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Atopic dermatitis (AD) is a chronic inflammatory skin disease. Bleomycin (BLM)
contributes to the induction of pulmonary inflammation and fibrosis in animals. Although
skin and lung tissue inflammation is closely related in the pathogenesis of allergic
diseases, a proper animal model for investigating the relationship between skin and
lung inflammation is lacking. Therefore, we developed a mouse model of AD with
relapsing dermatitis and pulmonary fibrosis caused by the administration of allergen
and BLM. The present study determined whether lung injury caused by the bronchial
application of BLM would exacerbate AD-like allergic inflammation induced by 2, 4-
dinitrochlorobenzene (DNCB) in NC/Nga mice. NC/Nga mice treated with BLM and
DNCB had increased severity of clinical symptoms and airway hyperresponsiveness as
well as increased inflammatory cell infiltration and collagen deposition in the dorsal skin
and lung. Compared to normal mice, interleukin (IL)-6 and tumor necrosis factor (TNF)-α
production in bronchoalveolar lavage fluid were increased in NC/Nga mice treated with
both DNCB and BLM and in animals treated with DNCB alone. Administration of BLM
and DNCB increased the levels of IL-4 and IL-13 production in spleen cells and eotaxin-
2 mRNA expression in dorsal skin, compared to NC/Nga mice treated with DNCB alone.
The total cell numbers in axillary lymph node, bronchoalveolar lavage, and thymus were
increased in DNCB-BLM mice compared to those in mice treated with DNCB alone.
Administration of BLM and DNCB increased the numbers of cluster of differentiation 4
(CD4)+ T cells and CD11b+granulocyte-differentiation antigen-1 (Gr-1)+ cells among
peripheral blood mononuclear cells, CD4+ cells in bronchoalveolar lavage, CD4+ and
B220+CD23+ B cells in the axillary lymph node, and CD4+ cells in thymus, compared
to DNCB-treated mice. The number of total, CD4+, and CD11b+Gr-1+ cells in the
lung were increased in both DNCB and DNCB-BLM mice. These results demonstrate
that BLM aggravates allergic skin inflammation and promotes airway hyperreactivity and
lung inflammation when combined with DNCB in NC/Nga mice.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic inflammatory skin disease
that has a high prevalence among infants and children (Han et al.,
2011). The pathogenesis of AD is strongly influenced by both
genetic and environmental factors (Bantz et al., 2014). The skin,
located on the outermost body surface, is an important interface
between the host and its environment, and the skin is believed, in
Oriental medicine, to be influenced by the physiological function
of the lung on the body (Im et al., 2002; Glick, 2005). In Asia,
AD is called ‘skin asthma,’ because so many infants and children
with AD already have, or will develop, asthma (Glick, 2005).
Development of AD in infancy, and the subsequent development
of other allergic respiratory diseases such as asthma in later
childhood is referred to as the atopic march (Spergel and Paller,
2003; Zheng et al., 2011). Some studies have developed animal
models with localized AD induced by repeated epicutaneous
sensitization with ovalbumin, and airway hyperresponsiveness
to methacholine after challenge with aerosolized ovalbumin, to
study the progression from AD to asthma (Spergel et al., 1998).
Recently, Han et al. (2017) reported that neonatal capsaicin
treatment induced chronically relapsing pruritic dermatitis and
asthmatic airway changes in rats (Han et al., 2017). However, a
proper animal model for investigating the relationship among
skin and lung inflammation in AD is still lacking.

Bleomycin (BLM) administration is a widely used method for
inducing local skin and pulmonary inflammation and fibrosis
in animals (Liang et al., 2015). Intratracheal instillation of
BLM in mice causes bronchial fibrotic changes, acute interstitial
and intra-alveolar inflammation, and upregulation of alveolar
inflammatory cells (Della Latta et al., 2015). C57BL/6 mice, which
are more susceptible than Balb/c mice to BLM-induced fibrosis,
are used in most studies, and only few researchers employ other
strains such as 129, CBA, Balb/c, and ICR (Della Latta et al.,
2015). We developed a mouse model of AD with relapsing
dermatitis and pulmonary fibrosis by the administration of
BLM and allergen. The present study determined whether lung
injury induced by the bronchial application of BLM would
exacerbate the AD-like allergic inflammation induced by 2,
4-dinitrochlorobenzene (DNCB) in NC/Nga mice, an inbred
animal model for human AD (Choi et al., 2012; Kim et al., 2014).
It has been reported that repeated applications of DNCB to the
skin of NC/Nga mice induced AD-like skin lesions, which is
associated with an increase in serum immunoglobulin (Ig) E and
T-helper (Th) 2 cytokines such as interleukin (IL)-4, IL-5, and
IL-13 at the chronic dorsal skin lesions (Choi et al., 2012). In
addition, NC/Nga mice showed high airway hyperresponsiveness
to acetylcholine and marked enhancement of airway resistance
after a single intranasal challenge with ovalbumin or mite allergen
Dermatophagoides farinae, thus suggesting that NC/Nga mice are
a useful animal model to investigate the pathogenesis of allergic
asthma and AD (Iwasaki et al., 2001; Shibamori et al., 2006).

