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Therapeutic effects of quinine in a mouse
model of atopic dermatitis
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Abstract. Atopic dermatitis (AD) is a chronic inflammatory
skin disease that seriously affects quality of life. Quinine is a
bitter taste receptor agonist that exhibits antimalarial effects.
The aim of the present study was to examine the therapeutic
effects of quinine in AD-like mice. AD was induced with
2.,4-dinitrochlorobenzene, and the mice were treated with
10 mg/kg quinine for 1, 4 and 7 days. A total of 60 BALB/c
mice were divided into the following groups: Healthy, AD-like,
AD-like + quinine and healthy + quinine, with 1,4 and 7 days
groups for each treatment. Blood was extracted from all mice
and ELISA was performed to detect immunoglobulin E (IgE)
levels. H&E-stained tissue sections were prepared from skin
lesions on the backs of the mice and pathological changes were
observed. Cytokines were detected via ELISA, and the filag-
grin (FLG) and kallikrein-7 (KLK7) proteins were detected
via western blotting and immunohistochemistry. IKKa and
NF-kB mRNA were analyzed via reverse transcription-quan-
titative PCR. Quinine ameliorated skin damage in the AD-like
mice, reduced IgE expression in the blood, inhibited expres-
sion of IKKa and NF-«kB, reduced cytokine secretion, reduced
KLK?7 expression, reduced scratching frequency, increased
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FLG expression and repaired the skin barrier. These results
suggested that quinine exhibited therapeutic effects in AD-like
mice.

Introduction

Atopic dermatitis (AD, also known as atopic eczema) is a
chronic inflammatory skin disease that affects 2-20% of the
general population, and is the most significant non-fatal health
burden caused by skin disease (1,2). AD results in major social
and psychological burdens for patients and their relatives,
impacting the social functioning and psychological well-being
of patients (3). Current approaches for preventing and treating
AD focus on antibiotics, corticosteroids, immunomodulators,
immunosuppressants, skincare and lifestyle changes; however,
the effects of current treatments are notideal,and an optimal AD
treatment needs to be developed to improve patient prognosis,
and reduce the burden on patients and their families (4-6). AD
is typically associated with type I allergic diseases, including
allergic rhinitis and asthma (7). A major marker of the disease
is elevated serum total immunoglobulin E (IgE) levels, which
are observed in ~80% of patients with AD (8). In fact, patients
with AD develop IgE antibody responses to a variety of
environmental allergens and autoantigens (3).

It has been proposed that bitter taste receptors (TAS2Rs) (9)
only exist on the tongue, and that their activation enables
the perception of bitterness (10). However, a previous study
has found that TAS2Rs are also present in the respiratory
system (11). Children with severe asthma exhibit increased
TAS2R expression in leukocytes, which are associated with
mast cells (12). Administration of a TAS2R agonist can inhibit
IgE-dependent mast cell activation, thereby reducing IgE
expression (13).

Quinine is a TAS2R agonist that was purified in 1820 (14).
A large number of medical cases have reported that quinine
is a drug specific for malarial fever (15,16). However, quinine
has been reported to treat or alleviate numerous nonma-
larial diseases, including ulcers, hemorrhoids and gastric
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inflammation (17). A TAS2R agonist was found to reduce
IgE levels in mice with allergic asthma and to reduce clinical
symptoms (18). Shaw ez al (19) also detected TAS2R expression
in human skin. In the present study, quinine was used to treat
AD-like mice. ELISAs, western blotting, immunohistochem-
istry and reverse transcription-quantitative PCR (RT-qPCR)
were used to investigate the effect and mechanism of quinine
in the treatment of AD.

Materials and methods

Reagents and drugs. The quinine (purity, >99%) employed in
the present study was purchased from MedChemExpress (cat.
no. HY-DO0143), the 2.,4-dinitrochlorobenzene (DNCB) was
supplied by Sigma-Aldrich; Merck KGaA (cat. no. 237329).
TRIzol® reagent was purchased from Invitrogen; Thermo Fisher
Scientific, Inc.. The reverse transcription kit (PrimeScript™
RT-PCR kit) and the SYBR-Green kit (both Takara Bio, Inc.)
were employed for RT-qPCR analysis.

