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Abstract: Background: Intraperitoneal sensitization combined with topical and/or epicuta-
neous treatment using an ovalbumin (OVA)-aluminum salt solution (OVA-AL) represents a
model for inducing atopic dermatitis (AD). However, the combination of sensitization with
subcutaneous treatment and cutaneous application of OVA-AL via a brush has not been
explored as a method for inducing AD. Methods: Adult mice were subcutaneously injected
with OVA-AL following sensitization on days 0, 7, and 14 and were treated with OVA-AL
via brush application to the dorsal skin fortnightly until days 35 and 49. Concomitant
alloknesis and skin changes were assessed. Mice of the Balb/c and ICR-CD1 strains were
treated with OVA-AL until day 35, with only the ICR-CD1 strain continuing treatment until
day 49. Control animals received saline. At 35 and 49 days, dorsal skin was harvested and
processed for histological analysis. Results: Mice treated with OVA-AL developed dry
skin, with no scratching or alloknesis. Histological examination of dorsal skin revealed an
increase in mast cells and collagen deposition. Conclusions: Dermatitis-like symptoms
were observed in mice treated with OVA-AL using this administration method.
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1. Introduction

Atopic dermatitis is an inflammatory skin disorder, with a prevalence of up to 20%
in children and up to 3% in adults [1]. The key features of atopic dermatitis include
pruritus, rashes, and lichenification in flexural areas, with a tendency to chronicity. A
personal or family history of atopy—such as asthma, allergic rhinoconjunctivitis, or atopic
dermatitis—is also common. Other frequent clinical manifestations include dry skin,
facial pallor, keratosis pilaris, ichthyosis vulgaris, hyperlinearity of the palms and soles,
white dermographism, conjunctivitis, keratoconus, elevated serum IgE, and immediate
reactivity to skin tests [2]. Histologically, atopic dermatitis is classified as a spongiotic
dermatitis progressing through three stages: (i) the acute phase, characterized by epidermal
edema, which may or may not include prominent intercellular bridges or vesiculation,
accompanied by normal ‘basket wave” orthokeratosis; (ii) the subacute phase, which features
acanthosis (epidermal thickening) with minimal edema and hyperkeratosis with or without
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parakeratosis (retention of nuclei in the stratum corneum); and (iii) the chronic phase, which
exhibits marked acanthosis and hyperkeratosis typically without epidermal edema. In all
phases of atopic dermatitis, perivascular chronic inflammation may be observed in the
superficial dermis. In the acute phase, epidermal Langerhans cells’ micro-abscesses may
also be present [3].

The current scientific literature suggests that the mechanisms underlying atopic der-
matitis are multifactorial, involving environmental factors, alterations in the physical-
chemical-immunological barrier of the skin, and dysbiosis of the cutaneous microbiota,
in individuals genetically predisposed to the condition [4]. The stratum corneum plays
a crucial role as a physical barrier against the entry of microorganisms. Mutations that
induce functional changes in the filaggrin protein—a protein that binds to keratin fibers in
the epithelial cells of the stratum corneum and helps maintain skin barrier integrity—have
been associated with an increased risk of atopic dermatitis. Other genetic variants associ-
ated with atopic dermatitis include filaggrin-2, hornerin, loricrin, and SRP-3, all of which
encode epidermal proteins important for skin barrier protection. Dysfunction in the skin’s
protective barrier facilitates the entry of microorganisms such as Staphylococcus aureus,
which penetrates the epidermal and dermal layers, triggering the skin’s immune response.

Regarding the cutaneous immune system, an increase in IgE and interleukins (e.g.,
IL4, IL13) has been observed in individuals with atopic dermatitis, as well as an overacti-
vation of T helper (Th) lymphocytes (e.g., Th2, Th22, Th1, Th17), eosinophils cells, mast
cells, macrophages, basophils, and dendritic cells (e.g., Langerhans cells), resulting in the
production of chemical immune mediators such as interleukins (e.g., IL-1beta, IL6, ILS,
IL10, IL21, IL22, IL.25, IL31, IL33, IL36, IL37), chemokines (e.g., CCL18), cytokines (e.g.,
TNF-alpha), leukotriene C4, and interferon-gamma. Some of these chemical mediators
trigger itching and scratching of the skin, further compromising the skin’s physical barrier
and promoting the entry of microorganisms and fungi (e.g., Staphylococcus aureus, Staphy-
lococcus epidermidis, Candida albicans, Candida parapsilosis, Malassezia restricta, Malassezia.
globosa, Malassezia. furfur, Malassezia. sympodialis, Alternaria, Aureobasidium, Aspergillus,
Cladosporium spp.). Furthermore, dendritic cells in the skin (e.g., Langerhans cells, dermal
macrophages) recognize microorganisms through TLR receptors, and via their phagocytic
capacity, become antigen-presenting cells. This process activates a broad repertoire of
adaptive immune cells, particularly T and B lymphocytes, which in turn synthesize and
secrete a large part of the aforementioned chemical mediators. Finally, various external
factors and/or environmental factors—such as personal care products (e.g., soaps, deter-
gents), changes in climate and ambient temperature, air pollution, ultraviolet radiation,
consumption of allergenic foods/diets, lifestyle choices, stress, or socioeconomic factors—
can exacerbate atopic dermatitis. These factors contribute to the dysbiosis of the cutaneous
microbiota, leading to alterations in the epidermal barrier and the cutaneous immune
system [1,4-10].

Chicken egg ovalbumin (OVA) has been administered epicutaneously and/or topi-
cally in animal models to induce changes like atopic dermatitis, being one of the classic
experimental models of the development of atopic dermatitis [11]. According to the sci-
entific literature, in murine models, OVA triggers a cutaneous inflammatory process that
causes itching and skin lesions due to scratching, which exacerbate the inflammation
of the skin, and all of which mimics the disease of atopic dermatitis [12-18]. This ex-
perimental OVA-induced model leads to significant infiltration of immune cells in the
dermis, consisting of activated T cells, mast cells, and eosinophils [12,13,15,17-24], as
well as an important response of Th2 lymphocytes with overexpression of interleukins
(IL4, IL13, IL31, IL33, IL9, IL5), chemokines (CCL11, CCL26), interferon, and elevated IgE
levels [11-13,17,21,22,25-27]. In addition, the skin of these OVA-treated animals shows
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symptoms of dryness, erythema, hemorrhage, excoriation, and edema [19,28,29], and the
main histological changes induced by OVA administration are thickening of the treated
skin areas [13,15,19,20,22-25,30]. These histological and biochemical /molecular changes
develop and improve alloknesis [31], which has been defined as the itch evoked by a
mechanical stimulus, that is, a touch-evoked itch [32,33].

Different strains of mice have been used to test the effect of OVA administration
including Balb/c [12-15,17,18,20,22-24,26,29,34], C57BL/6 [14,20,21,31], SKH-1/Hr [18],
SJL/J [12], 129Sv [14], and CD1 [35]. Most of the studies cited have used adult females
between 4 and 10 weeks of age (preferably between 6 and 8 weeks old), except for very few
studies that have used adult males between 6 and 8 weeks old [25,31]. Likewise, in most of
the studies cited above, inbred mice (e.g., Balb/c, C57BL/6, SJL/J, 1295v) have been used
preferentially, and few studies have used outbred mice (e.g., SKH-1/Hr, ICR-CD1), but
none of the previous studies make a comparison between inbred and outbred mice.

In the studies indicated above, epicutaneous administration of OVA has consisted of
absorbent patches impregnated with the OVA solution, which are placed on the shaved and
depilated skin of the back. In some studies, a small methacrylate box is even placed over
the patch to prevent it from being removed by the animal [13-15,26,27,30]. Subcutaneous
injection of OVA has been used as a sensitization method [36,37], but this route of OVA
administration has not been previously explored as a method to induce skin inflammation
and the development of dermatitis, and/or signs and symptoms like dermatitis. The
subcutaneous route is one of those used to apply allergens that activate the immune system
and trigger allergen immunotherapy [38]; it is also a route of administration of protein drugs
and/or proteins [39], and in the context of animal welfare, subcutaneous administration is
less aversive than other administration routes such as intramuscular [40,41].

All the findings described above suggest that mice treated with OVA constitute an ex-
perimental model of atopic-like dermatitis, developing most of the functional, histological,
and molecular changes described in patients with atopic dermatitis [11,20,42]. The most rel-
evant signs/symptoms in patients with atopic dermatitis are dry and inflamed skin, which
triggers itching or pruritus, and this encourages skin scratching, which further exacerbates
skin lesions [43—47]. The pathogenesis of atopic dermatitis combines dysfunction of the skin
barrier (e.g., altered expression of the filaggrin gene, reduction in ceramides) that facilitates
transcutaneous water loss and favors the entry of allergens, irritants, and microorganisms.
Alteration of the skin barrier leads to inflammation of the skin with epidermal hyperplasia,
and an increased number of mast cells, eosinophils, dendritic cells, and T lymphocytes.
There is also immune dysregulation with activation of helper type 2 lymphocytes (Th2),
which release cytokines (e.g., IL4, IL5, IL13, IL25, IL31). These cytokines released by Th2
lymphocytes but also by mast cells, eosinophils, and dendritic cells contribute to activating
small diameter sensory neurons, generating sensations of itching and pain, via activation
of TRP ion channels [44,45,48,49].

The objectives of the present work are first to study whether the subcutaneous and
topical administration of the OVA—-aluminum salt solution induces an increase in the
number/density of mast cells in the skin of the back, as well as an increase in the thickness
of the epidermis. It should be noted that the increase in the number of these cells together
with the activation of Th2 lymphocytes and the secretion of inflammatory mediators,
and the increase in the thickness of the epidermis, are the criteria for atopic dermatitis
induced by OVA in experimental models [11]. The second objective is to determine if the
administration of OVA triggers alloknesis. Alloknesis has been found in animals treated
with OVA [31], but patients with atopic dermatitis do not show signs of pain other than
itching and scratching. The third objective is studying these functional and histological
changes indicated above in two strains of mice, one inbred (Balb/c) and another outbred
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(ICR-CD1). These three objectives have been assessed using subcutaneous injection together
with topical application with a brush and variants of administration of OVA-aluminum
salt solution, which have not previously been used.

It must be indicated that mice of both strains were subjected to repeated treatment
with ovalbumin-aluminum salt solution (OVA group) or with saline solution (saline group),
following the administration pattern described by Kim et al. [23] up to 35 days, and the
pattern described by Bartnikas et al. [50] and Kopecki et al. [51] with modifications up to
49 days. At 21, 35, and 49 days of follow-up, alloknesis was assessed. On these days, the
macroscopic appearance of the animal’s dorsal skin was also evaluated (dermatitis score).

2. Materials and Methods
2.1. Animals, Ethical Regulations, and Experimental Design

Adult female (Mus musculus) mice of 8 weeks of age (25-30 g of body weight) have
been used in the present study. Mice of the Balb/c strain were purchased from Envigo
(Barcelona, Spain), and mice of the Swiss ICR-CD1 strain were purchased from Janvier
Laboratories (Le-Genest-Saint Isle, France). All in vivo experimental procedures were
performed at the Bellvitge animal facility of the University of Barcelona, following the
ARRIVE 2.0 guidelines, the ethical principles of the IASP for the evaluation of pain in
conscious animals [42], and the Directive of the European Parliament and of the Council
of 22 September 2010 (2010/63/UE), together with the approval of the Ethics Committee
for Animal Experimentation of the University of Barcelona (CEEA; CEEA number 50/19;
approved on 11 April 2019), and the Department of Agriculture, Live-stock, Fisheries, Food
and the Natural Environment of the Generalitat de Catalunya, Generalitat de Catalunya
(DAAM number 10672; approved on 22 November 2019).

Two regimens of repeated administration of OVA have been tested, one for 35 days [23]
and another for 49 days [50,51]. At 21, 35, and 49 days of follow-up, alloknesis and
the macroscopic appearance of the animal’s dorsal skin (dermatitis score) were as-
sessed. On days 35 and 49, the animals were deeply anesthetized, intraventricularly
perfused with histological fixative, and the dorsal skin was removed and processed via
histological techniques.

2.2. Induction of Atopic Dermatitis

A solution of 0.5 g of ovalbumin (grade V; #A5503; Sigma-Aldrich-Merck, Darm-
stadt, Germany) and 0.2 g of aluminum hydroxide hydrate (#A1577; Sigma-Aldrich-Merck,
Darmstadt, Germany) were prepared in 500 mL of saline solution (0.9% Vitulia Physio-
logical Serum, Barcelona, Spain) (OVA-AL solution) and another solution of 0.5 g of
ovalbumin in 500 mL of saline solution (OVA solution) was also prepared. These solutions
were filtered through 0.22 pum filters (syringe filters 0.22 NYL; #SFNY-122-100; Labbox,
Barcelona, Spain) and dispensed into 50 mL tubes (#PTSP-E50-025; Labbox, Barcelona,
Spain) and stored at 4 °C until use.

On days 0, 7, and 14, the animals received 0.2 mL of the OVA-AL solution intraperi-
toneally (i.p.). Likewise, on day 14 the animals were anesthetized with sodium pento-
barbital (50 mg/kg; 10 mg/mL; i.p.), the skin of the back was shaved using an electric
hair shaver, and then the shaved area was depilated using depilatory cream (Silky fresh
sensitive skin; Veet, Reckitt Benckiser Healthcare, Hull, UK). The shaved and depilated
area of dorsal skin was impregnated with OVA-AL solution using a Pelikan bristle brush
(n° 10; Pelikan 721431; Hannover, Germany) (OVA group). Control animals received saline
solution (i.p.) at 0, 7, and 14 days, and the shaved and depilated area of dorsal skin was
impregnated with saline solution using another Pelikan bristle brush (Pelikan, Hannover,
Germany) (saline group). Between days 15 and 21, daily the animals of the OVA group
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received 0.2 mL of OVA intraperitoneally, 0.2 mL of OVA-AL subcutaneously, and the
dorsal skin was impregnated with OVA-AL by brush, while the animals of the saline group
received 0.2 mL of saline solution intraperitoneally and subcutaneously, and the back was
impregnated with saline solution with the corresponding brush. This regimen was repeated
between days 28 to 35 and 42 to 49, leaving days 22 to 27 and 36 to 41 without administering
any OVA solution or saline solution (weeks off).

It should be noted that the brush soaked in the OVA-AL solution, or the vehicle, was
gently passed over the entire skin of the animal’s back, without applying pressure, but
overcoming the resistance of the brush as it was moved across the shaved and depilated
skin. The application time of the brush on the skin was 60 s (1 min), during which the
brush was impregnated three times with the corresponding solutions, according to the
experimental group. Once the solutions were applied with the brush, the dorsal skin
of the animal was left uncovered and not occluded by any dressing meaning the skin
remained exposed.

Regarding the experimental groups, two groups of animals were used in this study,
(i) the saline group, treated with saline solution, and (ii) the OVA group, treated with
ovalbumin (OVA) during sensitization with OVA-AL, and at different weeks (15-21, 28-35,
42-49) with OVA administered intraperitoneally.

