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Background: Gallic acid (GA) has an anti-inflammatory effect by regulating inflammatory
molecules. This study aimed to investigate the effect of GA on atopic dermatitis (AD)-like
skin inflammation.

Methods: 4-dinitrochlorobenzene (DNCB) was used to induce an AD-like skin inflamma-
tion model. The effect of GA on DNCB-induced inflammation was assessed by measuring
the thickness and histopathological examination of the ear. Serum IgE and TNF-o levels
were detected. The effect of GA on lymph nodes was determined by measuring the weights
and mRNA/protein expression levels of TNF-a, IL-4, IFN-y and IL-17. Ratio of Treg cells
and Th17 cells was also analyzed.

Results: It was found that the thickness and pathology of the ear were significantly
improved by GA in the DNCB-induced mice. Serum IgE and TNF-a levels were signifi-
cantly reduced in GA-treated model mice compared to the model group. GA treatment
lowered the weight of lymph node and the expression of mRNAs of TNF-a, IL-4, IFN-y,
and IL-17 of lymph node. In the ear, inflammatory factors (IL-4, IL-5, IL-17, or IL-23)
showed a significant decrease in GA-treated model mice versus model mice, while the
expression levels of IL-10 and TGF-P showed a great increase in GA-treated model mice.
ROR-yt showed a decrease in GA-treated model group, along with an increase expression of
SOCS3.

Conclusion: GA could ameliorate AD-like skin inflammation possibly through Th17
mediated immune regulation in a DNCB-induced mouse model.
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Introduction

Atopic dermatitis (AD) is a common term that denotes several different types of
skin disorders that are mostly present as itchy, red, swollen, and cracked skin.' Due
to its unusual pathogenesis and clinical characteristics,” the current knowledge
of AD is not sufficient for clinical diagnosis and treatment. At present, the first-
line treatments for AD are calmodulin inhibitors, immunosuppressants, and anti-
inflammatory drugs as corticosteroids.' In many cases, the therapeutic aim is to
control the disease progression rather than cure it. There are currently targeted
therapeutic drugs such as Dupilumab, which targeting IL-4/IL-13, mostly used for
moderate-to-severe AD.” Recently, oral and topical JAK/STAT inhibitors are in
Phase II and III clinical trials for the treatment of AD.* However, they are
expensive and for some patients are not effective. Janus kinase (JAK) inhibitors
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that effectively treat a multitude of hematologic and
inflammatory diseases directly block the JAK kinase sig-
naling pathway, inhibiting the occurrence of inflammation
processes, but have not yet been approved for AD
treatment.” While urgent, the worldwide prevalence
of AD is increasing with about 70% of cases occurring
before the age of five.® Thus, new strategies for AD,
especially for Children’s AD, are especially needed.

Effective topical and systemic therapies can reduce
certain immune pathway activation and inflammation,
thus preventing the development of AD. Polyphenols are
typified by antioxidant and protective effects in cardiovas-
cular and neurological disorders.”® One of the most impor-
tant polyphenols is gallic acid (GA), which is present in
grapes, mango, and green tea,” also known as 3,4,5-trihy-
droxybenzoic acid. GA was shown to have positive effects
on hypertension, vascular calcification, cardiac remodel-
ing, and fibrosis. Moreover, GA has antioxidant properties
and anti-inflammatory effects that eliminate and regulate
free radicals and inflammatory molecules.'®'? GA treat-
ment can suppress the levels of proinflammatory cytokines
IL-1 and IL-6, chemokines CCL-2 and CCL-7, cycloox-
ygenase-2 (COX-2), and matrix metalloproteinase-9
(MMP-9) on rheumatoid arthritis fibroblast-like synovial
cells (FLS)."? It was also reported that GA was able to
regulate the immune response in the allergic rhinitis model
of mice, thus improving allergic rhinitis.'? So, whether GA
has a protective effect on the AD model in mice, and
whether it regulates the immune response, there are no
answers to these questions up to date.

In this study, we sought to investigate the effect of GA
on AD. The characteristics of AD histology are dermal and
epidermal inflammatory infiltrates, including eosinophils.
In our study, we used 4-dinitrochlorobenzene (DNCB)
application, which can effectively induce skin inflamma-
tion that mimics AD histology and symptoms, a defective
skin barrier with increased penetration of allergens and
pathogens. DNCB is hereby used to induce the AD-like
model.'* Using this model to induce AD-like skin inflam-
mation, GA was given to model mice to detect its effects
and explore possible underlying mechanisms.

