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The IL-31/TRPV1 pathway mediates allergic asthma exacerbated by DINP 
dermal exposure in OVA-sensitized Balb/c mice 
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Dermal exposure to DINP aggravates 
allergic asthma in Balb/c mice. 
IL-31/TRPV1 pathway is involved in 
allergic asthma exacerbated by DINP. 
Dermal exposure to DINP triggers a Th1/ 
Th2 immune imbalance in Balb/c mice. 
SB-431542 or capsazepine treatment can 
alleviate allergic asthma exacerbated by 
DINP.  
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A B S T R A C T   

Background: The potential role of dermal exposure diisononyl phthalate (DINP) as an adjuvant in allergic 
inflammation and asthma has been suggested. However, the current findings do not provide enough evidence to 
support this claim. 
Objectives: The purpose of this investigation was to examine the impact and mechanisms of allergic asthma 
exacerbation through the dermal exposure to DINP. 
Methods: The study was undertaken using OVA-sensitized mice. Lung histopathology and airway hyperreactivity 
(AHR) were assessed. Expression levels of immunoglobulins (t-IgE, OVA-IgE and OVA-IgG1), cytokines (IL-31, IL- 
4, IL-5, IL-6, IL-13 and INF-γ), and TRPV1 were measured. To investigate the mechanism by which allergic 
asthma worsens due to dermal exposure to DINP, the blockade analysis using the IL-31 antagonist SB-431542 and 
the TRPV1 antagonist capsazepine (CZP) were performed. 
Results: The findings of the study revealed that the simultaneous exposure to DINP and OVA resulted in an in
crease in inspiratory resistance (Ri) and expiratory resistance (Re), a decrease in the minimum value of lung 
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dynamic compliance (Cldyn), and worsened airway remodeling. Additionally, it was found that this exposure led 
to an increase in the levels of IL-31 and TRPV1, which are biomarkers of Th2 cytokines (IL-4, IL-5, IL-6, and IL- 
13), as well as immunoglobulins (Total IgE, OVA-lgE, and OVA-IgG1), while decreasing the biomarker of Th1 
cytokines (IFN-γ). However, these impairments showed improvement after the administration of SB-431542 or 
CZP. 
Conclusion: The findings of this research indicate that the IL-31/TRPV1 pathway plays a moderating function in 
OVA-induced allergic asthma worsened by dermal exposure to DINP.   

1. Introduction 

Asthma is a persistent respiratory condition that affects a significant 
global population exceeding 339 million individuals (The Global 
Asthma Report, 2019). Recently, there has been an increasing focus 
among scientists on investigating the relationship between environ
mental chemicals and the development of allergic asthma (Cherrie et al., 
2021; Hu et al., 2022). One such chemical diisononyl phthalate (DINP), 
which is commonly used as a plasticizer and is found to be a prevalent 
contaminant in the environment (Zhang et al., 2022). Epidemiological 
evidence suggests that both Chinese and Swedish children have a higher 
susceptibility to asthma due to their exposure to DINP (Preece et al., 
2022). In vitro studies have demonstrated that DINP can increase IL-4 
concentrations, thereby enhancing the immune response (Lee et al., 
2004). Previous animal research has also shown that maternal ingestion 
of DINP can exacerbate airway inflammation in pups induced by oval
bumin (OVA) (Chen et al., 2015). Additionally, exposure to DINP has 
been linked to modifications that can disrupt the Th1/Th2 immune 
balance and potentially trigger allergic asthma (Hwang et al., 2017). 
Furthermore, in mouse models the oral administration of DINP in 
combination with allergen exposure has been found to induce airway 
hyperreactivity (AHR) (Li et al., 2020). Nevertheless, the specific 
mechanisms by which DINP induces asthma remain uncertain. 

Research has indicated that asthmatics have elevated levels of 
interleukin (IL)-31, a protein that regulates inflammation in the lungs 
triggered by allergens (Neuper et al., 2021). In mice, IL-31 induces skin 
inflammation and dermatitis (Dillon et al., 2004). Individuals who 
suffering from atopic dermatitis show enhanced expression of IL-31 
mRNA (Neis et al., 2006). The sensory neurons responsible for T-cell- 
mediated inflammation express both the IL-31 receptor α and transient 
receptor potential vanilloid 1 (TRPV1) (Cevikbas et al., 2014). Recent 
studies indicate that TRPV1 could be a potential target for addressing 
asthma (Choi Jo et al., 2018; Reyes-García et al., 2022). However, the 
precise association between DINP, allergic asthma, and the IL-31/ 
TRPV1 pathway has yet to be fully elucidated. 