2.3. Evaluation of Alloknesis and Cutaneous Alterations

At days 21, 35, and 49 after administering OVA or saline solutions, alloknesis and
skin changes were evaluated. For this, each animal was placed in a conventional mouse
cage (#1284L Eurostandard Type II L; Tecniplast, Buguggiate, Italy) for 10 min. After this
time, alloknesis was determined using the method described by Akiyama et al. [52,53] with
minor modifications. At 3 min intervals, each animal received 5 innocuous mechanical
stimuli on the back, using the 2.83 von Frey filament that causes a force of 0.07 g. These
stimuli were applied at 5 different points on the back. After applying the von Frey filament,
the presence or absence of a positive response to stimulation was assessed, in the form of
scratching the stimulated area and/or vocalization to the stimulus received (scratching
and/or vocalization were considered positive responses). The final value of alloknesis was
the total number of positive responses recorded at the five stimulation points on the back.
For each positive response, 1 point was given, so the value of the alloknesis varied between
0 points (no response) to 5 points (maximum response).

After assessing alloknesis but keeping each mouse inside the cage, the degree of
skin alterations was assessed using the dermatitis score described for rodents based on
SCORAD. The SCORAD assessment is based on the degree of the development of ery-
thema/hemorrhage, scarring/dryness, edema, and excoriation/erosion on the skin of
the back was scored as 0 (none), 1 (mild), 2 (moderate), and 3 (severe). The sum of the
individual scores was taken as the dermatitis score, which can range from a minimum
score of 0 points (absence of dermatitis) to a maximum score of 12 points (very severe
dermatitis) [54-59].

2.4. Histological Evaluation

At the end of follow-up and after performing all functional evaluations, animals were
deeply anesthetized with sodium pentobarbital (90-100 mg/kg; 10 mg/mL; i.p.) and
perfused intraventricularly with 4% paraformaldehyde solution in phosphate buffer saline
(PBS; 0.1 M, pH = 7.4). Subsequently, the dorsal skin was removed and placed inside
a jar filled with this same fixing solution for 25 days at 4 °C. Subsequently, the fixative
solution was changed to a cryoprotective solution of 30% sucrose in PBS, for at least another
25-30 days at 4 °C.
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Each dorsal skin sample was spread on a cork plate by means of needles placed at
its edges. In this position, an approximately 2 cm? square was cut out from the center of
the extended skin, which was embedded with Tissue Freezing Medium (Ref: 0201-08-926;
Leica, Barcelona), by using a special mold. Next, the mold with the skin was frozen by
placing it inside a cryostat (CM1520, Leica, Barcelona, Spain) at —24 °C, obtaining a block
of freezing medium with the skin inside. Next, the block was detached from the mold
and placed on the cryostat stage, properly orienting the block with the skin, to obtain
20 um-thick cross sections of the skin that were collected on pregelatinized slides.

Between 8 and 10 histological sections from each animal were stained with hema-
toxylin and eosin (H&E). To conduct this, first the sections were stained for 30 s with hema-
toxylin (#HEMA-HPS-500; Labbox, Barcelona, Spain), removing the excess staining with tap
water. Next, a wash with 70% ethanol was performed for 5 min, and then the sections were
stained with eosin (# EOYDE-S0D-500; Labbox, Barcelona, Spain) for two minutes. Finally,
the slides with the histological sections already stained were dehydrated in increasing
ethanol baths (70°, 96°, 100°, 100°) for 5 min/bath, xylene bath for 2 min, and finally the
coverslip was mounted with DPX (#1.01.979.500; Merck, Darmstadt, Germany).

The images of the histological sections stained with H&E were used to calculate
the thickness of the epidermis and dermis, also using the free software Image-] (version
2.14.0/1.54f). To achieve this, using the segmented lines command, 10 segmented lines
were placed on the epidermis marked more intensely on the dermis, placing the origin at
the edge of the epidermis, and the end at the base of the epidermis. Each unit of segmented
lines gave a value of length (thickness) of the epidermis. The same was repeated for the
dermis, placing the origin at the epidermis—dermis limit, and the end at the limit between
the dermis and hypodermis (rich in adipose tissue). Thus, each unit of segmented lines
gave a value of length (thickness) of the dermis. Finally, for each image, the final thickness
of the epidermis and dermis was the average value of the 10 segmented lines units. In both
the dermis and the epidermis, these 10 units of segmented lines were placed throughout
the entire image of the histological section.

Another set of 8-10 histological sections of skin from each animal was used to stain
with commercial Giemsa solution (fEOMB-MSD-1KO0; Labbox, Barcelona, Spain) diluted
in distilled water (1Giemsa: 4water, v/v) for 90 min. Subsequently, they were washed
with 0.1% acetic acid and 96° ethanol for 15-20 s each wash. Next, three 2 min baths were
carried out with methanol and finally another three 2 min baths with xylene. The coverslip
was mounted with DPX. Giemsa staining allows the visualization of mast cells, in various
tissues, including the skin [60-62]. The number of mast cells was manually counted from
captured images of the histological sections stained with Giemsa, using Image-J (version
2.14.0/1.54f) software to avoid counting errors. Two independent investigators performed
the counts in a blinded manner.

A separate set of 8-10 histological sections of skin from each animal was stained
with Masson’s trichrome, which highlights collagen fibers (type I and IV) deposited in
the dermis and epidermis [63-66]. A standard Masson trichrome kit (#TRIC kmA-100,
Labbox, Barcelona, Spain) was used, and the manufacturer’s protocol was followed. After
staining, the sections were rinsed with distilled water to remove excess dye and dehy-
drated in a series of 5 min baths with increasing concentrations of ethanol. Finally, after
two minutes in a xylene bath, the coverslip was mounted with DPX. The thickness of
the collagen fibers in the epidermis was measured from the images captured using the
optical microscope and digital camera described above. The measurements were made
using Image-J (version 2.14.0/1.54f) and the same method previously described for the
histological sections stained with H&E. Two independent researchers assessed the collagen
thickness using Masson’s trichrome stain.
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2.5. Statistical Analysis

The functional, behavioral, and histological analyses were performed blindly, using a
numerical code for each animal. Statistical comparison between the different experimental
groups was made using Kruskal-Wallis and Mann-Whitney U non-parametric statistical
tests. Results are shown as mean = standard error of the mean (SEM), and in all statistical
analyses the level of significance is p < 0.05. The statistical program GraphPad Prism 9.0 for
Macintosh was used.

3. Results

3.1. Response of Alloknesis, Scratching, and Skin Lesions in Balb/c and ICR-CD1 Animals Treated
with OVA-Aluminum Salt Solution

At days 21 and 35 of follow-up, none of the animals treated with OVA-aluminum salt
(OVA group) solution showed positive responses to cutaneous stimulation with the von
Frey filament of 2.83, suggesting that these animals treated with OVA via subcutaneous
injection and cutaneous application with a brush did not show positive alloknesis responses.
These animals did not present a scratching response to the mechanical stimulus, nor did
they present audible vocalization responses.

On days 21 and 35 of the follow-up, the degree of skin injury on the back was evaluated
using the dermatitis scale adapted for rodents [54-59]. At 21 days of follow-up, none of the
animals from the different experimental groups showed signs of skin lesions. At 35 days
of follow-up, dermatitis score values in Balb/c animals were 1.16 &+ 0.21 and 0.18 = 0.12
in mice treated with OVA and saline, respectively. In ICR-CD1 animals, these values
were 0.33 £ 0.33 and 0 =+ 0 in mice treated with OVA and saline, respectively. Significant
differences (p < 0.05) were observed between saline-treated and OVA-treated animals in
both mouse strains. Additionally significant differences (p < 0.05) were observed between
OVA-treated Balb/c mice and OVA-treated ICR-CD1 mice.

Animals with skin lesions mainly showed signs of dryness with erythema/edema
and desquamation. Occasionally some of them showed a linear lesion of small partially
confluent papules that formed a plaque. Both types of lesions are dermatitis-like typical
(Figure 1). These results suggest that animals treated with OVA present mild skin lesions.

Figure 1. Images of the back of the mice treated with saline and OVA. At 35 days, animals treated
with OVA do show dorsal lesions (A—C), while animals treated with saline do not show dorsal skin
lesions (D). Areas with lesions are shown in the black box. (A,B,D) correspond to Balb/c mice and
(C) to ICR-CD1 mice.

All these findings suggest that the subcutaneous injection of OVA together with the
cutaneous impregnation of this solution with a brush triggers very mild lesions of the skin
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of the back that do not involve scratching the skin, nor a positive response to mechanical
stimulation with the von Frey filament (alloknesis), in both strains of mice.

3.2. Histological Changes on the Skin of the Back in Balb/c and ICR-CD1 Animals Treated with
OVA-Aluminum Salt Solution

At 35 days, the mast cell counts performed by independent researchers in the different
experimental groups are presented in Table 1.

Table 1. Mast cell count results by two independent researchers.

Groups Research 1 Research 2
Balb/C-Saline 37.64 &+ 6.05 36.82 + 8.42 p = 0.7599
Balb/C-OVA 55.40 +9.13 63.80 &= 11.03 p =0.5421
ICR/CD1-5aline 21.33 £2.30 19.75 £1.96 p =0.6325
ICR/CD1-OVA 33.11 £ 6.56 35.33 £6.29 p =0.6823

As shown in the table, there are no significant differences between the mast cell counts
performed by the two independent researchers.

At 35 days of follow-up, the number of mast cells in the dermis of histological sections
stained with Giemsa significantly increased in animals treated with OVA compared to those
treated with saline in both strains of mice (Figure 2A). When comparing the number of mast
cells between Balb/c and ICR-CD1 mice treated with OVA, the values were 59.60 & 7.05
and 34.22 £ 4.41, respectively, with significant differences (p = 0.0028) observed between
the two groups of animals. Similarly, the number of mast cells in saline-treated animals
was 37.23 £ 5.06 and 20.52 £ 1.48 in mice of the Balb/c and ICR-CD1 strains, respectively,
with significant differences (p = 0.0156) between the two strains. Mast cells stained with
Giemsa appear violet in color with internal granules, though not all violet cells clearly
show these granules. These cells were present in all histological sections from the different
experimental groups (Figure 2B), with greater numbers observed in the groups treated
with ovalbumin.

On the other hand, at 35 days of follow-up, the thickness of Masson’s trichome staining,
evaluated by two independent researchers (researcher 1 and researcher 2) in the different
groups, is shown in Table 2. No significant differences in collagen thickness were found
between the two researchers who evaluated this parameter.

The thickness of Masson’s trichrome staining in dorsal skin samples is significantly
higher in animals treated with OVA compared to those treated with saline in both strains
of mice (Figure 3A). Collagen deposition in the epidermis and dermis is visibly marked
as an intense blue in the histological sections (Figure 3B). When comparing the thick-
ness of the Masson’s trichomic staining in the histological sections of the animals treated
with OVA from the Balb/c and ICR-CD1 strains, it was observed that the thickness
was 458.8 £ 34.96 um and 517.9 £ 40.50 pm, respectively, with no significant differences
(p = 0.4023) between the two groups of mice.

Table 2. Thickness of Masson’s trichrome staining results by two independent researchers.

Groups Research 1 Research 2
Balb/C-Saline 546.6 £ 30.57 554.9 +23.9 0.7283
Balb/C-OVA 458.7 + 54.42 458.9 + 46.16 0.6058
ICR/CD1-5aline 623.9 & 34.40 642.7 £+ 30.70 0.9430
ICR/CD1-OVA 517.7 £ 60.11 518.1 £ 58.45 0.7984
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Figure 2. Mast cells result in the histological sections of the dorsal skin at 35 days in the different
experimental groups. (A) The histogram shows a significant increase in the number of mast cells
in the animals of the OVA-AL group compared to the control (saline) group in both strains of mice.
Significant differences in mast cell numbers were observed between mouse strains, both saline- and
OVA-treated (see text). (B) Panel of images showing mast cells from histological sections stained
with Giemsa from the different experimental groups: Balb/c-OVA (1, 2, 3), Balb/c-Saline (4, 5, 6),
ICR-CD1-OVA (7, 8, 9), ICR-CD1-Saline (10, 11, 12). Values are expressed as mean =+ standard error of
the mean (SEM). The number of animals per experimental group is 5 (n = 5). * p < 0.05 and ** p < 0.01
compared to the control group (saline). Scale bar = 100 um for all panel images.
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Figure 3. Results of the thickness of Masson’s trichrome labeling in histological sections of the dorsal
skin at 35 days across the different experimental groups. Masson’s trichome labeling allows for the
visualization of collagen fiber deposition in the skin. (A) The histogram shows that the thickness
of this labeling is significantly greater in the OVA-treated experimental groups compared to the
saline-treated control groups, in both strains of mice. (B) Panel of images of histological sections from
animals in the different experimental groups stained with Masson’s trichrome, showing collagen
deposition in both the epidermis and dermis. Values are presented as the mean =+ standard error of
the mean (SEM). The number of animals per experimental group is 5 (n = 5). * p < 0.05 and ** p < 0.01
compared to the control group (saline). Scale bar = 100 um for all panel images.

Finally, at 35 days, in the histological sections of the dorsal skin stained with
hematoxylin—eosin, it was revealed that the epidermal thickness was 27.28 + 1.14 pm
and 23.52 =+ 0.92 um in Balb/c animals treated with saline and OVA, respectively. Sig-
nificant differences were observed between both experimental groups (p < 0.05). In the
ICR-CD1 strain, the epidermal thickness was 26.51 + 1.61 pm and 25.53 + 1.12 ym in
the animals treated with saline and OVA, respectively, with no significant differences
observed between the two experimental groups. When comparing the epidermal thick-
ness of OVA-treated animals, no significant differences were observed between Balb/c
and ICR-CD1 strains (p = 0.2300). Regarding dermal thickness, in Balb/c animals, it was
190.37 + 11.11 um and 203.32 £ 14.37 um in the histological sections of the dorsal skin
from saline- and OVA-treated animals, respectively, with no significant differences between
the two experimental groups (p > 0.05). Similarly, in ICR-CD1 animals, dermal thickness
was 191.94 £ 12.05 um and 172.77 £ 7.52 um in saline- and OVA-treated animals, respec-
tively, with no significant differences observed between the two groups (p > 0.05). When
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comparing the dermal thickness of OVA-treated animals, no significant differences were
observed between Balb/c strains and ICR-CD1 strains (p = 0.5656).

These findings suggest that the subcutaneous injection of OVA solution together with
the impregnation of the dorsal skin with this same solution using a brush increases the
number of mast cells in the skin and the thickness of the epidermis compared to the saline-
treated animals, in both strains of mice. The increase in cutaneous mast cells and epidermal
thickness are indicators of atopic dermatitis in experimental models induced by OVA [11].

In summary, most of the parameters evaluated in OVA-treated mice are similar be-
tween both strains, with the exceptions of the dermatitis score and mast cells counts, which
are higher in Balb/c mice than in ICR-CD1 mice (Table 3). Furthermore, when analyzing
the functional, behavioral, and histological changes following the administration of OVA
and saline, these changes are more pronounced after OVA treatment than after saline, a
pattern that is consistent in both Balb/c and ICR-CD1 mice. These results suggest that
an inbred strain does not offer significant advantages over an outbred strain, despite the
higher cost of purchasing inbred mice. Consequently, the 49-day regimen was conducted
using the outbred ICR-CD1 strain.

