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Crisaborole combined

with vitamin D demonstrates
superior therapeutic efficacy
over either monotherapy in mice
with allergic contact dermatitis

Huachun Wang'5, Hetong Li%*°, Zhengxiao Li3, Xiaomei Zhao?, Xiaoli Hou?, Lu Chen?,
Lei Xing* & Faming Tian**

This study evaluated the therapeutic efficacy and underlying mechanisms of crisaborole combined
with vitamin D in the treatment of allergic contact dermatitis. While crisaborole, a phosphodiesterase
4 inhibitor, and vitamin D analogs are commonly used in the treatment of atopic dermatitis, their
combined therapeutic potential in allergic contact dermatitis (ACD) remains unexplored. Given their
anti-inflammatory properties, we hypothesized that the combination of crisaborole and vitamin

D could offer superior efficacy in mitigating the symptoms and underlying mechanisms of allergic
contact dermatitis. In vitro, HaCaT cells stimulated with tumor necrosis factor-a and interferon-y
were treated with a combination of crisaborole and vitamin D, followed by cytokine expression
analysis. In vivo, male C57BL/6 mice were divided into five groups and treated accordingly: blank
control, dinitrochlorobenzene-induced model, crisaborole alone, vitamin D alone, and a combination
of crisaborole and vitamin D. On day 14, dorsal skin and ear thickness were measured, followed by
comprehensive pathological evaluations. In vivo and in vitro experiments showed that the expression
levels of inflammatory factors were significantly lower in the DNCB +VD + Cri group than in the DNCB
group. Histological analyses revealed that, compared with the DNCB group, the combined treatment
group significantly reduced epidermal hyperkeratosis, improved epidermal transdermal water loss,
decreased dermatitis scores, and diminished mast cell infiltration. Moreover, it lowered the expression
levels of IL-6, IL-4, TNF-a, iNOS, IL-17, CC chemokine ligand 2 (CCL2), and CC chemokine receptor

2 (CCR2). CCL2 recognizes CCR2 and stimulates inflammatory cells, enhancing the inflammatory
response. Increased CCL2 expression correlates with heightened inflammation and dendritic cell
infiltration in ACD, while downregulation of CCL2 attenuates inflammation. Thus, the combined use
of crisaborole and vitamin D demonstrates superior therapeutic efficacy over monotherapy in a mouse
model of ACD. The combination of vitamin D and crisaborole significantly reduces inflammation and
epidermal hyperkeratosis in a mouse model of allergic contact dermatitis, demonstrating superior
therapeutic efficacy compared to either treatment alone. This suggests that the combined therapy
could be a promising approach for the prevention and treatment of allergic contact dermatitis.
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Allergic contact dermatitis (ACD) is the most prevalent inflammatory skin disorder encountered in occupational
dermatology. Patients may present with varying degrees of erythema, edema, scabbing, and severe itching'?.
Medical workers, food handlers, and construction workers have a particularly high risk of developing ACD
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because of their frequent and prolonged exposure to allergens>*. ACD constitutes a type IV delayed hyper-
sensitivity reaction driven by the activation of allergen-specific T cells’. Allergic reactions can be divided into
sensitization and induction phases. During the sensitization phase, exposure to an allergen (e.g., through the
skin) triggers an innate immune response. The allergen activates CD8 + and CD4 + cells, which proliferate and
differentiate into cytotoxic T lymphocytes (Tc) and helper T lymphocytes (Th), respectively®”’. In the induction
phase, a sensitized body is re-exposed to the allergen, causing the previously activated T cells to proliferate and
release inflammatory cytokines (e.g., tumor necrosis factor [TNF]-q, interferon [IFN]-y, and interleukins [ILs])
at sites of inflammation. This cascade promotes the recruitment of additional cytotoxic T lymphocytes and innate
immune cells, amplifying the allergic reaction and resulting in the onset of ACD®’. Previous studies have shown
that the binding of CC chemokine ligand 2 (CCL2) to CC chemokine receptor 2 (CCR2) activates and recruits
monocytes and T lymphocytes to sites of inflammation, thus inducing a strong inflammatory response'®!!.
This pathway is closely associated with the occurrence and progression of psoriasis vulgaris, and it may play an
important role in the pathogenesis of ACD'>"3.

