INF-γ at either the mRNA or protein level 
(Fig. 4C, D). In murine mast cells sensitized with anti-DNP IgE, DNP-BSA 
(100 ng/ml), the mRNA and protein expression of MIF and IL-4 were 
increased (Fig. 4C, D). However, DNP-BSA (100 ng/ml) did not affect 
the mRNA expression of eotaxin, IL-5, or INF-γ (Fig. 4C, D). Berberine 
(50 and 100 μM) significantly inhibited the mRNA expression of MIF and 
IL-4 (Fig. 4C). Berberine also apparently inhibited the protein expression 
of MIF and IL-4 (Fig. 4D). 

Berberine (100 μM) itself did not release histamine from mast cells 
(Fig. 4E). In non-sensitized murine mast cells, IgE tended to be increase 
the release of histamine, but not to a significant extent (Fig. 4E). In 
murine mast cells sensitized with anti-DNP IgE, DNP-BSA (100 ng/ml) 
significantly induced the release of histamine and the release was 
inhibited by berberine (50 and 100 μM) (Fig. 4E). 

3.6. GeneChip analysis of the DNP-induced mRNA expression in anti- 
DNP IgE-sensitized mast cells treated with or without berberine 

A GeneChip analysis was performed to compare the gene expression 
between the DNP-BSA (100 ng/ml)-stimulated group and the group 
receiving combined treatment with DNP and berberine (100 µM) using 
RNA isolated from cells from each group at 6 h after treatment. As shown 
in Fig. 5A, the differentially expressed probe sets were classified into 3 
clusters, designated as Clusters-1, 2 and 3 by GeneSpring® GX software 
program. In Cluster-1, especially, berberine combination group 133 
showed a rapid decrease in the probe sets in comparison to the DNP- 

stimulated group. Furthermore, to determine the biologically relevant 
network and pathway of the genes related to inflammation, a pathway 
analysis of the down-regulated and up-regulated genes was carried out 
using the Ingenuity Pathways Analysis Knowledge Base (Fig. 5B, C). We 
selected automatically 15 genes (CX3CL1, DPYSL3, MKNK1, CSNK2A1, 
RIPK1, APC, IL-17A, BTF3, SENP2, SRSF2, ANXA1, AIF3F, CAST, 
NUP153, MALT1) related to inflammation using the software (Fig. 5B, 
C). Furthermore, we chose two genes (EIF3F and MALT1) that berberine 
alone did not affect the expression, were markedly increased in the 
expression by DNP-stimulation, and was suppressed by berberine 
(Fig. 5B, C). 

To confirm the results of the gene chip analysis, a real-time qPCR 
assay was performed for two selected genes in the network (EIF3F and 
MALT1). Consistent with the gene chip analysis results, the expression of 
two selected genes was significantly increased by DNP stimulation 
compared to berberine (100 µM) alone and without stimulation. How
ever, in the presence of berberine, the expression of these genes was 
significantly decreased (Fig. 5C). Western blot assay also showed that 
berberine inhibited these protein (EIF3F and MALT1) expression 
(Fig. 5E and F). Furthermore, it was confirmed that the expression of 
EIF3F and MALT1 protein was apparently increased in the skin of 
dermatitis NC/Nga mice, compared with the skin of healthy NC/Nga 
mice (Fig. 6). The intermitted oral administration of berberine (50 and 
100 mg/kg) inhibited the expression of these proteins in the skin of 
dermatitis NC/Nga mice significantly, compared with vehicle-treated 
dermatitis NC/Nga mice (Fig. 6). 