Table 3. Summary of the main results obtained after 35 days of monitoring in the two strains of mice
treated with ovalbumin (OVA).

Balb/c Mice ICR-CD1 Mice

Alloknesis None None
Dermatitis score ++ +/none
Mast cells +++ ++
Thickness of epidermis = =
Thickness of dermis = =
Thickness of Masson’s trichomic labeling = =

NOTE: “=": equal; “+”: very slight increase; “++": slight increase; “+++": moderate increase.

3.3. Functional and Histological Changes in ICR-CD1 Mice Treated with OVA-Aluminum
Salt Solution

In the pattern of repeated administration of OVA up to 49 days, none of the animals
treated with OVA or saline showed signs of alloknesis when the skin of the back was
stimulated with the dee von Frey 2.83 filament. In the assessment of skin changes, on day
21 of the follow-up, the animals of both experimental groups showed a similar score, but
on days 35 and 49 of the follow-up only some animals treated with OVA showed signs of
skin changes (Figure 4A). The main sign presented by the animals of both experimental
groups was dry skin, which was observed in both groups at 21 days, but on the following
days this sign of lesion skin only remained in animals treated with OVA.

On the other hand, at 49 days of follow-up the histological analysis of the dorsal skin
showed a significant increase in the number of mast cells (Figure 4B,D) in the histological
sections of the animals treated with OVA compared to those treated with saline. Likewise,
the thickness of the labeling of collagen fibers from the dorsal skin, stained with Masson’s
trichrome stain, was significantly higher in the histological sections of the animals treated
with OVA compared to those treated with saline (Figure 4C).

Table 4 shows a summary of the main functional and histological changes observed at
35 and 49 days of follow-up in the ICR-CD1 animals treated with OVA or saline. The pattern
of changes is similar between day 35 and 49 of the follow-up for most of the parameters
evaluated. In general, the magnitude of change observed at day 49 of follow-up is slightly
greater than that observed at day 35 of follow-up. Overall, by lengthening the exposure
time to OVA, it causes more changes and of a slightly greater magnitude.
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Figure 4. Results of ICR-CD1 mice subjected to OVA and saline treatments up to 49 days of follow-up.
(A) Results of the assessment of the degree of skin alterations using the mouse dermatitis score in
both experimental groups on the different days of follow-up. (B) Results of the mast cells count in the
dorsal skin of both experimental groups at 49 days of follow-up. (C) Thickness of the marking of
collagen fibers in the dorsal skin made by staining with Masson’s trichrome at 49 days of follow-up.
(D) Panel of histological images of dorsal skin stained with Giemsa, from both experimental groups,
in which blue-violet cells can be observed in the dermis, which correspond to mast cells. The quantity
of these cells is greater in the images from the OVA group than in those from the saline group. Values
are mean =+ standard error of the mean (SEM). The number of animals per experimental group is
5(n=5). *p <0.05 and ** p < 0.01 compared to the control group (saline). Scale bar = 100 pum.

Table 4. Functional and histological changes observed in ICR-CD1 animals at 35 and 49 days of

follow-up.
Parameter 35 Days of Follow-Up 49 Days of Follow-Up
Alloknesis No No
Skin lesion Yes (dryness) Yes (dryness)
Mast cells in dorsal skin OVA > saline OVA > saline

Collagen staining on dorsal skin
(Masson'’s trichome stain)
NOTE: “>": value greater than.

OVA > saline OVA > saline

4. Discussion

The present study shows that animals treated with OVA present cutaneous signs of dry
skin, which is not accompanied by alloknesis and skin scratching. Histologically, animals
treated with OVA presented a greater number of mast cells in the dorsal skin, as well as
a greater thickness of collagen, compared to animals treated with saline solution. These
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results were similar between the two mouse strains used. Comparatively, at 49 days the
changes observed are slightly more intense than those observed at 35 days.

Previous studies have shown that mice sensitized and topically treated with OVA only
showed redness, scaling, and dry skin compared to control animals [23,67-69]. There are
studies that describe erythema and excoriation [31], skin inflammation and hypertrophic
scars [70], erythema and thickening of the skin [51,71], edema, excoriation, and scaling [72],
and bleeding, eczema, and dryness [73]. All these studies suggest that sensitization and
topical treatment with OVA generate mild skin lesions such as erythema and dry skin, up
to severe lesions with edema, excoriation, and desquamation, and even bleeding. In other
words, the degree of skin injury is not uniform despite using the same procedure.

Several studies have shown that topical application of OVA causes itching or pruritus,
which induces spontaneous skin scratching responses that contribute to the generation of
skin lesions assessed by the dermatitis scale [31,74]. Based on the results observed in this
study, it can be deduced that the level of itching caused by subcutaneous administration
and cutaneous impregnation with a brush of OVA solution was not intense enough for
the animals to have notorious and repeated scratching responses that would injure the
dorsal skin. This deduction is also because the animals treated with OVA did not show
an alloknesis response, although other authors did observe this response in animals also
treated with OVA [31].

The topical application of inflammation-inducing agents generates itching, scratching,
and alloknesis responses [53,75-77], which are caused by an increase in the number of mast
cells [78-82] and eosinophils [83,84] into the inflamed skin. Eosinophils and mast cells in
the skin are a characteristic feature of atopic dermatitis [85-87]. Both types of cells also
increase in the skin of animals treated with OVA compared to animals treated with PBS or
saline [15-17,88].

In the present study, a significant increase in mast cells was also observed in the skin
of mice treated with OVA compared to mice treated with saline, even though no severe skin
lesions were detected in these animals, and that all this apparently is not accompanied by
itching and alloknesis. Various reasons can explain all this: the first reason may be that the
animals do have itching, but in a very dorsal area and not very accessible to scratching with
the hind legs; therefore, the skin lesions have been minimal, and this has not exacerbated
the dermatitis. It is well known that scratching due to pruritus amplifies and perpetuates
atopic dermatitis in both humans [89,90] and animal models [54,91,92]; however, mouse
strains Balb/c and ICR-CD1 present fewer scratch responses to pruritic stimuli than other
strains such as the NC/Nga and C3H/HeN under conditions of dermatitis [91]. Faced
with pruritogenic stimuli administered subcutaneously, mice of the Balb/c strain were the
ones that showed a significantly lower scratching response than 10 other unbred strains of
mice, while the C57BL/6 strain is the one that showed very high signs of scratching [93].
Another reason may be related to the procedure of cutaneous application of ovalbumin
(OVA) solution. Most studies use OVA application protocols using impregnated patches
that adhere to the skin surface for a week at a time, allowing OVA to stay in contact with
the skin longer. These studies describe skin scratch lesions, erythema, dry skin, and even
bleeding [13-15,20,26,31,51,67,68,94,95]. In the present study, subcutaneous injection, and
dorsal application of the OVA solution by brush is not enough to generate skin lesions as
described above; however, this method of OVA application induces histological changes
in the skin like those described when it is applied by skin patch. Tests prior to this study
carried out by the research group confirm that the skin patches (Cosmopor E—7.2 X 5 cm;
Hartmann S.A., Matard, Spain) impregnated with OVA only last if the animals remain
under the effects of anesthesia. By the time they wake up, they tend to remove the patch on
each other’s back. Likewise, the use of dorsal tape does not make it easier for the patch to
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remain on the back, and on the contrary generates a greater stress response in the animals
(unpublished results). It should be noted that there are researchers who have placed plastic
protections (mini boxes) on the back of the animals to prevent them from removing the
impregnated patch [96]. However, this procedure of the mini plastic boxes would not
have been approved by any of the ethics committees to which the animal experimentation
procedure that supports this work was presented.

OVA treatment also results in increased deposition of extracellular matrix components
in the dermis, especially collagen. This increase in collagen deposition identified with
Masson’s trichrome staining in animals treated with OVA has also been described by
other authors at the level of the airways when there is inhalation of OVA as an asthma
model [97,98] or rhinitis [99]. On the other hand, in skin biopsies of diabetic subjects there
is an increase in mast cells and deposition of collagen fibers, with a positive relationship
between both parameters [100]. In patients with breast cancer treated with radiotherapy,
an increase in collagen deposition in the irradiated skin is observed, together with an
increase in the number of mast cells [101]. Taken together, all these findings suggest that
mast cells induce an increase in collagen deposition in the skin. There is evidence that
mast cells promote fibroblast proliferation and collagen deposition, and that several mast
cell factors (e.g., TGF-beta, TNF-alpha, histamine, tryptase, mast cell chymase) may be
involved [101-103]. There are no previous studies that have evaluated the deposition of
collagen in the skin of animals treated with OVA. The present study is the first to analyze
collagen deposition in the skin of animals treated with OVA, which is also accompanied by
an increase in skin mast cells. On the other hand, there is clinical evidence that suggests that
an exaggerated deposit of skin collagen is accompanied by increased pruritus [104-106].
This excess collagen deposition in the dermis, which causes the skin to appear dry, is
associated with increased interleukin-6 levels (IL6) [107] and TGF-f3 [108]. The TGF-f3
factor induces the secretion of IL33 by dermal dendritic cells, which in turn stimulates
the sensory terminals responsible for the itch sensation [109]. IL6 is a factor that also
induces itch [110]. Pruritic dermatitis conditions are also accompanied by increased IL6
levels [111-113]. Together, all these findings suggest that the increase in collagen in the skin
of animals treated with OVA could be mediated by factors released by mast cells, and that
all of this can potentially cause itching and skin scratching.

In the experimental model of epicutaneous patch sensitization, after shaving and
waxing the skin on the back, a patch of various materials (e.g., sterile gauze, alginate
dressing) measuring 1 x 1 cm was impregnated with ovalbumin solution and aluminum
salts, and was placed on the back of the animal, securing it with a transparent bio-occlusive
dressing or transparent adhesive tape [13,15,17,24,31,95]. In other cases, a Finn disk or
chamber was used, held in place with transparent adhesive tape and soaked in the oval-
bumin solution [27]. The patch and/or Finn disk were kept on the animal’s back for one
week and then removed. After 2 weeks, another patch was placed on the same area of
skin, and this was repeated three times. In this model, an increase in serum IgE has been
observed, as well as an increase in chemical mediators in the skin including cytokines
(e.g., IL4, IL5, 1110, IL13), chemokines (CCL17, CXCL9, CXCL10, CXCL11), interferon (e.g.,
IFN-gamma), and cellular elements (e.g., neutrophils, eosinophils, mast cells) has been
observed [12,13,15,17-21,23-29,35,95]. Decreased levels of filaggrin have been described in
the skin of animals treated with OVA [23,28]. An increase in the thickness of the epidermis
and dermis has also been observed in this experimental model of atopic dermatitis [23,28].
In the present study, molecular changes in the skin of animals treated with ovalbumin and
their respective controls were not evaluated, and plasma levels of IgE were not determined
either. Thus, the lack of a cytokine profile may be one of the limitations of this work;
therefore, future studies should be carried out to analyze the expression of IL4, IL13, and
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IL31 in the skin to confirm Th2 polarization, using the application method described in
this work.

Nevertheless, compared with all these previous studies, the present study also ob-
served an increase in mast cells in the skin treated with ovalbumin compared to control
animals, as well as changes in the thickness of the epidermis and dermis. Although molecu-
lar changes in the skin after subcutaneous administration of ovalbumin cannot be affirmed
in the present study, other previous studies have observed that repeated subcutaneous injec-
tion of OVA or OVA-AL causes an increase in eosinophils and neutrophils in the peritoneal
region [114] and in the bronchoalveolar lavage fluid [115,116]. An increase in interleukins
(IL4, IL13) is also observed in bronchoalveolar lavage fluid after repeated subcutaneous
administration of OVA or OVA-AL [117]. These repeated subcutaneous injections of OVA
or OVA-AL also induce an increase in plasma IgE and IgG levels [118,119]. Subcutaneous
injection of OVA into the sole of the paw causes skin inflammation, with increased levels of
interleukins (IL-1beta, IL6, IL13), cytokines (TNF-alpha), and chemokines (CCL11) in the
skin of this region [120]. Subcutaneous injection of ovalbumin into the plantar skin of the
mouse causes a cutaneous increase in proinflammatory factors (IL33, TNF-alpha, IL1-beta)
generating mechanical hyperalgesia [121]. In a recent study, it was observed that regarding
the thickness of the epidermis and dermis, the increase in skin thickness was greater in
animals with subcutaneous injection of OVA-AL and less in animals with an OVA-AL
patch. However, the level of IgE increased significantly in both animals treated with a patch
and subcutaneous injection of OVA-AL. It should be noted that these authors reported
issues with the group of mice treated with the OVA-AL patch, as the animals removed the
patch, even when it was fixed with adhesive tape [122]. All of this evidence suggests that
application of OVA or OVA-AL in a skin patch induces a local immune response at the
patch site, whereas the subcutaneous injection of OVA or OVA-AL has both generalized
immune effects and local immune effects at the treated skin. Furthermore, although not
studied in detail in the present study, the immune responses of animals treated with oval-
bumin using the methodology described in the present study may differ from the immune
responses observed in epicutaneous sensitization with an ovalbumin-soaked patch. In
this context, epicutaneous sensitization with application of a patch soaked in ovalbumin
solution causes an increase in CD3+ cells [13-15,22], CD4+ cells [13-15,20,22,23,25,26,73],
CD8+ cells [15], CD11+ cells [17,23,25,73], and CD45+ cells [13,14], as well as IL1 [13,23,35],
TL4[13,14,17,18,20,22-25,28,35,68], IL5 [13,14,24,28], IL6 [26], IL10 [17,28], IL9 [26], IL12 [22],
IL13 [15,17,20,23,24,28,35), IL17 [18,26], IL31 [24,68], and interferon-gamma [13,14,17,26] in
comparison to vehicle-treated animals. Following subcutaneous injection of ovalbumin,
an increase in IL1 [120,121], IL6 [120], IL13 [120], and IL33 [121], as well as CD4+ cells
and CD25+ cells [123], also were seen. All this experimental evidence suggests that the
application of skin patches soaked in ovalbumin induces a more intense immune response,
with a greater variety and quantity of interleukins and other immune mediators, as well as
a higher number of immune cells, than the subcutaneous administration of ovalbumin.

On the other hand, cutaneous application of a microneedle patch loaded with an
ovalbumin solution causes activation and proliferation of cytotoxic T cells and helper T cells,
as well as an increase in IL2 and interferon gamma compared to a microneedle patch loaded
with vehicle [124]. Likewise, in patches with microneedles soaked with ovalbumin it has
also been observed that most cells in the lymph nodes are CD3+ cells (T lymphocyte cells;
63.7%), followed by B220+ cells (B lymphocyte cells; 32.4%), CD11b cells (2%), CD11c cells
(1.1%), and natural killer cells (0.8%) [125]. The degree of immunogenicity observed with
these patches with microneedles filled with ovalbumin is much higher than that observed
with intramuscular injection of ovalbumin [126]. This route of cutaneous administration
of ovalbumin using microneedle patches also causes higher levels of immunoglobulin G
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than subcutaneous administration of ovalbumin [127]. This evidence also suggests that the
application of microneedle patches soaked with ovalbumin show a greater immunogenicity
response than subcutaneous injection.