Currently, drug treatment for ACD mainly involves antihistamines and glucocorticoids; however, their effica-
cies are limited and many side effects have been reported'*'*. Crisaborole ointment, a topical phosphodiesterase
type-4 (PDE4) inhibitor, increases intracellular levels of cyclic adenosine monophosphate (cAMP); this effect
suppresses the activities of inflammation-related cells and inhibits the production of inflammatory mediators,
reducing the likelihood of adverse reactions!®". Vitamin D has a potential role in the treatment of ACD; it can
improve aspects of skin barrier function in dermatitis model mice, enhancing the binding and defensive capa-
bilities of epidermal cells in a manner that protects against external allergens and reduces inflammation'®"’.
Vitamin D also regulates the growth and differentiation of skin cells, while inhibiting inflammatory cytokine
production'®?. The regulatory effects of vitamin D help to suppress anaphylactic reactions, thereby mitigating
hypersensitivity to sensitizing substances in of ACD patients*"*.

Thus far, there has been limited research concerning the use of drug combinations to treat ACD. In this study,
we explored the efficacies of three drug treatments—crisaborole, vitamin D and crisaborole combined with
vitamin D—for ACD through in vivo and in vitro experiments. By evaluating changes in expression patterns
within the CCL2 and CCR2 signaling pathways, we sought to preliminarily identify the underlying mechanisms
of action, thereby providing a theoretical basis for future efforts to prevent and treat ACD.

Materials and methods

Cytotoxicity assay

HaCaT cells (Wuhan Bode Bioengineering Co., Ltd., Wuhan, China) were cultured in 96-well plates and subjected
to cell viability analysis using a CCK8 assay kit, in accordance with the manufacturer’s instructions(zoman,Be
ijing,china). Briefly, the cells were treated with various concentrations of vitamin D, crisaborole, and vitamin
D + crisaborole (vitamin D: 107 to 10~ mol/mL; crisaborole: 5-20 pg/mL; vitamin D + crisaborole: vitamin
D: 1077 to 107> mol/mL + crisaborole: 5-20 pg/mL). The CCKS8 solution was added and cells were incubated at
37 °C for 48 h. After removal of the supernatant, the absorbance at 490 nm was measured using a VersaMax 340
microplate reader (Molecular Devices, San Jose, CA, USA).

Cell culture and treatments

HaCaT cellswere cultured in a humidified incubator at 37 °C with 5% CO, using HaCaT cell-specific medium
containing 10% fetal bovine serum and 1% penicillin-streptomycin antibiotic. HaCaT cells were seeded in
96-well plates at a density of 1.5x 10* cells/well; they were treated with vitamin D (10> mol/mL), crisaborole
(5 pg/mL), or vitamin D combined with crisaborole (10~°+ 5 pg/mL) for 1 h, followed by IFN-y (10 ng/mL)
and TNF-a (10 ng/mL) as inflammatory inducers for 24 h. Subsequently, the expression of relevant mRNA was
detected.

Animals experiment

Animal experiments were approved by the “Ethics Committee of North China University of Science and Tech-
nology on Laboratory Animal Care” and the study was carried out in compliance with the ARRIVE guidelines
along with the relevant guidelines and regulations present in the manuscript. Forty 8-week-old male C57BL/6
mice (mean weight, 18 g) were obtained from Weitonglihua Experimental Animal Technology Co., Ltd. (Bei-
jing, China). Upon arrival, the mice were acclimated for 1 week before experiments. The mice were housed in
a controlled environment with temperatures of 22 + 8 °C and given free access food and water throughout the
study. To induce contact dermatitis, mice (n=40) were anesthetized with isoflurane (2% in oxygen) and their
hair was shaved off. After recovery from anesthesia, the mice were randomly divided into five groups (eight
mice per group). On the first day of the experiment, control mice received an equal amount of acetone-olive oil
solution applied to both ears and the back, while all mice in the DNCB group were sensitized with a 1% DNCB
solution on the ears and back. From days 6 to 14, control mice received an equal amount of acetone-olive oil
solution applied to both ears and the back, while the DNCB group established allergic contact dermatitis (ACD)
with a 0.5% DNCB solution on the ears and back. Meanwhile, on days 6 to 14, mice in the DNCB + Cri group
received topical application of crisaborole (Pharmacia and Upjohn Company LLC, 2%) ointment on both ears
and the back, while those in the DNCB + VD group received oral administration of vitamin D (0.025 mg/kg).
The DNCB + VD + Cri group received topical application of crisaborole ointment followed by oral administration
of vitamin D. The control group, DNCB group, and DNCB + Cri group received oral gavage of an equal volume
of saline solution. The above procedures were performed once a day, and were spaced 12 h apart from DNCB
application (Fig. 1). Following treatment completion, all animals were anesthetized with isoflurane (2% oxygen),
blood samples were collected, and then animals were euthanized using CO, for sample collection.
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Fig. 1. Schedule of animal experiments for DNCB-induced ACD-like lesions in C57BL/6 mice. Abbreviations:
ACD allergic contact dermatitis, DNCB 1-chloro-2,4-dinitrobenzene, VD vitamin D, Cri crisaborole ointment.