Previous research on environmental asthma has primarily focused on 
the respiratory and digestive systems. However, recent studies suggest 
that skin exposure may also play a significant role in the development of 
immune reactions similar to asthma (Tsui et al., 2020). Dermal ab
sorption is a crucial pathway for the general population’s exposure to 
DINP (Husøy et al., 2019). However, limited research is available on 
dermal exposure in DINP-induced allergic asthma. 

Therefore, we conducted an OVA-sensitized asthma model to 
investigate whether DINP dermal exposure can aggravate allergic 
asthma. By using the TGF-β antagonist SB-431542 and the TRPV1 
antagonist capsazepine (CZP), we demonstrated the potential involve
ment of the IL-31/TRPV1 pathway in mediating allergic asthma exac
erbated by DINP dermal exposure. These findings will serve as 
references for conducting respiratory health risk assessments related to 
dermal exposure to DINP, as well as for developing targeted therapeutic 
interventions for asthma. 

2. Materials and methods 

2.1. Reagents and kits 

DINP (>99 %), ovalbumin (OVA), and methacholine (MCH) were 
obtained from Sigma-Aldrich (MO, USA), SB-431542 (CAS: 301836-41- 
9) and capsazepine (CZP, CAS: 138977-28-3) were purchased from 
MedChemExpress (NJ, USA). Tween 80 was purchased from Amresco 
(Ohio, USA). MouseELISA kits for total immunoglobulin E (t-IgE), OVA- 
specific IgE (OVA-IgE), OVA-specific IgG1 (OVA-IgG1), IL-31, IL-4, IL-5, 
IL-6, IL-13, and Interferon γ (IFN-γ) were obtained from Enzyme-linked 
Biotechnology (Shanghai, China). Mouse anti-IL-31 antibodies and anti- 
TRPV1 antibodies were purchased from Ruiying Biotechnology (Suzhou, 
China). 

2.2. Animals 

Specific pathogen Free (SPF) Balb/c male mice (6–8 weeks, 18 ± 1 g) 
were obtained from Changshen Biotechnology (Benxi, China) and 
housed under standard conditions. Throughout the experiment, mice 
were maintained at a temperature of 20–25 ◦C, a humidity of 55–65 %, 
and a light/dark cycle of 12 h. Measures were taken to prevent contact 
with allergens. All animal experiments were conducted following the 
guidelines provided in the Guide for the Care and Use of Laboratory 
Animals (National Research Council, 2011). The research ethics for this 
work have been approved by Hubei University of Science and Tech
nology. A certificate of approval (ID: HBUST-IACUC-2021-010) is 
available upon request. 

2.3. Experimental protocol 

Six groups of 120 Balb/c mice were randomly allocated to the study: 
(1) A group exposed orally to saline (Saline group); (2) A group exposed 
dermally to DINP at a dosage of 20 mg/kg/day (DINP group); (3) A 
group exposed to saline orally in combination with OVA (OVA group); 
(4) A group exposed to DINP at a dosage of 20 mg/kg/day in combi
nation with OVA (DINP+OVA group); (5) A group exposed to DINP at a 
dosage of 20 mg/kg/day in combination with OVA and the SB-431542 
antagonist (DINP + OVA + SB-431542 group); and (6) A group 
exposed to DINP at a dosage of 20 mg/kg/day in combination with OVA 
and the CZP antagonist (DINP + OVA + CZP group). 

DINP’s no-observed-adverse-effect level (NOAEL) is 15 mg/kg/day, 
according to the European Food Safety Authority (EFSA). (EFSA, 2019). 
Previous research (Li et al., 2020; EFSA, 2019) has determined that a 
preferred exposure dose for DINP is 20 mg/kg/day, which is slightly 
higher than the NOAEL values and indicates a low level of exposure for 
the occupational population. An epicutaneous application of DINP/ 
Tween-80 (1, 1, v/v) or saline was applied once a day to mice at a 
smearing volume of 10 ml/kg. According to the National Toxicology 
Program (1992), mice fed 5 % Tween-80 long-term did not show any 
toxic effects. After sensitization with 50 g OVA in 300 μl saline, prepared 
in a ratio of 1:35 with acetone and Al (OH)3, on days 16, 19, 22, 25, and 
28, the mice were exposed to 1 % OVA for 30 min/day from days 30 to 
36 using an Ultrasonic Nebulizer (model 402AI, Yuyue, China). 

The mice in the DINP + OVA + SB-431542 group were injected 
intraperitoneally with SB-431542 (suspended in 10 % dimethyl 
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sulfoxide) three times a week (Alyoussef, 2018) Meanwhile, mice in the 
DINP + OVA + CZP group were intraperitoneally injected once daily 
with CZP (diluted in 5 % Tween 80). The dose of SB-431542 adminis
tered was 1 mg/kg, while the dose of CZP was 1.6 mg/kg, both with an 
injection volume of 10 ml/kg. 