Materials and Methods

Mouse Model and Treatment

AD-like mouse model was settled according to the pre-
vious protocol,"” as illustrated in Figure 1A. Female
BALB/c mice of 7 weeks were used. DNCB (Sigma,

St. Louis, MO) was dissolved with acetone/olive oil.
At day 0, 3, 6 mice were given 1% DNCB treatment (10
pL) once each day, and the treatment was smeared on the
right ear. Starting from day 7, 0.5% DNCB was applied
every 3 days. Control mice were treated with just acetone/
olive oil. Dexamethasone (DEX) was used as the standard
positive control at the dose of 10 ug/ear.'' Dexamethasone
application started on the 7th day, once every 3 days, 30
minutes before the challenge. GA treatment started on the
7th day once a day. On the 43rd day, the induced derma-
titis was assessed, and the mice were executed for bio-
chemical testing. GA (purity > 98%, Sigma Chemical Co.,
St. Louis, MO, USA) was dissolved in phosphate-buffered
saline (PBS). The method of administration is oral gavage.
The dosing concentration refers to a previous study.'? 20,
40, 80 mg/kg dissolved in 200 uL PBS, store at 4°C.
Routine standard histology protocol was followed for tis-
sue collection, hematoxylin and eosin (HE) staining, and
histological examination.

This study was performed in strict accordance with the
NIH guidelines for the care and use of laboratory animals
(8th edition, NIH), and approved by Dermatology Hospital

of Jiangxi Province.

Evaluation of Skin Dermatitis Severity
Scoring for dermatitis followed the method described
previously.'® Total dermatitis score is the sum of 4
individual scores: oedema, erythema/haemorrhage, scal-
ing/dryness and excoriation/erosion. For each index, the
score was judged as follows: 0, no symptoms; 1, mild;
2, moderate; and 3, severe. All the evaluation was
performed blindly.

The measurement of the thickness was done by select-
ing 6 microscopic fields from each mouse. The average
value of 6-8 points is used as the value of a field, and the
value of 6 fields is then averaged as the value of a mouse.

Figures shown are from 6 mice.

Weight Measurement of the Lymph Node
and Spleen

The lymph node samples were collected from mesenteric
lymph nodes. The weights of the lymph nodes were mea-
sured using an electronic balance (Mettler Toledo,
Columbus, Ohio, USA). The sizes and weights of the
spleen and lymph nodes were compared among the groups
according to the following calculations:
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Figure | Experimental design and observation indicators. (A) Schematic diagram of the study protocol. (B) Comparisons of ear thickness at the end of experimental
procedure. (C) Effects of gallic acid on atopic dermatitis-like skin severity induced by DNCB. (D and E) Effects of gallic acid on serum levels of IgE (D) and TNF-a (E) in
atopic dermatitis-like mice. Mean + SD was used to shown the data. ###p < 0.001 compared to control, *p < 0.05, **p < 0.01, ***p < 0.00] compared to DNCB group.

One-way ANOVA followed Dunn’s multiple comparisons test.

Weight index of the spleen
= weight of the spleen/body weight x 100%

Weight index of the lymph node
= weight of the lymph node/body weight x 100%

RT-gPCR and Western Blot

RNA was isolated from lymph node tissue and skin tissue
of the ear by using RNeasy Kit (Cat. 74004, Qiagen,
Valencia, CA) following the manufacturer's instructions.
RT-gPCR was done by using QIAGEN OneStep RT-PCR
Kit following the manufacturer’s instruction. Primers
used were as shown in Table SI. Western blot was
done followed the standard protocol using total protein
extraction kit (#2140, Chemicon, Billerica, MA) and
Pierce ECL PLUS detection system (#32132, Thermo

Fisher Scientific, Waltham, MA), antibodies used were
rabbit anti B-actin (1:1000, #4967, Cell Signaling
Technology, Danvers, MA), Rat anti ROR-yt (5 pg/mL,
#14-6981-82, Thermo Fisher Scientific), Rabbit anti
SOCS3 (1:1000, #2923, Cell Signaling Technology).

