
 International Journal of 

Molecular Sciences

Article

Perphenazine Attenuates the Pro-Inflammatory
Responses in Mouse Models of Th2-Type
Allergic Dermatitis

Min-Jeong Heo 1, Soo Young Choi 1, Chanmi Lee 1, Yeong Min Choi 1, In-sook An 1,
Seunghee Bae 2, Sungkwan An 2,* and Jin Hyuk Jung 1,*

1 Korea Institute of Dermatological Science, GeneCellPharm Corporation, 375 Munjeong 2(i)-dong, Songpa-gu,
Seoul 05836, Korea; alselddlrh@skinresearch.or.kr (M.-J.H.); Choisy@skinresearch.or.kr (S.Y.C.);
chanmi2026@skinresearch.or.kr (C.L.); sharmine@skinresearch.or.kr (Y.M.C.);
anis@skinresearch.or.kr (I.-s.A.)

2 Research Institute for Molecular-Targeted Drugs, Department of Cosmetics Engineering, Konkuk University,
Seoul 05029, Korea; sbae@konkuk.ac.kr

* Correspondence: Ansungkwan@konkuk.ac.kr (S.A.); Jungjh@skinresearch.or.kr (J.H.J.)

Received: 30 March 2020; Accepted: 1 May 2020; Published: 3 May 2020
����������
�������

Abstract: Developing dermatitis therapeutics has been faced with challenges including adverse effects of
topical steroid and high cost of new developing drugs. Here, we found the expression levels of dopamine
receptor D2 is higher in skin biopsies of dermatitis patients and an oxazolone-induced animal model of
dermatitis. We used perphenazine, an FDA-approved dopamine receptor antagonist to determine the
therapeutic effect. Two different animal models including 12-o-tetradecanoylphorbol-13-acetate (TPA)
and oxazolone (OXA)-induced dermatitis were employed. TPA and OXA-mediated ear swelling
was attenuated by perphenazine. Moreover, perphenazine inhibited infiltrated mast cells into lesion
area. We found levels of serum IgE, histamine and cytokines are decreased in mice cotreated with
perphenazine and OXA compared to OXA-treated mice. Overall, this is a first study showing that the
FDA-approved, anti-psychotic drug, perphenazine, alleviates animal models of dermatitis.
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1. Introduction

Dermatitis is a skin inflammatory condition which occurs in many forms including spongiosis,
dry red skin, rash and swollen [1]. Atopic dermatitis (AD) is one of the frequent types of dermatitis
that occurs in children [2]. Topical steroids are one of the major dermatitis therapeutics but its adverse
effects have been well established [3,4]. Non-steroid drugs, including Type 4 phosphodiesterase (PDE4)
inhibitors as well as JAK-STAT inhibitors, have been developed for dermatitis therapeutics [5,6]. Those
developing drugs are expected to have less adverse effects than steroids because of their specificity
on the molecular target [5]. In addition, abnormal Th2 immune responses are frequently found in
AD and it is considered to be one of the potent targets for therapeutic development t [7,8]. Especially,
antibodies against IL-4 and IL13 have been investigated as molecular targets for moderate-to-severe
atopic dermatitis [9,10]. Dopamine has been widely recognized as a neurotransmitter of the brain as
well as the peripheral system [11]. Recent studies support that dopamine plays an important role in
the immune system [12,13]. Dopamine receptors D1 and D2 are expressed in many immune cells and
the dopamine receptor antagonist ameliorates inflammatory diseases [14–17]. Moreover, dopamine
receptor D3 signaling in CD4 T cells favoring Th1 and Th17 mediated responses in disorder involving
reduction of dopamine levels in target tissue, such as Parkinson’s diseases and inflammatory bowel
diseases [18,19]. However, dopamine signaling in dermatitis is poorly understood although various
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immune responses are involved in pathophysiological event in dermatitis [20]. Dopamine antagonists
block dopamine receptor signals [21]. Especially, Perphenazine is a dopamine receptor D1 and D2
antagonist that is considered an antipsychotic [22]. Here, we determine dopamine receptor expression
in dermatitis and effect of its antagonist in animal models of dermatitis.

2. Results

2.1. Dopamine Receptor D2 is Highly Expressed in Dermatitis Patients and Animal Model of Dermatitis

While we were screening a molecular target for dermatitis using meta-analysis, we found the
expression levels of dopamine receptor D2 were increased from datasets of atopic dermatitis patients
(GSE6012 [23,24], and GSE120721 [25] (Figure 1A and Table S1). Consequently, dopamine receptor D2
was increased from the ear of OXA-treated mice, especially in the dermis where many immune cells
are infiltrated (Figure 1B,C). These results indicated the levels of dopamine receptor D2 are increased
in atopic dermatitis patients as well as in animal model of dermatitis.
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Figure 1. The expression levels of dopamine receptor D2 are increased from dermatitis patients and
animal model of dermatitis (A) Expression levels of dopamine receptor D2 in normal (n = 20) and
dermatitis patients (n = 15). (B) mRNA levels of dopamine receptor D2 (D2DR) from OXA-treated mice.
Data are presented as mean ± SEM and analyzed by student t-test. * p < 0.05 and ** p < 0.01 vs. control.
(C) Immunofluorescent analysis of dopamine receptor D2 (D2DR) from control and oxazolone-treated
mice ear. Scale bar = 60 µm.
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2.2. Perphenazine Ameliorates TPA-Induced Animal Model of Dermatitis