Ear thickness measurement
From day 1 to day 14 of the experiment, ear thickness measurements were taken daily at the same position on
the mice using a digital caliper, and the measurements were recorded.

Trans epidermal water loss (TEWL)

Throughout the first to the 14th day of the experiment, the Gpskin instrument was employed daily to assess the
skin condition of each group of mice, with TEWL measurements recorded using Gpskin software. To ensure
experimental precision, each mouse underwent three measurements, and the average value was calculated.

Enzyme-linked immunosorbent assay (ELISA)
Serum levels of cytokines (e.g., TNF-a, IL-17, iNOS, IL-6, IL-4, and thymic stromal lymphopoietin [TSLP]) were
quantified by ELISA kits (Ruixinbio, quanzhou, china) .

Histological staining

Ear tissues were stained with hematoxylin and eosin for morphological examination and measurement of the
epidermal cross-sectional area. After sample collection, tissue specimens were fixed with 4% buffered neutral
paraformaldehyde. The specimens were subjected to routine histological processing and embedded in paraffin.
Next, they were sectioned at a thickness of 5 pm, stained with hematoxylin and eosin, and used to measure
epidermal thickness. Mast cell infiltration was examined by toluidine blue staining.

Immunohistochemical (IHC) staining

Immunohistochemistry was conducted to assess the expression patterns of caspase-1, inducible nitric oxide
synthase (iNOS), TNF-a, IL-1f, CCL2, and CCR2. Briefly, paraffin-embedded sections were deparaffinized,
rehydrated, and subjected to antigen retrieval using 0.05% trypsin at 37 °C for 30 min. Endogenous peroxidases
were inactivated by incubation with 0.3% H,O, at room temperature for 15 min. Next, the sections were incu-
bated overnight at 4 °C with primary antibodies against caspase-1 (1:200, AF5418, Affinity, Jiangsu, China),
iNOS (1:200,AF0199, Affinity, Jiangsu, China), TNF-a (1:200, AF7014, Affinity, Jiangsu, China), IL-1f (1:200,
GTX74034, GeneTex, Southern California, America), CCL2 (1:200, BF0556, Affinity, Jiangsu, China), and CCR2
(1:200; DF2711, Affinity, Jiangsu, China). Subsequently, all sections were counterstained with hematoxylin,
dehydrated, cleared with xylene, and mounted for assessment by microscopy. Target protein expression levels
were quantified as the mean intensity of optical density within the region of interest (ROI), determined via
400 x magnification of mouse ear tissue. Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA)
was used to calculate the positive staining intensity within the ROI, defined as the sum of integrated optical
density (IOD), and the area of the ROI was measured. The mean intensity of optical density (in units of IOD/
mm?) was defined as the sum of IOD divided by the tissue area within the ROL

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells and skin tissues; RT-qPCR was conducted to measure the mRNA expression
levels of IL-6, IL-4, TNF-a, iNOS, IL-17A, CCL2, and CCR2. Briefly, skin tissues were ground into powder with
liquid nitrogen, and total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA was
reverse transcribed to cDNA using the SYBR Premium Ex Taq™ IT kit (Takara, Shiga, Japan). RT-qPCR assays were
performed on the FTC-3000 real-time PCR system (Funglyn Inc., Richmond Hill, ON, Canada). The mRNA Ct
values for each gene were normalized to the housekeeping gene GAPDH and expressed as relative increases or
decreases compared with the control group. For details, see Supplementary materials.
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Western blotting analysis