The experimental protocol is illustrated in Fig. 1 and Table 1. 

2.4. Histological analysis of the lung tissue 

The left lung was fixed in 4 % paraformaldehyde at room tempera
ture, embedded in paraffin, and cut into 4 μm slices for H&E staining, 
Masson trichrome (MT) staining, and Periodic Acid-Schiff (PAS) staining 
using standard methods (Langlet et al., 2017). Optical microscope im
ages were taken of the stained slices (DP73, Olympus, Japan). The 
immunohistochemical staining was carried out as previously described 
(Yu et al., 2016). The right lung tissue sections were deparaffinized, 
rehydrated, and subjected to a 10-min heat treatment to improve anti
gen retrieval. Subsequently, they were incubated with 3 % H2O2 for 5 
min to deactivate peroxidase. The sections were placed at room tem
perature (RT) and treated with 5 % goat serum for 10 min. Subsequently, 
they were incubated overnight at 4 ◦C with primary antibodies: mouse 
anti-IL-31 antibody (1100) and mouse anti-TRPV1 antibody (1.50). 
Following this, the suitable secondary antibody (rabbit lgG SABC-POD, 
1200) was administered for a duration of 40 min. Diaminobenzidine 
(DAB) was utilized as a chromogen. Stained lung tissue was examined 
under an optical microscope using Image-Pro Plus 6.0 (Rockville, MD). 

In order to assess the intensity of staining, the optical density analysis 
involved calculating the average optical density using an unstained re
gion as the reference for background. 

2.5. Measurement of airway hyperresponsiveness (AHR) 

The AniRes 2005 lung function system (Bestlab, China) was used to 
measure AHR within 24 h of the last nebulization, in accordance with 
the provided instructions. The mice were given intraperitoneal admin
istration of 1 % pentobarbital sodium for anesthesia. The pre-established 
breathing rate was 90 breaths/min and the proportion of exhaling to 
inhaling was 1.5 to 1. At 5-min intervals, doses of 0.025, 0.05, 0.1, and 
0.2 mg/kg body weight of MCH were administered via the jugular vein. 
AHR was assessed by measuring the inspiratory resistance (Ri), expira
tory resistance (Re), and the minimum value of lung dynamic compli
ance (Cldyn). 

2.6. Determination of immune and inflammatory biomarkers 

On the 37th day, mice were euthanized, and blood samples were 
obtained from their hearts. After being kept at room temperature (RT) 
for half an hour, the blood samples were subsequently spun at 3000 rpm 
for 15 min at a temperature of 25 ◦C. The resulting supernatant was 
stored at − 70 ◦C. After collecting blood from the heart, the right lungs 
were submerged in phosphate-buffered saline that was chilled with ice, 
then mixed thoroughly and subsequently spun at a speed of 10,000 rpm 

Fig. 1. Sensitization and exposure protocol. DINP represents diisononyl phthalate, OVA stands for ovalbumin, SB-431542 is a TGF-β antagonist used for bloke IL-31 
expression and capsazepine (CZP) is a TRPV1 antagonist. 
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for 10 min at a temperature of 4 ◦C. The supernatant was collected and 
stored at − 70 ◦C. The levels of T-IgE, OVA-IgE, and OVA-IgG1 in the 
serum, as well as the levels of IL-31, TRPV1, IFN-γ, IL-4, IL-5, IL-6, and 
IL-13 in lung tissue, were measured using ELISA kits following the in
structions provided in the kit. 

2.7. Statistical analysis 

GraphPad Prism 7.0 (San Diego, CA) was utilized to generate sta
tistical graphs based on the experimental data. The values were dis
played as the mean ± SEM (standard error of the mean). The analysis of 
data was performed utilizing SPSS Statistics V.18 (Chicago, IL). To 
evaluate the significance of variations among groups, both ANOVA and 
Tukey’s test were utilized. Significant p-values are represented as p <
0.05, p < 0.01. 

3. Results 

3.1. Histopathological changes in lung 

Histopathological changes are evident in the groups with OVA and 
DINP + OVA (Fig. 2). Increasing inflammation around the airways and 
thickening of the airway walls, as well as deposition of subepithelial 
collagen and hyperplasia of goblet cells. Compared to the OVA group, 

there was an increased amount of inflammatory cell infiltration, airway 
mucus, and goblet cells. Moreover, there was a significant rise in 
collagen fibers surrounding the airways in the DINP + OVA group. There 
was a significant reduction in the degree of inflammatory cell infiltra
tion, collagen deposition and fibrosis in the peribronchial cavity, mucus 
overproduction, and goblet-cell hyperplasia when SB-431542 or CZP 
was applied. 

