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Abstract: In dermatological research, 2,4-dinitrochlorbenzene (DNCB)-induced atopic dermatitis (AD)
is a standard model as it displays many disease-associated characteristics of human AD. However, the
reproducibility of the model is challenging due to the lack of information regarding the methodology
and the description of the phenotype and endotype of the mimicked disease. In this study, a DNCB-
induced mouse model was established with a detailed procedure description and classification of
the AD human-like skin type. The disease was induced with 1% DNCB in the sensitization phase
and repeated applications of 0.3% and 0.5% DNCB in the challenging phase which led to a mild
phenotype of AD eczema. Pathophysiological changes of the dorsal skin were measured: thickening of
the epidermis and dermis, altered skin barrier proteins, increased TH1 and TH2 cytokine expression,
a shift in polyunsaturated fatty acids, increased pro-resolving and inflammatory mediator formation,
and dysregulated inflammation-associated gene expression. A link to type I allergy reactions was
evaluated by increased mast cell infiltration into the skin accompanied by elevated IgE and histamine
levels in plasma. As expected for mild AD, no systemic inflammation was observed. In conclusion, this
experimental setup demonstrates many features of a mild human-like extrinsic AD in murine skin.

Keywords: DNCB; mild atopic dermatitis; extrinsic; atopic dermatitis mouse model

1. Introduction

Atopic dermatitis (AD) is a common inflammatory skin disease with a prevalence of
15–20% in children [1] and up to 3% in adults [2]. The main characteristics of AD patients
are epidermal defects, acanthosis, spongiosis, inflammation, and dysregulation of immune
cell interaction. AD is distinguished by acute or chronic stages with shifts in immune cell
profiles [3,4]. Eczematous lesions of acute stages are bright red with serous exudate and
oozing lesions while chronic lesions are pink to dull red and characterized by lichenification
and scaly plaques [4]. Moreover, AD is associated with type I allergies, such as allergic
asthma or food allergies, described as the so-called ‘atopic march’ [5,6]. The extrinsic form
of AD is characterized by high levels of serum IgE in contrast to the intrinsic form [7–9].
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The skin disease comes with several co-morbidities, such as depression or social anxiety,
contributing to further impairment of life quality [10–12].

Skin disease studies and the expansion of knowledge in the field of novel therapeutic
compounds are conducted by employing a variety of animal models. Human-like AD
skin lesions for pre-clinical studies can be induced by using (i) mice with spontaneously
developing skin eczema, (ii) mice that are genetically modified, or (iii) chemically sensitized
mice [13,14]. The latter is the most common. 2,4-Dinitrochlorobenzol (DNCB) is a standard
compound for inducing contact sensitization and the formation of multiple haptens with
extracellular and intracellular proteins in human skin [15]. Repeated DNCB irritation of
the murine skin is described in two phases: a sensitization phase (first contact with the
hapten) and a challenging phase (second hapten encounter) [16–23].

However, according to published studies, the reproducibility of the DNCB model
is highly challenging. Often, the description of the methodology is lacking in vital infor-
mation on the handling of mice, scoring parameters, or housing and hygienic conditions.
Moreover, studies reported highly variable DNCB concentrations and application volumes
and frequencies as well as time regimes. Yet, many authors do not precisely describe the
AD phenotypes and endotypes such as acute or chronic stages or extrinsic versus intrinsic
AD which are present in their model.

The 2010/63/EU directive on the protection of animals used for scientific purposes
stipulates reducing the number of animals in experiments, finding alternative methods, and
refining the experimental conditions [24]. A prerequisite to reaching these goals is to give
access to a comprehensive and detailed description of the methodology which facilitates re-
production and prevents pre-experiments for the establishment as well as the characterization
of the disease and description of the transferability of the models to human diseases.

We, therefore, established the DNCB-induced human-like AD mouse model (hlAD
model) from the literature with the aim to develop a re-constructible, affordable, and
reliable protocol while assessing a broad spectrum of analytical parameters and providing
a detailed characterization of the achieved AD phenotype and endotype with regard to
human AD. Our work aims to contribute to a better understanding of the DNCB-induced
hlAD model and to help other scientists to make reliable choices for their study design
with a focus on testing novel therapeutic compounds.

2. Results
2.1. Effects of DNCB on the Disease Severity

The hlAD was induced by sensibilization of murine skin with 1% DNCB in the first
phase and repeated application of 0.3% or 0.5% DNCB in the second phase. Animals of all
groups increased their weight with no significant differences between the groups at the
final day 29 (Figure 1a). Different degrees of inflammation and increased hair growth of
the DNCB-treated skin were observed during the experiment (Figure S1). At day 15, the
skin of the DNCB-treated mice showed the highest hlAD eczema severity which decreased
in the further course of the experiment (Figure 1b). The final dermatitis score (DS) of each
group was evaluated at the end of the experiment (Figure 1c). Both DNCB groups showed
a mild DS of 1.6 ± 0.2 (0.3% DNCB) and 1.8 ± 0.4 (0.5% DNCB) at day 29, respectively.
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Figure 1. (a) Cumulative body weight gain of BALB/c mice during the experiment; (b) Dermatitis 

score of the treated area during the experiment; (c) Dermatitis score and images of the treated area 

at day 29. Data are presented as the mean ± standard error of the mean (SEM) (n = 5/group). Squares, 

dots and triangles represent one individual. 
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Secondary lymphoid organs, such are lymph nodes or the spleen, are known to reg-

ulate antigen-driven lymphocyte maturation [25,26]. Significant increases in the weight 

and size of the lymph nodes compared to the control were detected (Figure 2a; *** p < 