Peripheral dopamine has been previously reported as an immune modulator, which serves an
important role in immune cell regulation. However, a functional aspect of peripheral dopamine receptor
D2 has been poorly understood. Therefore, we used perphenazine, a dopamine receptor antagonist to
determine whether perphenazine attenuates animal models of dermatitis. 12-o-tetradecanoylphorbol-
13-acetate (TPA) induces skin inflammation, infiltrated immune cells and epidermal hyperplasia [26,27].
We employed a TPA-induced animal model to determine whether perphenazine is effective on dermatitis
(Figure 2A). Four days of perphenazine treatment was able to attenuate inflammatory phenotypes
including skin redness (Figure 2B). Consequently, ear thickness and weight were decreased from mice
cotreated with perphenazine and TPA compared to TPA-treated mice (Figure 2D,E). We found that
TPA-induced skin edema as well as epidermis thickness are significantly decreased in mice cotreated
with perphenazine and TPA compared to TPA-treated mice using histological analysis (Figure 2C,F).
Total infiltrated cells were decreased in mice cotreated with perphenazine and TPA compared with
TPA-treated mice (Figure 2G). These results indicated that perphenazine is effective on an animal
model of acute dermatitis.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  4 of 13 

 

 
Figure 2. Perphenazine attenuates TPA-induced acute dermatitis model in mice. (A) Schematic 
diagram of TPA-induced animal model. Four groups: untreated controls, TPA only and mice treated 
with DEX (Dexamethasone) or Perphenazine (PERP) one hour after every TPA challenge (n = 7). (B) 
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Figure 2. Perphenazine attenuates TPA-induced acute dermatitis model in mice. (A) Schematic
diagram of TPA-induced animal model. Four groups: untreated controls, TPA only and mice treated
with DEX (Dexamethasone) or Perphenazine (PERP) one hour after every TPA challenge (n = 7).
(B) Representative pictures of mouse ears collected at zero, two, and four days. (C) Histological
sections of ear biopsies were analyzed using H&E-stained sections. Original magnification = X200.
Scale bar = 100 um. (D) Ear thickness and (E) Ear weight. (F) Epidermal thickness of the ear skin.
(G) Total infiltrated cells were counted. Data are presented as mean ± SEM and analyzed by one-way
ANOVA (*** p < 0.005 and **** p < 0.001 vs. control) and (### p < 0.005 and #### p < 0.001 vs. TPA).
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2.3. Perphenazine Ameliorates Morphological Phenotype of Oxazolone-Treated Animal Model of Dermatitis

As perphenazine is effective on attenuation of TPA-induced dermatitis, we further investigated
whether perphenazine alleviates atopic dermatitis in an animal model. Oxazolone is widely used
in the atopic dermatitis animal model [28]. The redness of the mice ears was attenuated in mice
cotreated with oxazolone and perphenazine compared to OXA-treated (Figure 3A,B). The levels of
mice ear swelling were also decreased in mice cotreated with OXA and perphenazine compared to
oxazolone-treated (Figure 3C).
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Figure 3. Perphenazine alleviates morphological phenotype of OXA-induced dermatitis model in
mice. (A) Schematic diagram of an OXA (Oxazolone)-induced animal model. Four groups: untreated
controls, OXA only and mice treated with DEX (Dexamethasone) or Perphenazine (PERP) one hour
after every OXA challenge (n = 7). (B) Representative photographs of mouse ears from each group on
day zero, seven, and 21. (C) Ear thickness was measured every week as indicated. Data are presented
as mean ± SEM and analyzed by the student t-test. ** p < 0.01 vs. oxazolone treated.

