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Chieh-Shan Wu1, Shih-Chao Lin2, Shiming Li3, Yu-Chih Chiang4, 
Nicole Bracci2, Caitlin W Lehman2, Kuo-Tung Tang5  
and Chi-Chien Lin6,7,8  

Abstract
Atopic dermatitis (AD) is a chronic inflammatory disease of the skin that substantially affects a patient’s quality of life. 
While steroids are the most common therapy used to temporally alleviate the symptoms of AD, effective and nontoxic 
alternatives are urgently needed. In this study, we utilized a natural, plant-derived phenolic compound, phloretin, to treat 
allergic contact dermatitis (ACD) on the dorsal skin of mice. In addition, the effectiveness of phloretin was evaluated 
using a mouse model of ACD triggered by 2,4-dinitrochlorobenzene (DNCB). In our experimental setting, phloretin was 
orally administered to BALB/c mice for 21 consecutive days, and then, the lesions were examined histologically. Our 
data revealed that phloretin reduced the process of epidermal thickening and decreased the infiltration of mast cells into 
the lesion regions, subsequently reducing the levels of histamine and the pro-inflammatory cytokines interleukin (IL)-6, 
IL-4, thymic stromal lymphopoietin (TSLP), interferon-γ (IFN-γ) and IL-17A in the serum. These changes were associated 
with lower serum levels after phloretin treatment. In addition, we observed that the mitogen-activated protein kinase 
(MAPK) and NF-κB pathways in the dermal tissues of the phloretin-treated rodents were suppressed compared to those 
in the AD-like skin regions. Furthermore, phloretin appeared to limit the overproliferation of splenocytes in response 
to DNCB stimulation, reducing the number of IFN-γ-, IL-4-, and IL-17A-producing CD4+ T cells in the spleen back to 
their normal ranges. Taken together, we discovered a new therapeutic role of phloretin using a mouse model of DNCB-
induced ACD, as shown by the alleviated AD-like symptoms and the reversed immunopathological effects. Therefore, 
we believe that phloretin has the potential to be utilized as an alternative therapeutic agent for treating AD.
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Introduction

Atopic dermatitis (AD), a common chronic inflam-
matory skin disease, affects up to 20% of children 
and 1% of adults worldwide and has a complex eti-
ology that involves immunological and inflamma-
tory pathways.1,2 AD is characterized by relapsing 
eczema with intense pruritus of xerotic skin. 
Immunosuppressive drugs, such as corticosteroids, 
tacrolimus, pimecrolimus, cyclosporine, and metho-
trexate, have been widely used to temporally control 
the symptoms of AD.3,4 However, these immuno-
therapeutic approaches often lead to adverse side 
effects, such as skin atrophy, osteoporosis, skin can-
cer, and metabolic disorders. Therefore, it is critical 
to identify alternative therapies that can mitigate 
atopic disease. Recently, increasing evidence has 
shown that plant-derived flavonoids can modulate 
and equilibrate the overreactive immune system  
in various skin diseases via anti-inflammatory 
effects.5–7 Among the flavonoids, phloretin is unique 
due to its well-known antioxidant and anti-inflam-
matory pharmacological effects.8

Phloretin, a natural dihydrochalcone flavonoid, 
can be abundantly extracted from apples and apri-
cots (Prunus mandshurica). Although it was among 
the first flavonoids to be discovered, phloretin has 
recently drawn more attention due to its immu-
noregulatory functions, which were also demon-
strated in our previous works.9,10 Specifically, 
phloretin has been found to reduce the levels of 
inflammatory cytokine induced by TLR2/1 and 
TLR4 agonists, Pam3CSK4 and LPS, respectively, 
in bone marrow–derived dendritic cells and 
RAW264.7 macrophages.9,11,12 The TLR2-
mediated nuclear translocation of NF-κB and 
phosphorylation of mitogen-activated protein 
kinases (MAPKs) were also suppressed when 
phloretin was present.13,14 In addition to innate 
immunity, phloretin appeared to influence T-cell-
mediated cytokine production to attenuate oxida-
tive stress and allergic airway inflammation in 
asthmatic mice by inhibiting Th2 cytokines.15 In 
our previous work, we found that phloretin could 
suppress autoantibody production, which plays a 
crucial role in the pathogenesis of collagen-induced 
arthritis in an animal model.10