Induction of the atopic dermatitis-like mice and treatment
of quinine in mice. A total of 60 male BALB/c mice (age,
5-6 weeks; weight, 17-20 g; n=5/group) were purchased from
the Guangdong Province Medical Experimental Center.
AD-like skin lesions in the mice were induced as previously
described (20,21). The experimental schedule is presented in
Fig. 1A. Specifically, the procedure was as follows: Before the
experiment, the back hair above the hind legs was shaved over
an area of 2.5x2.5 cm. On days 1 and 2, the mice were coated
with a 100-¢I mixture of 0.5% DNCB and acetone/olive oil
(3:1) on the shaved areas. From day 3 to 6, nothing was applied.
On day 7, and then every 2 days afterwards until day 28, the
mice were coated with 100 pl of the above mixture to induce
an AD-like phenotype (Fig. 1B). The skin severity was
evaluated based on four symptoms (erythema/hemorrhage,
edema, excoriation/erosion and dryness) and defined as a sum
of the individual scores (0, no symptoms; 1, mild; 2, moderate;
3, severe) (22).

In a control group of mice, the acetone/olive oil mixture
was applied to the back area with the same time and
quantity of application as the model group (Fig. 1C). All
mice were divided into three groups: i) 1 Day group (A);
i1) 4 days group (B); and iii) 7 days group (C). Each group
was comprised of four sub-groups: i) Normal control group
(control); ii) atopic dermatitis (AD) group; iii) AD group
treated with quinine (AD + Q); and iv) control group treated
with quinine (C + Q). For treatment, 0.9% NaCl (100 ul)
and quinine (100 p1;10 mg/kg) were daubed once a day, and
the daubed position of the four groups was the same, taking
the dermatitis lesion skin position of the AD group as a
reference (Table I). At the end of the study period, animals
were anesthetized with ether, and blood was collected
from the retro-orbital plexus (500 ul) prior to euthanasia
via cervical dislocation. Skin samples were then collected
for analyses. All procedures on the mice complied with
the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health (23). The Institutional
Animal Care and Use Committee of Shenzhen University
Health Science Center approved the study protocol (permit
no. SCXK-2018-0002).

Histopathological analysis. Dorsal skin samples were
separated and fixed in 10% neutral buffered formaldehyde
for 24 h at room temperature and embedded in paraffin.
Paraffin-embedded samples were cut into 4-ym thick
serial sections and subjected to H&E staining for general
histopathological analysis. Briefly, paraffin sections were
deparaffinized with xylene at room temperature and
rehydrated with a descending series (100, 95, 80 and 70%)
of ethanol. Then, sections were stained with hematoxylin
for 5 min, stained with 5% acetic acid for 1 min and stained
with eosin for 1 min (all at room temperature). Sections were
subsequently dehydrated with an ascending series (70, 80, 95
and 100%) of ethanol at room temperature. Stained sections
were observed under a light microscope (magnification, x100;
Olympus BX51; Olympus Corporation). The status of the
epidermis in skin lesions was analyzed using Image-Pro Plus
software (version 6.0; Media Cybernetics, Inc.).

Immunohistochemical detection. Tissue sections (wWhich were
prepared as described above up to the staining steps) were
boiled in citrate buffer for 15 min for antigen retrieval. The
slices were then incubated with 3% hydrogen peroxide for
5 min to block the endogenous peroxidase activity at room
temperature. Subsequently, the sections were blocked with 5%
bovine serum albumin for 30 min at 37°C. The sections were
incubated overnight at 4°C with diluted antibody against FLG
(1:1,000; cat. no. HPA030189; Sigma-Aldrich; Merck KGaA)
and KLK7 (1:1,000; cat. no. HPA062126; Sigma-Aldrich;
Merck KGaA). Following the primary antibody incuba-
tion, the tissues slides were washed with PBS and incubated
with reaction enhancer solution (cat. no. PV-9001; OriGene
Technologies, Inc.) at 37°C for 60 min, washed with PBS and
then incubated with goat anti-rabbit IgG polymer (1:1; cat.
no. PV-9001; OriGene Technologies, Inc.) at room temperature
for 20 min, prior to being washed with PBS. Immunoreactivity
was visualized by DAB for 1-5 min at room temperature,
washed in water and re-stained with hematoxylin. Light
microscopy was performed to observe the histological profiles
of dorsal skin sections (magnification, x100; Eclipse E100;
Nikon Corporation).