2.4. Perphenazine Ameliorates Histological Phenotype of Oxazolone-Treated Mice

Consequently, we found levels of epidermis and dermis thickness are decreased in mice cotreated
with OXA and perphenazine compared to OXA-treated (Figure 4A–C). Moreover, numbers of infiltrated
total cell as well as mast cells were also decreased in mice cotreated with OXA and perphenazine
compared to OXA-treated (Figure 4D,E). Moreover, serum histamine as well as IgE levels were
decreased in mice cotreated with OXA and perphenazine compared to OXA treated mice (Figure 4F,G).
These results indicated perphenazine ameliorates oxazolone-induced dermatitis in a mice model.
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Figure 4. Perphenazine alleviates histological phenotype of OXA-induced dermatitis model in mice.
(A) H&E staining and toluidine blue staining in ear lesions (B) Epidermal thickness (µm) was determined
by micrometer. (C) Dermis thickness (µm) was determined by micrometer. (D) Total cells were counted.
(E) Mast cells (black arrow) in dermis were counted. (F) Serum histamine levels were measured (G)
Serum IgE levels were measured. Scale bar, 100µm. Data are presented as mean ± SEM of changes in
values and analyzed by one-way ANOVA. (* p < 0.05, ***p < 0.005 compared to control) and (# p < 0.05,
## p < 0.01, and ### p < 0.005 vs. oxazolone treated).

2.5. Perphenazine Attenuates Cytokine Expression in Oxazolone-Treated Mice

As Th2 cytokines including IL-4 and IL-13 are pathological markers of atopic dermatitis, we
analyzed the levels of these cytokines to determine whether perphenazine attenuates cytokine
expression [29]. Interestingly, levels of Th1 and Th2 cytokines were decreased from mice cotreated
with perphenazine and OXA compared to OXA-treated mice (Figure 5A–H). These results indicated
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that perphenazine attenuates cytokine expression in oxazolone-induced mice. As NFκB signaling is
one of the primary modulators in inflammation as well as cytokine expression, we determined whether
perphenazine attenuates NFκB activation using 3T3 cells, which expressed luciferase reporter plasmid.
As 0.1-nM perphenazine-treated fibroblasts showed 87% viability, 0.01- and 0.1-nM perphenazine were
used to determine NFκB activity (Figure S2A). We found that perphenazine is not able to regulate
NFκB activity (Figure S2B).
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Figure 5. Perphenazine reduces the expression levels of cytokine in the lesion of OXA-induced
dermatitis in mice mRNA expression of (A) TNF-α (B) IL-1β (C) IFN-χ (D) IL-4 (E) IL-5 (F) IL-6
(G) IL-10 (H) IL-13 were determined from indicated mice ear. Data are presented as mean ± SEM
and analyzed by one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.005 vs. control) and (# p < 0.05,
## p < 0.01, ### p < 0.005 vs. oxazolone treated).

3. Discussion

We found the expression levels of dopamine receptor D2 are relatively higher in the lesion of
dermatitis patients compared to control subjects and future study remains to determine which type
of immune cells are responsible for the expression of dopamine receptor in the dermatitis lesion
(Figure 1C and Table S1). Recent studies support that peripheral dopamine receptor (DRD1 and
DRD3) are expressed in T cells and dendritic cells [30–32]. Thus, infiltrated T cells into the dermatitis
lesion may express dopamine receptor D2. Perphenazine is an anti-psychotic FDA-approved drug
for schizophrenia [22]. We used dexamethasone, a widely used steroid to compare therapeutic
efficacy with perphenazine. Interestingly, perphenazine treatment alleviates OXA-induced dermatitis
significantly (Figure 3B,C). Moreover, perphenazine treatment showed better therapeutic effect than
dexamethasone on the decrease of epidermal thickness from two different animal models (Figures 2E
and 4B). We measured mice weight because perphenazine has sedative effects and leads to the loss of
animal weight. Mice weight loss was not observed in perphenazine treated mice (Figure S1). In fact,
we used a relatively low amount of perphenazine compared to a recent study showing the anti-cancer
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activity of perphenazine [33]. We found that perphenazine reduces levels of cytokine expression
including IL-4 and IL-13 (Figure 5A–H). As NFkB signaling is one of the primary modulators
in inflammation, we determined whether perphenazine attenuates NFκB activation (Figure S2B).
We found that perphenazine is not able to regulate NFkB in vitro. Consequently, we focused on mast
cell regulation by perphenazine because infiltrated mast cells as well as serum histamine levels were
decreased in mice cotreated with perphenazine and OXA (Figure 4D,E). Our data correlate with recent
reports that dopaminergic drugs inhibit mast cell granulation and immune response [34]. In addition,
perphenazine is a phenothiazine derivative. Among phenothiazines, there is promethazine, a potent
antihistamine [35]. Therefore, the anti-inflammatory effect of perphenazine may be related with itch
response by inhibition of mast cell infiltration and histamine release. Future study of Drd2-positive
cells in AD pathogenesis remains to elucidate the peripheral dopamine signaling in itch response.
On the other hand, perphenazine showed anti-cancer activity by blocking cholesterol metabolism [33].
As the metabolic shift of immune cells is essential for activation, it would be interesting to determine
whether perphenazine modulates immune cell metabolism in dermatitis. In conclusion, we found
elevation of dopamine receptor expression in skin biopsies of dermatitis patients and an animal model
of dermatitis. The dopamine receptor antagonist perphenazine, alleviates animal models of dermatitis
and further studies are required to investigate molecular mechanism of perphenazine-mediated effect
on dermatitis to expand the potential of perphenazine as a repurposing drug for dermatitis.