Western blotting was used to analyze the expression levels of CCL2 and CCR2 proteins. Tissues were homog-
enized using a mortar and pestle, then lysed with radioimmunoprecipitation assay lysis buffer; protein concen-
trations were measured using a bicinchoninic acid protein assay kit. Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using a precast gel kit. Protein samples (15 pug each) were separated
by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes. The membranes were blocked with
5% skim milk at room temperature for 1 h, then incubated overnight at 4 °C with primary antibodies against
CCL2, CCR2, and actin. Next, the membranes were washed with Tris-buffered saline plus Tween (TBST) and
incubated at room temperature for 1 h with a goat anti-rabbit secondary antibody. Detection was performed with
an enhanced chemiluminescence kit, and the ChemiDoc MP chemiluminescence imaging system was used to
acquire images. The grayscale values of target bands were analyzed using Image] software; the ratios of grayscale
values for target bands to the internal reference bands represented the protein expression levels. The experiment
was repeated three times and mean values were calculated.

Statistical analysis

Statistical analyses were conducted using one-way analysis of variance, followed by Bonferroni correction, in
GraphPad Prism software (version 9.3.0; Dotmatics, Inc., San Diego, CA, USA). Data are presented as the
mean + standard deviation from at least three independent experiments. P-values < 0.05 were considered sta-
tistically significant.

Results

Relative mRNA expression in HaCaT cells

Compared with the control group, the mRNA expression levels of IL-17A, IL-6, IL-4, TNF-a, CCL2, and CCR2
were significantly higher in the in TNF-a/IFEN-y-stimulated group. Compared with the TNF-o/IFN-y-stimulated
group, the mRNA expression levels of IL-17A, IL-6, and IL-4 were significantly lower in the vitamin D group;
the mRNA expression levels of IL-17A, IL-6, IL-4, TNF-a, CCL2, and CCR2 were significantly lower in the
crisaborole group. The mRNA expression levels of IL-4, IL-6, IL-17A, CCL2, CCR2, and TNF-a were significantly
lower in the vitamin D + crisaborole group than in the vitamin D group. The mRNA expression levels of CCR2
and TNF-a were significantly lower in the vitamin D + crisaborole group than in the crisaborole group (Fig. 2).

Macroscopic pathological changes

On day 6 post-modeling, ear tissue swelling and TEWL rates were significantly greater in the DNCB group than
in the control group; moreover, the DNCB group exhibited ACD-like lesions with erythema, swelling, exudation,
scratching, and skin thickening (Fig. 3A,B). Swelling and transdermal water loss rates were significantly lower
in the vitamin D, crisaborole, and vitamin D + crisaborole groups on day 14 post-modeling compared with the
DNCB group. Improvements in ACD lesions were greater in the vitamin D + crisaborole group than in either
single monotherapy group. The SCORing Atopic Dermatitis (SCORAD) index indicated significant improve-
ments of ACD in the vitamin D, crisaborole, and vitamin D + crisaborole groups. The vitamin D + crisaborole
group exhibited the largest difference compared with the DNCB group (Fig. 3C-E).

ELISA analysis

Compared to the control group, mice in the DNCB group exhibited significantly elevated serum levels of TSLP,
iNOS, TNF-a, IL-4, IL-17, and IL-6. Vitamin D treatment alone markedly suppressed the expression levels of
these factors, except for IL-6. Similarly, treatment with crisaborole also reduced serum levels of TSLP, iNOS,
TNF-a, IL-4, IL-6, and IL-17. The combined use of vitamin D and crisaborole demonstrated a more pronounced
suppression of these factors, surpassing the effects observed with either intervention alone. Importantly, in the
vitamin D + crisaborole group, serum levels of TSLP, TNF-q, and IL-17 did not differ significantly from those
in the control group (Fig. 3F).

Histological analysis

Hematoxylin and eosin staining showed that DNCB treatment induced epidermal hyperkeratosis in mouse ear
tissues compared with the control group. The vitamin D + crisaborole treatment improved epidermal hyperkera-
tosis; there was no statistically significant difference in epidermal thickness between the vitamin D + crisaborole
group and the control group (Fig. 4A). Toluidine blue staining showed that tissue infiltration by mast cells
was significantly greater in the DNCB group than in the control group. Compared with the DNCB group, the
crisaborole and vitamin D + crisaborole treatments significantly inhibited the infiltration of mast cells into skin
lesions; the vitamin D + crisaborole treatment had a stronger effect. There was no statistically significant differ-
ence in the infiltration of mast cells into skin lesions between the vitamin D + crisaborole group and the control
group (Fig. 4B).