Therefore, the purpose of this study was to develop an animal
model for studying AD in mice using timely administration
of BLM and DNCB. We induced AD by repeated topical
application of DNCB to the skin after induction of lung fibrosis
by bronchial injection of BLM in NC/Nga mice. In the present

study, we have demonstrated, using a murine model of AD, that
bleomycin, when administered in combination with allergens,
has an additive and synergistic effect in driving cutaneous
eczematoide skin changes, and promotes airway hyperreactivity
and lung inflammation upon allergen challenge.

MATERIALS AND METHODS

Animals
Five-week-old male NC/Nga and C57BL/6 mice were obtained
from Central Lab Animal Inc. (Seoul, South Korea). All animal
experiments and procedures were approved by the Committee
for Animal Welfare at the Daejeon University (DJUARB2016-
036). All animal procedures were conducted in accordance with
the guidelines of the Animal Care and Use Committee of the
South Korea Research Institute of Bioscience and Biotechnology
(Daejeon, South Korea) and the US guidelines (NIH publication
number 85-23. Revised 1996). All animals were housed in air-
conditioned animal room at a temperature of 21 ± 2◦C and
humidity of 50 ± 5% under a 12:12-h light/dark cycle and had
ad libitum access to food and water for 1 week.

Induction of Lung Fibrosis
The mice were divided into four groups (n = 4): group 1, C57BL/6
(vehicle)-Normal; group 2, NC/Nga (vehicle)-Normal; group
3, NC/Nga (DNCB)-Control; group 4, NC/Nga (DNCB-BLM).
As previously described (Della Latta et al., 2015), the NC/Nga
mice were administered a single-dose intratracheal instillation of
bleomycin (BLM-treated group, 0.125 U/100 g; Sigma) or vehicle
(normal and control group, saline) using bronchial tubes. Normal
C57BL/6 mice received vehicle only.

Induction of AD
The back hair of mice was shaved with electric clippers a day
before BLM administration. AD was induced in C57BL/6 and
NC/Nga mice 7 days after BLM or vehicle administration (Park
et al., 2014; Saba et al., 2016). For the sensitization process, 200 µl
of a 1% DNCB solution (acetone: olive oil = 3:1) was applied
dermally to the shaved back area twice per week for 1 week using
1× 1 cm patches. At 1 week after the first DNCB sensitization, the
back skin was challenged with 150 µl of a 0.4% DNCB solution
three times per week for 3 weeks. At the end of the experiment,
mice were sacrificed by intraperitoneal (i.p.) injection of urethane
(2.5 mg/kg), and samples were collected. The schematic diagram
of the experimental protocol is shown in Figure 1A.

Collection of Bronchoalveolar Lavage
Fluid (BALF)
After the mice were sacrificed by i.p. injection of urethane
(2.5 mg/kg), BALF was collected by washing the airway lamina
by tracheal cannulation. The fluid collected from airway lavage
was defined as BALF, centrifuged, and the supernatant collected
and stored at−25◦C for determination of cytokine levels. The cell
pellets were suspended in 1 ml PBS and the total cell number was
counted using a hemocytometer.
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FIGURE 1 | Effect of BLM on airway hyperresponsiveness. (A) Schematic diagram of the treatment protocol. (B) Airway resistance was measured after exposure to
increasing doses of aerosolized methacholine (6.25, 12.5, 25, and 50 mg/ml). The mice were divided into four groups (n = 4); C57BL/6 (vehicle)-Normal, NC/Nga
(vehicle)-Normal, NC/Nga (DNCB)-Control, and NC/Nga (DNCB-BLM). Values are expressed as the mean ± standard error of mean (SEM) (n = 4). $p < 0.05,
$$p < 0.01 [compared with C57BL/6 (vehicle)-Normal], and ∗p < 0.05 [compared with NC/Nga (DNCB)-Control] as determined by one-way ANOVA followed by
multiple comparison tests.