Given the complicated and considerable factors 
associated with the pathogenesis of AD, epicutane-
ous sensitization with irritants, such as 2,4-dinitro-
chlorobenzene (DNCB), is a common approach 
used to establish AD to test drug candidates.16 We 

utilized the DNCB-triggered allergic contact der-
matitis (ACD) mouse model to recapitulate AD-like 
symptoms to test phloretin, aiming to explore the 
pharmacological benefits of phloretin in alleviat-
ing the symptoms of AD.

Materials and methods

Animals

Eight-week-old male BALB/c mice (weight, 20–
22 g) were obtained from the National Laboratory 
Animal Center (Taipei, Taiwan). A total of 20 mice 
were randomly divided into four groups (n = 5), 
and this sample size was determined according to 
previous published information to avoid under-
powered experiments and ensure adequately mini-
malizing the number of animals.17–19 All mice were 
acclimatized to standard laboratory conditions for 
a week before ACD experiments and procedures, 
and the ethical approval for this study was obtained 
from Institutional Animal Care and Use Committee 
(IACUC) of National Chung Hsing University 
(NCHU) (approval number: IACUC109-040). This 
study abode by relevant guidelines for humane ani-
mal treatment and complied with regulations.

DNCB-induced AD-like skin lesions in mice

The dorsal skin of BALB/c mice was sensitized 
with DNCB (Sigma-Aldrich, St. Louis, MO, USA) 
to induce AD-like symptoms as previously 
described.20 Briefly, following dorsal hair removal 
(approximately 4 cm2), 150 μL of 2% DNCB solu-
tion (dissolved in a 3:1 mixture of acetone and 
olive oil) was applied to the dorsal skin. Four days 
later, 150 μL of 0.5% DNCB was applied to the 
dorsal skin every 3 days (Figure 1) throughout the 
experiment to induce AD-like symptoms.

Treatment

Phloretin was purchased directly from Sigma-
Aldrich and dissolved in dimethyl sulfoxide. Two 
groups of ACD mice (n = 5 in each group) were 
orally administered 50 and 100 mg/kg of phloretin 
(PHR50 and PHR100, respectively) once a day 
beginning on day 6 postsensitization and continu-
ing until day 27. The mice in the normal group 
(referred to as NOR) were sensitized with solvent 
alone without DNCB, whereas the mice in the 
treatment vehicle control group (referred to as 
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CON) were sensitized with DNCB, but no phlore-
tin treatments were administered. The clinical fea-
tures were then observed 4 h after the last DNCB 
challenge. The symptomatic development of ery-
thema, edema, exfoliation, and scaling of the skin 
lesions was scored from 0 to 3 depending on the 
severity by blinded assessment as previously 
described.21 At the same time, the frequency of 
scratching behaviors was observed for a duration 
of 10 min, and serum, dorsal skin, and spleen sam-
ples were collected.

Histological analysis

Dorsal dermal tissue specimens of the mice were 
excised 4 h after the last DNCB challenge, fixed 
with 10% phosphate-buffered formalin, and 
embedded in paraffin. The thickness of the epider-
mis and dermis from five randomly selected tissues 
was evaluated after staining the skin sections 
(5 μm) with hematoxylin and eosin (Merck 
Millipore, Billerica, MA, USA). The infiltration of 
mast cells was visualized by toluidine blue staining 
(Sigma-Aldrich) and assessed under a light micro-
scope (Olympus, Kensington, London, England) at 
a magnification of 200×. The epidermal thickness 
is measured using ImageJ software (National 
Institutes of Health (NIH), Bethesda, MD, USA).