3.7. EIF3F and MALT1specific siRNA suppressed DNP-induced MIF and 
IL-4 expression in anti-DNP IgE-sensitized mast cells 

To confirm the involvement of EIF3F and MALT1 in the DNP-induced 
MIF and IL-4 expression, we performed in vitro experiments using spe
cific EIF3F and MALT1 siRNAs. Treatment with both specific siRNAs 
resulted in marked decreases in the EIF3F (Fig. 7A,B) and MALT1 
(Fig. 7C,D) protein expression levels relative to the control and DNP- 

Fig. 6. The effects of berberine on the expression of 
MALT and EIF3F protein in NC/Nga mouse skin. 
Berberine or vehicle (tap water) was orally adminis
tered 3 times a week for 12 days in healthy and 
dermatitis NC/Nga mice. The protein for Western 
blotting were extracted on day 12, after starting the 
oral administration of berberine or the vehicle. Band 
densities were measured using the ImageJ software 
program to evaluate the intensity of bands. The signal 
intensity was normalized to that of β-actin. (A) show 
that the typical examples on the results of Western 
blots. (B) The data correspond to (A). Data are pre
sented as the mean ± SD (n = 5). P value shows sta
tistical significance. The data shown are 
representative of three independent experiments.   
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stimulated groups. In addition, stimulation with DNP substantially 
induced the production of MIF and IL-4 proteins in comparison to 
unstimulated cells. However, in the presence of EIF3F (Fig. 7A,B) and 
MALT1 (Fig. 7C,D) siRNAs, the DNP-induced expression of the MIF and 
IL-4 proteins was markedly suppressed. 

4. Discussion 

Itching is also an essential symptom of AD. The lesions are often 
erythematous with oedematous, weeping papules and vesicles in pa
tients with acute AD, while thickened plaques of lichenification are 
observed in patients in the chronic stage of the disease. Mast cells pro
duce several itch mediators (e.g., histamine [23] and tryptase [24,25]). 
Eosinophils not only produce itch mediators (e.g. platelet-activating 
factor [26]) but also activate mast cells, cross-talk between both cells 
takes place through an array of soluble mediators and ligands in
teractions that enhances their function [27]. In the skin lesions of AD 
patients [28,29] and dermatitis mice [16,30], the numbers of mast cells 
and eosinophils are increased. Therefore, the increase in these cells in 
AD skin may lead to the induction of itching and skin manifestations. 
Berberine is a well-known principal common active ingredient of Cop
tidis rhizome and Phellodendri cortex [3]. In the present study, the 
intermittent oral administration of berberine resulted in the significant 
improvement of itching and skin manifestation in dermatitis mice. In 
addition, berberine also inhibited the recruitment of inflammatory cells 
(eosinophils and mast cells). IL-4 released from Th2 cells [31] and mast 
cells [32] is known to increase the recruitment of mast cells [33]. In 
addition to mast cells [34], MIF is produced by other cells (e.g. fibro
blasts and keratinocytes) in the skin [35]. The endogenous expression of 

MIF is well known to play a role in mast cell recruitment [36]. IL-5 
released from Th2 cells directly induces eosinophil infiltration 
[37,38]. In murine fibroblasts, IL-4/MIF increases the expression of 
eotaxin [39], which is a chemokine that increases eosinophil infiltration 
[40–42]. In the present study, we observed that berberine suppressed 
the expression of eotaxin and Th2-type cytokines (IL-4 and MIF) in 
murine fibroblasts and mast cells, respectively. However, no expression 
was observed for IL-5, and Th1-type cytokines INF-γ in mast cells. In AD- 
like lesion skin, berberine also suppressed the expression of eotaxin and 
Th2-type cytokines (IL-4, IL-5, and MIF), but not Th1-type cytokine INF- 
γ. These findings suggest that berberine regulates these changes through 
its action on Th2 cells, mast cells and fibroblasts and inhibits the 
recruitment of mast cells and eosinophils into the skin. Therefore, the 
inhibition of these cells by berberine is likely involved in the anti- 
pruritic and anti-inflammatory mechanisms. A recent study demon
strated that IL-4 is also an itch mediator [43]. Therefore, IL-4 elicits not 
only inflammatory cell recruitment but also itching. 