3.2. Influences on airway hyperresponsiveness 

Fig. 3 shows the results of measurements of airway responsiveness. 
Three parameters of lung function (Ri, Re and Cdyn) were recorded after 
each injection of MCH (0.025, 0.05, 0.1 and 0.2 mg/kg). In all groups, 
the expiratory and inspiratory resistance increased with increasing MCH 
levels, whereas Cdyn decreased. OVA-sensitized groups exhibited a 
greater airway response to MCH compared with the vehicle control 
group and DINP exposure significantly enhanced the degree of airway 
reactivity in OVA-sensitized mice. Treatment with SB-431542 or CZP 
dramatically reduced Ri, Re and restored Cdyn in DINP + OVA-treated 
mice in response to MCH, respectively. 

3.3. IL-31/TRPV1 pathway 

Groups exposed to OVA showed elevated levels of lung IL-31 and 

Table 1 
Grouping and group treatments.  

Group ID Group names Treatments for different groups 

Saline OVA Saline DINP SB-431542 CZP 

intraperitoneal intraperitoneal dermal dermal intraperitone al intraperitoneal 

injection+aerosol injection+aerosol exposure exposure injection injection 

Group 1 Saline group + − + − − −

Group 2 DINP group + − − + − −

Group 3 OVA group − + + − − −

Group 4 OVA + DINP group − + − + − −

Group 5 OVA + DINP + SB-431542 group − + − + + −

Group 6 OVA + DINP + CZP group − + − + − +

Fig. 2. Lung histology. N: normal tissue; S: slight change; M: moderate change; V: severe changes. (A) H&E staining: shows infiltration of inflammatory cells (red 
arrow) and airway remodeling (blue arrow). (B) MT staining: shows peribronchial deposition of collagen (blue color stain, red arrow). (C) PAS staining: shows goblet 
cell proliferation and mucus hypersecretion (purple color stain, red arrow). Panel: (a) Saline group; (b) DINP group; (c) OVA group; (d) OVA + DINP group; (e) OVA 
+ DINP + SB431542 group; (f) OVA + DINP + CZP group. (n = 8 per group). 
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TRPV1 (Fig. 4B (L) and C (L)). Exposure to DINP + OVA induced the 
highest levels. Treatment with SB-431542 or CZP significantly reduced 
the levels of IL-31 or TRPV1 compared with DINP + OVA group. To 
identify IL-31 and TRPV1 expression in lung tissue, immunohisto
chemical analyses were conducted. The expression of IL-31 and TRPV1 
was primarily observed in the epithelial layers surrounding the bron
chioles (Fig. 4B (R) and C (R)). 

3.4. Th1/Th2 imbalance and related cytokines 

Lung tissue samples were assessed for levels of the Th1 cytokine: IFN- 
γ and Th2 cytokines: IL-4, IL-5, IL-6, IL-13 (Fig. 5). Compared to the OVA 
group, the DINP + OVA group exhibited elevated levels of IL-4, IL-5, IL- 
6, and IL-13, while displaying decreased levels of IFN-γ. Treatment with 
SB-431542 or CZP treatment alleviated the Th1/Th2 immune imbalance 

Fig. 3. Analysis of airway hyperresponsiveness. A, B, and C represent Ri, Re, and the Cldyn for the different treatment groups. *: p < 0.05, **: p < 0.01, compared 
with the control group; #: p < 0.05, ##: p < 0.01, compared with the OVA group; δ: p < 0.05, compared with the OVA + DINP group. (n = 8 per group). 

Fig. 4. IL-31 and TRPV1 levels in lung tissue. (A) IL-31/TRPV1 pathway illustration. (B) IL-31 expression. (C) TRPV1 expression. Analysis of expression levels was 
conducted based on the average optical density. The images were magnified at ×20. Panels: (a) Group treated with saline; (b) Group treated with DINP; (c) Group 
treated with OVA; (d) Group treated with OVA + DINP; (e) Group treated with OVA + DINP + SB-431542; (f) Group treated with OVA + DINP + CZP. **: p < 0.01, 
compared to the saline group; ##: p < 0.01, compared to the OVA group; δδ: p < 0.01, compared to the OVA + DINP group, the total number of samples in each 
group was 8. 
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Fig. 5. Th1/Th2 imbalance and related cytokines. (A) Th1/Th2 balance illustration. (B) Th1 cytokine: IFN-γ. (C) Th2 cytokines: IL-4, IL-5, IL-6 and IL-13 levels. The 
figures were amplified at 20 times. Panels: (a) Group treated with saline; (b) Group treated with DINP; (c) Group treated with OVA; (d) Group treated with OVA +
DINP; (e) Group treated with OVA + DINP + SB-431542; (f) Group treated with OVA + DINP + CZP. **: p < 0.01, compared to the saline group; ##: p < 0.01, 
compared to the OVA group; δδ: p < 0.01, compared to the OVA + DINP group, with a sample size of 8 per group. 