Measurement of serum immunoglobulin E, 
histamine, and skin cytokine levels and spleen 
sizes

Blood samples were collected from the hearts of 
CO2-asphyxiated mice and were centrifuged 

(10,000g, 10 min) to obtain serum. The total protein 
was isolated from 100 mg of dorsal skin tissue by 
homogenization in 1 mL of a tissue protein extrac-
tion reagent (Pierce, Rockford, IL, USA) with pro-
tease inhibitors (Roche, Indianapolis, IN, USA) and 
was quantified by a bicinchoninic acid (BCA) pro-
tein assay kit (Thermo Fisher Scientific, Waltham, 
MA, USA). The levels of total immunoglobulin E 
(IgE) (BD Pharmingen, San Diego, CA, USA), his-
tamine (BioVision, Milpitas, CA, USA), interleu-
kin (IL)-6, IL-17A (eBioscience, San Diego, CA, 
USA), IL-4, interferon-γ (IFN-γ) (BioLegend, San 
Diego, CA, USA), and thymic stromal lymphopoi-
etin (TSLP; Abcam, Cambridge, MA, USA) were 
analyzed by sandwich ELISA (enzyme-linked 
immunosorbent assay) according to the manufac-
turer’s instructions.

The spleens were weighed. The splenic weight 
index was defined as the spleen weight divided by 
the whole body weight.

Western blot analysis

Murine skin homogenates were prepared in radio-
immunoprecipitation assay (RIPA) buffer (Sigma-
Aldrich) containing 1% protease inhibitor cocktail 
(Sigma-Aldrich) and 2% phenylmethanesulfonyl 
fluoride (PMSF; Sigma-Aldrich). To detect the 
NF-κB activity, nuclear extracts were prepared 
from the skin homogenates with the NE-PER 
Nuclear and Cytoplasmic Extraction system 
(Pierce) according to the manufacturer’s instruc-
tions, and the protein in the extracts was quanti-
fied with a BCA Protein Assay Kit (Thermo Fisher 
Scientific). Equal amounts of skin homogenate 
were loaded onto a 12% SDS-PAGE (sodium 
dodecyl sulfate polyacrylamide gel electrophore-
sis) gel for electrophoresis and then transferred 
onto an Immobilon-P Transfer Membrane (Merck 
Millipore). The membranes were blocked with 
phosphate-buffered saline (PBS) containing 0.1% 
(v/v) Tween 20 and 5% (w/v) nonfat dry milk for 
3 h at room temperature and were hybridized with 
anti-p38 (clone Y122; Epitomics, Burlingame, 
CA, USA), phospho-p38 (clone D3F9; Cell 
Signaling Technology, Denver, CO, USA), extra-
cellular signal-regulated kinase (ERK) 1/2 (clone 
H-72; Santa Cruz Biotechnology, Santa Clara, 
CA, USA), phospho-ERK 1/2 (clone E-4, Santa 
Cruz Biotechnology), c-JUN N-terminal kinase 
(JNK) (clone EP1597Y; Epitomics), phospho-
JNK (clone 81E11; Gene Tex, Denver, CO, USA), 

Figure 1. Schematic illustration of allergic contact dermatitis 
(ACD) induction and phloretin treatment. The dorsal skin 
regions of the BALB/c mice (n = 5) from which the hair was 
removed were sensitized with 2% DNCB on day 1, followed 
by a series of repetitive challenges with 0.5% DNCB every 
third day thereafter. In addition, 50 and 100 mg/kg of phloretin 
were orally administered to the BALB/c mice daily from day 
7 to day 28 before the mice were sacrificed 4 h after the last 
DNCB challenge. The pathological conditions caused by DNCB 
irritation with or without phloretin treatment were examined.
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phopho-IκB-α (ser32) (clone 14D4; Cell Signaling 
Technology), IκB-α (Polyclonal, Gene Tex), 
phopho-NF-κBp65 (ser 536) (clone 7F1; Cell 
Signaling Technology), NF-κB p65 (clone 
GTX107678; Gene Tex), or glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (14C10; 
Cell Signaling Technology) at 4°C overnight. 
After three washes, the membranes were incu-
bated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit secondary antibodies 
(Jackson ImmunoResearch, West Grove, PA, 
USA) at 4°C overnight followed by visualization 
using an enhanced chemiluminescence detection 
reagent (Amersham Pharmacia, Piscataway, NJ, 
USA). All the bands on the blots were quantified 
and normalized to the levels of GAPDH in each 
lane using ImageJ v1.47 software from the NIH 
(Bethesda, MD, USA).