Immunohistochemical analysis

Immunohistochemical analysis showed that the expression levels of caspase-1, TNF-a, iNOS, IL-13, CCL2, and
CCR?2 were significantly higher in the DNCB group than in the control group. The expression levels of iNOS,
IL-1pB, and CCR2 were slightly lower in the vitamin D group than in the DNCB group. The expression levels
of TNF-a, iNOS, CCR2, IL-1pB, and CCL2 were significantly lower in the crisaborole group than in the DNCB
group. The expression levels of Caspase-1, TNF-q, iNOS, IL-13, CCL2, and CCR2 were significantly lower in the
vitamin D + crisaborole group than in the DNCB group and either monotherapy group. The expression levels
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Fig. 2. HaCaT cells were treated with various concentrations of vitamin D, crisaborole, and a combination

of vitamin D and crisaborole for 24 h. Inflammatory cytokine expression was measured in TNF-a/IFN-y-
stimulated HaCaT cells. Abbreviations: VD =vitamin D, Cri= crisaborole ointment. ‘P<0.05, "P<0.01, *P<0.05,
#P<0.01.

of Caspase-1, TNF-q, iNOS, CCL2, and CCR2 did not significantly differ between the vitamin D + crisaborole
group and the control group (Fig. 5A,B).

RT-qPCR analysis

Compared with the control group, mRNA expression levels of IL-6, IL-4, TNF-q, iNOS, IL-17A, CCL2, and CCR2
in the skin were significantly increased in the DNCB group. Compared with the DNCB group, the mRNA expres-
sion levels of IL-6, IL-4, TNF-a, iNOS, IL-17A, CCL2, and CCR2 were significantly different in the crisaborole
group; the mRNA expression levels of TNF-a, iNOS, IL-17A, CCL2, and CCR2 were significantly decreased in
the vitamin D group; and the mRNA expression levels of IL-6, IL-4, TNF-a, iNOS, IL-17A, CCL2, and CCR2
were significantly decreased in the vitamin D + crisaborole group. Moreover, the mRNA expression levels of
IL-6, IL-4, TNF-q, IL-17A, CCL2, and CCR2 were significantly lower in the vitamin D + crisaborole group than
in the vitamin D group; the mRNA expression levels of CCL2 and CCR2 were significantly lower in the vitamin
D + crisaborole group than in the crisaborole group (Fig. 6A).

Protein expression levels of CCL2 and CCR2

Compared with the control group, DNCB stimulation significantly enhanced the protein expression levels of
CCL2 and CCR2. Compared with the DNCB group, expression of CCL2 protein was significantly decreased
in the crisaborole group. Protein expression levels of CCL2 and CCR2 were significantly lower in the vitamin
D + crisaborole group than in the DNCB and crisaborole groups (Fig. 6B).

Discussion

In this study, the DNCB solution stimulation method was used to establish a chronic ACD mouse model that
could evaluate three treatments for ACD: crisaborole, vitamin D, and crisaborole combined with vitamin D. Ear
tissue in the model mice showed pronounced erythema, scabbing, thickening, along with significantly increased
scratching frequency. Compared with crisaborole or vitamin D alone, crisaborole combined with vitamin D was
more effective in terms of alleviating skin damage, erythema, and thickening among mice with DNCB-induced
ACD; it also was superior in terms of reducing the expression levels of pro-inflammatory factors. These findings
support the use of crisaborole and vitamin D in ACD management.
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Fig. 3. Effects of vitamin D, crisaborole ointment, and the combination of vitamin D and crisaborole ointment
on DNCB-induced ACD-like skin lesions are shown. (A) Photographs of mouse ears in each group on day