Determination of Airway
Hyperresponsiveness (AHR)
Airway hyperresponsiveness in mice was measured using non-
invasive whole-body plethysmography Buxco system (Biosystems
XA; DSI Inc., MN, United States) as previously described
(Kim et al., 2011). Each chamber was equipped with a
pneumotachograph (Halcyon, Buxco) to measure airflow, and
this information was transmitted to analysis software (Biosystem
XA for windows, Buxco). The software uses various algorithms to
calculate several flow-derived parameters, including respiratory
rate, lung volume, peak flow, and time intervals. The software
reported data as ‘enhanced pause’ (Penh), an index of airway
hyperreactivity derived from the equation: Penh is equal to
Pause × PEF/PIF, where Pause = (Te−Tr)/Tr (PIF, peak
inspiratory flow; PEF, peak expiratory flow; Te, expiratory time;
Tr, relaxation time). One day after the final DNCB treatment, the
mice were placed in Buxco chamber and were given aerosolized
normal saline, followed by increasing doses (6.25, 12.5, 25, and
50 mg/ml) of aerosolized methacholine (Sigma-Aldrich Korea,

Seoul, South Korea). Airway reactivity was then monitored for
30 min and respiratory curves were converted into enhanced
pause (Penh) values.

Measurement of Clinical Skin Severity
Score
Dermatitis skin scores of AD-like skin lesions were evaluated
as described previously (Suto et al., 1999). The severity of
dermatitis was assessed according to four symptoms: (1)
erythema/hemorrhage, (2) scarring/dryness, (3) edema, and (4)
excoriation/erosion. Each symptom was scored from 0 to 3 (none,
0; mild, 1; moderate, 2; severe, 3). Clinical skin severity score was
defined as the sum of the individual scores, ranging from 0 to 12.

Enzyme-Linked Immunosorbent Assay
(ELISA)
The levels of IgE in the serum were determined using a mouse
ELISA kit (R&D Systems, Minneapolis, MN, United States).
Interleukin (IL)-6 and TNF-α secretion in BALF were determined
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by ELISA (R&D systems) according to the manufacturer’s
instructions.

IL-4, IL-5, IL-13, and IFN-γ production was detected in spleen
cells suspended in RPMI 1640 medium supplemented with 2 mM
L-glutamine and 5% FBS. Spleen cells were cultured in 96-well
plates for 48 h at a concentration of 1 × 105 cells/well with
plate-bound anti-CD3 antibody (0.5 µg/ml) in a humidified
atmosphere of 5% CO2 at 37◦C. The culture supernatants were
then collected and IL-4, IL-5, IL-13, and IFN-γ levels in the
supernatants were measured using an ELISA kit (R&D systems).

The limits of detection (sensitivity) were 1.8 pg/ml of IL-
6, 7.21 pg/ml of TNF-α, 2 pg/ml of IL-4, 7.0 pg/ml of IL-
5, 1.5 pg/ml of IL-13, and 2 pg/ml of IFN-γ. According to
the certificate of analysis supplied by the manufacturer of the
commercial assay, the intra-assay coefficient of variation (CV)
of the IL-4 ELISA system was 4.7% and the inter-assay CV was
5.2%. The intra- and inter-assay CV of IL-5 was 5.2 and 4.4%,
respectively. The intra- and inter-assay CV of IL-13 was 2.8 and
6.7%, respectively. The intra-and inter-assay CV of IFN-γ was
3.6 and 9.3%, respectively. The intra- and inter-assay CV of IL-
6 was 4.7 and 7.5%, respectively. The intra- and inter-assay CV of
TNF-α was 3.2 and 7.7%, respectively.

Sample Collection and Cell Preparations
Peripheral blood mononuclear cells (PBMCs) were isolated
from the heparinized blood of mice by Percoll density-gradient
centrifugation. Cell suspensions were prepared from fresh tissues
processed in RPMI 1640 medium. Single cell suspensions from
tissues and BALF were isolated by mechanical disruption in
RPMI 1640 medium supplemented with 2 mM L-glutamine,
100 U/mL penicillin, 100 µg/mL streptomycin, 50 µM 2-
mercaptoethanol, 20 mM HEPES, and 2% heat-inactivated fetal
bovine serum (FBS, GIBCO, Grand Island, NY, United States).
Briefly, the tissues (axillary lymph node, thymus, dorsal skin,
and lung) were removed from the mice, minced using scalpels,
and then incubated in PBS containing 1 mg/mL collagenase IV
(Sigma-C5138, Sigma, St. Louis, MO, United States) at 37◦C.
After incubation for 40 min, each tissue was vigorously pipetted
up and down to further dissociate the remaining tissue clumps.
The cell suspension was filtered using a 70-µm pore size nylon
cell strainer (BD Falcon, Bedford, MA, United States) and then
centrifuged for 20 min at 450 g. The cell pellet was collected, and
the cells were washed twice. Total cell number was determined
using a hemocytometer chamber (Thermo Fisher Scientific,
Grand Island, NY, United States). The cells obtained were stained
immediately with various antibodies for flow cytometry analysis.