0.001). In contrast, these effects were not observed for the spleen (Figure 2b). Morpholog-

ical changes in the DNCB-treated skin area were accompanied by a significantly increased 

skin thickness (Figure 2c; *** p < 0.001). In general, no differences in organ ratio or skin 

thickness were detected between the DNCB groups. 
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Figure 2. (a) Lymph node ratio and respective images; (b) Spleen ratio and respective images; (c) 

Skin thickness. Data are presented as the mean ± SEM (n = 5/group). Squares, dots and triangles 

represent one individual. *** p < 0.001 versus control. 
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Figure 1. (a) Cumulative body weight gain of BALB/c mice during the experiment; (b) Dermatitis
score of the treated area during the experiment; (c) Dermatitis score and images of the treated area at
day 29. Data are presented as the mean ± standard error of the mean (SEM) (n = 5/group). Squares,
dots and triangles represent one individual.

2.2. Effects of DNCB on Secondary Lymphoid Organs

Secondary lymphoid organs, such are lymph nodes or the spleen, are known to
regulate antigen-driven lymphocyte maturation [25,26]. Significant increases in the weight
and size of the lymph nodes compared to the control were detected (Figure 2a; *** p < 0.001).
In contrast, these effects were not observed for the spleen (Figure 2b). Morphological
changes in the DNCB-treated skin area were accompanied by a significantly increased skin
thickness (Figure 2c; *** p < 0.001). In general, no differences in organ ratio or skin thickness
were detected between the DNCB groups.
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Figure 2. (a) Lymph node ratio and respective images; (b) Spleen ratio and respective images; (c) Skin
thickness. Data are presented as the mean± SEM (n = 5/group). Squares, dots and triangles represent
one individual. *** p < 0.001 versus control.
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AD is known as a T-helper (TH) cell-mediated disease. Therefore, the TH cell popula-
tion in splenocytes and lymphocytes was examined. We found no significant differences
for the CD4+ and CD8+-cell populations between the groups (Figure S2).

2.3. Histological and Immunohistological Changes of DNCB-Treated Skin

Significant morphological changes in skin thickness were confirmed by histological
analysis (Figure 3a,b). Hematoxylin and eosin (H and E) staining of dorsal sections (Figure 3a,b,
H&E) and the right ear (Figure S3) showed hyperplasia, hyperkeratosis, and spongiosis in
both DNCB-treated groups. Epidermal and dermal skin thickness of the back as well as
epidermal hyperplasia increased significantly in both DNCB-treated groups compared to the
control group (Figure 3c; * p < 0.05, ** p < 0.01, *** p < 0.001). Epidermal hyperplasia was more
pronounced in the 0.5% DNCB-treated group compared to the 0.3% DNCB-treated group
(Figure 3c; # p < 0.05).

Immunohistochemical staining of the skin samples showed increased skin barrier
proteins such as filaggrin and cytokeratin-10 in the DNCB-treated groups (Figure 3b,
cytokeratin-10, filaggrin) while no differences were detected between the DNCB concen-
trations. An evaluation of immune cell infiltration into the skin showed a significantly
increased number of mast cells in both DNCB groups compared to the control, with no
difference between the DNCB groups (Figure 3d; *** p < 0.001).

2.4. Effects of DNCB on IgE and Histamine Concentrations

Significantly elevated IgE concentrations in the plasma were found in both DNCB-
treated groups compared to the control on day 29, independent from the DNCB concentra-
tion (Figure 4a; *** p < 0.001). The histamine concentration in the plasma was significantly
increased in the 0.3% DNCB-treated skin (Figure 4b; b; * p < 0.05). IL-5, IL-6, IL-4, IL-10,
IL-13, and TNF-α in plasma samples were not detectable.
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Figure 3. (a) Representative hematoxylin and eosin (H&E) staining of dorsal skin sections showing
epidermis (a), dermis (b), subcutis (sc), hair follicle (hf), and sebaceous glands (sg). The DNCB-treated
skin displayed thickening of the epidermis (a), altered dermal skin structure (b), acanthosis and
hyperkeratosis (c), and blood vessels (d) as well as spongiosis (*). (b) Representative H&E-stained
sections, fluorescence staining of cell nuclei, cytokeratin-10, and filaggrin and toluidine staining of
the treated dorsal skin. Scale bar: 100 µm. (c) Evaluation of the epidermal and dermal thickness on
H&E-stained sections and epidermal hyperplasia using stained cell nuclei. (d) Evaluation of mast cell
infiltration into the skin. Data are presented as the mean ± SEM (n = 4–5/group). Squares, dots and
triangles represent one individual. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus control. # p < 0.05
between DNCB groups.
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Figure 4. Measurement of (a) IgE and (b) histamine concentrations in plasma of DNCB-treated skin.
Data are presented as the mean ± SEM (n = 4–5/group). Squares, dots and triangles represent one
individual. * p < 0.05 and *** p < 0.001 versus control.