14. (B) Skin condition on the back of the mice. (C) Ear thickness measurements taken 14 days after DNCB
application. Changes in physiological parameters in DNCB-stimulated C57BL/6 mouse skin following
treatments with vitamin D, crisaborole ointment, and the combination of vitamin D and crisaborole ointment,
including (D) trans-epidermal water loss (TEWL) and (E) SCORAD index. (F) Serum levels of TSLP, iNOS,
TNF-q, IL-4, IL-17, and IL-6 in mice, analyzed by ELISA. Abbreviations: ACD: allergic contact dermatitis,
DNCB: 1-chloro-2,4-dinitrobenzene, VD vitamin D, Cri crisaborole ointment. "P<0.05, “P<0.01, *P<0.05,

#P<0.01.
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Fig. 4. Combined treatment ameliorates skin inflammation in DNCB-stimulated C57BL/6 mice. (A)
Histopathological changes induced by DNCB were evaluated using hematoxylin and eosin staining, and the
ear epidermal thickness of mice in each group was quantitatively analyzed. (B) Ear tissues were stained with
toluidine blue, and the number of infiltrating mast cells in each group was quantified. Red arrows indicate
mast cells. Abbreviations: E: Epidermal thickness, DNCB: 1-chloro-2,4-dinitrobenzene, VD: vitamin D, Cri:
crisaborole ointment. Thin bar=100 um, thick bar=200 pm. "P<0.05, "P<0.01, *P<0.05, *P<0.01.
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Fig. 5. (A) Immunohistochemical staining for Caspase-1, TNF-qa, iNOS, IL-1p, CCL2, and CCR2 in ear tissue
of mice in each group. (B) The quantified protein levels of Caspase-1, TNF-a, iNOS, IL-1f, CCL2, and CCR2.
Abbreviations: DNCB: 1-chloro-2,4-dinitrobenzene, VD vitamin D, Cri crisaborole ointment. Bar =100 pm.
"P<0.05, "P<0.01, *P<0.05, *P<0.01.

Crisaborole ointment, a topical non-steroidal PDE4 inhibitor, is used for clinical treatment of mild to severe
allergic contact dermatitis®. This application is consistent with our findings that, compared with the DNCB
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Fig. 6. (A) Effects of vitamin D, crisaborole ointment, and the combination of vitamin D and crisaborole
ointment on the mRNA expression levels of related cytokines in the back skin of ACD mice. (B) Protein
expression levels of CCL2 and CCR2 in the back skin of mice from each group. Abbreviations: DNCB: 1-chloro-
2,4-dinitrobenzene, VD vitamin D, Cri crisaborole ointment. "P<0.05, "P<0.01, *P<0.05, *P<0.01.

group, mice treated with crisaborole alone exhibited less erythema, reduced epidermal thickness, and decreased
desquamation, along with declines in trans-epidermal water loss and dermatitis scores. Additionally, we observed
similar trends in immunohistochemical, ELISA, and RT-qPCR analyses. In vitro experiments revealed that
inflammatory factors were decreased in the crisaborole group compared with the DNCB group. When a sensi-
tized body undergoes repeated exposure to the same allergen, sites of inflammation release pro-inflammatory
cytokines (e.g., TNF-a, IFNs, and ILs) that lead to the onset of ACD?**%. Crisaborole can effectively inhibit the
release of these pro-inflammatory factors, thereby alleviating symptoms of dermatitis. Previous studies have
identified TSLP, a cytokine produced by skin keratinocytes, as the initial irritant that triggers skin inflamma-
tion and immune responses. TSLP is highly expressed by keratinocytes in the skin lesions of atopic dermatitis
patients, while TSLP is almost non-expressed in the not skin lesions?®?’. ELISA revealed that TSLP expression
was increased in the DNCB group and significantly decreased in the crisaborole treated group, indicating that
crisaborole could reduce ACD severity.

In addition to the remarkable therapeutic effects of crisaborole regarding dermatitis, there is evidence that
vitamin D-mediated immune regulation is essential for the rehabilitation of skin lesions***. It has been unclear
whether vitamin D-mediated immunoregulation can facilitate the treatment of ACD. Typically, vitamin D defi-
ciency is defined as a vitamin D level below 20 ng/mL, but the optimal level remains a subject of debate?*.
Through its active metabolite, 1,25(OH)2D, vitamin D directly induces transcription of the gene encoding
human IL-1p, IL-1p is one of the cytokines produced by the pathogen in response to the targeted activation of
the inflammatory body®'. Vitamin D inhibits inflammatory factors, including TNF-a and IL-6, while protecting
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tissues from excessive inflammation®?. Our immunohistochemical, RT-qPCR, and ELISA analyses showed that
vitamin D alone could significantly reduce the expression levels of Inflammatory factors in mice, but the resulting
expression levels remained greater than levels in the crisaborole group. Our in vitro experiments also showed that
inflammatory factors were decreased in the vitamin D group compared with the DNCB group. Although treat-
ment with vitamin D alone led to partial improvement, the results significantly differed from the control group.