T-cell activation stimulated by DNCB in vitro

A single-cell suspension was made from each 
spleen through a 70-mm nylon mesh. Following 
treatment with red blood cell lysis buffer (Merck), 
the splenocytes were cultured at a density of 
5 × 105 cells/well in round-bottomed 96-well 
plates (Thermo Fisher Scientific) with 200 μL/well 
RPMI-1640 medium (Gibco, Grand Island, NY, 
USA) supplemented with 10% fetal calf serum 
(Gibco), 50 μg/mL streptomycin, 2 mM glutamine, 
and 50 μM 2-mercaptoethanol (Sigma-Aldrich). 
The splenocytes were stimulated with 0.5 μg/mL of 
DNCB for 72 h at 37°C. Proliferation assays were 
subsequently conducted. Briefly, 18 h before har-
vesting the cultured cells, [3H] thymidine (1 μL Ci/
well; Amersham Pharmacia Biotech) was added to 
each well. The radioactivity of the incorporated 
[3H]-TdR was counted using a Matrix 9600 direct 
ionization beta counter (Packard Instrument, 
Meridian, CT, USA). The amount of radioactivity 
is expressed as the mean counts per minute (cpm). 
To measure intracellular cytokines, the splenocytes 
were incubated with 0.5 μg/mL of DNCB for 48 h 
and brefeldin A (5 μg/mL; eBioscience) for 6 h. 
The cells were then equilibrated in FACScan buffer 
and stained for the surface marker CD4 using phy-
coerythrin-conjugated anti-mouse CD4 antibodies 
(BD Pharmingen). Staining was used to identify 
the various T-cell populations. The cells were fixed 
and permeabilized using the Cytofix/Cytoperm 
Plus Kit (BD Biosciences) according to the 

manufacturer’s instructions before intracellular 
cytokine staining. Intracellular staining was per-
formed using fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibodies (mAbs) against 
murine IFN-γ (clone XMG1.2, BioLegend), IL-4 
(clone 11B11; BD Biosciences), and IL-17A (clone 
TC11-18H10.1; BioLegend). All the samples were 
analyzed on a BD Accuri C5 flow cytometer using 
C6 Accuri system software (Accuri Cytometers 
Inc., Ann Arbor, MI, USA).

Statistical analysis

The results are expressed as means ± standard 
deviations (SDs) (n = 5), and one-way ANOVA 
with post hoc Tukey’s t-test was used to compare 
multiple experimental groups throughout the study 
unless otherwise indicated. Statistical significance 
was considered when the value of P was <0.05.

Results

Phloretin alleviated the clinical symptoms of 
AD-like skin lesions in mice

First, the therapeutic effects of phloretin on the 
symptoms of ACD were evaluated. AD-like lesions 
were induced on the mice by a series of DNCB re-
exposures, as schematically illustrated in Figure 1. 
As shown in Figure 2(a), daily oral treatment with 
phloretin remarkably alleviated the AD-like skin 
lesions in a dose-dependent manner. The mice that 
were subjected to DNCB irritation but did not 
receive phloretin treatment exhibited severe inflam-
matory symptoms. The severity of the lesions, 
including erythema, edema, exfoliation, skin scal-
ing, and scratching behavior frequency, was signifi-
cantly decreased in the phloretin-treated mice 
compared to vehicle control–treated mice. This 
result indicates that phloretin can alleviate the 
symptoms associated with DNCB-triggered skin 
lesions (Figure 2(b) and (c)).

Phloretin reduced epidermal hyperplasia and 
mast cell infiltration in AD-like skin lesions

A thickened epidermal barrier and epithelial cell 
hypertrophy are characteristic of the infiltration of 
mast cells and lymphocytes in the ACD mouse 
model.22 Therefore, the thickness of the epidermis 
and the infiltration of mast cells into the dermis of 
the mice treated with and without phloretin were 
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examined. As shown in Figure 3, the mice exposed 
to repetitive sensitization with DNCB exhibited 
increased epidermal hyperplasia, epidermal thick-
ening, and mast cell infiltration compared to the 
normal mice (NOR group). However, administra-
tion of 50 or 100 mg/kg of phloretin decreased the 
thickness of the epidermal hyperplasia and the 
number of mast cells in the dermis compared to 
administration of the vehicle treatment (Figure 
3(c) and (d)), supporting the conclusion that phlo-
retin exerts therapeutic effects in alleviating 
AD-like skin lesions.