To analyze the qPCR data, the 27*“T method was
used. First, we verified the amplification efficiency of
the target gene and the reference gene. The amplifica-
tion efficiency of the target gene and the reference
gene is close to 100%, and the efficiency deviation
between each other is within 5%. For all test samples
and calibration samples, the CT value of the internal
reference gene is used to normalize the CT value of
the target gene. Secondly, the ACT value of the cali-
bration sample is used to normalize the ACT value of
the test sample. Finally, the expression level ratio is
calculated.
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ELISA

ELISA was done with the standard protocol from the
manufacturer, using the following ELISA kit from
Abcam (Cambridge, MA): IL-4 (ab100710), IL-5
(ab100711), IL-17 (ab204522), and 1L-23 (ab119545).

Flow Cytometry Analysis
Lymphocytes with

a lymphocyte separation kit (Solarbio, Beijing, China)

were isolated from spleens
following the manufacturer’s instruction. Lymphocytes
were washed with PBS and resuspended on PBS, and
then the of CD4-APC (553051, BD

Biosciences, Franklin Lakes, NJ) was added and mixed

antibody

well. After incubation at 37°C for 20 minutes, cells were
fixed and permeabilized. The cells were further stained
with antibody of FOXP3-PE (566881, BD Biosciences)
or IL-17A-PE (12-7177-81, Thermo Fisher). After wash-
ing and resuspending in PBS with 10% FBS, the stained
cells were analyzed by flow cytometer (BD Accuri C6
Flow Cytometer, BD Biosciences). The number of Treg
cells (CD4+/FOXP3+) or Th17 cells (CD4+/IL-17A+) was
then quantified.

Statistical Analysis

All experiments were conducted in triplicate and repeated
at least 3 times. Statistical analyses were performed using
the GraphPad Prism 5 software (version 5.03; GraphPad
software, Inc., San Diego, CA, USA). P value was calcu-
lated by one-way ANOVA analysis of variance followed
by Dunn’s multiple comparisons test, or Kruskal-Wallis
test following by Mann—Whitney U-tests. Significance was
set at P < 0.05 for all comparisons.

Results
Effect of GA on DNCB-Induced AD-Like
Mouse Model

DNCB is commonly used to induce AD-like dermatitis in
mice, and we used DNCB administration for 5 weeks to
build an AD model (Figure 1A). After 3 times of DNCB
treatment, GA was applied for 5 consecutive weeks at 3
doses (20, 40, 80 mg/kg), and various indicators were
tested at the end of the experiment. The effect of GA on
mice with DNCB induced atopic dermatitis-like inflamma-
tion was assessed. It was found that the thickness of the
ear was significantly thickened in the DNCB-treated
model group, which was significantly improved by GA,
and was more effective as the dose increased, with the

highest dose effect being best (Figure 1B). Dexamethasone
group also showed an improvement in thickness (Figure
S1A). The same result (Figure 1C, Figure S1B) can be
seen by scoring.

The elevation of serum IgE is an important feature in
patients with AD, along with IL-4, IL-13."” The detection
of serum IgE and TNF-o levels showed that they were
significantly reduced in GA-treated groups compared to
the model group, with the highest dose group approaching
the control group level (Figure 1D and E). Dexamethasone
treated mice also showed a decrease of these two factors
(Figure SI1C and D). Histopathological examination
further confirmed the function of GA. In the subsequent
tests, due to the remarkable effect of 80 mg/kg group, we
chose this dose only for the following experiments. GA-
treated DNCB-induced mice had a more normal ear skin
HE staining structure (Figure 2A), and statistics showed
that the epidermis thickness (Figure 2B) and dermal thick-
ness (Figure 2C) were significantly thinner than the model
group. It can be seen that GA significantly improved the
symptoms of dermatitis and reduced the level of inflam-
matory factors in the serum.

Effect of GA on Lymph Node

Effects of GA on the weights of lymph nodes and the
expression of inflammatory factors in the lymph nodes
were also determined. The lymph nodes were excised
on day 43, and the weights were compared to calculate
the lymph node index. Lymph node weight of DNCB-
treated model group was the heaviest, while GA treatment
lowered its weight (Figure 3A), the index showed the same
trend (Figure 3B). For spleen, it showed the same as for
lymph node (Figure S2). The total RNA was isolated from
the lymph node and qRT-PCR was used to measure the
RNA expression levels of TNF-a (Figure 3C), IL-4
(Figure 3D), IFN-y (Figure 3E), and IL-17 (Figure 3F).
All these inflammatory factors showed a significant
in DNCB-treated model mice, GA-
treatment decreased their expression. These data suggested
that GA alleviated the inflammation induced by DNCB in

mice.