2.5. Effects of DNCB on Gene and Cytokine Expression and Lipid Mediator Formation

Upregulation of mRNA expression of the pro-inflammatory cytokines IL18, CCL5,
CCL11, thymic stromal lymphopoietin (TSLP), and cytokeratin-10 (KRT10) were evident
in the DNCB-treated skin (Figure 5a). mRNA expression of skin barrier proteins, such as
KRT5, filaggrin (FLG), loricrin (LOR), or other AD associated genes such as semaphorin
3A (SEMA3A) and kallikrein 5 and 7 (KLK5, KLK7), showed a trend to be upregulated.
The pro-inflammatory cytokine interferon-γ (IFN-γ) was significantly increased in the
DNCB-treated skin compared to the control (Figure 5b; ** p < 0.01, *** p < 0.001) while the
anti-inflammatory cytokine IL-10 was significantly decreased in the 0.5% DNCB group
compared to both the control group and the 0.3% DNCB- treated skin (Figure 5b; ** p < 0.01,
# p < 0.05). The TH2 cell-related cytokine IL-4 was significantly elevated only in the 0.5%
DNCB group (Figure 5b; * p < 0.05) whereas expression of TNF-α remained unchanged
(Figure 5b). Other cytokines, such as IL-5, IL-17A, and IL-13 were below the detection limit.

Moreover, the formation of a broad spectrum of lipid mediators (LM) was measured in
the treated skin (Figure S4). The ratio of omega-3 to -6 (n3/n6)-polyunsaturated fatty acids
(PUFA), such as eicosapentaenoic (EPA) or docosahexaenoic (DHA) to arachidonic acid
(AA), were significantly decreased in the DNCB groups compared to the control (Figure 5c;
* p < 0.05, ** p < 0.01; and *** p < 0.001). The pro-inflammatory LM increased significantly
in the 0.3% DNCB group (Figure 5c; * p < 0.05) with a similar effect in the 0.5% DNCB
group compared to the control (Figure 5c; p = 0.054). Simultaneously, significantly elevated
levels of pro-resolving LM were also detected in the 0.3% DNCB-treated group (Figure 5c;
* p < 0.05).
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Figure 5. (a) Effects of DNCB on mRNA expression in skin. Heat maps present regulated genes
compared to the control. Data are presented from individuals and as means (n = 3/group). (b) Mea-
surement of cytokine expression in the skin. (c) Measurement of lipid mediator formation in the
skin. Data present the ratio of omega-3 (n3) long-chain polyunsaturated fatty acids (PUFA) eicos-
apentaenoic (EPA) and docosahexaenoic (DHA) to the n6 PUFA arachidonic acid (AA), the sum
of pro-inflammatory lipid mediators (PGD2, PGE2, PGF2α, TXB2, and LTB4), and the sum of pro-
resolving lipid mediators (RvD5, PD1, MaR2, PDX, 17-HDHA, and 15-HEPE). Data are presented as
the mean ± SEM (n = 4–5/group). Squares, dots and triangles represent one individual. * p < 0.05,
** p < 0.01 and *** p < 0.001 versus control. # p < 0.05 between DNCB groups.

2.6. Effects of DNCB on Cytokine Expression in Splenocytes

The pro-inflammatory cytokine IL-6 from isolated and activated splenocytes was
significantly increased in both DNCB-treated groups compared to the control (Figure 6;
** p < 0.01 and *** p < 0.001).



Int. J. Mol. Sci. 2023, 24, 12325 8 of 17Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 6. IL-6 expression from anti-CD3 and anti-CD28-activated splenocytes after 48 h of incuba-

tion. Data are presented as the mean ± SEM (n = 5/group). Squares, dots and triangles represent one 

individual. ** p < 0.01 and *** p < 0.001 versus control. 

3. Discussion 

DNCB acts as an allergen-associated hapten that is picked up by local skin dendritic 

cells leading to an inflammatory response in the skin [27,28]. In this study, DNCB was 

applied to murine skin in the first phase (1% DNCB) and in the challenging phase (0.3% 

or 0.5% DNCB) to induce hlAD. During the study, different severity degrees of the eczema 

were acquired independently from the applied DNCB concentration which peaked on day 

15 and declined by the end of the experiment. So far, this effect was only reported by a 

few studies [16,29,30] while other studies showed increased or equal severities [22,31–34] 

over the course of the experiment or endpoint scoring only [23,35–37]. In this study, the 

DNCB-treated skin showed markedly increased hair growth. A hair growth-inducing ef-

fect of the DNCB therapy was described in alopecia areata patients [38] but not for the 

hlAD model. 