The administration of ovalbumin in different species of animals (e.g., rodents, lago-
morphs) constitutes an experimental model of various pathologies such as allergic airway in-
flammation [128], allergic rhinitis [129,130], asthma [131-133], cough [134], hypersensitivity
pneumonitis [135,136], anaphylactic shock [137,138], vasculitis [139], scleritis [140], allergic
conjunctivitis [141,142], food allergy [143-146], autoimmune encephalomyelitis [147,148],
eosinophilic otitis media [149,150], arthritis [151-153], polymyositis [154], and atopic der-
matitis [13,15,17,18,28,31,155]. In all these pathologies, ovalbumin causes an increase in
inflammatory/immunity processes. It is well known that ovalbumin (OVA) is not intrinsi-
cally immunogenic and therefore has to be injected in the presence of adjuvants (substances
that increase the immunogenicity of an antigen), typically aluminum salt [156]. The ad-
ministration of the OVA and aluminum salt solution (OVA-AL) triggers an activation of
type 2 helper lymphocytes (Th2), an effect that is called sensitization. Further, immuniza-
tion of OVA-AL to the sensitized animals synergizes the former immune response, and
animals exhibited inflammation, infiltration of eosinophils, production of Th2 cytokines,
and increase in serum IgE, changes observable in most of the previous pathologies induced
by OVA-AL [157]. In the present work, we have used the administration of OVA-AL
via subcutaneous injection and skin impregnation with a brush to generate skin changes
like atopic dermatitis, with the future objective of using this procedure for inducing skin
changes to apply potential therapies.

In the present study, animals treated with the ovalbumin dilution vehicle (saline solu-
tion) were used as the control group, consistent with previous studies [13,14,20,28,35,50,51].
However, another potential control group that could have provided additional insights
would have been animals treated with ovalbumin without aluminum salts. This omission
can be considered a limitation of the current study. Additionally, the lack of an epicutaneous
positive control, i.e., animals treated with a patch soaked in ovalbumin and aluminum salts
(the classic model of epicutaneous sensitization with ovalbumin) is another limitation of
this work. Therefore, further studies are needed to compare the model described here with
traditional skin patch-based models.

Despite these limitations, the experimental model described in this study was chosen
because the animals removed the ovalbumin—aluminum salts-soaked patch. As previously
mentioned, unpublished data indicated that animals removed the patch after awakening
from anesthesia, even when the patches were secured with adhesive tape. This fixation
method caused a significant stress response in the mice (unpublished results). Similar
challenges with patch fixation have been reported by other researchers [122], as discussed
earlier. To minimize these issues, alternative methods such as using mini plastic boxes
on the dorsal side to prevent patch removal, preventing the animals from removing the
patch [96], housing animals in isolation, or the combination of both could be employed.

Regarding housing, European and Spanish legislation on the care of experimental
animals recommends group housing [158,159]. Consequently, the animals in this study
were kept in groups of five per cage. However, this group housing arrangement required
the removal of the patches soaked in OVA-AL, which led to the adoption of an alternative
methodological approach in this study. The proposed model, although not without its ad-
vantages, disadvantages, and limitations, was chosen as the most suitable for the objectives
of this work, as discussed in the preceding paragraphs.

As previously mentioned, the lack of alloknesis (i.e., scratching in response to mechan-
ical stimuli in ovalbumin-sensitized skin that could cause itching) may be attributed to
several factors: (i) the administration route of ovalbumin may not induce sufficient changes
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in the skin to trigger itch and scratching responses; (ii) the dorsal area of the sensitized
skin may be inaccessible for scratching by the hind paws of the mice; and (iii) the strains
of mice used may have a lower propensity for scratching behavior. In addition to these
factors, the recent scientific literature on itch in atopic dermatitis suggests that itching
shares similarities with pain, as both involve similar mechanisms. These include neuronal
sensitization due to exposure to proinflammatory agents (e.g., cytokines, chemokines),
activation of intracellular pathways in neurons common to both itch and pain (e.g., TRPV
ion channels, voltage-dependent ion channels), and growth factors (e.g., NGF) that enhance
both pain and itch in a feedback loop [160]. Furthermore, it has recently been observed that
chronic scratching in individuals with atopic dermatitis or brachioradial pruritus triggers
structural changes in peripheral nerve fibers, particularly an increase in the branching of
nerve terminals in the epidermis [161]. The absence of alloknesis in the present study may
also be due to a lower sensitization of peripheral nerve fibers, or to a reduced branching of
nerve fibers innervating the skin, resulting from the minimal scratching behavior observed
in Balb/c and ICR-CD1 animals. Immunohistochemical analysis of dorsal skin samples
from OVA-treated mice, visualizing cutaneous nerve fibers immunoreactive to CGRP (calci-
tonin gene-related peptide) and/or to PGP9.5 (Protein Gene Product 9.5), could provide
valuable insights into the terminal branching of these nerve fibers, which are described
as nociceptive fibers. This analysis could help correlate potential structural changes in
nociceptive fibers with the low or absent alloknesis responses observed [162,163].

Low sensitization and/or desensitization of the afferent nerve fibers through which
sensory information related to itching and pain is transmitted may contribute to the absence
of alloknesis. There are two primary pathways of pruritus (itching), each stimulated
by different receptors: histamine receptors in the epidermis and cowhage receptors in
the dermis. Action potentials are transmitted by mechanically insensitive C fibers and
polymodal C fibers, respectively, to secondary neurons in the dorsal horn [164].

At the molecular level, there are three G-protein-coupled histaminergic receptors (H1,
H2, H3) for histamine. These receptors activate phospholipase C, phospholipase A2, and
transient receptor potential vanilloid 1 (TPRV1), which increases intracellular calcium levels
in skin-specific dorsal root ganglion sensory neurons. In contrast, cowhage cleaves the
extracellular domain of protease-activated receptor 2 (PAR2), activating phospholipase
C, TRPV1, and transient receptor potential ankyrin 1 (TRPA1), resulting in membrane
depolarization [164].

The receptor common to both itch and pain pathways is TRPV1, as it is activated
by both histamine and cowhage stimuli. It is known that persistent stimulation of the
TRPV1 receptor by chemical stimuli such as inflammatory mediators (e.g., interleukins,
cytokines) triggers receptor activation, which at the neuronal level leads to a decrease in
excitability and results in complete insensitivity to subsequent stimuli, a process known as
desensitization [165]. Activation of the TRPV1 receptor by inflammatory mediators causes
calcium ions to enter neurons. This increase in intracellular calcium activates various
calcium-dependent intracellular cascades leading to the dephosphorylation of the receptor,
which in turn triggers receptor desensitization [166,167]. As a result, the nerve fibers no
longer respond to pruritogenic stimuli, resulting in the desensitization of the pruritogenic
sensory receptors.

Recently, an increase in TRPV1 expression in skin nerve fibers has been observed
in atopic dermatitis induced with trinitrochlorobenzene in Nc/Nga Mice [168]. In the
ovalbumin-induced atopic dermatitis model, intrathecal injection of IL-31 has been shown
to evoke pruritus in mice, with the IL-31 receptor co-localizing in TRPV1-positive DRG
neurons [169].
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These findings suggest that the TRPV1 receptor is expressed in experimental models
of atopic dermatitis, and that its activation by interleukins triggers pruritus (itching).
Furthermore, experimental evidence indicates that TRPV1 receptor expression is lower in
the afferent nociceptive fibers of Balb/c mice compared to C57BL/6 mice [170]. Overall,
nerve fiber desensitization could be attributed to the lower expression of TRPV1 receptors,
which varies depending on the animal strain, leading to a loss of alloknesis.

Author Contributions: All authors have contributed sufficiently to be included as authors. Con-
ceptualization, G.B., AM.G,, PB.-V. and E.V.; methodology, G.S.-D., AIL-P,].G.-B., PB.-V.and E.V,;
validation, P.B.-V. and E.V,; formal analysis, G.S.-D., P.B.-V. and E.V,; investigation, G.S.-D., A.L-P,,
J.G.-B., PB.-V. and E.V,; resources, P.B.-V. and E.V.; data curation, G.S.-D., A.L.-P,, ].G.-B., PB.-V. and
E.V,; writing—original draft preparation, E.V. and P.B.-V,; writing—review and editing, G.5.-D., A.L-P,,
J.G.-B., G.B.,, AM.G,, P.B.-V. and E.V; visualization, G.S.-D., P.B.-V. and E.V.; supervision and project
administration, P.B.-V. and E.V,; funding acquisition, G.S.-D., P.B.-V. and E.V. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by IBSA Farmaceutici Italia (S.r.I), Via della Filanda 30, 26900
Lodi, Italy (grant number 019/19).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee for Animal Experimentation of the University of Barcelona (CEEA; CEEA number 50/19;
approved on 11 April 2019) and the Department of Agriculture, Livestock, Fisheries, Food and the
Natural Environment of the Generalitat de Catalunya, Generalitat de Catalunya (DAAM number
10672; approved on 22 November 2019), Government of Catalonia (Spain).

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: The authors thank the staff of the animal care facility from the University of
Barcelona (Campus Bellvitge) and Daniel Reyes and Viceng Oliveras from the Research Technical
Services of University of Girona for their skillful technical assistance.

Conlflicts of Interest: The authors Gilberto Bellia and Andrea Giori are currently full-time employees
of IBSA Farmaceutici Italia, Lodi, Italy. The authors have no other relevant affiliation or financial
involvement, have received no payment in preparation of this manuscript, or have any conflict with
the subject matter or materials discussed in the manuscript apart from those disclosed. The rest of
the authors declare no competing interests.

Abbreviations

The following abbreviations are used in this manuscript:

129Sv 129 parental strain mice

AD Atopic dermatitis

ARRIVE guides  Animal research reporting of in vivo experiments guides
Balb/c Bagg albino-c mice

C3H/HeN C3H/Heston mice

C57BL/6 C57BLACK6 mice

CCL11 C-C motif chemokine 11

CCL26CGRP C-C motif chemokine 26Calcitonine gene-related peptide
DPX Dibutylphthalate polystyrene xylene

H&E Hematoxylin and eosin

IASP International Association for the Study of Pain

ICR-CD1 or CD1 Institute of Cancer Research (ICR)-CD1 mice

IgE Immunoglobulin E

IL13 Interleukin-13

IL25 Interleukin-25

IL31

Interleukin-31



J. Clin. Med. 2025, 14,1701 19 of 26

1L33 Interleukin-33

114 Interleukin-4

1L5 Interleukin-5

IL6 Interleukin-6

1LY Interleukin-9

NC/Nga NC/Nagoya university mice

OVA Ovalbumin

OVA-AL Ovalbumin—aluminum salt solution

PBSPGP9.5 Phosphate buffer salineProtein Gene Product 9.5
SEM Standard Error of the Mean

SJL/] Swiss Jim Lambert mice

SKH-1/Hr SKH1 Hairless mice

TGF-p Transforming Growth Factor beta

Th2 Helper type 2 lymphocyte

TRPTRPV1 Transient Receptor Potential ion channelTransient receptor potential vanilloid 1

References

1.  Kellogg, C.; Smogorzewski, J. Update on Atopic Dermatitis. Adv. Pediatr. 2023, 70, 157-170. [CrossRef] [PubMed]

2. Leung, D.YM,; Eichenfield, L.F; Boguniewicz, M. Atopic dermatitis (Atopic eczema). In Fitzpatrick’s Dermatology in General
Medicine, 8th ed.; Goldsmith, L.A., Katz, G.I,, Gilchrest, B.A., Paller, A.S., Leffell, D.A., Wolff, K., Eds.; McGrawHill Medical: New
York, NY, USA, 2008; Volume 1, pp. 165-181.

3. Rosa, G,; Fernandez, A.P; Vij, A; Sood, A.; Plesec, T.; Bergfeld, W.E; Billings, S.D. Langerhans cell collections, but not eosinophils,
are clues to a diagnosis of allergic contact dermatitis in appropriate skin biopsies. J. Cutan. Pathol. 2016, 43, 498-504. [CrossRef]
[PubMed]

4.  Eichenfield, L.F; Stripling, S.; Fung, S.; Cha, A.; O’Brien, A.; Schachner, L.A. Recent Developments and Advances in Atopic
Dermatitis: A Focus on Epidemiology, Pathophysiology, and Treatment in the Pediatric Setting. Paediatr. Drugs. 2022, 24, 293-305.
[CrossRef] [PubMed]

5. Schuler, C.F,, 4th; Billi, A.C.; Maverakis, E.; Tsoi, L.C.; Gudjonsson, J.E. Novel insights into atopic dermatitis. J. Allergy Clin.
Immunol. 2023, 151, 1145-1154. [CrossRef]

6. Savva, M.; Papadopoulos, N.G.; Gregoriou, S.; Katsarou, S.; Papapostolou, N.; Makris, M.; Xepapadaki, P. Recent Advancements
in the Atopic Dermatitis Mechanism. Front. Biosci. (Landmark Ed). 2024, 29, 84. [CrossRef]

7. Afshari, M.; Kolackova, M.; Rosecka, M.; Celakovska, J.; Krejsek, J. Unraveling the skin; A comprehensive review of atopic
dermatitis, current understanding, and approaches. Front. Immunol. 2024, 15, 1361005. [CrossRef]

8.  Liu, H. Effect of Skin Barrier on Atopic Dermatitis. Dermatitis 2025, 36, 37-45. [CrossRef]

9. Pan, Y,; Hochgerner, M.; Cichori, M.A; Benezeder, T.; Bieber, T.; Wolf, P. Langerhans cells: Central players in the pathophysiology
of atopic dermatitis. J. Eur. Acad. Dermatol. Venereol. 2025, 39, 278-289. [CrossRef]

10. Huang, C.; Zhuo, F; Guo, Y.; Wang, S.; Zhang, K.; Li, X.; Dai, W.; Dou, X.; Yu, B. Skin microbiota: Pathogenic roles and implications
in atopic dermatitis. Front. Cell Infect. Microbiol. 2025, 14, 1518811. [CrossRef]

11. Gilhar, A ; Reich, K.; Keren, A.; Kabashima, K.; Steinhoff, M.; Paus, R. Mouse models of atopic dermatitis: A critical reappraisal.
Exp. Dermatol. 2021, 30, 319-336. [CrossRef]

12.  Saloga, J.; Renz, H.; Lack, G.; Bradley, K.L.; Greenstein, ].L.; Larsen, G.; Gelfand, E.W. Development and transfer of immediate
cutaneous hypersensitivity in mice exposed to aerosolized antigen. . Clin. Investig. 1993, 91, 133-140. [CrossRef] [PubMed]

13. Spergel, ] M.; Mizoguchi, E.; Brewer, ].P.; Martin, T.R.; Bhan, A K.; Geha, R.S. Epicutaneous sensitization with protein antigen
induces localized allergic dermatitis and hyperresponsiveness to methacholine after single exposure to aerosolized antigen in
mice. J. Clin. Investig. 1998, 101, 1614-1622. [CrossRef] [PubMed]