Phloretin decreased serum IgE, histamine, and 
dermic pro-inflammatory cytokines

Excessive IgE production and histamine release 
from activated mast cells are clinical indicators 

of AD and have also been observed in the mouse 
model.23,24 Thus, we measured the levels of IgE 
and histamine in the serum and the levels of pro-
inflammatory cytokines in the homogenized der-
mal tissues from the mice treated with or without 
phloretin. The ELISA results summarized in 
Figure 4 and Table 1 demonstrate that the serum 
IgE (Figure 4(a)) and histamine (Figure 4(b)) 
levels induced by DNCB treatment were signifi-
cantly decreased after oral phloretin administra-
tion (PHR groups). Similarly, the levels of the 
cytokines relevant to AD, such as IL-6, IL-4, 
TSLP, IFN-γ, and IL-17A, which contribute to 
the pathogenesis of AD were suppressed in the 
skin tissue homogenates from phloretin-treated 
ACD mice (Table 1). Our findings indicate that 
phloretin can reduce not only dermal hyperplasia 
and cell hypertrophy but also IgE, histamine, and 

Figure 2. Inhibitory effects of phloretin on the AD-like skin symptoms and behaviors of mice. (a) The clinical appearance of the 
normal (NOR), DNCB-sensitized (CON), and DNCB/phloretin-treated (PHR50/100) mice after 28 days of the experiment. (b) 
and (c) Scoring indexes of the severity of the skin erythema, edema, exfoliation, lesioned skin scaling, and scratching frequencies 
were recorded as described in the “Materials and Methods” section. Bars display the mean ± SD of one of three independent 
experiments with similar results and with five mice per group. Different letters indicate significant differences between the groups 
(P < 0.05) according to one-way ANOVA.
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proinflammatory cytokine overproduction, which 
are characteristic of ACD.

Phloretin ameliorated the DNCB-induced CD4 
T-cell overproliferation in the spleen

Acute AD skin lesions exhibit Th2-dominant 
inflammation. This type of inflammation is mainly 
characterized by the dermal infiltration of CD4+ T 

cells and eosinophils and by the increased expres-
sion of Th2 cytokines.25,26 Furthermore, recent 
studies have noted that Th17 skewing and Th2-
driven inflammation are more prominent in clini-
cal AD patients.27,28 To elucidate the T-cell 
composition of the mice irritated with DNCB and 
treated with or without phloretin, the spleen size, 
presented as the spleen index, was compared, and 
the results are summarized in Figure 5(a). The 

Figure 3. Histological examination of pathological changes in the stratum corneum of mice. (a) Epidermal hyperplasia observed 
by H&E staining and (b) mast cell hypertrophy observed by toluidine blue staining of the dermis. Quantitative measurement of (c) 
the epidermal thickness and (d) mast cell numbers. Slides were examined at 100× magnification. Data are presented as mean ± SD 
of one representative of three independent experiments with five mice per group. Different letters indicate significant differences 
between the groups (P < 0.05).



Wu et al. 7

spleen index of the ACD mice was significantly 
increased compared to that of the normal mice. 
However, oral phloretin administration decreased 
the spleen size in the ACD mice back to values 
within the normal range. The proliferation ability 
of the splenocytes was then determined by the 
uptake of radioactive [3H] thymidine. The substan-
tial proliferation triggered by DNCB in the ACD 
mice was remarkably suppressed after phloretin 
treatment (Figure 5(b)).