There are no official AD severity scores for murine skin in contrast to humans. Addi-

tionally, scarce information hampered the comparability of AD scoring between different 

studies. However, our result of the DS assigned the DNCB-treated lesions in this study to 

a human-like mild expression of AD severity. 

A key characteristic of AD is the imbalance in immune reactions related to the TH 

cell response [3,4,39]. Naïve TH cells are present in the regional lymph nodes and polar-

ized by migrated hapten-loaded skin resident antigen-presenting cells [40,41]. Only a few 

studies of DNCB models show data on morphological changes in lymphoid organs 

[17,21,23,29,42]. Although lymph node hypertrophy of the DNCB-treated mice was meas-

ured in this study, CD4+ or CD8+ cells were not altered in isolated lymphocytes. The spleen 

neither showed an increased weight nor an imbalance in the TH cell population but acti-

vated splenocytes presented a significant increase in IL-6, indicating an inflammatory re-

sponse [43]. However, systemic inflammation with a focus on pro-inflammatory cytokines 

was not detectable in blood plasma. A previous study describes that a systemic reaction 

is lacking in mild expression of AD in contrast to moderate or severe degrees of severity 

[39]. Systemic inflammation markers in the serum were described in moderate to severe 

DNCB-induced hlAD skin lesions [18,29,44,45] which leads to the assumption that pro-

inflammatory cytokine expression in plasma might have been elevated at day 15 of this 

experiment when the murine skin lesions revealed moderate hlAD. Likely, the DNCB 

treatment in our study induced a local effect in secondary lymphoid organs but did not 

lead to systemic inflammation at the end of the experiment. 

The local inflammatory response in the treated skin area was proven by altered cyto-

kine and mRNA expression of pro-inflammatory markers as well as LM formation. An 

0

10

20

30

40

50

60

70

80

[p
g

/m
l]

 

IL-6

DNCB 

0.3% 0.5%Control

** ***

Figure 6. IL-6 expression from anti-CD3 and anti-CD28-activated splenocytes after 48 h of incubation.
Data are presented as the mean ± SEM (n = 5/group). Squares, dots and triangles represent one
individual. ** p < 0.01 and *** p < 0.001 versus control.

3. Discussion

DNCB acts as an allergen-associated hapten that is picked up by local skin dendritic
cells leading to an inflammatory response in the skin [27,28]. In this study, DNCB was
applied to murine skin in the first phase (1% DNCB) and in the challenging phase (0.3% or
0.5% DNCB) to induce hlAD. During the study, different severity degrees of the eczema
were acquired independently from the applied DNCB concentration which peaked on day
15 and declined by the end of the experiment. So far, this effect was only reported by
a few studies [16,29,30] while other studies showed increased or equal severities [22,31–34]
over the course of the experiment or endpoint scoring only [23,35–37]. In this study, the
DNCB-treated skin showed markedly increased hair growth. A hair growth-inducing
effect of the DNCB therapy was described in alopecia areata patients [38] but not for the
hlAD model.

There are no official AD severity scores for murine skin in contrast to humans. Addi-
tionally, scarce information hampered the comparability of AD scoring between different
studies. However, our result of the DS assigned the DNCB-treated lesions in this study to
a human-like mild expression of AD severity.

A key characteristic of AD is the imbalance in immune reactions related to the TH cell
response [3,4,39]. Naïve TH cells are present in the regional lymph nodes and polarized by
migrated hapten-loaded skin resident antigen-presenting cells [40,41]. Only a few studies
of DNCB models show data on morphological changes in lymphoid organs [17,21,23,29,42].
Although lymph node hypertrophy of the DNCB-treated mice was measured in this study,
CD4+ or CD8+ cells were not altered in isolated lymphocytes. The spleen neither showed
an increased weight nor an imbalance in the TH cell population but activated splenocytes
presented a significant increase in IL-6, indicating an inflammatory response [43]. However,
systemic inflammation with a focus on pro-inflammatory cytokines was not detectable
in blood plasma. A previous study describes that a systemic reaction is lacking in mild
expression of AD in contrast to moderate or severe degrees of severity [39]. Systemic
inflammation markers in the serum were described in moderate to severe DNCB-induced
hlAD skin lesions [18,29,44,45] which leads to the assumption that pro-inflammatory
cytokine expression in plasma might have been elevated at day 15 of this experiment
when the murine skin lesions revealed moderate hlAD. Likely, the DNCB treatment in our
study induced a local effect in secondary lymphoid organs but did not lead to systemic
inflammation at the end of the experiment.

The local inflammatory response in the treated skin area was proven by altered
cytokine and mRNA expression of pro-inflammatory markers as well as LM formation.
An upregulation of CCL5 and CCL11 mRNA expression, shown in this study, was also found
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in human mild AD with CCL11 progressively increasing with the disease severity [39].
KLK5 and KLK7, which were found to be elevated in the skin of AD patients [46–48], also
showed a trend for upregulation in the DNCB-treated murine skin.