Quantification of cytokines in dorsal skin tissue and IgE in
serum. Dorsal skin samples (100 mg) were homogenized in
1 ml T-PER Tissue Protein Extraction reagent. Blood samples
were obtained from each treatment group after 1, 4 or 7 days
of quinine treatment (24) and centrifuged at 2,000 x g for
20 min at 4°C to obtain serum. The cytokine levels of 1L-4
(cat. no. ab100710; Abcam), IL-5 (cat. no. ab204523; Abcam),
IL-13 (cat. no. ab219634; Abcam), TNF-a (cat. no. ab208348;
Abcam) and IL-1f (cat. no. ab197742; Abcam) in skin tissue
and IgE (cat. no. ab157718; Abcam) in serum were measured
via ELISAs, according to the manufacturers' protocols.

Quantitative analysis of gene expression in the NF-kB
signaling pathway. RT-qPCR was conducted to detect the
mRNA expression levels of IkBa, IkB kinase a (IKKa)
and NF-«B. The tissues samples were harvested in TRIzol®
reagent for total RNA extraction. RT of the total RNA was
performed with random hexamers using a PrimeScript™
RT-PCR kit according to the manufacturer's protocol. gPCR
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Figure 1. Experimental scheme for the induction of AD. (A) Experimental design for the induction of AD in mice and treatment with quinine. (B) Clinical
features of the AD-like symptoms induced by application of a mixture of DNCB and acetone/olive oil for 0, 7, 14 and 28 days. (C) Clinical features after
applying acetone/olive oil without DNCB for 28 days. AD, atopic dermatitis; DNCB, 2 ,4-dinitrochlorobenzene.

was then performed to determine the expression levels of the
target genes using specific primers (Table IT) and SYBR-Green
kit according to the manufacturer's protocols. The following
thermocycling conditions were used for the qPCR: 94°C for
30 sec; followed by 40 cycles of 95°C for 5 sec and 58°C for
30 sec. The expression levels of IkBa, IkB kinase a (IKKa)
and NF-«kB were normalized to the endogenous control
GAPDH using the 2444 method (25).

Western blotting analysis. The back skin tissue samples
(100 mg) of the mice were lysed using RIPA lysis buffer
(Beijing Solarbio Science & Technology Co., Ltd.), homog-
enized in a tissue grinder and centrifuged at 12,000 x g at
4°C for 30 min to obtain the proteins in the supernatant. Each
sample was run in duplicate, and a BCA protein assay kit (cat.
no. PC0020; Solarbio) was subsequently used to quantify
total protein content. Equal quantities (30 ug/lane) of protein
from each sample were resolved via 12% SDS-PAGE and
transferred to PVDF membranes. Following blocking in 5%
skimmed milk at room temperature for 1 h, membranes were
incubated overnight with primary antibodies against KLK7
(1:1,000; cat. no. DF7384; Affinity Biosciences), FLG (1:500;
cat. no. DF13653; Affinity Biosciences) and GAPDH (1:1,000;
cat. no. 5174T; Cell Signaling Technology, Inc.). The membranes
were then incubated with secondary antibodies (1:5,000; cat.
no. 7074S; Cell Signaling Technology, Inc.) for 1 h at room
temperature. Protein bands were visualized using an enhanced
chemiluminescent western blotting kit (cat. no. POO18AS-2;
Beyotime Institute of Biotechnology) according to the manufac-
turer's protocols. Densitometry was performed using Quantity
One software (version 4.0; Bio-Rad Laboratories, Inc.).