increase while

Effect of GA on Inflammatory Factors

It was implicated that GA could function as an inflamma-
tory mediator, thus affecting the expression or secretion of
certain inflammatory cytokines. At the same time, mRNA
from the ear was also isolated and checked for those
inflammatory factors, to assess the effects of GA on the
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Figure 2 Histopathological observation of ear tissues from DNCB induced atopic dermatitis-like mice. (A) Representative images of hematoxylin-eosin staining for ear skin.
The comparison of thickness of the epidermis and dermis (B and C). Mean * SD was used to shown the data. ###p < 0.001 compared to control, *p < 0.0, **p < 0.001
compared to DNCB group. One-way ANOVA followed Dunn’s multiple comparisons test.

expression of inflammatory factors in the ear. The ears
were excised on day 43. mRNA expression levels of IL-
4 (Figure 4A), IL-5 (Figure 4B), IL-17 (Figure 4C) and IL-
23 (Figure 4D) showed an increase in DNCB-induced
model group, a decrease in GA treated model group.
ELISA results for these factors proved that their protein
levels elevated at the same time (Figure S3). While the
expression levels of IL-10 (Figure 4E) and TGF-B
(Figure 4F) showed the opposite, no significant change
for IL-10, slightly decrease for TGF-p in DNCB-induced
mice. However, these two factors showed a great increase
in GA-treated group. These results indicated a role of
inflammatory modulation of GA in DNCB-induced AD-

like inflammation.

Effects of GA on the Thl7 Mediated

Immune Responses

Next, we sought to investigate if Th17 cells participated in
GA mediated response. In spleens of DNCB-induced AD-
like mice (Figure S4), the ratio of Th17 cells decreased

dramatically, while GA treatment rescued this effect.
However, the ratio of Treg cells showed the opposite
change. Being as a direct activator of Th17 cell signature
genes and a direct repressor of signature genes from other
T cell lineages, ROR-yt indicated the activation of Th17,'8
while SOCS3 function in the differentiation of Thl7 as
a negative regulator.'” qRT-PCR and Western blotting
were used to measure the mRNA and protein expressions
of ROR-yt and SOCS3. The expression of ROR-yt
increased in DNCB-induced model mice with an allevia-
tion in GA-treated group (Figure SA—C). The expression
of SOCS3 showed an opposite change, it decreased in
DNCB-induced model group but increased with GA-
treatment (Figure SD-F). These data suggested the activa-
tion of Th17 in DNCB-induced AD-like inflammation,
while GA treatment could reverse the effect.

Discussion

Since the mechanism is unknown, AD can easily be confused
with eczema, which adds to the difficulty of making deci-
sions for clinical treatment. Research on AD pathogenesis to
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Figure 3 Effects of gallic acid on the weights of lymph node and the expression of various pathogenic factors in the lymph node. The lymph nodes were excised on day 43
and the weight were compared (A) to calculate the lymph node index (B). The total RNA was isolated and quantitative real time polymerase chain reaction was used to
measure them RNA expressions of TNF-a (C), IL-4 (D), IFN-y (E), IL-17 (F) in the lymph node tissues. Mean + SD was used to shown the data. ##p < 0.01, ###p < 0.001
compared to control, *p < 0.01, **p < 0.001 compared to DNCB group. One-way ANOVA followed Dunn’s multiple comparisons test, and Kruskal-Wallis test following

by Mann-Whitney U-tests.

identify more molecular markers will help AD precision
treatment, especially for diagnosis. Families with atopic dis-
eases, including atopic dermatitis, asthma and allergic rhini-
tis, have family aggregation and may look for some
breakthroughs from genetics.”® Nevertheless, therapy target-
ing inflammatory modulation is needed, so our study looked
at whether GA could be effective on AD animal models in
terms of inflammatory modulation.

AD
research, like models induced by epicutaneous application

Several mouse models have been used for
of sensitizers, transgenic mice models, as well as mice that
spontaneously develop AD-like skin inflammation includ-
ing Nc¢/Nga mouse.”' The AD model in our study mimics
the AD-like skin inflammation in terms of the thickness
and inflammatory factors secreted. However, it could not
in any way mimic the condition of AD in human; thus,
further pre-clinical studies are still in need to prove the
potential effect of GA on AD.