The subsets of CD4+ T-cell populations before 
and after DNCB and/or phloretin treatment were 
then analyzed. Our data showed that the frequen-
cies of Th1 (CD4+IFN-γ+), Th2 (CD4+IL-4+), and 
Th17 (CD4+IL-17A+) cells were elevated after 
DNCB exposure. However, the elevated frequen-
cies of Th1, Th2, and Th17 cells were reversed and 
substantially decreased after phloretin treatment 

(Figure 6), suggesting that overresponsive CD4 T 
cells could account for the exacerbated ACD symp-
toms after DNCB exposure. Therefore, phloretin 
could be utilized to ameliorate this response.

Phloretin inhibited the activation of MAPKs and 
NF-κB in AD-like skin lesions

Activation of the MAPK/NF-κB pathway is asso-
ciated with the inflammatory pathogenesis of aller-
gic reactions.29,30 To further explore how phloretin 
might affect these pathways and subsequently mit-
igate AD-like symptoms, the phosphorylation sta-
tus of MAPK-associated kinases, namely, ERK, 
JNK, and p38, was first examined. The Western 
blot data in Figure 7(a) show that phloretin inhib-
ited the DNCB-induced phosphorylation of all 
three of the kinases.

Figure 4. Concentrations of (a) IgE and (b) histamine levels in the serum of the normal and DNCB-induced ACD mice. Data are 
shown as mean ± SD of one of three independent experiments with similar results. Letters indicate significant differences between 
the groups (P < 0.05).

Table 1. Cytokine profiles of atopic inflammation in AD-like skin lesions.

NOR Vehicle DNCB

 PHR

 50 100

TSLP 23.2 ± 12.4a 81.3 ± 12.3b 55.2 ± 32.4a 39.0 ± 19.7a

IL-6 l62.0 ± 105.1a 1421.6 ± 553.4b 556.6 ± 146.6a 345.6 ± 111.5a

IFN-γ 15.8 ± 4.6a 81.6 ± 19.2b 46.6 ± 12.8a 38.4 ± 16.3a

IL-4 39.4 ± 18.4a 239.0 ± 76.2b 74.5 ± 23.6a 58.8 ± 44.4a

IL-17A 15.2 ± 4.8a 67.2 ± 18.4b 35.8 ± 10.8a 28.6 ± 11.8a

AD: atopic dermatitis; NOR: mice in the normal group; DNCB: 2,4-dinitrochlorobenzene; PHR: phloretin; TSLP: thymic stromal lymphopoietin; IL: 
interleukin; IFN-γ: interferon-γ.
The levels of cytokines (pg/mL) in the skin lesions were analyzed by enzyme-linked immunosorbent assay. The numerical results are reported as 
mean ± SEM. Different letters indicate significant differences between the groups (P < 0.05).
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Furthermore, given that the IκB/NF-κB path-
way can alternatively activate the inflammation 
observed in AD,31 the protein and phosphorylation 
levels of IκBα and NF-κB in the cytoplasm and 
nucleus of dermal tissues, respectively, were also 
examined; in this experiment, we attempted to elu-
cidate whether the reduced cytokine production 
observed above is the result of changes in the 
expression of proteins in the IκB/NF-κB pathway. 
Figure 7(b) reveals that phosphorylated IκBα and 
NFκB-p65 were drastically increased in the skin 
tissues of the vehicle-treated control mice. 
However, upon phloretin treatment, the phospho-
rylation of IκBα in the cytoplasm was decreased in 
a dose-dependent manner. Similarly, the DNCB-
stimulated levels of pNFκB p65 and translocation 
into the nucleus were significantly reduced upon 
phloretin treatment, revealing that the phosphoryl-
ation status of the MAPK pathway and the nuclear 
translocation of NF-κB could be involved in the 
regulatory mechanism of phloretin.

Computational simulation of the interaction 
between phloretin and the JNK and ERK 
kinases

To further support our results of the Western blot 
analyses that the phosphorylation of JNK (PDB 
entry: 3v3v) and ERK (PDB entry: 5lck) were sup-
pressed by phloretin in a dose-dependent manner, 
we performed ligand docking prediction via 
SwissDock to determine the changes in the delta 

Gibbs free energy (ΔG).32,33 The predicted ΔG val-
ues for phloretin bound to JNK and ERK were as 
low as −7.88305 and −8.00873, respectively, sug-
gesting a strong binding interaction between phlo-
retin and JNK and ERK. In addition, the secondary 
sequences of JNK and ERK were analyzed through 
TargetATPsite to identify all the potential ATP-
binding sites.34 The predicted ATP-binding resi-
dues are shown in Supplementary Figure 1. 
Surprisingly, the potential ATP-binding residues 
were located near the same docking pockets of 
JNK and ERK with which phloretin interacted 
(Figure 8). These data confirm that the phospho-
rylation of JNK and ERK could be greatly inter-
rupted by phloretin, supporting our speculation 
that phloretin modulates kinases in the MAPK 
pathway to reduce the symptoms of ACD.