14. Spergel, ].M.; Mizoguchi, E.; Oettgen, H.; Bhan, A K.; Geha, R.S. Roles of TH1 and TH2 cytokines in a murine model of allergic
dermatitis. J. Clin. Investig. 1999, 103, 1103-1111. [CrossRef] [PubMed]

15. Savinko, T.; Lauerma, A.; Lehtiméki, S.; Gombert, M.; Majuri, M.L.; Fyhrquist-Vanni, N.; Dieu-Nosjean, M.C.; Kemeny, L.; Wolff,
H.; Homey, B.; et al. Topical superantigen exposure induces epidermal accumulation of CD8+ T cells, and mixed Th1/Th2-type
dermatitis and vigorous production of IgE antibodies in the murine model of atopic dermatitis. J. Immunol. 2005, 175, 8320-8326.
[CrossRef]

16. Wang, G.; Savinko, T.; Wolff, H.; Dieu-Nosjean, M.C.; Kemeny, L.; Hormey, B.; Lauerma, A.L; Alenius, H. Repeated epicutaneous

exposures to ovalbumin progressively induce atopic dermatitis-like skin lesions in mice. Clin. Exp. Allergy. 2007, 37, 151-161.
[CrossRef]


https://doi.org/10.1016/j.yapd.2023.03.006
https://www.ncbi.nlm.nih.gov/pubmed/37422293
https://doi.org/10.1111/cup.12707
https://www.ncbi.nlm.nih.gov/pubmed/26990596
https://doi.org/10.1007/s40272-022-00499-x
https://www.ncbi.nlm.nih.gov/pubmed/35698002
https://doi.org/10.1016/j.jaci.2022.10.023
https://doi.org/10.31083/j.fbl2902084
https://doi.org/10.3389/fimmu.2024.1361005
https://doi.org/10.1089/derm.2024.0106
https://doi.org/10.1111/jdv.20291
https://doi.org/10.3389/fcimb.2024.1518811
https://doi.org/10.1111/exd.14270
https://doi.org/10.1172/JCI116162
https://www.ncbi.nlm.nih.gov/pubmed/8423213
https://doi.org/10.1172/JCI1647
https://www.ncbi.nlm.nih.gov/pubmed/9541491
https://doi.org/10.1172/JCI5669
https://www.ncbi.nlm.nih.gov/pubmed/10207161
https://doi.org/10.4049/jimmunol.175.12.8320
https://doi.org/10.1111/j.1365-2222.2006.02621.x

J. Clin. Med. 2025, 14,1701 20 of 26

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

Lehto, M.; Savinko, T.; Wolff, H.; Kvist, PH.; Kemp, K.; Lauerma, A.; Alenius, H. A murine model of epicutaneous protein
sensitization is useful to study efficacies of topical drug in atopic dermatitis. Int. Immunopharmacol. 2010, 10, 377-384. [CrossRef]
Kim, HJ.; Kim, YJ.; Kang, M.].; Seo, ] H.; Kim, H.Y,; Jeong, S.K.; Lee, S.H.; Hong, S.J. A novel mouse model of atopic dermatitis
with epicutaneous allergen sensitization and the effect of Lactobacillus thamnosus. Exp. Dermatol. 2012, 21, 672-675. [CrossRef]
Dahten, A.; Koch, C.; Ernst, D.; Schnoller, C.; Hartmann, S.; Worm, M. Systemic PPARgamma ligation inhibits allergic immune
response in the skin. J. Investig. Dermatol. 2008, 128, 2211-2218. [CrossRef]

Jin, H.; Kumar, L.; Mathias, C.; Zurakowski, D.; Oettgen, H.; Gorelik, L.; Geha, R. Toll-like receptor 2 as important for the T(H)1
response to cutaneous sensitization. J. Allergy Clin. Immunol. 2009, 123, 875-882. [CrossRef]

Nakajima, S.; Igyart6, B.Z.; Honda, T.; Egawa, G.; Otsuka, A.; Hara-Chikuma, M.; Watanabe, N.; Ziegler, S.F.; Tomura, M.; Inaba,
K.; et al. Langerhans cells are critical in epicutaneous sensitization with protein antigen via thymic stromal lymphopoietin
receptor signaling. J. Allergy Clin. Immunol. 2012, 129, 1048-1055. [CrossRef]

Gericke, ].; Ittensohn, J.; Milhdly, J.; Dubrac, S.; Riihl, R. Allegen-induced dermatitis causes alterations in cutaneous retinoid-
mediated signaling in mice. PLoS ONE 2013, 8, e71244. [CrossRef] [PubMed]

Kim, WH.; An, HJ,; Kim, ].Y.; Gwon, M.G.; Gu, H; Jeon, M.; Sung, W.J.; Han, S.M.; Pak, S.C.; Park, K.K. Beneficial effects of
melittin on ovalbumin-induced atopic dermatitis in mouse. Sci. Rep. 2017, 7, 17679. [CrossRef] [PubMed]

Sharma, S.; Sethi, G.S.; Naura, A.S. Curcumin ameliorates ovalbumin-induced atopic dermatitis and blocks the progression of
atopic march in mice. Inflammation 2020, 43, 358-369. [CrossRef] [PubMed]

Yoo, J.; Manicone, A.M.; McGuire, ].K.; Wang, Y.; Parks, W.C. Systemic sensitization with the protein allergen ovalbumin augments
local sensitization in atopic dermatitis. J. Inflamm. Res. 2014, 7, 29-38. [PubMed]

Majewska-Szczepanik, M.; Askenase, PW.; Lobo, EM.; Maricinska, K.; Wen, L.; Szczepanik, M. Epicutaneous immunization with
ovalbumin and CpG induces TH1/TH17 cytokines, which regulate IgE and IgG2a production. J. Allergy Clin. Immunol. 2016, 138,
262-273. [CrossRef]

Tamari, M.; Orimo, K.; Motomura, K.; Arae, K.; Matsuda, A.; Nakae, S.; Saito, H.; Morita, H.; Matsumoto, K. The optimal age for
epicutaneous sensitization following tape-stripping in BALB/c mice. Allegol. Int. 2018, 67, 380-387. [CrossRef]

Fang, Y.P; Yang, S.H.; Lee, C.H.; Aljuffali, I.A.; Kao, H.C.; Fang, ].Y. What is the discrepancy between drug permeation into/across
intact and diseased skins? Atopic dermatitis as a model. Int. J. Pharm. 2016, 497, 277-286. [CrossRef]

Shershakova, N.; Baraboshkina, E.; Andreev, S.; Purgina, D.; Struchkova, I.; Kamyshnikov, O.; Nikonova, A.; Khaitov, M.
Anti-inflammatory effect of fullerene C60 in a mice model of atopic dermatitis. J. Nanobiotechnol. 2016, 14, 8. [CrossRef]

Kao, ] K;; Hsu, TE; Lee, M.S,; Su, T.C.; Lee, C.H.; Hsu, C.S.; Shieh, ]J.J.; Wang, J.Y.; Yang, R.C. Subcutaneous injection of
recombinant heat shock protein 70 ameliorates atopic dermatitis skin lesions in a mouse model. Kaohsiung J. Med. Sci. 2020, 36,
186-195. [CrossRef]

Akiyama, T.; Nguyen, T.; Curtis, E.; Nishida, K.; Devireddy, J.; Delahanty, J.; Carstens, M.I,; Carstens, E. A central role for spinal
dorsal horn neurons that express neurokinin-1 receptors in chronic itch. Pain 2015, 156, 1240-1246. [CrossRef]

LaMotte, R.H.; Lundberg, L.E.; Torebjork, H.E. Pain, hyperalgesia an activity in nociceptive C units in humans after intradermal
injection of capsaicin. J. Physiol. 1992, 448, 749-764. [CrossRef] [PubMed]

Simone, D.A.; Alreja, M.; LaMotte, R.H. Psychophysical studies of the itch sensation and itchy skin (“alloknesis”) produced by
intracutaneous injection of histamine. Somatosens. Mot. Res. 1991, 8, 271-279. [CrossRef] [PubMed]

Ahn, J.R;; Lee, S.H.; Kim, B.; Nam, M.H.; Ahn, Y.K,; Park, YM.; Jeong, S.M.; Park, M.].; Song, K.B.; Lee, S.Y.; et al. Rinococcus
gnavus ameliorates atopic dermatitis by enhancing Treg cell and metabolites in BALB/c mice. Pediatr. Allergy Immunol. 2022,
33, €13678. [CrossRef] [PubMed]

Kypriotou, M.; Rivero, D.; Haller, S.; Mariotto, A.; Huber, M.; Acha-Orbea, H.; Werner, S.; Hohl, D. Activin a inhibits antigen-
induced allergy in murine epicutaneous sensitization. Front. Immunol. 2013, 4, 246. [CrossRef]

Larsen, S.T.; Nielsen, G.D.; Thygesen, P. Investigation of the adjuvant effect of polyethylene glycol (PEG) 400 in BALB/c mice. Int.
J. Pharm. 2002, 231, 51-55. [CrossRef]

Ghafourian Boroujerdnia, M.; Azemi, M.E.; Hemmati, A.A.; Taghian, A.; Azadmehr, A. Inmunomodulatory effects of Astragalus
gypsicolus hydroalcoholic extract in ovalbumin-induced allergic mice model. Iran. . Allergy Asthma Immunol. 2011, 10, 281-288.
Durham, S.R.; Shamji, M.H. Allergen immunotherapy: Past, present and future. Nat. Rev. Immunol. 2023, 23, 317-328. [CrossRef]
Saeed, S.; Irfan, M.; Naz, S.; Liaquat, M.; Jahan, S.; Hayat, S. Routes and barriers associated with protein and peptide drug
delivery system. J. Pak. Med. Assoc. 2021, 71, 2032-2039. [CrossRef]

Turner, P.V.; Brabb, T.; Pekow, C.; Vasbinder, M.A. Administration of substances to laboratory animals: Routes of administration
and factors to consider. J. Am. Assoc. Lab. Anim. Sci. 2011, 50, 600-613.


https://doi.org/10.1016/j.intimp.2010.01.001
https://doi.org/10.1111/j.1600-0625.2012.01539.x
https://doi.org/10.1038/jid.2008.84
https://doi.org/10.1016/j.jaci.2009.02.007
https://doi.org/10.1016/j.jaci.2012.01.063
https://doi.org/10.1371/journal.pone.0071244
https://www.ncbi.nlm.nih.gov/pubmed/23977003
https://doi.org/10.1038/s41598-017-17873-2
https://www.ncbi.nlm.nih.gov/pubmed/29247241
https://doi.org/10.1007/s10753-019-01126-7
https://www.ncbi.nlm.nih.gov/pubmed/31720988
https://www.ncbi.nlm.nih.gov/pubmed/24672255
https://doi.org/10.1016/j.jaci.2015.11.018
https://doi.org/10.1016/j.alit.2018.01.003
https://doi.org/10.1016/j.ijpharm.2015.12.006
https://doi.org/10.1186/s12951-016-0159-z
https://doi.org/10.1002/kjm2.12163
https://doi.org/10.1097/j.pain.0000000000000172
https://doi.org/10.1113/jphysiol.1992.sp019068
https://www.ncbi.nlm.nih.gov/pubmed/1593488
https://doi.org/10.3109/08990229109144750
https://www.ncbi.nlm.nih.gov/pubmed/1767623
https://doi.org/10.1111/pai.13678
https://www.ncbi.nlm.nih.gov/pubmed/34633714
https://doi.org/10.3389/fimmu.2013.00246
https://doi.org/10.1016/S0378-5173(01)00862-6
https://doi.org/10.1038/s41577-022-00786-1
https://doi.org/10.47391/JPMA.759

J. Clin. Med. 2025, 14,1701 21 of 26

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Morton, D.B.; Jennings, M.; Buckwell, A.; Ewbank, R.; Godfrey, C.; Holgate, B.; Inglis, I.; James, R.; Page, C.; Sharman, L; et al.
Refining procedures for the administration of substances. Report of the BVAAWF/FRAME/RSPCA /UFAW Joint Working Group
on Refinement. British Veterinary Association Animal Welfare Foundation/Fund for the Replacement of Animals in Medical
Experiments/Royal Society for the Prevention of Cruelty to Animals/Universities Federation for Animal Welfare. Lab. Anim.
2001, 35, 1-41.

Choi, D.W,; Jung, S.Y.; Kim, G.D.; Lee, S.Y.; Shin, H.S. Miquelianin Inhibits Allergic Responses in Mice by Suppressing CD4+ T
Cell Proliferation. Antioxidants 2021, 10, 1120. [CrossRef] [PubMed]

Eichenfield, L.F; Tom, W.L.; Chamlin, S.L.; Feldman, S.R.; Hanifin, ].M.; Simpson, E.L.; Berger, T.G.; Bergman, ].N.; Cohen, D.E,;
Cooper, K.D.; et al. Guidelines of care for the management of atopic dermatitis: Section 1. Diagnosis and assessment of atopic
dermatitis. J. Am. Acad. Dermatol. 2014, 70, 338-351. [CrossRef] [PubMed]

Torres, T.; Ferreira, E.O.; Gongalo, M.; Mendes-Bastos, P.; Selores, M.; Filipe, P. Update on Atopic Dermatitis. Acta Med. Port. 2019,
32, 606-613. [CrossRef] [PubMed]

Bieber, T.; Paller, A.S.; Kabashima, K.; Feely, M.; Rueda, M.].; Ross Terres, ].A.; Wollenberg, A. Atopic dermatitis: Pathomechanisms
and lessons learned from novel systemic therapeutic options. . Eur. Acad. Dermatol. Venereol. 2022, 36, 1432-1449. [CrossRef]
Quan, V.L.; Erickson, T.; Daftary, K.; Chovatiya, R. Atopic Dermatitis Across Shades of Skin. Am. J. Clin. Dermatol. 2023, 24,
731-751. [CrossRef]

Facheris, P; Jeffery, J.; Del Duca, E.; Guttman-Yassky, E. The translational revolution in atopic dermatitis: The paradigm shift from
pathogenesis to treatment. Cell Mol. Immunol. 2023, 20, 448-474. [CrossRef]

Kwatra, S.G.; Misery, L.; Clibborn, C.; Steinhoff, M. Molecular and cellular mechanisms of itch and pain in atopic dermatitis and
implications for novel therapeutics. Clin. Transl. Immunol. 2022, 11, €1390. [CrossRef]

Gatmaitan, J.G.; Lee, ].H. Challenges and Future Trends in Atopic Dermatitis. Int. J. Mol. Sci. 2023, 24, 11380. [CrossRef]
Bartnikas, L.M.; Gurish, M.E,; Burton, O.T.; Leisten, S.; Janssen, E.; Oettgen, H.C.; Beaupré, J.; Lewis, C.N.; Austen, K.E; Schulte,
S.; et al. Epicutaneous sensitization results in IgE-dependent intestinal mast cell expansion and food-induced anaphylaxis.
J. Allergy Clin. Immunol. 2013, 131, 451-460. [CrossRef]