Flow Cytometry Analysis
Prior to flow cytometry analysis, samples abundant with RBCs
were treated with ammonium-chloride-potassium (ACK) lysis
buffer for 2 min at room temperature. PBMCs, as well as cells
from the axillary lymph node (ALN), BAL, thymus, dorsal skin,
and lung tissue were stained with the indicated antibodies in
staining solution (PBS containing 1% FBS and 0.01% NaN3)
for 10 min on ice. After the samples were stained, the stained
cells were assessed on a fluorescence-activated cell sorter flow
cytometry system (FACS Calibur; BD Biosciences, Mountain

View, CA, United States) and the data were analyzed with
CellQuest software (BD Biosciences). All antibodies, including
anti-CD4, anti-B220, anti-CD11b, anti-Gr-1, anti-CD25, and
anti-CD23 were purchased from BD PharMingen (San Diego,
CA, United States). The absolute number of each cell subtype was
calculated from the subtype percent and the total number of cells
in the tissues of each individual mouse.

Hematoxylin-Eosin (H&E), Masson’s
Trichrome (MT), and Toluidine Blue (TB)
Staining
Dorsal skin and lung tissue were removed and subjected
to histological analysis using a previously published protocol
(Kim et al., 2011; Sung et al., 2014). Tissues was fixed in
10% (v/v) neutral-buffered formalin, embedded in paraffin,
and then cut into 3-µm thick sections. Dorsal skin and lung
sections were stained with H&E to assess the infiltration of
inflammatory cells and epidermal hyperplasia. To determine the
degree of pathologic changes (epidermal and dermal hypertrophy
and inflammation), index counts extent of epidermal/dermal
thickness and inflammatory cells in the dorsal skin lesions were
blindly quantified with subjective scores of 0 (none), 1 (mild),
2 (moderate), and 3 (severe) for each of the four symptoms
using a previously published protocol with modification (Kang
et al., 2015). Other sections were stained with TB to evaluate the
infiltration of mast cells in the dorsal skin, and with MT solution
(Sigma-Aldrich Korea) to determine collagen deposition in the
lung. At least three different sections of each tissue were evaluated
under light microscopy.

Quantitative Real-Time Polymerase
Chain Reaction (RT-qPCR)
Dorsal skin tissues from the mice were removed and immediately
frozen by immersion in liquid nitrogen for subsequent RNA
isolation. Total RNA from the dorsal skin was extracted using
RNAzol B (Tel-Test, Austin, TX, United States) according to
the manufacturer’s instructions. The cDNA was synthesized from
3 µg of total RNA using a ReverTra Ace-a-cDNA Synthesis
kit (Toyobo, Osaka, Japan). The cDNA template was mixed
with SYBR Green PCR Master Mix (Applied Biosystems, Grand
Island, NY, United States) and 200 nM primers. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal
control. Quantitative real-time RT-PCR was performed in
triplicate using the Applied Biosystems 7500 Fast Real-Time
PCR system (Applied Biosystems) and analyzed according to
the manual (threshold: 0.05, baseline: 6–15 cycles). PCR was
performed under the following set of conditions: 2 min at
50◦C, 10 min at 94◦C, 40 cycles of 1 min at 94◦C, and 1 min
at 60◦C. The cycle number at which the emission intensity
of the sample rose above baseline was defined as the relative
quantity (RQ) and was proportional to the target concentration.
The RQ in target gene expression relative to control mice was
normalized to the internal control, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), using the 2−11Ct method. The
primer sequences were as follows: GAPDH, sense 5′-TGAAG
CAGGCATCTGAGGG-3′, antisense 5′-CGAAGGTGGAAGA
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GTGGGAG-3′; IL-31R, sense 5′-ATGCCCAACAAAGCAGA
GAC-3′, antisense 5′-TGAGAGAACCAGGGAGCTGT-3′; and
eotaxin-2, sense 5′- CTGTGACCATCCCCTCATCT-3′, antisense
5′-CTTATGGCCCTTCTTGGTGA-3′.

Statistical Analysis
Results were expressed as mean ± standard error of the mean
(SEM). Statistical analyses of the results were performed by
one-way ANOVA followed by Tukey’s or Duncan’s multiple
comparison tests using the SigmaPlot 13.0 software. Significance
level was set at p < 0.05.

RESULTS

Induction of Airway
Hyperresponsiveness by Bleomycin
To determine the effects of BLM on lung fibrosis and function, we
analyzed airway resistance in response to methacholine (doses of

6.25, 12.5, 25, and 50 mg/kg) by non-invasive WBP (Figure 1B).
Pehn values for NC/Nga (vehicle) and NC/Nga (DNCB) mice
were similar. However, Pehn values showed a greater increase in
NC/Nga mice treated with both DNCB and BLM (DNCB-BLM)
than in NC/Nga mice treated with DNCB alone (DNCB-Control)
at doses of 25 (F-value = 5.470 and p = 0.017) and 50 mg/kg
methacholine (F-value = 4.012 and p = 0.041).