Fig. 6. Immunoglobulin levels in lung tissue. (A) Illustration of type I hypersensitivity in lung tissue. (B) Total IgE, OVA-lgE and OVA-IgG1 levels. *: p < 0.05, **: p <
0.01 compared with the saline group; ##: p < 0.01, compared with the OVA group; δ: p < 0.05, δδ: p < 0.01, compared with the OVA + DINP group. The study 
included eight participants in each group. 
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seen in the DINP + OVA group. 

3.5. Immunoglobulins in lung tissue 

Immunoglobulin levels were measured by assessing lung tissue 
samples (Fig. 6). In comparison to the saline group, the OVA groups 
exhibited notably elevated levels of T-IgE, OVA-IgE, and OVA-IgG1. 
Furthermore, all three immunoglobulin levels were higher in the 
DINP + OVA group compared to the OVA group. The administration of 
SB-431542 or CZP resulted in decreased immunoglobulin levels in 
comparison to the DINP + OVA group. 

4. Discussion 

4.1. Background of this study 

The role and mechanism of exposure to man-made dangerous 
chemicals in inducing human allergic diseases is a significant scientific 
issue in the field of environment and health. One specific area of focus is 
the relationship between phthalate exposure and allergic asthma, which 
has garnered considerable attention. Diisononyl phthalate (DINP) is a 
commonly used plasticizer derived from phthalates, comprising 
approximately 30 % of the market. Human exposure to DINP is inevi
table. Although DINP was previously believed to be environmentally 
friendly, recent research indicates otherwise. It has recently been 
revealed that several toxicological studies have been conducted on DINP 
oral exposure and its adjuvant effect on allergic asthma. However, the 
potential mediating effect of DINP dermal exposure on allergic asthma 
remains unclear. Therefore, we conducted this study to address this 
research gap. 

4.2. Scientific hypothesis of this study 

Fig. 7 illustrates our scientific hypothesis for the potential mecha
nism by which dermal exposure to DINP promotes allergic asthma. 

As seen in Fig. 7, our scientific hypothesis involves the following 
three processes: (1) information about DINP dermal exposure is trans
mitted to lung tissue via IL-31; (2) in lung tissue via the IL-31/TRPV1 
pathway, there is an increased release of IL-4 secretion; and (3) IL-4 
further contributes to Th1/Th2 imbalance, and exacerbates type I hy
persensitivity and allergic asthma induced by OVA. 

4.3. The principles of SB-431542 blocking IL-31 expression 

SB-431542 is an inhibitor of the TGF-β signaling pathway (Sun et al., 
2016). TGF-β signaling pathway functions as a major regulator of cell 
proliferation, differentiation, apoptosis, organ formation, immune 
function, and inflammation (Wu et al., 2020), and one function of TGF- 
βpathway, in allergic diseases, is to induce Th2 immune cells express IL- 
31 (Xu et al., 2020). The expression of IL-31 by Th2 immune cells de
pends on the activation of the TGF-βpathway. Therefore, we used the 
TGF-β antagonist, SB-431542, to block the overexpression of IL-31, and 
our study result demonstrated that SB-431542 treatment can effectively 
reduce the levels of IL-31 (Fig. 4B) and other Th2 cytokines (Fig. 5). 

4.4. Molecular and cellular basis of the IL-31/TRPV1 pathway 

IL-31, a cytokine of the IL-6 family, is mainly produced by CD4+ Th2 
cells (Kim et al., 2018). The IL-31 receptor (IL-31R) consists of IL-31RA 
and Oncostatin M receptor β, and it is highly expressed in skin and 
bronchial tissues (Kang et al., 2019). After attaching to its receptor, IL- 
31 triggers multiple signal pathways, such as JAK/STAT1, and PI3K/ 
Akt. Its role in regulating cell proliferation and involvement in allergic 
inflammation has been extensively documented (Bağci and Ruzicka, 
2018). On the other hand, TRPV1 is an ion channel primarily found in 
afferent neurons, responsible for sensing temperature, pain, and taste 
(Lawton et al., 2017). TRPV1 experiences a conformational alteration in 
its central pore when activated by physical, chemical, or endogenous 
stimuli. (Yang et al., 2015). The result of this process is the production of 
intracellular depolarization currents and a rise in Ca2+ levels, which in 
turn mediates immune responses by triggering immunogenic inflam
mation (Reyes-García et al., 2022; Wu et al., 2013). 