GA has been found to regulate various cellular pathways,
such as the bone morphogenetic protein 2 (BMP2)-Smad1/5/8
signaling,” c-Jun N-terminal kinases 2 (JNK2) signaling,®
TGF-B/Smad3 signaling,”* and histone deacetylase 1 or his-
tone deacetylase 2.2 Its spectral anti-inflammatory function
makes it clinically valuable. Our results showed that the four
inflammatory factors in the lymph nodes were generally
reduced under the action of GA, which was also consistent
with its known function, and comparable to the positive control
of Dexamethasone. Not only in the lymph nodes but also
in situ, inflammatory factors significantly decreased upon GA
treatment, and the rise of IL-10 and TGF-B may be due to the
action of Treg cells. GA may activate Treg to produce more
inhibitory effects of active molecules, thus secreting more IL-
10 and TGF-B, which further supports the anti-inflammatory
and immuno-modulatory effects of GA. Another study
reported that unbalanced levels of IL-10 and TGF-f in neutro-
phils contribute to an increase in inflammatory cytokine
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Figure 4 Effects of gallic acid on the expression of various pathogenic factors in the ear. The ears were excised on day 43 and quantitative real time polymerase chain
reaction was used to measure the mRNA expressions of IL-4 (A), IL-5 (B), IL-17 (C), IL-23 (D), IL-10 (E) and TGF-B (F) in the ear tissues. Mean + SD was used to shown
the data. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to control, *p < 0.05, *p < 0.01, ***p < 0.00] compared to DNCB group. Kruskal-Wallis test following by Mann—

Whitney U-tests.

expression in childhood obesity.”® It is well established that
Treg cells can suppress immune responses via the production
of IL-10 and TGF-B.?” Thus, GA could be a systemic candidate
drug for AD through modulating IL-10 and TGF-B. In an
allergic rhinitis mouse model, GA also showed an anti-
inflammation effect, which alleviated the nasal allergic symp-
toms with a decrease of IL-4, IL-13 and IL-17 in nasal lavage
fluid."* Thus, it is predictable that GA might also have an effect
on AD immune system as previously reported.”® However,
as AD is always sustained for a long time, the safety of GA
for long-term use still needs investigation, and it also needs to
be used with caution if there is a constant down-modulation of
the immune system resulting from the GA treatment.

Thl7 is an auxiliary T-cell differentiated by ThO cells
stimulated by IL-6 and IL-23, which mainly secretes IL-17,
IL-22 and other inflammatory factors, and ROR is an impor-
tant transcription factor for the fate decision of Th17. Th17
cells play an important role in the autoimmune system, they
are a class of Th cell subgroups and are associated with many

inflammatory responses including the occurrence and devel-
opment of AD. Numerous studies have shown that IL-17 is
associated with experimental autoimmune encephalitis (EAE),
asthma, rheumatism, dermatitis, etc. Up-regulation of Thl7
cells increases the risk of developing allergic rhinitis. Our
experimental results also illustrate the involvement of Th17
in AD. Stimulated by TCR signals, regulated T cells can
inhibit the activation and proliferation of a variety of cells,
including effective T cells, B cells, natural killer cells (natural
killer, NK)) and dendritic cells. Our results showed that Th17
was activated in the DNCB-induced model and may not be
able to regulate other T cell functions properly, while GA
could inactivate Th17, enabled them function normally.

Conclusion

In the DNCB-induced AD-like mouse model, GA could alle-
viate the skin inflammation through immunomodulation of
Th17. Therefore, GA might have the potential to treat AD in
clinic.
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Figure 5 Effects of gallic acid on the Th17 mediated immune responses in DNCB induced atopic dermatitis-like mice. The ears were excised on day 43 and quantitative real
time polymerase chain reaction was used to measure the mRNA expressions of ROR-yt (A) and SOCS3 (D) in the ear tissues. Western blotting was used to measure the
protein levels of ROR-yt (B) and SOCS3 (E) in the ear tissues. The expressions were normalized to control (C and F). Mean * SD was used to shown the data. ##p < 0.01,
#####p < 0.001 compared to control, *p < 0.05, *p < 0.01, **p < 0.001 compared to DNCB group. Kruskal-Wallis test following by Mann-Whitney U-tests.
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