DNCB-Induced AD-Like Symptoms
To determine whether BLM treatment in the lung exacerbates
AD-like symptoms in DNCB-induced NC/Nga mice, we treated
mice with DNCB and BLM. AD-like symptoms were evaluated
by dermatitis skin score (Method 2.6) and the skin clinical score
significantly increased in both DNCB-Control and DNCB-BLM
mice when compared to NC/Nga-Normal mice (F-value = 19.696
and p ≤ 0.01) (Figure 2A). Consistent with previous reports
(Choi et al., 2017), the overall clinical symptoms of AD,
including erythema, hemorrhage, edema, scarring, excoriation,
and lichenification, were induced by the repeated application

FIGURE 2 | Effect of BLM on AD-like symptoms, serum IgE level, and body weight. (A) The severity of clinical symptoms of the skin lesions was evaluated
macroscopically and calculated as the sum of the individual scores for the following four AD signs and symptoms: erythema/hemorrhage, edema,
excoriation/erosion, and scaling/dryness. (B) Total IgE levels in serum were determined by ELISA. (C) Body weight were measured once a week. Values are
expressed as the mean ± standard error of mean (SEM) (n = 4). ##p < 0.01, ###p < 0.001 (compared with NC/Nga-Normal), and ∗p < 0.05 (compared with
DNCB-Control) as determined by one-way analysis of variance (ANOVA) followed by multiple comparison tests.
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of DNCB to the back skin of the NC/Nga mice for 2 weeks
(p = 0.003). More importantly, BLM administered to the lung
dramatically increased the skin clinical severity score of AD in
DNCB-treated mice (p ≤ 0.001, compared to NC/Nga-Normal
mice; p = 0.049, compared to DNCB-Control mice) (Figure 2A).
In addition, although it did not achieve significance, the serum
IgE concentration showed a greater increase in mice treated
with DNCB and BLM than in mice treated with DNCB alone
(Figure 2B). The body weight, in accordance with the worsening
of AD symptoms, showed a tendency to decline in DNCB-treated
or DNCB-BLM-treated mice; however, this reduction was not
statistically significant (Figure 2C).

Total Leukocyte Cell Numbers From the
ALN, Dorsal Skin, BALF, Thymus, and
Lung
Next, we investigated whether BLM treatment in the lung in
AD mice altered the total number of leukocytes in ALN, dorsal
skin, BAL, thymus, and lung. Total ALN cells were significantly
higher in DNCB-BLM-treated mice than in the NC/Nga-Normal
(F = 8.842 and p = 0.015) and DNCB-control groups (p = 0.040)
(Figure 3A). Total BAL cells were significantly higher in DNCB-
BLM-treated mice than in the NC/Nga-Normal (F = 3.54 and
p = 0.005) and DNCB-control groups (p = 0.011) (Figure 3C).
Total thymus cells were significantly higher in DNCB-BLM-
treated mice than in the NC/Nga-Normal (F-value = 5.521 and
p = 0.036) and DNCB-control groups (p < 0.05) (Figure 3D).
Our analysis demonstrated a statistically significant increase in
total cell numbers of dorsal skin in both DNCB-Control (F-
value = 9.6 and p ≤ 0.05) and DNCB-BLM mice (p < 0.01)

when compared to NC/Ng-Normal mice (Figure 3B). Total lung
cells were significantly higher in DNCB-Control and DNCB-
BLM mice compared to NC/Nga mice (F-value = 22.403 and
p ≤ 0.05, Figure 3E); the values in dorsal skin and lung
cells were significantly higher in the DNCB-BLM-treated mice
than in NC/Nga-Normal mice (p < 0.05), but there was no
significant difference between DNCB-Control and DNCB-BLM-
treated mice (Figures 3B,E).

Absolute Number of Immune Cell
Subtypes
To confirm whether the AHR and inflammatory changes
observed in mice subjected to various treatments were reflected
in altered T cell subtypes and B cell distributions in PBMCs, BAL,
ALN, dorsal skin, thymus, and lung, flow cytometry analysis was
performed (Figure 4).

The DNCB-BLM-treated mice displayed a statistically
significant higher number of CD4+ helper T cells in PBMCs (F-
value = 4.872 and p = 0.047), BAL (F-value = 4.823 and p = 0.048),
ALN (F-value = 7.286 and p = 0.002), thymus (F-value = 10.93
and p = 0.044), and lung (F-value = 15.61 and p = 0.003)
compared to NC/Nga-Normal mice. In addition, CD4+ helper T
cells in the PBMCs, BALF, ALN, and thymus were significantly
increased in the DNCB-BLM-treated mice when compared to
DNCB-Control mice (p < 0.05). IgE-producing B220+CD23+
B cells in the ALN were higher in DNCB-BLM-treated mice
than in NC/Nga-Normal (F-value = 8.000 and p = 0.002) and
DNCB-Control (p = 0.022) mice, but were unchanged in PBMCs.
In PBMC, CD11b+Gr-1+ granulocytes showed a statistically
significant increase (F-value = 4.120 and p ≤ 0.05) in the