Kopecki, Z.; Stevens, N.E.; Chong, H.T.; Yang, G.N.; Cowin, A.]. Flightless I alters the inflammatory response and autoantibody
profile in an OVA-induced atopic dermatitis skin-like disease. Front. Immunol. 2018, 9, 1833. [CrossRef]

Zimmermann, M. Ethical guidelines for investigations of experimental pain in conscious animals. Pain 1983, 16, 109-110.
[CrossRef]

Akiyama, T.; Carstens, M.L; Ikoma, A.; Cevikbas, F,; Steinhoff, M.; Carstens, E. Mouse model of touch-evoked itch (alloknesis).
J. Investig. Dermatol. 2012, 132, 1886-1891. [CrossRef]

Yamamoto, M.; Haruna, T.; Yasui, K.; Takahashi, H.; Iduhara, M.; Takaki, S.; Deguchi, M.; Arimura, A. A novel atopic dermatitis
model induced by topical application with dermatophagoides farinae extract in NC/Nga mice. Allergol. Int. 2007, 56, 139-148.
[CrossRef]

Yamamoto, M.; Haruna, T.; Ueda, C.; Asano, Y.; Takahashi, H.; Iduhara, M.; Takaki, S.; Yasui, K.; Matsuo, Y.; Arimura,
A. Contribution of itch-associated stratch behavior to the development of skin lesions in Dermatophagoides farina-induced
dermatitis model in NC/Nga mice. Arch. Dermatol. Res. 2009, 301, 739-746. [CrossRef]

Nakagawa, R.; Yoshida, H.; Asakawa, M.; Tamiya, T.; Inoue, N.; Morita, R.; Inoue, H.; Nakao, A.; Yoshimura, A. Pyridone 6, a
pan-JAK inhibitor, ameliorates allergic skin inflammation of NC/Nga mice via suppression of Th2 and enhancement of Th17.
J. Immunol. 2011, 187, 4611-4620. [CrossRef]

Park, S.; Lee, ].B.; Kang, S. Topical Application of Chrysanthemum indicum L. Attenuates the Development of Atopic Dermatitis-
Like Skin Lesions by Suppressing Serum IgE Levels, IFN-y, and IL-4 in Nc/Nga Mice. Evid. Based Complement. Alternat Med.
2012, 2012, 821967. [CrossRef]

Feng, S.; Liu, W,; Deng, S.; Song, G.; Zhou, J.; Zheng, Z.; Song, Z. An Atopic Dermatitis-Like Mouse Model by Alternate
Epicutaneous Application of Dinitrofluorobenzene and an Extract of Dermatophagoides Farinae. Front. Med. 2022, 9, 843230.
[CrossRef]

Anggraeni, S.; Triesayuningtyas, D.N.; Endaryanto, A.; Prakoeswa, C.R.S. Evaluation of scoring atopic dermatitis (SCORAD) and
scratching behavior in BALB/c mice treated with house dust mite immunotherapy. Vet. Integr. Sci. 2024, 22, 121-129. [CrossRef]
Leclere, M.; Desnoyers, M.; Beauchamp, G.; Lavoie, J.P. Comparison of four staining methods for detection of mast cells in equine
bronchoalveolar lavage fluid. J. Vet. Intern. Med. 2006, 20, 377-381. [CrossRef]

Mutsaddi, S.; Kotrashetti, V.S.; Nayak, R.S.; Pattanshetty, S.M. Comparison of histochemical staining techniques for detecting
mast cells in oral lesions. Biotech. Histochem. 2019, 94, 459-468. [CrossRef]

Damman, J.; Diercks, G.EH.; van Doorn, M.B.; Pasmans, S.G.; Hermans, M.A.W. Cutaneous Lesions of Mastocytosis: Mast Cell
Count, Morphology, and Immunomolecular Phenotype. Am. |. Dermatopathol. 2023, 45, 697-703. [CrossRef]

Ozgogan, M.; Yildiz, F.; Gurer, A.; Orhun, S.; Kulacoglu, H.; Aydin, R. Changes in collagen and elastic fiber contents of the skin,
rectus sheath, transversalis fascia and peritoneum in primary inguinal hernia patients. Bratisl. Lek. Listy. 2006, 107, 235-238.


https://doi.org/10.3390/antiox10071120
https://www.ncbi.nlm.nih.gov/pubmed/34356353
https://doi.org/10.1016/j.jaad.2013.10.010
https://www.ncbi.nlm.nih.gov/pubmed/24290431
https://doi.org/10.20344/amp.11963
https://www.ncbi.nlm.nih.gov/pubmed/31493365
https://doi.org/10.1111/jdv.18225
https://doi.org/10.1007/s40257-023-00797-1
https://doi.org/10.1038/s41423-023-00992-4
https://doi.org/10.1002/cti2.1390
https://doi.org/10.3390/ijms241411380
https://doi.org/10.1016/j.jaci.2012.11.032
https://doi.org/10.3389/fimmu.2018.01833
https://doi.org/10.1016/0304-3959(83)90201-4
https://doi.org/10.1038/jid.2012.52
https://doi.org/10.2332/allergolint.O-06-458
https://doi.org/10.1007/s00403-008-0912-8
https://doi.org/10.4049/jimmunol.1100649
https://doi.org/10.1155/2012/821967
https://doi.org/10.3389/fmed.2022.843230
https://doi.org/10.12982/VIS.2024.010
https://doi.org/10.1111/j.1939-1676.2006.tb02871.x
https://doi.org/10.1080/10520295.2019.1597986
https://doi.org/10.1097/DAD.0000000000002474

J. Clin. Med. 2025, 14,1701 22 of 26

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

Suvik, A.; Effendy, A.W.M. The use of modified Masson’s Trichrome staining in collagen evaluation in wound healing study.
Malasian |. Vet. Res. 2012, 3, 39-47.

Manne, J.; Markova, M.; Siracusa, L.D.; Jimenez, S.A. Collagen content in skin and internal organs of the tight skin mouse: An
animal model of scleroderma. Biochem. Res. Int. 2013, 2013, 436053. [CrossRef]

Wyles, S.P; Proffer, S.L.; Farris, P.; Randeall, L.; Hillestad, M.L.; Lupo, M.P,; Behfar, A. Effect of topical human platelet extract
(HPE) for facial skin rejuvenation: A histological study of collagen and elastin. J. Drugs Dermatol. 2024, 23, 735-740. [CrossRef]
Chen, M,; Ding, P,; Yang, L.; He, X.; Gao, C.; Yang, G.; Zhang, H. Evaluation of anti-inflammatory activities of Qingre-Qushi
Recipe (QRQS) against atopic dermatitis: Potential mechanism of inhibition of IL-33/ST2 signal transduction. Evid. Based
Complement. Alternat Med. 2017, 2017, 2489842. [CrossRef]

Tan, L.; Lu, J.; Chen, M.; Xiang, Y.; Cheng, Q.; Liang, Y.; Huang, J.; Huang, J.; Chen, ]J.; Gao, L. Epicutaneous sensitization with
ovalbumin, staphylococcal enterotoxin B and vitamin D analogue induces atopic dermatitis in mice. Zhong Nan Da Xue Xue Bao
Yi Xue Ban 2017, 42, 1023-1029.

Kim, HJ.; Lee, S.H.; Hong, S.J. Antibiotics-induced dysbiosis of intestinal microbiota aggravates atopic dermatitis in mice by
altered short-chain fatty acids. Allergy Asthma Immunol. Res. 2020, 12, 137-148. [CrossRef]

Kim, B.H; Lee, S. Sophoricoside from Styphnolobium japonicum improves experimental atopic dermatitis in mice. Phytomedicine.
2021, 82, 153463. [CrossRef]

Ham, WK; Lee, E.J.; Jeon, M.S.; Kim, H.Y.; Agrahari, G.; An, E.J.; Bang, C.H.; Kim, D.S.; Kim, T.Y. Treatment with phosphodiester
CpG-ODN ameliorates atopic dermatitis by enhancing TFG-§ signaling. GMB Rep. 2021, 54, 142-147.

Woo, Y.R;; Park, S.Y.; Choi, K.; Hong, E.S.; Kim, S.; Kim, H.S. Air pollution and atopic dermatitis: The impact of particulate matter
(PM10) on and AD mouse-model. Int. J. Mol. Sci. 2020, 21, 6079. [CrossRef]

Gu, H;; Kim, WH.; An, HJ.,; Kim, J.Y.; Gwon, M.G.; Han, SM.; Leem, J.; Park, K.K. Therapeutic effects of bee venom on
experimental atopic dermatitis. Mol. Med. Rep. 2018, 18, 3711-3718. [CrossRef]

Zhu, Y.; Pan, WH.; Wang, X.R; Liu, Y.; Chen, M.; Xu, X.G.; Liao, W.Q.; Hu, ]J.H. Tryptase and protease-activated receptor-2
stimulate scratching behavior in a murine model of ovalbumin-induced atopic-like dermatitis. Int. Immunopharmacol. 2015, 28,
507-512. [CrossRef]

Domocos, D.; Follansbee, T.; Nguyen, A.; Nguyen, T.; Carstens, M.I; Carstens, E. Cinnamaldehyde elicits itch behavior via TRPV1
and TRPV4 but not TRPA1. Itch 2020, 5, €36. [CrossRef]

Feng, J.; Chen, Y,; Xiong, J.; Chen, X; Liang, J.; Ji, W. The kinin B1 receptor mediates alloknesis in a murine model of inflammation.
Neurosci. Lett. 2014, 560, 31-35. [CrossRef]

Sakai, K.; Sanders, K.M.; Youssef, M.R.; Yanushefski, K.M.; Jensen, L.; Yosipovitch, G.; Akiyama, T. Mouse model of imiquimod-
induced psoriatic itch. Pain 2016, 157, 2536-2543. [CrossRef]

Back, S.K.; Jeong, K.Y,; Li, C.; Lee, J.; Lee, S.B.; Na, H.S. Chronically relapsing pruritic dermatitis in the rats treated as neonate
with capsaicin: A potential rat model of human atopic dermatitis. J. Dermatol. Sci. 2012, 67, 111-119. [CrossRef]

Choi, Y.Y.; Kim, M.H.; Lee, H.; Jo, S.Y.; Yang, WM. (R)-(+)-pulegone suppresses allergic and inflammation responses on
2,4-dinitrochlorobenzene-induced atopic dermatitis in mice model. J. Dermatol. Sci. 2018, 91, 292-300. [CrossRef]

Lee, ].Y.; Park, S.H.; Jhee, KH.; Yang, S.A. Zizania latifolia and Its Major Compound Tricin Regulate Immune Responses in
OVA-Treated Mice. Molecules 2022, 27, 3978. [CrossRef]

Vaia, M.; Petrosino, S.; De Filippis, D.; Negro, L.; Guarino, A.; Carnuccio, R.; Di Marzo, V.; Iuvone, T. Palmitoylethanolamide
reduces inflammation and itch in a mouse model of contact allergic dermatitis. Eur. |. Pharmacol. 2016, 791, 669—-674. [CrossRef]
Yamaura, K.; Doi, R.; Suwa, E.; Ueno, K. Repeated application of glucocorticoids exacerbate pruritus via inhibition of prostaglandin
D2 production of mast cells in a murine model of allergic contact dermatitis. J. Toxicol. Sci. 2012, 37, 1127-1134. [CrossRef]
[PubMed]

Kim, S.H.; Seong, G.S.; Choung, S.Y. Fermented Morinda citrifolia (Noni) Alleviates DNCB-Induced Atopic Dermatitis in NC/Nga
Mice through Modulating Immune Balance and Skin Barrier Function. Nutrients 2020, 12, 249. [CrossRef] [PubMed]

Oh, ].S.; Seong, G.S.; Kim, Y.D.; Choung, S.Y. Deacetylasperulosidic Acid Ameliorates Pruritus, Inmune Imbalance, and Skin
Barrier Dysfunction in 2,4-Dinitrochlorobenzene-Induced Atopic Dermatitis NC/Nga Mice. Int. ]. Mol. Sci. 2021, 23, 226.
[CrossRef] [PubMed]

Leung, D.Y. Atopic dermatitis: New insights and opportunities for therapeutic intervention. J. Allergy Clin. Immunol. 2000, 105,
860-876. [CrossRef]

Matsui, K.; Nishikawa, A. Percutaneous application of peptidoglycan from Staphylococcus aureus induces an increase in mast
cell numbers in the dermis of mice. Clin. Exp. Allergy 2005, 35, 382-387. [CrossRef]

Simon, D.; Braathen, L.R.; Simon, H.U. Eosinophils and atopic dermatitis. Allergy 2004, 59, 561-570. [CrossRef]

Katagiri, K.; Arakawa, S.; Hatano, Y.; Fujiwara, S. Tolerogenic antigen-presenting cells successfully inhibit atopic dermatitis-like
skin lesion induced by repeated epicutaneous exposure to ovalbumin. Arch. Dermatol. Res. 2008, 300, 583-593. [CrossRef]


https://doi.org/10.1155/2013/436053
https://doi.org/10.36849/JDD.8162
https://doi.org/10.1155/2017/2489842
https://doi.org/10.4168/aair.2020.12.1.137
https://doi.org/10.1016/j.phymed.2021.153463
https://doi.org/10.3390/ijms21176079
https://doi.org/10.3892/mmr.2018.9398
https://doi.org/10.1016/j.intimp.2015.04.047
https://doi.org/10.1097/itx.0000000000000036
https://doi.org/10.1016/j.neulet.2013.12.014
https://doi.org/10.1097/j.pain.0000000000000674
https://doi.org/10.1016/j.jdermsci.2012.05.006
https://doi.org/10.1016/j.jdermsci.2018.06.002
https://doi.org/10.3390/molecules27133978
https://doi.org/10.1016/j.ejphar.2016.10.005
https://doi.org/10.2131/jts.37.1127
https://www.ncbi.nlm.nih.gov/pubmed/23208428
https://doi.org/10.3390/nu12010249
https://www.ncbi.nlm.nih.gov/pubmed/31963703
https://doi.org/10.3390/ijms23010226
https://www.ncbi.nlm.nih.gov/pubmed/35008651
https://doi.org/10.1067/mai.2000.106484
https://doi.org/10.1111/j.1365-2222.2005.02190.x
https://doi.org/10.1111/j.1398-9995.2004.00476.x
https://doi.org/10.1007/s00403-008-0865-y

J. Clin. Med. 2025, 14,1701 23 of 26

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Hong, M.R;; Lei, D.; Yousaf, M.; Chavda, R.; Gabriel, S.; Janmohamed, S.R.; Silverberg, ].I. Reliability and Longitudinal Course of
Itch/Scratch Severity in Adults with Atopic Dermatitis. Dermatitis 2021, 32, 528-S32. [CrossRef]

Staughton, R.C.D.; Bridgett, C.K.; Norén, P; Goulding, ] M.R.; Affleck, A.; Walsh, S. Habitual scratching amplifies and perpetuates
atopic dermatitis. Br. J. Dermatol. 2020, 183, 403. [CrossRef]