Discussion

The DNCB-sensitization mouse model is com-
monly utilized to evaluate the pharmaceutical ben-
efits of potential compounds, since the physiological 
symptoms of this mouse model resemble those of 
the symptoms of ACD in patients. In this study, the 
potential anti-ACD activity of phloretin was 
assessed, and the molecular pathways by which 
phloretin could exert its therapeutic effects in ame-
liorating humoral and cellular hypersensitivities 
were explored. We observed that following phlore-
tin treatment, the epidermal hyperplasia and mast 
cell hypertrophy in the dermis were alleviated, the 

Figure 5. (a) Spleen size presented as the splenic weight index and (b) splenocyte proliferation determined by [3H] thymidine 
incorporation. Data (n = 5) are presented as mean ± SD of one of three independent experiments with similar results. Different 
letters indicate significant differences between the groups (P < 0.05).
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abnormally elevated circulating levels of IgE and 
histamine were reduced, and the exacerbated over-
proliferation of CD4-lineage T-cell subsets and 
activation of the MAPK/NF-κB pathway were mit-
igated in the DNCB-induced ACD mouse model. 
All these findings demonstrate that phloretin could 
be a valuable therapeutic candidate.

As a natural flavonoid-derived phytochemical 
compound, phloretin has been recognized due to its 
low cytotoxicity in mammalian cells14 and has been 
identified as an effective antioxidant and anti-
inflammatory agent.35 These factors make phloretin 
a good candidate for use against AD. However, it is 
important to note that there is always a concern 

Figure 6. Frequencies of T-cell subsets in the murine spleens. The splenocytes were obtained from the normal, DNCB-, and 
DNCB/phloretin-treated mice and cultured with 0.5 μg/mL DNCB for 3 days prior to staining with anti-CD4-FITC, anti-IFN-γ-PE, 
anti-IL-4-PE, anti-IL-17A-PE, and anti-Foxp3-PE antibodies to identify the specific subsets by flow cytometry. Bar graphs display the 
percentage of a given T-cell subset of the total analyzed splenocytes and are presented as mean ± SD of one of three independent 
experiments with five mice per group. Different letters indicate significant differences between the groups (P < 0.05).
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regarding the feasibility of a phytochemical product 
being manufactured as a clinical drug. Phlorizin 
was used as a prodrug, and its analogs, such as ser-
gliflozin and dapagliflozin, have been clinically 
tested for the treatment of diabetes mellitus (DM) 
due to their inhibitory effects on cellular sodium-
glucose cotransporter 2 (SGLT2).36 The former is 

currently undergoing a phase III clinical trial, and 
the latter was approved by the US Food and Drug 
Administration (FDA) in 2014.37,38 Hence, given 
the success of other phloretin-derived drugs, we 
believe that the development and modification of 
phloretin to develop a suitable prodrug is worth-
while. Another concern is the dosage of phloretin 

Figure 7. Molecular signal transduction of mice treated with or without phloretin. (a) The phosphorylation of ERK, p38, and 
JNK in the MAPK pathway and (b) the phosphorylation and degradation of IκBα and the translocation of NF-κB were evaluated 
by Western blotting analysis. Quantitative results after normalizing by individual GAPDH expression are presented as mean ± SD 
of one of three independent experiments with five mice per group. Different letters indicate significant differences between the 
groups (P < 0.05).
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that should be used to treat ACD. In this study, 
phloretin was orally administered to mice at dos-
ages of 50 and 100 mg/kg daily, which is equivalent 
to 1–2 mg per mouse (20–22 g). The bioavailability 
of phloretin in rodents through the gastrointestinal 
system has been investigated, and through its rapid 
excretion in the urine, the concentration of phlore-
tin returned to baseline 24 h after ingesting 22 mg of 
phloretin in a meal.39 While these dosages in mice 
appeared to be reasonable due to the quick excre-
tion kinetics of phloretin and based on comparisons 
of other similar studies using flavonoids to alleviate 
allergic dermatitis,40,41 the dosages of phloretin 
require further optimization in subsequent clinical 
studies.