FIGURE 3 | Effect of BLM on total cell numbers in the (A) ALN, (B) dorsal skin, (C) BAL, (D) thymus, and (E) lung. Values are expressed as the mean ± standard
error of mean (SEM) (n = 4). #p < 0.05, ##p < 0.01 (compared with NC/Nga-Normal), and ∗p < 0.05 (compared with DNCB-Control) as determined by one-way
analysis of variance (ANOVA) followed by multiple comparison tests.
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FIGURE 4 | Immune cell subtypes in PBMCs, BAL, ALN, dorsal skin, thymus, and lung. The cell subtypes were analyzed by fluorescence-activated cell sorting
analysis (FACS). Red numbers on the scatter plots indicate the percentage of each cell type in the total immune cell population. The absolute number of each cell
type was calculated from the specific cell type percentage and total cell number counted in the tissues of each individual mouse. Values are expressed as the
mean ± standard error of mean (SEM) (n = 4). #p < 0.05, ##p < 0.01 (compared with NC/Nga-Normal), and ∗p < 0.05 (compared with DNCB-Control) as
determined by one-way analysis of variance (ANOVA) followed by multiple comparison tests.

DNCB-BLM-treated mice when compared to NC/Nga-Normal
mice. Further, the number of CD11b+Gr-1+ granulocytes in
the PBMC were significantly elevated in the DNCB-BLM-treated
mice when compared to DNCB-Control (p = 0.04). In lung,
CD11b+Gr-1+ granulocytes showed a statistically significant
increase (F-value = 8.364 and p < 0.05) in the DNCB-Control
and DNCB-BLM-treated mice when compared to NC/Nga-
Normal mice. In the dorsal skin, CD11b+Gr-1+ cells were
increased in the DNCB-BLM mice, but the differences were not
significant among the groups. CD4+CD25+ regulatory T cells
in the thymus also showed no significant differences among the
three groups.

Increase in Cytokine Production in BALF
and Splenocyte Culture Supernatant
To investigate whether BLM influenced pro-inflammatory
cytokine secretion in BALF, the levels of IL-6 and TNF-α were
measured by ELISA. The differences in IL-6 levels in BALF
between the groups were statistically significant (F-value = 24.351
and p ≤ 0.001). As shown in Figure 5A, IL-6 levels were

significantly increased in the DNCB-Control (p = 0.002) and
DNCB-BLM-treated mice (p < 0.001) when compared to the
NC/Nga-Normal mice. TNF-α levels in BALF were increased
in the DNCB-Control and DNCB-BLM-treated mice, but this
difference was not statistically significant across the groups. The
differences in IL-4 (F-value = 10.113 and p ≤ 0.001), IL-5
(p ≤ 0.001), IL-13 (F = 11.731 and p =≤ 0.001), and IFN-γ
(p = 0.033) levels in spleen cell culture supernatants between
the groups were statistically significant. Our data indicate that
DNCB-BLM treatment resulted in a dramatic increase in the Th1
cytokine IFN-γ (p < 0.05), as well as in the Th2 cytokines IL-4
(p < 0.001), IL-5 (p < 0.001), and IL-13 (p < 0.001) compared
to NC/Nga-Normal mice. These levels in DNCB-BLM mice were
higher than those observed in DNCB-Control mice (p < 0.05 for
IL-4 and p < 0.01 for IL-13) (Figure 5B).

Histopathological Analysis of Dorsal Skin
and Lung Tissues
To investigate the effects of BLM on histopathological changes
in the DNCB-induced AD model, dorsal skin tissues were
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FIGURE 5 | Effect of BLM on the production of pro-inflammatory cytokines (IL-6 and TNF-α) in BALF (A), and Th2 cytokines (IL-4, IL-5, and IL-13) and Th1 cytokines
(IFN-γ) production in spleen cells (B). Spleen cells were cultured for 48 h at a concentration of 1 × 105 cells/well using anti-CD3 coated 96-well plates. The ‘Only
cell’ group represents the negative control (i.e., no exposure to anti-CD3 antibody). Cytokine production was measured by ELISA. Values are expressed as the
mean ± standard error of mean (SEM) (n = 4). #p < 0.05, ##p < 0.01, ###p < 0.001 (compared with NC/Nga-Normal), ∗p < 0.05, ∗∗p < 0.01 (compared with
DNCB-Control) as determined by one-way analysis of variance (ANOVA) followed by multiple comparison tests.

stained with H&E and TB staining solution. Figures 6A,B
demonstrate the differences among the groups, which were
also found to be statistically significant (F-value = 28.886 and
p =≤ 0.001). The staining results showed that the dorsal
skin of DNCB-Control mice exhibited epidermal hypertrophy,
inflammatory cell infiltration (p = 0.003), and increased mast
cell numbers (p < 0.05). These inflammatory and mast
cell number changes were worse in the DNCB-BLM mice
(p < 0.05).