Hashimoto, Y.; Arai, I.; Takano, N.; Tanaka, M.; Nakaike, S. Induction of scratching behaviour and dermatitis in various strains of
mice cohabiting with NC/Nga mice with chronic dermatitis. Br. J. Dermatol. 2006, 154, 28-33. [CrossRef]

Hashimoto, Y.; Takaoka, A.; Sugimoto, M.; Honma, Y.; Sakurai, T.; Futaki, N.; Arai, L. Itch-associated scratching contributes to the
development of dermatitis and hyperimmunoglobulinaemia E in NC/Nga mice. Exp. Dermatol. 2011, 20, 820-825. [CrossRef]
[PubMed]

Green, A.D.; Young, KK.; Lehto, S.G.; Smith, 5.B.; Mogil, ].S. Influence of genotype, dose and sex on pruritogen-induced
scratching behavior in the mouse. Pain 2006, 124, 50-58. [CrossRef] [PubMed]

Bien, K.; Zmigrodzka, M.; Ortowski, P; Fruba, A.; Szymarnski, L.; Stankiewicz, W.; Nowak, Z.; Malewski, T.; Krzyzowska, M.
Involvement of Fas/FasL pathway in the murine model of atopic dermatitis. Inflamm. Res. 2017, 66, 679-690. [CrossRef] [PubMed]
Galand, C.; Leyva-Castillo, ].M.; Yoon, J.; Han, A.; Lee, M.S.; McKenzie, A.N.J.; Stassen, M.; Oyoshi, M.K,; Finkelman, ED.; Geha,
R.S. IL-33 promotes food anaphylaxis in epicutaneously sensitized mice by targeting mast cells. J. Allergy Clin. Immunol. 2016,
138, 1356-1366. [CrossRef]

Lee, H.J.; Cho, S.H. Therapeutic Effects of Korean Red Ginseng Extract in a Murine Model of Atopic Dermatitis: Anti-pruritic and
Anti-inflammatory Mechanism. J. Korean Med. Sci. 2017, 32, 679-687. [CrossRef]

Beng, H.; Su, H.; Wang, S.; Kuai, Y,; Hu, J.; Zhang, R.; Liu, E; Tan, W. Differential effects of inhaled R- and S-terbutaline in
ovalbumin-induced asthmatic mice. Int. Immunopharmacol. 2019, 73, 581-589. [CrossRef]

Song, J.; Zhu, X.M.; Wei, Q.Y. MSCs reduce airway remodeling in the lungs of asthmatic rats through the Wnt/ 3-catenin signaling
pathway. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 11199-11211.

Lei, F; Zhu, D.; Sun, J.; Dong, Z. Effects of minimal persistent inflammation on nasal mucosa of experimental allergic rhinitis. Am.
J. Rhinol. Allergy 2010, 24, e23—e28. [CrossRef]

El Safoury, O.S.; Fawzy, M.M.; El Maadawa, Z.M.; Mohamed, D.H. Quantitation of mast cells and collagen fibers in skin tags.
Indian |. Dermatol. 2009, 54, 319-322. [CrossRef]

Riekki, R.; Harvima, I.T.; Jukkola, A.; Risteli, ].; Oikarinen, A. The production of collagen and the activity of mast-cell chymase
increase in human skin after irradiation therapy. Exp. Dermatol. 2004, 13, 364-371. [CrossRef]

Gordon, J.R.; Galli, S.J. Promotion of mouse fibroblast collagen gene expression by mast cells stimulated via the Fc epsilon RIL
Role for mast cell-derived transforming growth factor beta and tumor necrosis factor alpha. J. Exp. Med. 1994, 180, 2027-2037.
[CrossRef] [PubMed]

Garbuzenko, E.; Nagler, A.; Pickholtz, D.; Gillery, P.; Reich, R.; Maquart, FX.; Levi-Schaffer, F. Human mast cells stimulate
fibroblast proliferation, collagen synthesis and lattice contraction: A direct role for mast cells in skin fibrosis. Clin. Exp. Allergy
2002, 32, 237-246. [CrossRef] [PubMed]

Choi, Y.H.; Kim, KM.; Kim, H.O,; Jang, Y.C.; Kwak, LS. Clinical and histological correlation in post-burn hypertrophic scar for
pain and itching sensation. Ann. Dermatol. 2013, 25, 428-433. [CrossRef] [PubMed]

Patel, PM.; Bakus, A.D.; Garden, B.C.; Lai, O.; Jones, V.A.; Garden, ].M. Treatment of Pain in Keloids Using Only a Long-Pulsed
1064 nm Nd:YAG Laser. Lasers Surg Med. 2021, 53, 66-69. [CrossRef]

Thomas, E.; George, A.; Deodhar, D.; John, M. Scleromyxedema: An Atypical Case. Indian ]. Dermatol. 2015, 60, 323.

Zhu, X.; Jiang, L.; Zhong, Q.; Kong, X.; Zhang, R.; Zhu, L.; Liu, Q.; Wu, W,; Tan, Y.; Wang, J.; et al. Abnormal expression of
interleukin-6 is associated with epidermal alternations in localized scleroderma. Clin. Rheumatol. 2022, 41, 2179-2187. [CrossRef]
Lu, J; Liu, Q.; Wang, L.; Tu, W.; Chu, H.; Ding, W,; Jiang, S.; Ma, Y.; Shi, X,; Pu, W,; et al. Increased expression of latent
TGEF-p-binding protein 4 affects the fibrotic process in scleroderma by TGF-f3/SMAD signaling. Lab. Investig. 2017, 97, 591-601.
[CrossRef]

Xu, J.; Zanvit, P; Hu, L.; Tseng, P.Y,; Liu, N.; Wang, E; Liu, O.; Zhang, D.; Jin, W.; Guo, N; et al. The Cytokine TGF-f3 Induces
Interleukin-31 Expression from Dermal Dendritic Cells to Activate Sensory Neurons and Stimulate Wound Itching. Immunity
2020, 53, 371-383. [CrossRef]

Keshari, S.; Sipayung, A.D.; Hsieh, C.C.; Su, L].; Chiang, Y.R.; Chang, H.C.; Yang, W.C.; Chuang, T.H.; Chen, C.L.; Huang, C.M.
IL-6/p-BTK/p-ERK signaling mediates calcium phosphate-induced pruritus. FASEB J. 2019, 33, 12036-12046. [CrossRef]

Lee, J.; Choi, Y.Y,; Kim, M.H.; Han, ].M.; Lee, J.E.; Kim, E.H.; Hong, J.; Kim, J.; Yang, WM. Topical Application of Angelica
sinensis Improves Pruritus and Skin Inflammation in Mice with Atopic Dermatitis-Like Symptoms. J. Med. Food. 2016, 19, 98-105.
[CrossRef]

Olivry, T.; Mayhew, D.; Paps, ].S.; Linder, K.E.; Peredo, C.; Rajpal, D.; Hofland, H.; Cote-Sierra, J. Early Activation of Th2/Th22
Inflammatory and Pruritogenic Pathways in Acute Canine Atopic Dermatitis Skin Lesions. ]. Investig. Dermatol. 2016, 136,
1961-1969. [CrossRef] [PubMed]


https://doi.org/10.1097/DER.0000000000000716
https://doi.org/10.1111/bjd.19049
https://doi.org/10.1111/j.1365-2133.2005.06879.x
https://doi.org/10.1111/j.1600-0625.2011.01337.x
https://www.ncbi.nlm.nih.gov/pubmed/21771100
https://doi.org/10.1016/j.pain.2006.03.023
https://www.ncbi.nlm.nih.gov/pubmed/16697529
https://doi.org/10.1007/s00011-017-1049-z
https://www.ncbi.nlm.nih.gov/pubmed/28434120
https://doi.org/10.1016/j.jaci.2016.03.056
https://doi.org/10.3346/jkms.2017.32.4.679
https://doi.org/10.1016/j.intimp.2019.04.036
https://doi.org/10.2500/ajra.2010.24.3414
https://doi.org/10.4103/0019-5154.57605
https://doi.org/10.1111/j.0906-6705.2004.00164.x
https://doi.org/10.1084/jem.180.6.2027
https://www.ncbi.nlm.nih.gov/pubmed/7964480
https://doi.org/10.1046/j.1365-2222.2002.01293.x
https://www.ncbi.nlm.nih.gov/pubmed/11929488
https://doi.org/10.5021/ad.2013.25.4.428
https://www.ncbi.nlm.nih.gov/pubmed/24371389
https://doi.org/10.1002/lsm.23363
https://doi.org/10.1007/s10067-022-06127-w
https://doi.org/10.1038/labinvest.2017.20
https://doi.org/10.1016/j.immuni.2020.06.023
https://doi.org/10.1096/fj.201900016RR
https://doi.org/10.1089/jmf.2015.3489
https://doi.org/10.1016/j.jid.2016.05.117
https://www.ncbi.nlm.nih.gov/pubmed/27342734

J. Clin. Med. 2025, 14,1701 24 of 26

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

Ryuk, J.A.; Ko, B.S.; Moon, N.R,; Park, S. Pinus koraiensis needle or cone extracts alleviate atopic dermatitis symptoms by
regulating immunity and suppressing inflammation in HaCaT cells and Nc/Nga mice. . Food Biochem. 2022, 46, e14135.
[CrossRef] [PubMed]

Escoubet, L.; Rey, A.; Wong, A.; Bernad, J.; Lepert, J.C.; Orfila, C.; Pipy, B. Increased cyclooxygenase-2 and 5-lipoxygenase
activating protein expression in peritoneal macrophages during ovalbumin immunization of mice and cytosolic phospholipase
A(2) activation after antigen challenge. Biochim. Biophys. Acta 2000, 1487, 92-105. [CrossRef]

de Siqueira, A.L.; Russo, M.; Steil, A.A.; Facincone, S.; Mariano, M.; Jancar, S. A new murine model of pulmonary eosinophilic
hypersensitivity: Contribution to experimental asthma. J. Allergy Clin. Immunol. 1997, 100, 383-388. [CrossRef] [PubMed]
Manzolli, S.; Macedo-Soares, M.E; Vianna, E.O.; Sannomiya, P. Allergic airway inflammation in hypothyroid rats. J. Allergy Clin.
Immunol. 1999, 104, 595-600. [CrossRef]

Sonar, S.S.; Ehmke, M.; Marsh, L.M.; Dietze, J.; Dudda, J.C.; Conrad, M.L.; Renz, H.; Nockher, W.A. Clara cells drive eosinophil
accumulation in allergic asthma. Eur. Respir. . 2012, 39, 429-438. [CrossRef]

O’Hagan, D.T.; Jeffery, H.; Davis, S.S. Long-term antibody responses in mice following subcutaneous immunization with
ovalbumin entrapped in biodegradable microparticles. Vaccine 1993, 11, 965-969. [CrossRef]

Vissers, J.L.; van Esch, B.C.; Hofman, G.A.; Kapsenberg, M.L.; Weller, ER.; van Oosterhout, A.]. Allergen immunotherapy induces
a suppressive memory response mediated by IL-10 in a mouse asthma model. J. Allergy Clin. Immunol. 2004, 113, 1204-1210.
[CrossRef]

Lehtola, T.; Nummenmaa, E.; Nieminen, R.; Himaldinen, M.; Vuolteenaho, K.; Moilanen, E. The glucocorticoid dexamethasone
alleviates allergic inflammation through a mitogen-activated protein kinase phosphatase-1-dependent mechanism in mice. Basic.
Clin. Pharmacol. Toxicol. 2024, 134, 686-694. [CrossRef]

Verri, W.A., Jr.; Guerrero, A.T.; Fukada, S.Y.; Valerio, D.A.; Cunha, T.M.; Xu, D.; Ferreira, S.H.; Liew, EY.; Cunha, F.Q. IL-33
mediates antigen-induced cutaneous and articular hypernociception in mice. Proc. Natl. Acad. Sci. USA 2008, 105, 2723-2728.
[CrossRef]

Gil, T.Y,; Jin, B.R.,; An, H.J. Ovalbumin Induces Atopic Dermatitis-like Skin Lesions in Different Species of mice: Pilot study.
J. Conver. Korean Med. 2021, 2, 13-22.

Dahlberg, P.E.; Schartner, ].M.; Timmel, A.; Seroogy, C.M. Daily subcutaneous injections of peptide induce CD4+ CD25+ T
regulatory cells. Clin. Exp. Immunol. 2007, 149, 226-234. [CrossRef] [PubMed]

Lee, S.J.; Lee, H.S.; Hwang, Y.H.; Kim, ].J.; Kang, K.Y.; Kim, S.J.; Kim, HK.; Kim, ]J.D.; Jeong, D.H.; Paik, M.].; et al. Enhanced
anti-tumor immunotherapy by dissolving microneedle patch loaded ovalbumin. PLoS ONE 2019, 14, e0220382. [CrossRef]
[PubMed]

Hirobe, S.; Kawakita, T.; Yamasaki, T.; Ito, S.; Tachibana, M.; Okada, N. Adjuvant Activity of CpG-Oligonucleotide Administered
Transcutaneously in Combination with Vaccination Using a Self-Dissolving Microneedle Patch in Mice. Vaccines 2021, 9, 1480.
[CrossRef]

Chen, M.C,; Lai, K.Y,; Ling, M.H.; Lin, C.W. Enhancing immunogenicity of antigens through sustained intradermal delivery using
chitosan microneedles with a patch-dissolvable design. Acta Biomater. 2018, 65, 66-75. [CrossRef]

Pamornpathomkul, B.; Rojanarata, T.; Opanasopit, P.; Ngawhirunpat, T. Enhancement of Skin Permeation and Skin Immunization
of Ovalbumin Antigen via Microneedles. AAPS PharmSciTech 2017, 18, 2418-2426. [CrossRef]

Casaro, M.; Souza, V.R,; Oliveira, F.A.; Ferreira, C.M. OVA-Induced Allergic Airway Inflammation Mouse Model. Methods Mol.
Biol. 2019, 1916, 297-301.

Ko, M.T.; Huang, S.C.; Kang, H.Y. Establishment and characterization of an experimental mouse model of allergic rhinitis. Eur.
Arch. Otorhinolaryngol. 2015, 272, 1149-1155. [CrossRef]

Liu, C.; Pang, C.; Chen, D.S.; Wang, J.; Yi, W.Q.; Yu, N.; Chen, L. In vivo visualization and analysis of ciliary motion in allergic
rhinitis models induced by ovalbumin. Exp. Biol. Med. 2022, 247, 1287-1297. [CrossRef]

Wegmann, M.; Fehrenbach, H.; Fehrenbach, A.; Held, T.; Schramm, C.; Garn, H.; Renz, H. Involvement of distal airways in a
chronic model of experimental asthma. Clin. Exp. Allergy 2005, 35, 1263-1671. [CrossRef]

Kumar, R.K.; Herbert, C.; Foster, P.S. Expression of growth factors by airway epithelial cells in a model of chronic asthma:
Regulation and relationship to subepithelial fibrosis. Clin. Exp. Allergy 2004, 34, 567—-675. [CrossRef]

Kucharewicz, I.; Bodzenta-Lukaszyk, A.; Buczko, W. Experimental asthma in rats. Pharmacol. Rep. 2008, 60, 783-788.