4. Materials and Methods

4.1. Experimental Animals

For oxazolone-induced animal model, seven-week-old BALB/c mice were purchased from the
Central Laboratory Animals (Seoul, Korea) and used after one week for quarantine. For the TPA-induced
animal model, seven-week-old C57/B6 mice were purchased from Nara Biotech (Seoul, Korea) and used
after one week for quarantine. Mice were housed in the animal cage under environment condition as
temperature (20 ± 2 ◦C) / humidity (50 ± 5%) and maintained under specific pathogen-free conditions
with a 12-h light/dark cycle. All experimental procedures were approved by the Institutional Animal
Care and Use Committee of the Konkuk University (KU19160, 4 September 2019).

4.2. TPA-Induced Acute Dermatitis in Mice

TPA-induced acute dermatitis was induced in the mice (n = 7) by topical application of
12-o-tetradecanoylphorbol-13-acetate (TPA (Sigma-Aldrich, St. Louis, MO, USA)) as previously
described [26]. Dexamethasone (Sigma-Aldrich, St. Louis, MO, USA) (0.4 mg/kg) was topically
administrated to the ears of mice or perphenazine (10 mg/kg) (PERP; TCI America, Tokyo, Japan),
and was orally administrated after 1 h of TPA treatment. Concentration of perphenazine was selected
according to previous reports [35,36]. For skin inflammation signs, ear thickness was measured prior
to each TPA application using a digital caliper (Mitutoyo, Tokyo, Japan) on days zero, two and four
to evaluate ear swelling reactions. No substances were administrated to the ear surfaces on the last
day of the experiment. Experimental measurements were performed by the same trained investigator.
After four consecutive days, mice were sacrificed and 5-mm diameter ear biopsies were obtained with
a punch (Kai Industries, Gifu, Japan). Ear biopsies were weighed and collected for histopathological
analysis. All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the Konkuk University (KU19160).

4.3. OXA-Induced Murine Model of Dermatitis

The oxazolone-induced animal model was prepared as previously described [26,37]. The mice
were divided into four groups (n = 7). Negative control was sensitized and challenged with
phosphate-buffered saline (PBS). OXA group was treated with oxazolone (4-Ethoxymethylene-2-phenyl-
2-oxazolin-5-one; Sigma-Aldrich, St. Louis, MO, USA). For therapeutic groups, 0.68 mg/kg of
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dexamethasone (DEX) was applied on ear and 10 mg/kg of perphenazine (PERP; TCI America, Tokyo,
Japan) was administered orally 1 h after OXA challenge. Mice were photographed by Digital single-lens
reflex camera (F5.6 1/40, ISO800; Canon, Tokyo, Japan) on days zero, seven, and 21. Ear tissues were
used for staining of H&E and toluidine blue. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of the Konkuk University (KU19160).

4.4. Histology

Histological analysis was performed as previously described [26]. Briefly, the ear tissues were
collected using 5-mm biopsy punches (KAI Medical, Japan) and fixed in 10% formaldehyde solution.
Tissues were processed using standard methods (from 70% to 100% ethanol and xylene step) for
H&E and toluidine blue staining. The stained tissues were observed at 200×magnification under a
light microscope (Olympus, CKX41, Japan). Pictures were taken using an image acquisition system
(DP2-SAL; Olympus, Tokyo, Japan).

4.5. RNA Isolation and RT-PCR

RNA isolation was performed as previously described [38,39]. Mice were sacrificed 24 h after
last challenge and mice ear was used for gene expression analysis. Real-time PCR analysis was
performed with duplicate using SYBR® Master Mix in the BIOER Real-Time PCR machine (Fluorescent
Quantitative Detection systems; Hangzhou, China). For calculation efficiency of the amplification,
the relative quantitative of each target gene was normalized to the housekeeping gene as β-Actin. Data
was calculated by the 2-44CT method based on the normalization gene of control group [40]. Primers
used for RT-PCR are listed in Table S2.

4.6. Serum IgE ELISA

Total IgE ELISA was performed as previously described [37]. Serum was collected from the aorta
of mice. Whole blood was centrifuged at 4 ◦C for 15 min at 12,000 rpm. Samples were diluted to
1/200 with PBS prior to ELISA. ELISA kit was purchased from BD Pharmingen (San Diego, CA, USA).
All measurements were analyzed by optical density at 450 nm.

4.7. Histamine Release Assay

Histamine concentrations in serum were measured using mouse enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s instructions. (Abcam, Cambridge, UK).

4.8. Cells and Reagents

NIH3T3/NKκB-luc cell line was purchased from Panomics (RC0015). Cells were maintained in a
humidified incubator at 37 ◦C and 5% CO2. Recombinant Human TNF-alpha was purchased from
Peprotech (300-01A-10, Peprotech). Bay was purchased from Sigma (11-7082, Sigma). Perphenazine
was purchased from TCI (P1970, TCI).