Furthermore, the DNCB treatment influenced the ratio of n3/n6 PUFAs in the skin
while showing increased AA levels, similar to the skin from AD patients [49]. An inflamma-
tory skin milieu was measured by summarizing pro-inflammatory LM such as leukotriene
B isomers or prostaglandins (PGs). PGE2, a potent pro-inflammatory LM derived from
AA by cyclooxygenase [50], is the main generated PG in the skin of DNCB-treated mice.
Also, increased PGE2 levels were measured in lesional and non-lesional skin from AD
patients, suggesting that PGE2 may be involved in AD pathogenesis [51]. Hong et al. [52]
showed elevated levels of another important pro-inflammatory LM of the AA metabolism
in the murine skin (12-hydroxyeicosatetraenoic acids) after seven weeks of DNCB treatment
which were not found to be significantly increased in our study. Interestingly, the pro-
resolving LM were also increased in the hlAD skin, indicating a tendency of counteracting
the DNCB-induced inflammation by skin cells.

TH cells play a key role in the pathogenesis of AD while the pro-inflammatory cy-
tokines IFN-γ and IL-4 are associated with specific functions [3,53]. A significant increase in
IL-4 was only detected in the 0.5% DNCB group. IFN-γ was shown in both DNCB-treated
groups and is known to have thickening effects in murine skin as it was observed in this
study [54]. Epidermal thickening is seen in acute as well as in chronic lesions of human
AD [3] and at all degrees of severity [39]. The dominance of the TH1-related cytokine IFN-γ
is mainly associated with chronic lesions in human AD, while IL-4, a TH2 cytokine, is
connected to acute lesions [3]. Our literature search shows that this classification is difficult
for hlAD murine skin. Chen et al. [55] reports that TH2 cytokines are more prominent in
early disease stages while Kitagaki et al. [56] shows that a prolonged antigen treatment
leads to a shift from a TH1 to a TH2 cytokine response and a study on Stat6VT mice reveals
a simultaneous increase in IL-4 and IFN-γ mRNA expression from the acute to chronic
phase [57]. Since data are limited, an explicit assignment to an acute or chronic stage of
the DNCB-treated skin lesions, as it is described for human AD, is not yet possible in this
model. However, data suggest that the DNCB-induced hlAD model pictures a mixture
of histologically acute (spongiosis [4]) and chronic lesions (marked epidermal thicken-
ing [3]) while IL-4 and IFN-γ seem to be both involved in the inflammatory response and
skin abnormalities.

Skin barrier proteins play a crucial role in protecting skin from epidermal water loss
and microbial, allergen, or chemical penetration [53]. We found increased mRNA levels
of skin barrier proteins in the DNCB-treated skin. However, this effect cannot be clearly
supported in an increased staining intensity per cell in the immunohistological slides.
Nevertheless, an upregulation of filaggrin is described on an mRNA and protein level by
Kim et al. [58]. Conversely, there are also studies that show a downregulation of filaggrin in
moderate to severe lesions in the DNCB-induced hlAD models [23,59]. In human AD skin,
the downregulation of skin barrier-associated genes is more characteristic for moderate to
severe AD skin and they are less affected in mild expressions [7,60].

Elevated IgE levels are often measured in the hlAD model as a link to type I aller-
gies [16,19,22,23,32,35,59]. In human AD, the presence of IgE distinguishes the extrinsic
from the intrinsic type while extrinsic AD is triggered by allergens and is associated with
a high serum IgE level [7,9]. The activation of mast cells is mediated by IgE antibodies
followed by histamine release. The increased infiltration of mast cells into skin as well as
elevated IgE and histamine concentrations in plasma reflect this allergic reaction cascade in
our DNCB-induced hlAD model.

Taken together, our DNCB-induced hlAD model mainly depicts an extrinsic form
with a mild disease severity. We identified basic criteria which are associated with mild
eczema presented by local skin inflammation and abnormalities. To our knowledge, we
are the first to measure a broad spectrum of pro-inflammatory LM and SPM formation,
indicating an inflammatory response and, simultaneously, a regression in inflammation in
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the DNCB-treated skin of BALB/c mice. These findings are supported by the investigation
of gene and cytokine expression to characterize the DNCB-treated skin of BALB/c mice. In
summary, this study presents a comprehensive spectrum of parameters which shows a local
inflammatory skin milieu. However, more data are needed to refer the disease pattern to
an acute or chronic stage of human AD. In general, AD is a highly complex disease with
several subtypes. To date, there is no murine AD model available that satisfactorily reflects
the whole complex pathomechanism of human AD fully [14].

In conclusion, our study contributes to a better understanding of the DNCB-induced
hlAD model itself as well as the mechanisms of DNCB-treatment in murine skin and thus
to the evaluation of new treatment strategies and medications in the therapy of AD.