Buday, T.; Gavliakova, S.; Mokry, J.; Medvedova, I.; Kavalcikova-Bogdanova, N.; Plevkova, J. The Guinea Pig Sensitized by House
Dust Mite: A Model of Experimental Cough Studies. Adv. Exp. Med. Biol. 2016, 905, 87-95.

Dill, J.; Landrigan, P.; Ghose, T. A study of the effects of systemic administration of adrenal glucocorticoids in an experimental
model of hypersensitivity pneumonitis. Clin. Allergy 1977, 7, 83-92. [CrossRef]

Butler, ].E.; Swanson, P.A.; Richerson, H.B.; Ratajczak, H.V.; Richards, D.W.; Suelzer, M. T. The local and systemic IgA and IgG
antibody responses of rabbits to a soluble inhaled antigen: Measurement of responses in a model of acute hypersensitivity
pneumonitis. Am. Rev. Respir. Dis. 1982, 126, 80-85.


https://doi.org/10.1111/jfbc.14135
https://www.ncbi.nlm.nih.gov/pubmed/35301731
https://doi.org/10.1016/S1388-1981(00)00089-5
https://doi.org/10.1016/S0091-6749(97)70253-7
https://www.ncbi.nlm.nih.gov/pubmed/9314352
https://doi.org/10.1016/S0091-6749(99)70329-5
https://doi.org/10.1183/09031936.00197810
https://doi.org/10.1016/0264-410X(93)90387-D
https://doi.org/10.1016/j.jaci.2004.02.041
https://doi.org/10.1111/bcpt.13995
https://doi.org/10.1073/pnas.0712116105
https://doi.org/10.1111/j.1365-2249.2007.03402.x
https://www.ncbi.nlm.nih.gov/pubmed/17490400
https://doi.org/10.1371/journal.pone.0220382
https://www.ncbi.nlm.nih.gov/pubmed/31386690
https://doi.org/10.3390/vaccines9121480
https://doi.org/10.1016/j.actbio.2017.11.004
https://doi.org/10.1208/s12249-017-0730-4
https://doi.org/10.1007/s00405-014-3176-2
https://doi.org/10.1177/15353702221088781
https://doi.org/10.1111/j.1365-2222.2005.02306.x
https://doi.org/10.1111/j.1365-2222.2004.1917.x
https://doi.org/10.1111/j.1365-2222.1977.tb01428.x

J. Clin. Med. 2025, 14,1701 25 of 26

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Yukawa, T.; Makino, S.; Fukuda, T.; Kamikawa, Y. Experimental model of anaphylaxis-induced beta-adrenergic blockade in the
airways. Ann. Allergy 1986, 57, 219-224.

Al-Salam, S.; Aburawi, E.H.; Al-Hammadi, S.; Dhanasekaran, S.; Shafiuallah, M.; Yasin, J.; Sudhadevi, M.; Awwad, A.; Alper, S.L.;
Kazzam, E.E.; et al. Cellular and Immunohistochemical Changes in Anaphylactic Shock Induced in the Ovalbumin-Sensitized
Wistar Rat Model. Biomolecules 2019, 9, 101. [CrossRef]

Thakur, VR.; Mehta, A.A. Ovalbumin/lipopolysaccharide induced vasculitis in rats: A new predictive model. J. Basic. Clin.
Physiol. Pharmacol. 2021, 33, 445-455. [CrossRef]

Hembry, R.M.; Playfair, J.; Watson, P.G.; Dingle, J.T. Experimental model for scleritis. Arch. Ophthalmol. 1979, 97, 1337-1340.
[CrossRef]

Carreras, I; Carreras, B.; McGrath, L.; Rice, A.; Easty, D.L. Activated T cells in an animal model of allergic conjunctivitis. Br. J.
Ophthalmol. 1993, 77, 509-514. [CrossRef]

Nitzan, Y.; Boldur, I.; Afgin, Y.; Barishak, Y.R.; Malik, Z.; Sompolinsky, D. The dynamics of inflammation of the anterior eye in a
novel experimental model for hypersensitivity. Cytobios 1996, 88, 105-117.

Saldanha, J.C.; Gargiulo, D.L,; Silva, S.S.; Carmo-Pinto, EH.; Andrade, M.C.; Alvarez-Leite, ].I.; Teixeira, M.M.; Cara, D.C. A
model of chronic IgE-mediated food allergy in ovalbumin-sensitized mice. Braz. ]. Med. Biol. Res. 2004, 37, 809-816. [CrossRef]
Fontanella, G.; Bassan, N.; Vinuesa, M. Sensitization increases esterase-positive macrophage number in appendix from an animal
model of food Allergy Allergol. Immunopathol. 2005, 33, 277-281. [CrossRef]

Watanabe, H.; Toda, M.; Sekido, H.; Wellner, A.; Fujii, T.; Henle, T.; Hachimura, S.; Nakajima-Adachi, H. Heat treatment of egg
white controls allergic symptoms and induces oral tolerance to ovalbumin in a murine model of food Allergy. Mol. Nutr. Food Res.
2014, 58, 394-404. [CrossRef]

Miyazaki, Y.; Kobayashi, K.; Murata, T. Behavioral changes of food allergic model mice during light and dark period. J. Pharmacol.
Sci. 2023, 153, 113-118. [CrossRef]

Gautam, A.M.; Pearson, C.I; Sinha, A.A.; Smilek, D.E.; Steinman, L.; McDevitt, H.O. Inhibition of experimental autoimmune
encephalomyelitis by a nonimmunogenic non-self peptide that binds to I-Au. J. Immunol. 1992, 148, 3049-3054. [CrossRef]

Cao, Y.; Toben, C.; Na, S.Y,; Stark, K.; Nitschke, L.; Peterson, A.; Gold, R.; Schimpl, A.; Hiinig, T. Induction of experimental
autoimmune encephalomyelitis in transgenic mice expressing ovalbumin in oligodendrocytes. Eur. J. Immunol. 2006, 36, 207-215.
[CrossRef]

Matsubara, A.; Nishizawa, H.; Kurose, A.; Nakagawa, T.; Takahata, J.; Sasaki, A. An experimental study of inner ear injury in an
animal model of eosinophilic otitis media. Acta Otolaryngol. 2014, 134, 227-232. [CrossRef]

Yang, J.; Zhao, C.; Chen, P,; Zhao, S. Morphological and pathological changes of Eustachian tube mucosa in an animal model of
eosinophilic otitis media. Braz. J. Otorhinolaryngol. 2022, 88, 701-707. [CrossRef]

Howson, P; Shepard, N.; Mitchell, N. The antigen induced arthritis model: The relevance of the method of induction to its use as
a model of human disease. J. Rheumatol. 1986, 13, 379-390.

O’Byrne, E.M.; Paul, PK.; Roberts, E.D.; Blancuzzi, V.; Wilson, D.; Goldberg, R.L.; DiPasquale, G. Comparison of magnetic
resonance imaging (MRI) and histopathology in rabbit models of osteoarthritis and immune arthritis. Agents Actions 1993, 39,
157-159. [CrossRef]

Thomé, R.; Fernandes, L.G.; Mineiro, MLE,; Simioni, P.U.; Joazeiro, P.P.; Tamashiro, W.M. Oral tolerance and OVA-induced
tolerogenic dendritic cells reduce the severity of collagen/ovalbumin-induced arthritis in mice. Cell Immunol. 2012, 280, 113-123.
[CrossRef]

Teplov, A.Y.; Grishin, S.N.; Mukhamedyarov, M. A.; Ziganshin, A.U.; Zefirov, A.L.; Palotds, A. Ovalbumin-induced sensitization
affects non-quantal acetylcholine release from motor nerve terminals and alters contractility of skeletal muscles in mice. Exp.
Physiol. 2009, 94, 264-268. [CrossRef]

Alenius, H.; Laouini, D.; Woodward, A.; Mizoguchi, E.; Bhan, A K.; Castigli, E.; Oettgen, H.C.; Geha, R.S. Mast cells regulate
IFN-gamma expression in the skin and circulating IgE levels in allergen-induced skin inflammation. . Allergy Clin. Immunol.
2002, 109, 106-113. [CrossRef]

Bonam, S.R.; Partidos, C.D.; Halmuthur, S.K.M.; Muller, S. An Overview of Novel Adjuvants Designed for Improving Vaccine
Efficacy. Trends Pharmacol. Sci. 2017, 38, 771-793. [CrossRef]

Azman, S.; Sekar, M.; Bonam, S.R.; Gan, S.H.; Wahidin, S.; Lum, P.T.; Dhadde, S.B. Traditional Medicinal Plants Conferring
Protection Against Ovalbumin-Induced Asthma in Experimental Animals: A Review. ]. Asthma Allergy 2021, 14, 641-662.
[CrossRef]

European Parliament. Directive 2010/63/eu of the European parliament and of the council of 22 September 2010 on the protection
of animals used for scientific purposes. Off. ]. Eur. Union 2010, L 276 /33-L 276/79.


https://doi.org/10.3390/biom9030101
https://doi.org/10.1515/jbcpp-2020-0200
https://doi.org/10.1001/archopht.1979.01020020079019
https://doi.org/10.1136/bjo.77.8.509
https://doi.org/10.1590/S0100-879X2004000600005
https://doi.org/10.1157/13080931
https://doi.org/10.1002/mnfr.201300205
https://doi.org/10.1016/j.jphs.2023.08.005
https://doi.org/10.4049/jimmunol.148.10.3049
https://doi.org/10.1002/eji.200535211
https://doi.org/10.3109/00016489.2013.859395
https://doi.org/10.1016/j.bjorl.2020.09.011
https://doi.org/10.1007/BF01972752
https://doi.org/10.1016/j.cellimm.2012.11.017
https://doi.org/10.1113/expphysiol.2008.045740
https://doi.org/10.1067/mai.2002.120553
https://doi.org/10.1016/j.tips.2017.06.002
https://doi.org/10.2147/JAA.S296391

J. Clin. Med. 2025, 14,1701 26 of 26

159.

160.

161.

162.

163.

164.
165.

166.

167.

168.

169.

170.

Real Decreto 53/2013, de 1 de febrero, por el que se establecen las normas bésicas aplicables para la proteccién de los animales
utilizados en experimentacion y otros fines cientificos, incluyendo la docencia. Boletin Of. Del Estado (BOE) 2013, 34, 11370-11421.
Yosipovitch, G.; Kim, B.; Luger, T.; Lerner, E.; Metz, M.; Adiri, R.; Canosa, ] M.; Cha, A ; Stander, S. Similarities and differences in
peripheral itch and pain pathways in atopic dermatitis. J. Allergy Clin. Immunol. 2024, 153, 904-912. [CrossRef]

Renkhold, L.; Wiegmann, H.; Pfleiderer, B.; Stier, A.; Zeidler, C.; Pereira, M.P.; Schmelz, M.; Stiander, S.; Agelopoulos, K. Scratching
increases epidermal neuronal branching and alters psychophysical testing responses in atopic dermatitis and brachioradial
pruritus. Front. Mol. Neurosci. 2023, 16, 1260345. [CrossRef]

Navarro, X.; Verdd, E.; Wendelschafer-Crabb, G.; Kennedy, W.R. Inmunohistochemical study of skin reinnervation by regenerative
axons. J. Comp. Neurol. 1997, 380, 164-174. [CrossRef]

Nolano, M.; Simone, D.A.; Wendelschafer-Crabb, G.; Johnson, T.; Hazen, E.; Kennedy, W.R. Topical capsaicin in humans: Parallel
loss of epidermal nerve fibers and pain sensation. Pain 1999, 81, 135-145. [CrossRef]

Dhand, A.; Aminoff, M.]. The neurology of itch. Brain 2014, 137, 313-322. [CrossRef]

Gao, N,; Li, M.; Wang, W,; Liu, Z.; Guo, Y. The dual role of TRPV1 in peripheral neuropathic pain: Pain switches caused by its
sensitization or desensitization. Front. Mol. Neurosci. 2024, 17, 1400118. [CrossRef]

Mohapatra, D.P; Nau, C. Regulation of Ca>*-dependent desensitization in the vanilloid receptor TRPV1 by calcineurin and
cAMP-dependent protein kinase. J. Biol. Chem. 2005, 280, 13424-13432. [CrossRef]

Jung, J.; Shin, J.S.; Lee, S.Y.; Hwang, S.W.; Koo, J.; Cho, H.; Oh, U. Phosphorylation of vanilloid receptor 1 by Ca?* /calmodulin-
dependent kinase II regulates its vanilloid binding. J. Biol. Chem. 2004, 279, 7048-7054. [CrossRef]

Lee, S.; Lim, N.Y,; Kang, M.S,; Jeong, Y.; Ahn, J.O.; Choi, ]. H.; Chung, J.Y. IL-31RA and TRPV1 Expression in Atopic Dermatitis
Induced with Trinitrochlorobenzene in Nc¢/Nga Mice. Int. J. Mol. Sci. 2023, 24, 13521. [CrossRef]

Cevikbas, F.; Wang, X.; Akiyama, T.; Kempkes, C.; Savinko, T.; Antal, A.; Kukova, G.; Buhl, T,; Ikoma, A.; Buddenkotte, J.; et al. A
sensory neuron-expressed IL-31 receptor mediates T helper cell-dependent itch: Involvement of TRPV1 and TRPAL. J. Allergy
Clin. Immunol. 2014, 133, 448-460. [CrossRef]

Ono, K;; Ye, Y.; Viet, C.T;; Dang, D.; Schmidt, B.L. TRPV1 expression level in isolectin B4-positive neurons contributes to mouse
strain difference in cutaneous thermal nociceptive sensitivity. ]. Neurophysiol. 2015, 113, 3345-3355. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jaci.2023.10.034
https://doi.org/10.3389/fnmol.2023.1260345
https://doi.org/10.1002/(SICI)1096-9861(19970407)380:2%3C164::AID-CNE2%3E3.0.CO;2-1
https://doi.org/10.1016/S0304-3959(99)00007-X
https://doi.org/10.1093/brain/awt158
https://doi.org/10.3389/fnmol.2024.1400118
https://doi.org/10.1074/jbc.M410917200
https://doi.org/10.1074/jbc.M311448200
https://doi.org/10.3390/ijms241713521
https://doi.org/10.1016/j.jaci.2013.10.048
https://doi.org/10.1152/jn.00973.2014

	Introduction 
	Materials and Methods 
	Animals, Ethical Regulations, and Experimental Design 
	Induction of Atopic Dermatitis 
	Evaluation of Alloknesis and Cutaneous Alterations 
	Histological Evaluation 
	Statistical Analysis 

	Results 
	Response of Alloknesis, Scratching, and Skin Lesions in Balb/c and ICR-CD1 Animals Treated with OVA–Aluminum Salt Solution 
	Histological Changes on the Skin of the Back in Balb/c and ICR-CD1 Animals Treated with OVA–Aluminum Salt Solution 
	Functional and Histological Changes in ICR-CD1 Mice Treated with OVA–Aluminum Salt Solution 

	Discussion 
	References