4.9. Cell Viability Assay

Viability test was performed as previously described with slight modification [41,42]. Briefly,
1 × 104 cells were plated in a 96-well plate. Eight hours after perphenazine treatment, cells were
incubated with a mixture (1:10) of EZ-Cytox cell viability assay kit (Dogen, EZ3000) and Fibroblast
Growth Basal Medium (CC-3131, Lonza). Then, the plate was incubated for 30 min in the incubator
and determined absorbance at 450 nm with reference to 655 nm wavelength (iMark, Biorad).

4.10. Luciferase Assay

Luciferase assay was performed as previously described with slight modification [43]. 1 × 104 cells
were seeded in 96-well plates treated 25 ng/mL TNF-α for 8 h with or without perphenazine. Cell
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extracts were prepared using 60 µL of passive lysis buffer (Promega). Luciferase activities were
measured using Veritas Luminometer (Turnur Designs, Sunnyvale, CA, USA).

4.11. Immunofluorescence

Immunofluorescence was performed as previously described with slight modification [37]. Slides
were incubated in blocking buffer (BLOXALL® Endogenous Peroxidase and Alkaline Phosphatase
Blocking Solution, Vector Laboratories, Inc., CA, USA) for 1 h at room temperature to remove
non-specific binding. Next, they were incubated for 24 h with dopamine receptor D2 (D2DR) antibody
(Santacruz biotechnology, Texas, USA) in blocking buffer at 4 ◦C.

4.12. Web-Based Meta-Analysis

Microarray datasets from studies (GSE120721 [44] and GSE6012 [45] were analyzed using GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r) to determine the levels of dopamine receptor expression.

4.13. Statistical Analysis

All statistical evaluations were performed using Prism 6 (GraphPad Software, La Jolla, CA, USA).
Data are given as mean ± standard error of the mean (SEM). Statistical significance was analyzed using
Student’s t-test and one-way ANOVA followed by Tukey’s post analysis. p values of < 0.05, < 0.01,
< 0.005 and < 0.001 were considered as statistically significant differences.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/9/3241/s1.
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9. Klonowska, J.; Gleń, J.; Nowicki, R.; Trzeciak, M. New Cytokines in the Pathogenesis of Atopic
Dermatitis—New Therapeutic Targets. Int. J. Mol. Sci. 2018, 19, 3086. [CrossRef]

10. Bitton, A.; Avlas, S.; Reichman, H.; Itan, M.; Karo-Atar, D.; Azouz, N.P.; Rozenberg, P.; Diesendruck, Y.;
Nahary, L.; Rothenberg, M.E.; et al. A key role for IL-13 signaling via the type 2 IL-4 receptor in experimental
atopic dermatitis. Sci. Immunol. 2020, 5, eaaw2938. [CrossRef]

https://www.ncbi.nlm.nih.gov/geo/geo2r
http://www.mdpi.com/1422-0067/21/9/3241/s1
http://dx.doi.org/10.1097/01.aoa.0000460403.95541.f6
http://dx.doi.org/10.1007/s11882-019-0893-z
http://www.ncbi.nlm.nih.gov/pubmed/31776678
http://dx.doi.org/10.1016/j.jaad.2005.01.010
http://www.ncbi.nlm.nih.gov/pubmed/16384751
http://www.ncbi.nlm.nih.gov/pubmed/7794369
http://dx.doi.org/10.1016/j.yapd.2007.03.013
http://dx.doi.org/10.1016/j.jaad.2017.12.019
http://dx.doi.org/10.1111/j.1600-065X.2011.01027.x
http://dx.doi.org/10.1016/j.jaci.2016.06.010
http://dx.doi.org/10.3390/ijms19103086
http://dx.doi.org/10.1126/sciimmunol.aaw2938


Int. J. Mol. Sci. 2020, 21, 3241 10 of 11

11. Andersson, K. Neurotransmitters: central and peripheral mechanisms. Int. J. Impot. Res. 2000, 12, S26–S33.
[CrossRef] [PubMed]

12. Sarkar, C.; Basu, B.; Chakroborty, D.; Dasgupta, P.S.; Basu, S. The immunoregulatory role of dopamine:
An update. Brain, Behav. Immun. 2009, 24, 525–528. [CrossRef] [PubMed]

13. Pacheco, R.; Contreras, F.; Zouali, M. The Dopaminergic System in Autoimmune Diseases. Front. Immunol.
2014, 5, 117. [CrossRef] [PubMed]