4. Materials and Methods
4.1. Chemicals

DNCB (≥99%; Cat. No. 237329), olive oil (Cat. No. 75343), and PBS (Cat. No. D8537)
were purchased from Sigma-Aldrich (Darmstadt, Germany) and acetone from VWR interna-
tional (Darmstadt, Germany; Cat. No. 270725). DNCB was dissolved in acetone and olive oil
(3:1, v/v). DMSO was purchased from Carl Roth (Cat. No. A994.2; Karlsruhe, Germany).

4.2. Animals and Housing Conditions

Specific-opportunistic-pathogen-free (SOPF) BALB/cJRj (8-week-old, female; Janvier-
Labs, Saint Berthevin Cedex, France) were acclimatized for one week. All animals were
housed under SOPF conditions according to the FELASA recommendations [61]. Pathogens
were tested in a three-month frequency. All animals were housed in individually ventilated
cages (Green Line 500, TecniPlast, Germany) and kept in groups of two or three per cage
(temperature: 22 ± 2 ◦C; humidity: 55 ± 10%; 12:12 h light–dark cycle). The animals were
fed with a standard rodent diet (Ssniff Spezialdiäten, Soest, Germany) while having access
to food and autoclaved water ad libitum. Cages were enriched with poplar wood pellets,
a cardboard tunnel, a wooden stick, and cotton rolls as the nesting material. Cages were
changed once a week. None of the mice died during the experiment.

4.3. Induction of Atopic Dermatitis

After acclimatization, the animals were anesthetized with isoflurane, while their claws
were shortened and a 5 cm2 area of the back of the mice was shaved (Aesculap Exacta GT416,
B. Braun, Germany). The animals were randomized and divided in three groups with five
mice each: the control group, 0.3% DNCB group, and 0.5% DNCB group. After one day of
recovery, the animals from the DNCB groups were sensitized by applying 200 µL 1% DNCB
on the back and 20 µL 1% DNCB behind the right ear by pipetting (Figure 7). The DNCB
treatment was repeated at day 4. From day 8 onward, the animals were treated with 0.3%
and 0.5% DNCB for three weeks (3x/week), respectively. The control group was treated
with the vehicle (acetone:olive oil, 3:1, v/v). For application, the animals were fixed on the
root of their tail. From day 15, all groups were treated with PBS (1% DMSO) approximately
1 h after DNCB treatment (200 µL) by slowly applying the solution to the inflamed skin
and gently spreading it with a soft brush to simulate application of a vehicle solution
for subsequent therapeutical target testing. One day after the last application (day 29)
the animals were anesthetized with ketamine (100 mg/kg/body weight) and xylazine
(15 mg/kg/body weight) and blood was taken with syringes containing 0.5 M EDTA.

The spleens and lymph nodes were weighted and photographed (Canon EOS 600D;
Canon, Tokyo, Japan). The brightness of the organ images was equally adjusted using
PowerPoint™ Microsoft 365® (Redmond, WA, USA). Organs were stored overnight at 4 ◦C
in PBS. Skin thickness of the DNCB treated area was recorded with a digital measuring
stick (IP67, 150 mm, Mitutoyo, Japan). Skin samples for gene expression analysis were
stored in RNA tissue protect reagent (Qiagen, Hilden, Germany) at −80 ◦C. Other skin
samples were stored at −80 ◦C.
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4.4. Scoring

Body weight was measured every week. The dermatitis score (DS) was calculated with
regard to four disease specific symptoms based on the ‘severity scoring of AD on human
skin‘ (SCORAD) [62]: dryness, erythema and redness, and edema and excoriation/crust
formation. There is no official protocol available for a standard scoring of the eczema
severity of murine skin. Therefore, estimation of DS from the literature was evaluated
and used as a reference for scoring in this study. Each symptom was scored with 0 (none),
1 (mild < 20%), 2 (moderate 20–60%), and 3 (severe > 60%) during the experiment and on
day 29 after shaving. The DS was defined as the sum of each individual symptom. The
treated areas were photographed (Canon EOS 600D, Canon, Japan).

4.5. Organ Preparation and FACS Measurement

The spleens were crushed with the frosted sides of microscope slides and lysed with
2 mL red blood cell lysis buffer (ThermoFisher, Waltman, MA, USA). Cells were passed
through a 70 µm nylon mesh to a volume of 7 mL, lysed for 10 min, and neutralized with
4 mL fluorescence activated cell sorting (FACS) buffer. The FACS buffer was based on PBS
including 5% fetal calf serum (FCS) (Sigma Aldrich). Lymph nodes were crushed with
1 mL FACS buffer. Cells were passed through a 70 µm nylon mesh up to a volume of 5 mL.
Cell suspensions were centrifugated (300× g, 10 min, 4 ◦C). The cells were resuspended
in FACS buffer and passed through a 40 µm nylon mesh. Approximately 2 × 106 cells
of each sample were added into a 96-well plate. Cells were centrifuged (300× g, 10 min,
4 ◦C), washed, and incubated with an anti-CD16/CD32 Fc block (ThermoFisher). After
25 min, cells were stained with anti-CD45-PE, anti-CD3-APC, anti-CD4-FITC, and anti-
CD8-PE-Cyanine7 (ThermoFisher) for 30 min at 4 ◦C. Cells were washed, fixed with
fluorofix (BioLegend, Koblenz, Germany), and stored overnight at 4 ◦C. The next day, the
cells were washed, resuspended with FACS buffer, and measured using flow cytometry
(AttuneNxT, ThermoFisher).