Statistical analysis. The results are presented as the
mean =+ standard deviation, and the statistical comparisons of
the different groups were performed using one-way ANOVA
followed by Tukey's post hoc test. The Mann-Whitney test was
used for comparison of two groups. a=0.05 was the statistical
benchmark, and all statistical tests were two-tailed. Analyses
were performed and graphs were generated using SPSS 23.0
(IBM Corp.) and GraphPad Prism 7.0 (GraphPad Software,
Inc.), and all experiments were performed at least 3 times
unless otherwise specified. P<0.05 was considered to indicate
a statistically significant difference.

Results

Quinine improves the condition of AD-like skin lesions. To
study the effect of quinine treatment on AD-like symptoms,
the effects of quinine on AD-like mice were evaluated using
a dermatitis severity score and the amount of scratching by
the mice in a 10-min period. When treated with quinine,
AD-like symptoms, including dryness, erythema, edema and
excoriation, were ameliorated following quinine treatment,
and quinine did not cause notable skin abnormalities in the
C + Q group (Fig. 2A-D). The dermatitis severity scores and
scratching frequency were significantly reduced in the AD + Q
group compared with the AD-like mice (Fig. 2E and F). These
results indicated that quinine relieved the clinical symptoms
of AD without causing notable irritation or itching to healthy
skin.

Quinine treatment reduces serum IgE levels. A major marker
of AD is elevated serum total IgE levels, which are observed
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Table I. Experimental design, treatment groups and analyses.

Day Group Sub-Group Intervention Analyses
1 A Control 0.9% NaCl (100 ul) Blood (ELISA) and skin tissue
AD 0.9% NaCl (100 ul) (RT-gPCR, H&E and ELISA)
AD+Q Quinine (100 u1;10 mg/kg)
C+Q Quinine (100 x1;10 mg/kg)
4 B Control 0.9% NaCl (100 ul) Blood (ELISA) and skin tissue
AD 0.9% NaCl (100 ul) (RT-qPCR, WB, IHC, H&E and
AD+Q Quinine (100 p1;10 mg/kg) ELISA)
C+Q Quinine (100 p1;10 mg/kg)
7 C Control 0.9% NaCl (100 ul) Blood (ELISA) and skin tissue
AD 0.9% NaCl (100 ul) (RT-qPCR, H&E and ELISA)
AD+Q Quinine (100 x1;10 mg/kg)
C+Q Quinine (100 x1;10 mg/kg)

AD, atopic dermatitis; RT-qPCR, reverse transcription-quantitative PCR; WB, western blotting; IHC, immunohistochemistry; C, control; Q,

quinine.

Table II. Sequences of primers used in the study.

Gene Sequence (5'—3")
IkBa F: GGCAAGATGTAGAGGGGTATTT
R: ATGGAAGTCATTGGTCAGGTG
IKKa F: TCTGGAAACACTCAAGATAGACAC
R: AAGCACAACAATGCAGGTACA
NF-xB F: GTTATCGTTCAGTTGGTCACA
R: ATATGCCGTCCTCACAGT
GAPDH F: ACCCATCACCATCTTCCAGGAG

R: GAAGGGGCGGAGATGATGAC

IKKa, IkB kinase a; F, forward; R, reverse.

in ~80% of patients with AD (8). After measuring the serum
IgE levels of each mouse group, it was found that the IgE levels
in the AD-like mice were increased, and that these levels
decreased significantly after treatment with quinine (Fig. 2G).

Quinine reduces pathological damage to skin. As presented
in Fig. 3A-C, compared with healthy mice, the epidermis in
skin lesions induced by DNCB in the AD-like mice thick-
ened, and dermal inflammatory cells had infiltrated. After
quinine treatment, these pathological changes were alleviated,
as DNCB-induced local thickening in the AD + Q group
was significantly decreased; there were no notable changes
in epidermal thickness in the C + Q group compared with
the healthy controls (Fig. 3D). These indicated that quinine
reduced inflammatory responses in the skin tissue of AD-like
mice without inducing notable changes in healthy tissue.