In the mouse model, we found that crisaborole combined with vitamin D had a greater effect on ACD com-
pared with either monotherapy. This combination leveraged the anti-inflammatory activity of crisaborole and the
immunomodulatory activity of vitamin D synergistically, demonstrating enhanced efficacy in mitigating allergic
contact dermatitis®>. In vivo and in vitro immunohistochemical analyses also showed that the expression levels
of inflammatory factors were significantly lower in the crisaborole combined with vitamin D group than in the
DNCB group; these differences were significantly enhanced compared with either monotherapy group. The main
role of vitamin D in adaptive immunity is to suppress or reduce local inflammatory responses; its role in innate
immunity primarily comprises enhancing defensive and antibacterial functions to facilitate systemic immune
homeostasis®***. In contrast, the therapeutic effect of crisaborole ointment on ACD mainly involves upregulat-
ing intracellular cAMP and inhibiting the expression of inflammatory mediators®*. Crisaborole and vitamin
D have distinct mitigating effects on dermatitis in terms of erythema, swelling, and lesions. In the present study,
the combination of crisaborole and vitamin D had robust synergistic effects, presumably because crisaborole
improved local immune function and vitamin D enhanced systemic immune function; these effects alleviated
the manifestations of ACD. Therefore, the combination of crisaborole and vitamin D may reduce overall inflam-
mation and mitigate the symptoms of ACD.

The CCL2/CCR2 signaling pathway is widely expressed in the immune system and plays an important role in
the skin’s inflammatory response, which involves keratinocytes as the main source of CCL2%"8. There is evidence
that serum CCL2 levels are significantly higher in patients with psoriasis than in normal control individuals**°.
In the present study, immunohistochemical, RT-qPCR, and western blotting analyses demonstrated that the
expression levels of CCL2 and CCR2 were significantly higher in the DNCB group than in the control group, sug-
gesting that the CCL2/CCR2 signaling pathway could be a useful therapeutic target for the treatment of ACD'.
The expression levels of CCL2 and CCR2 were decreased by crisaborole and vitamin D alone. The inhibitory effect
of Combined administration group on CCL2 and CCR2 was greater than the effect of either monotherapy, and
there was no significant difference between the control groups. These findings suggest that crisaborole combined
with vitamin D may attenuate ACD lesions, potentially involving modulation of CCL2/CCR2 signaling pathways.
Further investigations, such as employing specific inhibitors of CCL2/CCR2, would be necessary to conclusively
establish the regulatory effects of these treatments on the CCL2/CCR?2 signaling pathway in the context of ACD.

This study demonstrated the benefits of combining crisaborole with vitamin D for the treatment of ACD in
a mouse model. However, there were some limitations. Firstly, selecting a single time point (14 days) did not
allow us to observe disease progression over time. Secondly, only a single dose of vitamin D was tested, and more
effective dosing combinations may exist. Finally, this study focused solely on the expression of the CCL2/CCR2
signaling pathway. Although there was a significant difference in therapeutic efficacy between the combination
treatment and monotherapies, the specific roles of pathway-related factors in the pathogenesis and progression
of ACD remain unclear. Future studies could use transgenic mice to further explore these associations and better
understand the pathological progression of ACD.

Conclusion

In conclusion, our study demonstrates that both crisaborole and vitamin D can partially alleviate ACD, but their
combination significantly enhances therapeutic efficacy. The combined treatment reduces epidermal hyper-
keratosis, improves epidermal transdermal water loss, decreases dermatitis scores, and diminishes mast cell
infiltration. It also lowers the expression of key inflammatory cytokines and mediators. These results suggest that
the combination of crisaborole and vitamin D offers a more effective therapeutic strategy for ACD, potentially
through the modulation of the CCL2/CCR?2 signaling pathway. This combined approach could inform future
clinical treatment strategies for managing ACD and potentially other inflammatory skin disorders.\
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