Similar to phlorizin, which is an SGLT inhibitor, 
phloretin is also known as a potent glucose trans-
porter (GLUT) inhibitor, and it competitively 
inhibits glucose uptake via GLUT.42 In addition to 
the various biological effects of phloretin, we spec-
ulate that the ability of phloretin to modulate glu-
cose metabolism might play a role in the alleviation 
of ACD in mice, although we did not investigate 
the correlation of glucose metabolism and ACD in 
this study. However, it has recently been observed 
that there is an association between high blood 
sugar and ACD. Specifically, there is a higher 
prevalence rate of ACD in type 2 DM patients.43 
Similarly, a previous clinical observation revealed 
that sweat from AD patients with acute inflamma-
tion contained higher concentrations of glucose 
than the sweat from normal individuals. The same 
research team also topically applied a glucose solu-
tion to the damaged stratum corneum and found 

that the recovery of the dermal lesions was 
delayed.44 In contrast, type 1 diabetes (insulin-
dependent diabetes mellitus (IDDM)) appears to 
be negatively related to AD due to the distinct Th1 
and Th2 responses.45 It is inferred that glucose 
metabolism is associated with the complicated 
causes of AD or ACD. Therefore, the ability of 
phloretin to regulate glucose could contribute to 
the anti-ACD effects shown in this study.

Despite the data indicating that the Th1, Th2, 
and Th17 cell populations were dramatically 
increased for approximately 4 weeks after DNCB 
sensitization in our study, the progression of T-cell 
populations is not entirely discernible. In fact, ele-
vated levels of Th2 and Th17 cells are observed in 
the peripheral blood mononuclear cells (PBMCs) 
of AD patients at an acute stage, whereas at the 
chronic state, Th1 and regulatory T cells subse-
quently increased.27 This phenomenon has been 
determined to be one of the limitations that arises 
with the use of the ACD animal model to investi-
gate changes in the T-cell subsets at different stages 
of ACD progression and to determine how phlore-
tin can regulate both innate and adaptive immunity. 
Alternatively, a hapten, oxazolone, can induce 
acute erythematous and edematous dermatitis as 
early as 6–12 h after a single challenge in murine 
skin, and this approach might provide another suit-
able model for understanding the distinct allergic 
profiles of AD progression.46 On the contrary, 
which cell type in dermal tissues responds to the 
effects of phloretin remains unclear. Putatively, 
three cell types, keratinocytes,14,47 dendritic cells,9 
and mast cells,48 might account for the alleviation 

Figure 8. Computational docking prediction of phloretin with ERK and JNK. Phloretin in green (adjacent to the white arrows) is 
illustrated with a stick-and-ball model, and the predicted ATP-binding residues of (a) JNK and (b) ERK are illustrated with a space-
filling model and colored to be distinguished from the rest of the peptides of JNK and ERK in gray. The 3D docking models are 
visualized via MolSoft ICM Browser software. The numbers are the changes in Gibbs free energy.
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of symptoms after phloretin treatment, but further 
investigations are required.

Conclusion

Our results demonstrate that phloretin is able to 
exert various immunomodulatory functions. These 
immunomodulatory functions are shown by the 
lower allergic IgE, histamine, and cytokine levels, 
which can alleviate immune activation in lympho-
cytic populations. The regulation occurs via the 
suppression of MAPK/NF-κB pathways, which 
indicates that phloretin is a potent agent for con-
trolling ACD progression in the rodent model. 
Taken together, we believe that phloretin and its 
derivatives should be further investigated for clini-
cal use. The use of phloretin could provide a more 
effective and safer therapeutic option for AD 
patients.
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