In addition, we performed H&E and MT staining of lung
tissue sections to evaluate lung inflammation and collagen
identification. Collagen content has been used as a measure of

the degree of fibrosis in the lung (McAnulty and Laurent, 1995);
these measurements were made in the lungs of DNCB- or DNCB-
BLM-treated mice. BLM increased inflammatory infiltrate and
collagen deposition in the peribronchial and perivascular areas of
DNCB-BLM mice (F = 73.4, p < 0.001 compared with NC/Nga-
Normal mice, p = 0.006 compared with DNCB-Control mice;
Figures 6C,D).

Increase of Eotaxin-2 and IL-31R mRNA
in Dorsal Skin Tissues
To determine the effects of BLM on the gene expression levels
of allergy-related biomarkers in dorsal skin tissue, we measured
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FIGURE 6 | Histopathological changes in dorsal skin and lung tissues, and expression of eotaxin-2 and IL-31R mRNA in dorsal skin. (A) Skin sections were stained
with H&E and TB. (B) Total index number and mast cell number in the dorsal skin were quantitated. (C) Lung sections were stained with H&E and MT. (D) Total index
number of degree in the lung was quantified. (E) Expression levels of eotaxin2 and IL-31R mRNA in dorsal skin tissue were analyzed by real-time RT-PCR. The
results are expressed as RQ to control. H&E, hematoxylin-eosin stain; TB, toluidine blue stain; MT, Masson trichrome stain; RQ, relative quantity. Values are
expressed as the mean ± standard error of mean (SEM) (n = 4). #p < 0.05, ##p < 0.01, ###p < 0.001 (compared with NC/Nga-Normal), ∗p < 0.05, ∗∗p < 0.01
(compared with DNCB-Control) as determined by one-way analysis of variance (ANOVA) followed by multiple comparison tests.

the expression of eotaxin-2 and IL-31R mRNA by real-time RT-
PCR. The results showed that mRNA expression of eotaxin-2
was dramatically increased in the DNCB-BLM mice compared
to that in NC/Nga-Normal and DNCB-Control mice (p < 0.05,
Figure 6E). Expression of IL-31R mRNA was significantly
higher in DNCB-BLM mice compared to that in NC/Nga mice
(p < 0.05), and the levels were not significantly different between
DNCB-Control and DNCB-BLM mice (Figure 6E).

DISCUSSION

We developed a mouse model of AD induced by DNCB-
BLM treatment. In the present study, we showed in NC/Nga
mice that, when combined with allergens DNCB, BLM has
an additive effect on driving AD-like symptoms and promotes
asthmatic changes such as airway hyperreactivity and allergic
lung inflammation. Taken together, this model could be useful
for studying the pathogenesis and progression of allergic atopic

diseases. Mice that received both DNCB and BLM showed
AD-like symptoms including erythema, edema, hemorrhage,
scarring, and excoriation. DNCB and BLM treatment increased
the protein production of Th2 cytokines (such as IL-4, IL-
5, and IL-13) and IFN-γ in spleen cells, and of IL-6 and
TNF-α in BALF. Th2 lymphocytes play a prominent role in
the initiation and progression of allergic disease, including
asthma and AD, by releasing IL-4, IL-5, and IL-13, which
promote IgE-mediated allergic inflammation, and IFN-γ, a Th1
cytokine secreted by Th1 cells, acts in conjunction with Th2
cytokines in maintaining the chronic inflammatory response
in allergic disease, particularly in asthmatic airways (Ngoc
et al., 2005). IL-4 causes a switch to IgE production by
differentiating B cells, and elevated eosinophilic inflammation
is under the control of IL-5 and TNF-α (Deo et al.,
2010). IL-13 directly induces mucus hypersecretion and airway
hyperresponsiveness (Kim et al., 2011). Furthermore, changes
of cytokines in BALF reflect the immunological reaction of the
lung in asthma and other inflammatory pulmonary diseases.
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Together with TNF-α, IL-6 as a pro-inflammatory cytokine
plays a major role in dictating the immune response against
allergens, as well as in specific pathological features of allergic
airway inflammation such as mucus production (Neveu et al.,
2009).