14. Arreola, R.; Álvarez-Herrera, S.; Pérez-Sánchez, G.; Becerril-Villanueva, E.; Cruz-Fuentes, C.; Flores-Gutiérrez, E.O.;
Garcés-Alvarez, M.E.; De La Cruz-Aguilera, D.L.; Medina-Rivero, E.; Hurtado-Alvarado, G.; et al.
Immunomodulatory Effects Mediated by Dopamine. J. Immunol. Res. 2016, 2016, 1–31. [CrossRef] [PubMed]

15. Lu, J.-H.; Liu, Y.-Q.; Deng, Q.-W.; Peng, Y.-P.; Qiu, Y.-H. Dopamine D2 Receptor Is Involved in Alleviation of
Type II Collagen-Induced Arthritis in Mice. BioMed Res. Int. 2015, 2015, 1–9. [CrossRef] [PubMed]

16. Yasuda, M.; Kawahara, R.; Hashimura, H.; Yamanaka, N.; Iimori, M.; Amagase, K.; Kato, S.; Takeuchi, K.
Dopamine D2–Receptor Antagonists Ameliorate Indomethacin-Induced Small Intestinal Ulceration in Mice
by Activating α7 Nicotinic Acetylcholine Receptors. J. Pharmacol. Sci. 2011, 116, 274–282. [CrossRef]
[PubMed]

17. Kawano, M.; Takagi, R.; Kaneko, A.; Matsushita, S. Berberine is a dopamine D1- and D2-like receptor
antagonist and ameliorates experimentally induced colitis by suppressing innate and adaptive immune
responses. J. Neuroimmunol. 2015, 289, 43–55. [CrossRef]

18. Contreras, F.; Prado, C.; Gonzalez, H.; Franz, D.; Osorio-Barrios, F.; Osorio, F.; Ugalde, V.; Lopez, E.;
Elgueta, D.; Figueroa, A.; et al. Dopamine Receptor D3 Signaling on CD4+ T Cells Favors Th1- and
Th17-Mediated Immunity. J. Immunol. 2016, 196, 4143–4149. [CrossRef]

19. Elgueta, D.; Contreras, F.; Prado, C.; Montoya, A.; Ugalde, V.; Chovar, O.; Villagra, R.; Henríquez, C.;
Abellanas, M.A.; Aymerich, M.S.; et al. Dopamine Receptor D3 Expression Is Altered in CD4+ T-Cells From
Parkinson’s Disease Patients and Its Pharmacologic Inhibition Attenuates the Motor Impairment in a Mouse
Model. Front. Immunol. 2019, 10, 981. [CrossRef]

20. Dainichi, T.; Kitoh, A.; Otsuka, A.; Nakajima, S.; Nomura, T.; Kaplan, D.H.; Kabashima, K. The epithelial
immune microenvironment (EIME) in atopic dermatitis and psoriasis. Nat. Immunol. 2018, 19, 1286–1298.
[CrossRef]

21. Boyd, K.N.; Mailman, R.B. Dopamine receptor signaling and current and future antipsychotic drugs.
Handb. Exp. Pharmacol. 2012, 212, 53–86. [CrossRef]

22. Ascher-Svanum, H.; Zhu, B.; Faries, D.E.; Landbloom, R.; Swartz, M.S.; Swanson, J.W. Time to discontinuation
of atypical versus typical antipsychotics in the naturalistic treatment of schizophrenia. BMC Psychiatry 2006,
6, 8. [CrossRef] [PubMed]

23. Olsson, M.; Broberg, A.; Jernas, M.; Carlsson, L.; Rudemo, M.; Suurküla, M.; Svensson, P.-A.; Benson, M.
Increased expression of aquaporin 3 in atopic eczema. Allergy 2006, 61, 1132–1137. [CrossRef] [PubMed]

24. Mobini, R.; Andersson, B.; Erjefält, J.; Hahn-Zoric, M.; Langston, M.A.; Perkins, A.; Cardell, L.O.; Benson, M.
A module-based analytical strategy to identify novel disease-associated genes shows an inhibitory role for
interleukin 7 Receptor in allergic inflammation. BMC Syst. Boil. 2009, 3, 19. [CrossRef]

25. Esaki, H.; Ewald, D.A.; Ungar, B.; Rozenblit, M.; Zheng, X.; Xu, H.; Estrada, Y.D.; Peng, X.; Mitsui, H.;
Litman, T.; et al. Identification of novel immune and barrier genes in atopic dermatitis by means of laser
capture microdissection. J. Allergy Clin. Immunol. 2015, 135, 153–163. [CrossRef]

26. Choi, S.Y.; Heo, M.J.; Lee, C.; Choi, Y.M.; An, I.S.; Bae, S.; An, S.; Jung, J.H. 2-deoxy-d-glucose Ameliorates
Animal Models of Dermatitis. Biomed. 2020, 8, 20. [CrossRef]

27. Stanley, P.L.; Steiner, S.; Havens, M.; Tramposch, K.M. Mouse Skin Inflammation Induced by Multiple Topical
Applications of 12-O-Tetradecanoylphorbol-13-Acetate. Ski. Pharmacol. Physiol. 1991, 4, 262–271. [CrossRef]