Quinine treatment decreases cytokine levels in the dorsal skin.
The pathophysiology of AD shows that Th1 and Th2 reactions
are maladjusted, causing allergic dermatitis symptoms and

leading to the release of numerous cytokines (26). NF-kB
signaling pathways have reported to be involved in the produc-
tion of proinflammatory cytokines in patient-derived cells, as
well as in the release of tumor necrosis factor-o (TNF-a) and
interleukin (IL)-1p (27). To study whether quinine could alter
the immune response, the effects of quinine on cytokine levels
were evaluated in dorsal skin samples from the experimental
mice. The levels of IL-4, IL-5 and IL-13 (Th2 cytokines) (28),
and TNF-a and IL-1p (NF-kB-related cytokines) (27) in
the skin tissue of AD-like mice were significantly elevated
compared with healthy mice; after treatment with quinine, the
levels of IL-4,1L-5,1L-13, TNF-a and IL-1§ were significantly
decreased, whereas the immune response in the skin of the
C + Q group was unchanged (Fig. 3E-1).

Quinine treatment improves skin barrier function. FLG
serves the protective function of maintaining the skin barrier,
and KLK7 is a serine protease involved in the proteolysis
of extracellular corneal linker components, which results
in desquamation (29). Increased KLK7 levels have been
shown to induce spontaneous itching in mice (30). To further
investigate the protective function of quinine on the skin
barrier, western blotting and immunohistochemistry were
performed. Reduced FLG expression and increased KLK7
expression in AD-like mice suggested that the skin barrier of
the AD-like mice was damaged. Following quinine treatment,
FLG expression was increased and KLK7 expression was
decreased in the AD + Q group compared with the AD group,
indicating that the skin barrier was restored (Fig. 4A-C).
The expression of FLG and KLK7 was also investigated in
skin lesions via immunohistochemistry, and the results were
consistent with the western blot analysis (Fig. 4D and E),
suggesting that quinine exhibited a protective effect on the
skin barrier.

Quinine inhibits the expression of genes involved in the NF-«xB
signaling pathway. To study the mechanism via which quinine
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Figure 2. Therapeutic effects of quinine on AD-like symptoms in mice. (A) Skin condition in the healthy control group. (B) Clinical features of the AD-like
mouse group from 1 to 7 days. (C) AD-like mouse treated with quinine for 7 days. (D) Healthy mice treated with quinine for 7 days. (E) Dermatitis severity
scores for the skin lesions. (F) Scratching frequency. (G) Total IgE levels in serum. Data are presented as the mean + standard deviation. “P<0.001 vs. control;
"P<0.05,7P<0.001 vs. AD. AD, atopic dermatitis; AD + Q, AD group treated with quinine; C + Q, control group treated with quinine; IgE, immunoglobulin E.

ameliorates inflammation in AD-like mice, the expression
levels of genes associated with the NF-kB signaling pathway
were evaluated, including IkBa, IKKa and NF-«B. It has
been reported that IkBa is a negative regulator of NF-xB (31);
however, the present results found that the levels of IxkBa, IKKa
and NF-kB mRNA expression were significantly increased
in AD-like mice (Fig. 4F-H). After quinine treatment, the
expression of IkBa, IKKa and NF-kB mRNA was decreased
significantly compared with the AD group (Fig. 4F-H), which
may be involved in inhibiting the development of inflammation.
These results suggested that quinine reduced activation of the
NF-«B signaling pathway at the mRNA level, thus serving a
potential role in the treatment of AD.

Discussion

Quinine, an alkaloid derived from the bark of cinchona
in the Andean forests, was the first effective treatment for
malaria (32). Studies have reported that the TAS2R agonist
can inhibit IgE secretion in a mouse model of asthma, thus
relieving the clinical symptoms (12,13). Therefore, the present
study aimed to evaluate the therapeutic effects of quinine
on AD-like mice. The results demonstrated that quinine
treatment effectively attenuated AD-like symptoms in mice,
reducing the dermatitis severity score, serum IgE levels and
the infiltration of inflammatory cells, as well as alleviating the
pathological damage, inhibiting the expression of genes related

to the NF-«xB signaling pathway, reducing the inflammatory
response and promoting the expression of the skin-protective
protein FLG. It was also found that quinine reduced cytokine
levels in the AD-like mice. These results suggested that the
topical application of quinine may provide a novel therapeutic
regimen for the treatment AD, as well as indicating that
quinine does not cause notable harm to healthy skin.