Eotaxin-1, −2, and −3 are potent and specific eosinophil
chemoattractants involved in the activation and recruitment of
eosinophils through binding to their CC chemokine receptor
3. Thus, eotaxins might contribute to increasing blood and
tissue eosinophils in allergic inflammation responses (Kaplan,
2001). Eotaxin-1 is an important mediator involved in the early
phase of allergic inflammation via allergen-induced recruitment
of eosinophils to sites of allergic inflammation, and eotaxin-
2 and eotaxin-3 play a prominent role in the subsequent
persistence of allergen-induced skin or bronchial eosinophilia
(Ravensberg et al., 2005). Eotaxin-2 and eotaxin-3 are produced
by bronchial epithelial cells in response to Th2 cytokines
such as IL-4 and IL-13 (Komiya et al., 2003), which might
suggest that these chemokines could be secreted at sites
of Th2-dominant allergic inflammation. Studies demonstrate
that the levels of eotaxin and IL-5 in skin of patients with
AD were higher than those of healthy controls, and that
these molecules are involved in the proliferation, recruitment,
activation, and survival of eosinophils in AD (Park et al.,
2005). The present study demonstrated that mRNA expression
levels of eotaxin-2 are increased in dorsal skin lesions of
mice that received both DNCB and BLM. The results indicate
that increased eotaxin-2 and IL-5 expression in mice that
received both DNCB and BLM contribute to eosinophil-mediated
inflammation in AD.

IL-31 is a cytokine produced mainly by activated CD4+ Th2
cells or by mast cells, and is involved in the development of AD-
induced skin inflammation and pruritus (Saito et al., 2017). IL-31,
a pruritogenic cytokine, signals via a heterodimeric receptor
composed of IL-31 receptor A and oncostatin M receptor β,
which is expressed by a number of cell types, including epidermal
keratinocytes, epithelial cells, mast cell, eosinophils, and activated
monocytes and macrophages (Cheung et al., 2010). The IL-31
receptor (IL-31R) was expressed at higher levels on epidermal
keratinocytes in skin biopsy specimens from AD patients,
compared to those from healthy individuals (Bilsborough et al.,
2006). The anti-IL-31 receptor α subunit neutralizing antibody
reduced ear swelling and dermatitis score in a chronic AD
model in BALB/c mice (Kasutani et al., 2014). The present
study showed that expression of IL-31R mRNA was increased
in dorsal skin lesions of mice that received both DNCB and
BLM compared to those of normal mice. But, IL-31R mRNA
levels were not significantly different between DNCB-Control
and DNCB-BLM mice. These results indicate that increased
IL-31R expression by DNCB-BLM treatment might contribute
to the development of AD-induced skin inflammation and
pruritus.

The present study showed that DNCB-BLM treatment
induced an increase in total leukocytes and specific CD4+
helper T cells in the ALN, BALF, and thymus of the mice.
The CD4+ T cell is a dominant activated T cell subtype
in clinical allergic asthma and in animal models of asthma,

an mainly contributes to AHR development and allergic
inflammation by secreting Th2 cytokines such as IL-4, IL-
5, and IL-13 (Serre et al., 2010; Raemdonck et al., 2016).
Moreover, B220+CD23+ B cells were increased in the ALN
of DNCB-BLM-treated mice. CD23 is a low-affinity receptor
for IgE (FcεRII) which is expressed on B cells, monocytes, T
cells, dendritic cells, and neutrophils, and the CD23 surface
density on antigen-presenting B cells is associated with IgE
levels as well as the activation of allergen-specific T cells (Selb
et al., 2017). DNCB-BLM treatment increased B cell-dependent
production of total IgE in serum by approximately twofold
compared to that in normal mice, albeit without statistical
significance; this finding correlates with the observation of
increased B220+CD23+ B cells in the ALN of mice that
received both DNCB and BLM. CD11b is a cell surface
molecule that is highly expressed in eosinophils, and its
expression on the eosinophil surface is increased in allergic
diseases including bronchial asthma and AD (Yachie et al.,
1993). Gr-1 is a granulocytic marker that is related to
the differentiation and maturation of granulocytes including
eosinophils, basophils, and neutrophils (Fleming et al., 1993).
Eosinophils are one of the cell types known to express Gr-1;
therefore, eosinophils may constitute a substantial portion of
the CD11b+Gr-1+ population (Kim et al., 2011). Our results
showed that CD11b+Gr-1+ cells were increased in PBMCs
and in the lungs of DNCB-BLM-treated mice; this increase in
CD11b+Gr-1+ cells may contribute to development of allergic
inflammation.

CONCLUSION

The present study demonstrated the development of an animal
model for studying AD in mice using timely administration of
bleomycin and DNCB. This study demonstrates that bleomycin,
when administrated in combination with DNCB, aggravates
allergic skin inflammation and promotes airway hyperreactivity
and lung inflammation, in NC/Nga mice. These findings indicate
that this bioassay has potential as a tool to use in furthering
our understanding of AD, as well as a screen for irritants and
treatments in future studies.
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