28. Jin, H. Animal models of atopic dermatitis. J. Invest Dermatol. 2009, 129, 31–40. [CrossRef]
29. Brunner, P.M.; Guttman-Yassky, E.; Leung, D.Y. The immunology of atopic dermatitis and its reversibility

with broad-spectrum and targeted therapies. J. Allergy Clin. Immunol. 2017, 139, S65–S76. [CrossRef]
30. Talhada, D.; Rabenstein, M.; Ruscher, K. The role of dopaminergic immune cell signalling in poststroke

inflammation. Ther. Adv. Neurol. Disord. 2018, 11, 1756286418774225. [CrossRef]

http://dx.doi.org/10.1038/sj.ijir.3900574
http://www.ncbi.nlm.nih.gov/pubmed/11035383
http://dx.doi.org/10.1016/j.bbi.2009.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19896530
http://dx.doi.org/10.3389/fimmu.2014.00117
http://www.ncbi.nlm.nih.gov/pubmed/24711809
http://dx.doi.org/10.1155/2016/3160486
http://www.ncbi.nlm.nih.gov/pubmed/27795960
http://dx.doi.org/10.1155/2015/496759
http://www.ncbi.nlm.nih.gov/pubmed/26693483
http://dx.doi.org/10.1254/jphs.11037FP
http://www.ncbi.nlm.nih.gov/pubmed/21691039
http://dx.doi.org/10.1016/j.jneuroim.2015.10.001
http://dx.doi.org/10.4049/jimmunol.1502420
http://dx.doi.org/10.3389/fimmu.2019.00981
http://dx.doi.org/10.1038/s41590-018-0256-2
http://dx.doi.org/10.1007/978-3-642-25761-2_3
http://dx.doi.org/10.1186/1471-244X-6-8
http://www.ncbi.nlm.nih.gov/pubmed/16504026
http://dx.doi.org/10.1111/j.1398-9995.2006.01151.x
http://www.ncbi.nlm.nih.gov/pubmed/16918518
http://dx.doi.org/10.1186/1752-0509-3-19
http://dx.doi.org/10.1016/j.jaci.2014.10.037
http://dx.doi.org/10.3390/biomedicines8020020
http://dx.doi.org/10.1159/000210960
http://dx.doi.org/10.1038/jid.2008.106
http://dx.doi.org/10.1016/j.jaci.2017.01.011
http://dx.doi.org/10.1177/1756286418774225


Int. J. Mol. Sci. 2020, 21, 3241 11 of 11

31. Figueroa, C.; Gálvez-Cancino, F.; Oyarce, C.; Contreras, F.; Prado, C.; Valeria, C.; Cruz, S.; Lladser, A.;
Pacheco, R.; Gomez, S.C. Inhibition of dopamine receptor D3 signaling in dendritic cells increases antigen
cross-presentation to CD8+ T-cells favoring anti-tumor immunity. J. Neuroimmunol. 2017, 303, 99–107.
[CrossRef] [PubMed]

32. Basu, B.; Sarkar, C.; Chakroborty, D.; Ganguly, S.; Shome, S.; Dasgupta, P.S.; Basu, S. D1 and D2 Dopamine
Receptor-mediated Inhibition of Activated Normal T Cell Proliferation Is Lost in Jurkat T Leukemic Cells.
J. Boil. Chem. 2010, 285, 27026–27032. [CrossRef] [PubMed]

33. Kuzu, O.; Gowda, R.; A Noory, M.; Robertson, G.P. Modulating cancer cell survival by targeting intracellular
cholesterol transport. Br. J. Cancer 2017, 117, 513–524. [CrossRef] [PubMed]

34. Seol, I.-W.; Kuo, N.Y.; Kim, K.M. Effects of dopaminergic drugs on the mast cell degranulation and nitric
oxide generation in RAW 264.7 cells. Arch. Pharmacal Res. 2004, 27, 94–98. [CrossRef]

35. Mori, T.; Kabashima, K.; Fukamachi, S.; Kuroda, E.; Sakabe, J.-I.; Kobayashi, M.; Nakajima, S.; Nakano, K.;
Tanaka, Y.; Matsushita, S.; et al. D1-like dopamine receptors antagonist inhibits cutaneous immune reactions
mediated by Th2 and mast cells. J. Dermatol. Sci. 2013, 71, 37–44. [CrossRef]

36. Ozdemir, E.I.; Gursoy, S. Role of D(1)/D(2) dopamin receptors antagonist perphenazine in morphine analgesia
and tolerance in rats. Bosn J. Basic Med. Sci. 2013, 13, 119–125. [CrossRef]

37. Heo, M.-J.; Lee, C.; Choi, S.Y.; Choi, Y.M.; An, I.-S.; Bae, S.; An, S.; Jung, J.H. Nintedanib ameliorates animal
model of dermatitis. Sci. Rep. 2020, 10, 1–8. [CrossRef]