IL-31R and TRPV1 can be co-expressed in DRG neurons (Xu et al., 
2020) as well as some other cells (Dillon et al., 2004; Güzel and Akpınar, 
2021; Jo et al., 2018), forming the IL-31/IL-31R/TRPV1 pathway (in 
short, IL-31/TRPV1 pathway). The study conducted by Xu et al. (2020) 
has confirmed that IL-31, through IL-31R, promotes allergic reactions by 
increasing calcium influx into cells, this, in turn, leads to increased 
expression of TRPV1 in DRG neurons. It means that these DRG neurons 
contain both IL-31R and TRPV1 ion channels, when TRPV1 is activated, 
it results in the release of substance P, CGRP and tachykinin from the 
neurons, which can induce surrounding macrophages, mast cells, or 
certain Th2 cells to release IL-4 (Lu et al., 2005). Moreover, to my 
knowledge, no studies (human or animal) have evaluated the 

Fig. 7. Scientific hypothesis of this study.  
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relationship of DINP and IL-31/TRPV1 pathway in allergic asthma. 
Based on our findings (refer Fig. 5C and Fig. 7), IL-4 increased to the 
highest level in DINP + OVA group, we conclude that the IL-31/TRPV1 
pathway plays a vital role in the worsening of allergic asthma triggered 
by DINP dermal exposure in OVA-sensitized Balb/c mice, primarily 
through the release of IL-4. 

4.5. The pivotal role of IL-4 

IL-4 is a globular protein composed of four short α-helices and is 
classified as a Th2 cytokine (Kim et al., 2018). It serves as a multi
functional cytokine, promoting Th2 immune responses and stimulating 
B-cells. In this process, IL-4 plays a crucial role in inducing isotype- 
switching in B cells into plasma cells, leading to the production of 
IgG1 and IgE antibodies (Zhang et al., 2018). In the context of the IL-31/ 
TRPV1 pathway, which is implicated in allergic asthma exacerbated by 
DINP dermal exposure, IL-4 assumes a pivotal role. The function of IL-4 
includes several aspects. Firstly, IL-4 has a positive feedback effect on IL- 
31, an upstream molecule, through autocrine and paracrine secretion. 
This resulted in an increase in IL-31 expression (Kim et al., 2018). Sec
ondly, IL-4 plays a crucial role in promoting Th1/Th2 immune imbal
ance. As a result, it inhibits the function of Th1 cells and reduces the 
expression level of Th1 cytokines, while activating Th2 cells and pro
moting the expression and release of Th2 cytokines (refer to Fig. 5; 
Zhang Jo et al., 2018). Thirdly, as a result of IL-4 stimulation, the B2 
cells proliferate and transform into plasma cells, which synthesize and 
secrete IgE and IgG1. This process mediates the occurrence of type I 
hypersensitivity reaction (Abe et al., 2020). Lastly, in addition to 
increasing Th2 cells and self molecules, IL-4 affects the Th2 cell system 
through autocrine and paracrine secretion (King and Mohrs, 2009). The 
evidence shown by all of these events supports the idea that IL-4 plays an 
important role in allergic asthma development and progression. 

4.6. Th1/Th2 imbalance and related cytokines 

It is commonly believed that asthma arises when Th1 and Th2 
mechanisms are imbalanced (Gans and Gavrilova, 2020). This imbal
ance in cytokine secretion is characterized by reduced levels of the Th1 
cytokine IFN-γ, and elevated secretion of the Th2 cytokines IL-4, IL-5, IL- 
6, and IL-13. This imbalance is often referred to as Th2 dominance. 
Among the common serological techniques, enzyme-linked immuno
sorbent assay (ELISA) can be easily automated to evaluate multiple 
samples at low cost. Our findings effectively demonstrate and describe 
this phenomenon (see Fig. 5). There is a close link between this imbal
ance and airway inflammation (Gans and Gavrilova, 2020). IL-4 pro
motes Th2 differentiation and activates B cells to be transformed into 
plasma cells, resulting in the production of IgE and IgG1. Furthermore, it 
stimulates mast cell degranulation and releases inflammatory factors, 
including heparin, prostaglandin, and leukotrienes. These responses 
lead to bronchoconstriction and the aggregation of inflammatory cells 
(Oeser et al., 2015). IL-5 activates eosinophils and recruits them to 
inflammation sites. Studies have shown that IL-5 is significantly elevated 
in asthmatic patients, and the level of IL-5 is inextricably linked to the 
disease (Flood-Page et al., 2007; Haldar et al., 2009). The IL-6 receptor 
facilitates the production of IL-4 and IL-5 by B cells and Th2 cells. 
Additionally, IL-13 stimulates goblet cells to produce mucus and induces 
airway remodeling by acting on eosinophils and airway smooth muscle 
cells (Licona-Limón et al., 2013; Zhang et al., 2015). Research findings 
have demonstrated that the presence of airway hyper-responsiveness, 
pulmonary eosinophil infiltration, and pulmonary fibrosis serve as in
dicators of the significant involvement of IL-13 in the pathogenesis of 
allergic asthma (Kasaian and Miller, 2008). IFN-γ is the predominant 
cytokine produced by Th1 and its level is reduced in individuals with 
asthma (Kianmehr et al., 2017). The findings of our research indicate 
that the exposure of mice to a concentration of 20 mg/kg/day DINP 
resulted in a significant increase in levels of IL-4, IL-5, and IL-13, 