In the present study, it was revealed that quinine
increased the levels of Th2-related factors and a number of
cytokines associated with NF-kB signaling in the dorsal skin
lesions of AD-like mice. When treated with quinine, the
cytokine levels decreased. Previous studies had shown that
the pathophysiology of the skin changes in AD, including
dysregulation of Thl and Th2 responses, characterized by
IL-4, IL-5 and IL-13-mediated allergic dermatitis (26,28).
Elevated levels of Th2-related cytokines have been detected in
the skin lesions of patients with AD, and these elevated levels
have been associated with elevated circulating IgE levels (33).

AD primarily consists of skin damage. The main reason
for the onset of the disease is skin barrier defects; one of the
important proteins involved is the skin structural protein
FLG (34,35). Naeem et al (36) demonstrated that increasing
FLG expression could alleviate AD-like skin lesions. The
present study demonstrated that FLG expression was reduced
in the skin lesions of AD-like mice and that quinine treat-
ment increased FLG levels, which may be an important factor
underlying the improvement in the skin lesions. Studies have
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IL, interleukin; TNF, tumor necrosis factor.

shown that the skin lesions of patients with AD contain high
KLK levels, which may be related to the itching associated
with AD (37). Experiments with mice have shown that KLK
overexpression in the skin can spontaneously induce AD-like
disease (29,38). In the present study, it was found that the
scratching frequency of the AD-like mice was significantly
reduced after treatment with quinine compared with the
untreated AD-like mice. To further study the mechanism,
KLK7 expression in the dorsal skin was examined. The results
showed that KLK7 expression decreased in the skin lesions of
AD-like mice following quinine treatment.

To further elucidate the mechanisms underlying the
anti-AD effects of quinine, NF-kB mRNA expression was
measured in the dorsal skin of each group. NF-kB expres-
sion was increased in the AD-like mice; when treated with

quinine, this increase was attenuated. NF-xB is an important
transcription factor that serves central roles in the occur-
rence and development of acute and chronic inflammatory
diseases (39). NF-«B signaling pathways have been reported to
be involved in the production of proinflammatory cytokines in
patient-derived cells (40). To verify the effect and mechanism
of quinine in AD, we the mRNA expression levels of IkBa,
IKKa and NF-kB, which are all involved in NF-«kB signaling
pathway, were investigated. Upon receiving an extracellular
signal, which results in the phosphorylation, ubiquitination,
and degradation of IkBa, NF-xB is permitted to enter the
nucleus (31,41). Newly synthesized IxkBa enters the nucleus
and strips NF-kB from DNA, thereby terminating the signal
response through an unknown mechanism, a process in which
a transient ternary complex between NF-kB, its cognate DNA
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Figure 4. Effects of quinine on protein and mRNA expression in AD-like mice. (A) Protein expression of FLG and KLK7 evaluated via western blotting.
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kB sequence and IxBa is observed (31,41,42). Interestingly,
the present results showed that the expression of IkBa and
NF-«B increased simultaneously in the skin lesion of AD-like
mice, and concurrently decreased following administration
of quinine. The present data were inconsistent with previous
reports which indicated that IkBo was a negative regulator
of NF-xB (31,41,42). However, the present study only inves-
tigated mRNA expression levels; thus, further research will
aim to clarify the regulatory role of IxBa on the expression
levels of proteins associated with the NF-«B signaling pathway
in AD.

Taken together, the present results indicated that quinine
suppressed Th2-related cytokines (IL-4, IL-5 and IL-13),
IL-1p and TNF-a by inhibiting the activity of NF-«B signaling
pathways in a DNCB-induced mouse model of AD. Quinine
may therefore be an effective treatment for AD. In future
studies, inhibitors of proteins in the NF-«kB signaling pathway
will be used to further determine the mechanisms underlying
the effects of quinine in the treatment of AD.
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