38. Jung, J.H.; Wang, X.D.; Loeken, M.R. Mouse embryonic stem cells established in physiological-glucose media
express the high KM Glut2 glucose transporter expressed by normal embryos. STEM CELLS Transl. Med.
2013, 2, 929–934. [CrossRef]

39. Bae, S.; Jung, J.H.; Kim, K.; An, I.-S.; Kim, S.-Y.; Lee, J.H.; Park, I.-C.; Jin, Y.-W.; Lee, S.-J.; An, S. TRIAD1
inhibits MDM2-mediated p53 ubiquitination and degradation. FEBS Lett. 2012, 586, 3057–3063. [CrossRef]

40. Bouma, G.; Td, S.; Kj, L. Faculty Opinions recommendation of Analyzing real-time PCR data by the
comparative C(T) method. Faculty Opinions – Post-Publication Peer Review of the Biomedical Literature 2010, 3,
1101–1108. [CrossRef]

41. Jung, J.H.; Lee, S.-M.; Bae, S.; Lee, S.-J.; Park, I.-C.; Jin, Y.-W.; Lee, J.H.; An, S. Triad 1 induces apoptosis by
p53 activation. FEBS Lett. 2010, 584, 1565–1570. [CrossRef] [PubMed]

42. Choi, M.; Choi, Y.M.; Choi, S.-Y.; An, I.-S.; Bae, S.; An, S.; Jung, J.H. Glucose metabolism regulates expression
of hair-inductive genes of dermal papilla spheres via histone acetylation. Sci. Rep. 2020, 10, 4887. [CrossRef]

43. Jung, J.H.; Bae, S.; Lee, J.Y.; Woo, S.R.; Cha, H.J.; Yoon, Y.; Suh, K.-S.; Lee, S.-J.; Park, I.-C.; Jin, Y.-W.; et al.
E3 ubiquitin ligase Hades negatively regulates the exonuclear function of p53. Cell Death Differ. 2011, 18,
1865–1875. [CrossRef] [PubMed]

44. Adam, K.; Oswald, I. The hypnotic effects of an antihistamine: promethazine. Br. J. Clin. Pharmacol. 1986, 22,
715–717. [CrossRef] [PubMed]

45. Jarrett, R.J. Some Endocrine Effects of Two Phenothiazine Derivatives, Chlorpromazine and Perphenazine, in
the Female Mouse. Br. J. Pharmacol. Chemother. 1963, 20, 497–506. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jneuroim.2016.12.014
http://www.ncbi.nlm.nih.gov/pubmed/28077213
http://dx.doi.org/10.1074/jbc.M110.144022
http://www.ncbi.nlm.nih.gov/pubmed/20592018
http://dx.doi.org/10.1038/bjc.2017.200
http://www.ncbi.nlm.nih.gov/pubmed/28697173
http://dx.doi.org/10.1007/BF02980053
http://dx.doi.org/10.1016/j.jdermsci.2013.03.008
http://dx.doi.org/10.17305/bjbms.2013.2394
http://dx.doi.org/10.1038/s41598-020-61424-1
http://dx.doi.org/10.5966/sctm.2013-0093
http://dx.doi.org/10.1016/j.febslet.2012.07.022
http://dx.doi.org/10.3410/f.5500956.5467055
http://dx.doi.org/10.1016/j.febslet.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20226183
http://dx.doi.org/10.1038/s41598-020-61824-3
http://dx.doi.org/10.1038/cdd.2011.57
http://www.ncbi.nlm.nih.gov/pubmed/21597459
http://dx.doi.org/10.1111/j.1365-2125.1986.tb02962.x
http://www.ncbi.nlm.nih.gov/pubmed/3567016
http://dx.doi.org/10.1111/j.1476-5381.1963.tb01486.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Dopamine Receptor D2 is Highly Expressed in Dermatitis Patients and Animal Model of Dermatitis 
	Perphenazine Ameliorates TPA-Induced Animal Model of Dermatitis 
	Perphenazine Ameliorates Morphological Phenotype of Oxazolone-Treated Animal Model of Dermatitis 
	Perphenazine Ameliorates Histological Phenotype of Oxazolone-Treated Mice 
	Perphenazine Attenuates Cytokine Expression in Oxazolone-Treated Mice 

	Discussion 
	Materials and Methods 
	Experimental Animals 
	TPA-Induced Acute Dermatitis in Mice 
	OXA-Induced Murine Model of Dermatitis 
	Histology 
	RNA Isolation and RT-PCR 
	Serum IgE ELISA 
	Histamine Release Assay 
	Cells and Reagents 
	Cell Viability Assay 
	Luciferase Assay 
	Immunofluorescence 
	Web-Based Meta-Analysis 
	Statistical Analysis 

	References