4.6. Measurement of IgE and Histamine Concentration in Plasma

EDTA-blood was stored for 30 min at room temperature, centrifuged (300× g, 10 min),
and plasma was aliquoted and stored at −80 ◦C. IgE was measured using a fluorescence-
encoded bead-based assay on flow cytometry according to the manufacturer’s protocol
(BioLegend). Histamine concentration in plasma samples was measured according to the
manufacturers’ protocol (Immusmol, Bordeaux, France).

4.7. Cytokine Measurement in the Skin

Approximately 100 mg of skin tissue was washed with cold PBS and cut into small
pieces and transferred into a 2 mL tube. In total, 900 µL of radioimmunoprecipitation assay
buffer (Sigma Aldrich) was mixed 1:10 with a protease inhibitor cocktail (Sigma Aldrich)
and 1 mM phenylmethylsulfonyl fluoride (Sigma Aldrich) was added to the tube. The skin
was homogenized for 40 s with a tissue ruptor (Qiagen) on ice and incubated for 30 min.
The samples were centrifuged (13,000× g, 10 min, 4 ◦C) and the supernatant was stored
at −80 ◦C. The cytokines in the supernatant were measured with a fluorescence-encoded
bead-based assay on flow cytometry according to the manufacturer´s protocol (LegendPlex,
BioLegend).
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4.8. Histological and Immunohistological Staining

The right ear and 6 mm ∅ of the dorsal skin were fixed with 4% phosphate buffered
formaldehyde at room temperature (Carl Roth). Further preparation procedures are de-
scribed in Appendix A. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (Sigma
Aldrich). Microscopic assessment was carried out on the Axio Scope A.1 microscope us-
ing the DAPI-filter set to a wavelength from λex = 358 nm (Carl Zeiss, Jena, Germany).
Photographs of histological slides were taken with the digital camera AxioCam MRc
(Carl Zeiss). An evaluation of the histological slides was conducted with ImageJ version
v1.53t [63]. Mast cell infiltration into the skin was counted and calculated as the ratio to the
relative area of the photographed skin.

4.9. RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

The RNA of skin samples was isolated and purified with the RNeasy Plus Universal
Mini Kit (Qiagen) according to the manufacturer’s protocol. cDNA synthesis was conducted
with the RT2 First Strand Kit (Qiagen). cDNA was added together with RT2 SYBR Green
Mastermix (Qiagen) into a customized 384-well RT2 Profiler PCR Array plate (Qiagen)
with 48 genes (Table S1). Real-time PCR was conducted with a LightCycler 480® (Roche,
Basel, Switzerland). The cycling conditions were programmed as recommended in the
manufacturer’s protocol. The relative fold mRNA expression was calculated by the 2-ddCt-
method using peptidylprolyl isomerase H as a housekeeping gene.

4.10. Lipid Mediator Metabololipidomics by UPLC-MS-MS

For each animal, 20 mg of skin were extracted in 400 µL PBS using a FastPrep-24 5G
Lysis System (MP Biomedicals, Eschwege, Germany). Further preparation and method
parameters are described in Appendix B. The mediators were measured using UPLC-
MS/MS as described by Zhang et al. [64].

4.11. Splenocyte Cell Culture

Wells of a 12-well plate were coated at 37 ◦C for 2 h in a 5% CO2 atmosphere with
1µg/mL anti-CD3 (ThermoFisher). The coating supernatant was carefully removed and
the isolated splenocytes were seeded at 3 × 106 cells/mL (1 mL/well) into the coated
12-well plates using RPMI medium (Sigma Aldrich) containing 10% FCS, 2% PSG (Merck,
Darmstadt, Germany), 2 mM GlutaMax (ThermoFisher), and 3 µg/mL anti-CD28 (Ther-
moFisher). The cells were further incubated for 48 h and the supernatant was collected and
stored at −80 ◦C.