accompanied by a significant decrease in IFN-γ levels. These changes 
suggest that the immune response in OVA-sensitized mice followed a 
Th2 type reaction, ultimately exacerbating allergic asthma in the mice. 

4.7. Type I hypersensitivity and related immunoglobulins 

Allergic asthma is a type I hypersensitivity response triggered by 
mediators released by multiple cells (Kim et al., 2018). The role of IL-4 
and Th2 cells in type I hypersensitivity has long been established. 
Allergen-specific IgE causes type I hypersensitivity (Koning et al., 2019). 
In rodents, such as mice, type I hypersensitivity can also be mediated by 
IgG1 (Mall et al., 2016). The gold standard for diagnosing type I hy
persensitivity also involves the detection of total IgE (t-IgE) to assess the 
overall level of type I hypersensitivity in the body. There is no significant 
difference in serum levels of total IgE, OVA-IgE, and OVA-IgG1 between 
the DINP and control groups when mice are exposed to DINP alone. 
However, when exposed to dermal DINP and OVA, the levels of these 
immunoglobulins reached their highest points (see Fig. 6). These find
ings are consistent with previously reported results (Larsen et al., 2007) 
and can be attributed to the immune adjuvant effect. 

4.8. Characteristics of allergic asthma 

Airway hyperresponsiveness and airway hyperreactivity are hall
marks of asthma. 

4.8.1. Airway remodeling 
Airway remodeling is the primary abnormal response to persistent 

airway inflammation (Jiang et al., 2020). There are various changes in 
the airway structure involved in this remodeling, including thickening of 
the airway wall, epithelial cell fibrosis, and hyperplasia of goblet cell 
mucous glands (Koopmans et al., 2016). Our observations using H&E 
staining (Fig. 3A) and Masson staining (Fig. 3B) revealed significant 
airway damage in the OVA group, characterized by inflammatory cell 
infiltration, airway wall thickening, airway cavity narrowing, and 
collagen fibrosis. Furthermore, we observed that exposure to both OVA 
and DINP resulted in more severe airway remodeling in asthmatic mice. 
PAS staining (Fig. 3C) demonstrated an increase in mucous cell prolif
eration in the group exposed to both DINP and OVA. These findings 
suggest that dermal exposure to DINP does indeed exacerbate airway 
remodeling in mice with asthma. 

4.8.2. Airway hyperreactivity (AHR) 
Airway hyperresponsiveness (AHR) is a well-established character

istic of allergic asthma, hypothesized to arise from inflammation of the 
airway mucosa, damage to the epithelial lining, and hypertrophy of 
smooth muscle, accompanied by an increase in goblet cell proliferation 
(Harb et al., 2020). A significant aspect of asthma involves an amplified 
bronchoconstrictor reaction to diverse stimuli, clinically evident 
through symptoms such as chest tightness and cough. The extent of AHR 
typically aligns with the extent of airway inflammation (Zasłona et al., 
2020). For our study, the MCH provocation test as described by Brusasco 
and Crimi (2001) was used to document the phenotype. In comparison 
with techniques that require the removal of an animal’s lungs or air
ways, this has obvious advantages. Chronic airway inflammation, 
caused by various cells and inflammatory factors, is responsible for 
asthma. The severity of the condition can be objectively measured by the 
level of airway responsiveness, i.e., lung function (Beasley et al., 2023; 
Hsu et al., 2020; Højen et al., 2019; Ham et al., 2012). According to 
clinical studies, activated airway inflammatory cells can change the 
morphology of airway tissue and lead to AHR (Mims, 2015; Padem and 
Saltoun, 2019). The Ri and Re explain the variation in the large airways, 
whereas the change in Cdyn represents the state of the small airways or 
the parenchyma (Drazen et al., 1999). Since airway resistance explains 
the state of large airways and airway compliance reflects the state of 
small airways, apositive correlation exists between Ri and Re and 
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abnormal airway changes, and a negative correlation between Cldyn 
and small airway obstruction (Poli et al., 2022). There are several 
mechanisms that contribute to AHR, such as inflammation, dysfunc
tional neuroregulation, and structural changes. Among these mecha
nisms, inflammation seems to play a significant role in determining the 
extent of AHR. Therefore, therapeutic interventions aimed at reducing 
inflammation have the potential to alleviate airway hyper
responsiveness and enhance asthma management. According to our 
research findings, the group exposed to both OVA and DINP exhibited a 
higher degree of AHR compared to the group solely exposed to OVA. 
This implies that the use of DINP topically could exacerbate allergic 
asthma in mice. 