IgE plays an important role in AD symptoms, especially the activa
tion of mast cells. In AD patients and AD mice [16,17], the serum level of 
IgE is elevated. In the present study, berberine attenuated the serum IgE 
level in dermatitis mice. Berberine also suppressed the expression of IL-4 
in the skin of dermatitis mice. IL-4 induces IgE production in B cells, and 
IL-5 enhances IL-4-induced IgE production [44,45]. Therefore, it is 
evident that the suppression of the IL-4 and IL-5 expression by berberine 
leads to a decrease in the serum IgE level in dermatitis mice and sub
sequently prevents the degranulation of mast cells. 

In the present study, berberine reduced the expression of IL-4 and 
MIF in murine mast cells following DNP-induced allergic stimulation. In 
addition, berberine also attenuated the expression of eotaxin in murine 

Fig. 7. The effects of EIF3 and MALT1 siRNA 
on the expression of DNP-induced MIF and 
IL-4 in cultured murine mast cells. DNP-BSA 
(100 ng/ml) was applied to anti-DNP-IgE 
(500 ng/ml)-sensitized MC/9 cells treated 
with siRNA (30 pmol/ml) for EIF3F (A,B), 
MALT1 (C,D), or nonspecific control (A ~ D). 
The protein levels of EIF3F, MALT1, MIF, IL- 
4, or β-actin were analysed by Western 
blotting. β-actin was detected as an internal 
control for Western blotting. Band densities 
were measured using the ImageJ software 
program to evaluate the intensity of bands. 
The signal intensity was normalised to that of 
β-actin. (A,C) show that the typical examples 
on the results of Western blots. (B) and (D) 
correspond to (A) and (C), respectively. Data 
are presented as the mean ± SD (n = 5). P 
value shows statistical significance. The data 
shown are representative of three indepen
dent experiments.   
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fibroblasts stimulated with IL-4/MIF. These findings suggest that IL-4 
and MIF released from mast cells induces the production of eotaxin by 
fibroblasts that berberine inhibits both cells, leading to the inhibition of 
eotaxin production for the recruitment of eosinophils. 

Furthermore, to confirm the regulation of the gene expression by 
berberine, we analysed the inflammation-related genes following a 
GeneChip analysis using the total RNA of murine mast cells. It was found 
that two genes (EIF3F and MALT1) were regulated highly by berberine. 
The increased expression of EIF3F and MALT1, which were regulated by 
berberine, was also observed in the skin of dermatitis NC/Nga mice. 
EIF3F is involved in several steps in the initiation of protein synthesis 
[46–48]. Deubiquitination by EIF3F is necessary for the nuclear import 
of activated Notch [49]. Notch signalling enhances the FcεRI-mediated 
cytokine (e.g. IL-4) production by mast cells [50]. MALT1 controls an
tigen receptor-mediated signalling to nuclear factor-κB (NF-κB) [51]. 
Although NF-kB is activated during IgE-mediated allergic inflammation, 
the activation of NF-kB is not necessary for the production of IL-4 [52]. 
However, NF-kB plays an important role in the expression of MIF [53]. 
The involvement of these highly regulated genes was further confirmed 
using specific siRNAs. Interestingly, treatment with specific siRNAs for 
EIF3F and MALT1 markedly suppressed the DNP-induced production of 
MIF and IL-4 in mast cells. Taken together, these findings suggest that 
the DNP-induced upregulation of the MALT1 and EIF3F genes, which are 
related to inflammation, is responsible for the increased production of 
MIF and IL-4. In this study, berberine inhibited the expression of MALT1 
and EIF3F and subsequently suppressed the production of MIF and IL-4, 
suggesting that the regulation of MALT1 and EIF3F is involved in the 
atopic dermatitis effects of berberine. However, the detail mechanisms 
on the regulation of MALT1 and EIF3F by berberine still remains un
clear. Therefore, we should dissolve this issue in a future study. 

We conclude that the regulation of the EIF3F and MALT1 expression 
by berberine is involved in the inhibitory effects on eotaxin, IL-4 and 
MIF and that these mechanisms are also involved in the anti-atopic 
dermatitis effects of berberine (Fig. 8). 
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