4.12. Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM) using GraphPad
version 9 (GraphPrism Software, San Diego, CA, USA). The determination of statistical
significance was conducted on log-transformed data using one-way ANOVA followed by
Tukey´s post hoc test. Statistical significance was tested with * p < 0.05, ** p < 0.01, and
*** p < 0.001 versus the control or # p < 0.05 and ## p < 0.01 between the DNCB groups.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241512325/s1.
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Appendix A

Histological and immunohistological preparation was conducted with 4% phosphate
buffered formaldehyde fixed skin samples. After 24 h, fixation samples were stored in PBS
until embedding in paraffin blocks. Following this, samples were sliced with a thickness of
4 µm and dried at 60 ◦C. After dewaxing and hydration, the heat-induced epitope retrieval
was conducted by incubation for 27 min in a steamer with TE-buffer (10 mM Tris Base,
1 mM EDTA, 0.05% Tween20; pH 9.0). Afterwards, the slides were washed two times for
5 min in 1xTBST buffer (50 mM M Tris Base, 150 mM NaCl, 0.025 M Triton X-100; pH 7.4).
For a further 30 min, the slides were incubated in TBS with 1% Triton X-100. Nonspecific
binding sites were blocked with UltraCruz® Blocking Reagent (Santa Cruz Biotechnology,
Dallas, TX, USA) for 30 min. Skin and ear samples were then blocked with the Avidin/Biotin
Blocking System (BioLegend) accordingly. Immunohistochemical staining was conducted
with one of the rabbit-anti-mouse primary antibodies filaggrin (BioLegend) or cytokeratin-
10 (Sigma Aldrich) with a dilution of 1:2000 overnight at 4 ◦C. After washing with TBST
two times for 5 min, the slides were incubated with the secondary biotin-labeled antibody
(Jackson ImmunoResearch, Ely, UK) for 1 h. The slides were washed again and incubated
with VECTASTAIN® ABC-AP Kit (Vector Laboratories, Newark, CA, USA) for 30 min.
After washing, the samples were treated with an alkaline phosphatase substrate (Abcam,
Cambridges, USA) for 10 min followed by one washing step. Furthermore, the samples
were counterstained for 30 s with haematoxylin Gill I (Merck), washed with tap water for
5 min, and covered with a coverslip and aquatex (Merck, Germany). Haematoxylin and
eosin staining (H&E) of hydrated slides was performed with Haematoxylin Gill II (Merck)
for 5 min; bluing was performed with tap water for 5 min and a 0.5% aqueus solution of
Eosin Y (Merck) for 38 sec. They were then washed in ddH2O and ethanol to xylene and
covered with a coverslip and Histofluid (Paul Marienfeld, Lauda-Königshofen, Germany).

Toluidine staining was conducted with 0.1% toluidine blue O (Sigma Aldrich) in 0.9%
sodium chloride (pH 2.3). After deparaffinization and hydration with distilled water, the
slides were stained for 2 min and washed with distilled water trice. Afterward, the slides
were quickly dehydrated with 96% ethanol and 100% ethanol by dipping the slides 10 times
into the alcohol, followed by a repeated clearance with xylene for 3 min and covering with
a coverslip and Histofluid (Paul Marienfeld).

Appendix B

After the skin samples were extracted, 800 µL of ice-cold methanol containing deuter-
ated LM standards (200 nM d8-5S-HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2 and 10 µM
d8-AA; Cayman Chemical/Biomol GmbH, Hamburg, Germany) was added. Samples were
then kept at −20 ◦C for at least 60 min to allow protein precipitation. The extraction of LM
in the supernatant was performed as recently published [64]. In brief, after centrifugation,
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(1200× g; 4 ◦C; 10 min) acidified H2O (9 mL; final pH = 3.5) was added and samples were
extracted on solid phase cartridges (Sep-Pak® Vac 6cc 500 mg/6 mL C18; Waters, Milford,
MA, USA). Samples were loaded on the cartridges after equilibration with methanol fol-
lowed by water. After washing with water and n-hexane, samples were eluted with methyl
formate (6 mL). The solvent was fully evaporated using an evaporation system (TurboVap
LV, Biotage, Uppsala, Sweden) and the residue was resuspended in 150 µL methanol/water
(1:1, v/v) for UPLC-MS-MS analysis. LM were analyzed with an Acquity™ UPLC system
(Waters, Milford, MA, USA) and a QTRAP 5500 Mass Spectrometer (ABSciex, Darmstadt,
Germany) equipped with a Turbo V™ Source and electrospray ionization. LM were eluted
using an ACQUITY UPLC® BEH C18 column (1.7 µm, 2.1 mm× 100 mm; Waters, Eschborn,
Germany) heated at 50 ◦C with a flow rate of 0.3 mL/min and a mobile phase consisting of
methanol–water–acetic acid at a ratio of 42:58:0.01 (v/v/v) that was ramped to 86:14:0.01
(v/v/v) over 12.5 min and then to 98:2:0.01 (v/v/v) for 3 min [65]. The QTRAP 5500 was
run in a negative ionization mode using scheduled multiple reaction monitoring (MRM)
coupled with information-dependent acquisition. The scheduled MRM window was 60 s
and optimized LM parameters were adopted [65] with a curtain gas pressure of 35 psi. The
retention time and at least six diagnostic ions for each LM were confirmed by means of an
external standard for each and every LM (Cayman Chemical/Biomol GmbH, Hamburg,
Germany). Quantification was achieved by calibration curves for each LM. Linear calibra-
tion curves were obtained for each LM and gave r2 values of 0.998 or higher. The limit of
detection for each targeted LM was determined as described [65].
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