4.9. Limitation of this study 

While our study has identified a novel mechanism in the aggravation 
of allergic asthma through the activation of the IL-31/TRPV1 pathway 
by dermal exposure to DINP, we should acknowledge the limitations of 
our current research. In this study, our focus was solely on investigating 
the effects of DINP exposure on the skin during a limited time frame. 
Unfortunately, we were unable to explore the possible consequences of 
sub-chronic exposure to DINP on asthma. Further research is necessary 
to ascertain the potential impact of prolonged exposure to DINP on in
dividuals with asthma. 

5. Conclusions 

It is the first study of its kind to investigate the association between 
IL-31/TRPV1 pathway activation and dermal DINP exposure in OVA- 
sensitized mice with asthma. Our findings suggest that DINP aggra
vates the symptoms of allergic asthma, including hyperresponsive air
ways, remodeling of the airways, and destruction of lung tissue. 
Additionally, we examined the risk of DINP by assessing IL-31 and 
TRPV1 activation and the Th1/Th2 imbalance response. Our findings 
demonstrated that SB-431542 or CZP effectively reversed airway dam
age, providing insight into how dermal DINP exposure exacerbates 
allergic asthma. 
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Drazen, J.M., Yandava, C.N., Dubé, L., et al., 1999. Pharmacogenetic association between 
ALOX5 promoter genotype and the response to anti-asthma treatment. Nat. Genet. 
22 (2), 168–170. 

EFSA, 2019. Update of the risk assessment of di-butylphthalate (DBP), butyl-benzyl- 
phthalate (BBP), bis(2-ethylhexyl)phthalate (DEHP), di-isononylphthalate (DINP) 
and di-isodecylphthalate (DIDP) for use in food contact materials. EFSA J. 2019 (17), 
5838. 

Flood-Page, P., Swenson, C., Faiferman, I., et al., 2007. A study to evaluate safety and 
efficacy of mepolizumab in patients with moderate persistent asthma. Am. J. Respir. 
Crit. Care Med. 176 (11), 1062–1071. 

Gans, M.D., Gavrilova, T., 2020. Understanding the immunology of asthma: 
pathophysiology, biomarkers, and treatments for asthma endotypes. Paediatr. 
Respir. Rev. 36, 118–127. 

Güzel, M., Akpınar, O., 2021. Hydroxychloroquine attenuates acute inflammation (LPS)- 
induced apoptosis via inhibiting TRPV1 channel/ROS signaling pathways in human 
monocytes. Biology 10 (10), 967. 

Haldar, P., Brightling, C.E., Hargadon, B., et al., 2009. Mepolizumab and exacerbations 
of refractory eosinophilic asthma. N. Engl. J. Med. 360 (10), 973–984. 

Ham, J., Kim, J., Choi, S., et al., 2012. Interactions between NCR + ILC3s and the 
microbiome in the airways shape asthma severity. Immune Netw. 21 (4), e25. 

Harb, H., Stephen-Victor, E., Crestani, E., et al., 2020. A regulatory T cell Notch4-GDF15 
axis licenses tissue inflammation in asthma. Nat. Immunol. 21 (11), 1359–1370. 

Højen, J.F., Kristensen, M.L.V., McKee, A.S., et al., 2019. IL-1R3 blockade broadly 
attenuates the functions of six members of the IL-1 family, revealing their 
contribution to models of disease. Nat. Immunol. 20 (9), 1138–1149. 

Hsu, T.S., Lin, Y.L., Wang, Y.A., et al., 2020. HIF-2α is indispensable for regulatory T cell 
function. Nat. Commun. 11 (1), 5005. 

Hu, Y., Cheng, J., Liu, S., et al., 2022. Evaluation of climate change adaptation measures 
for childhood asthma: a systematic review of epidemiological evidence. Sci. Total 
Environ. 839, 156291. 

Husøy, T., Andreassen, H., Hjertholm, et al., 2019. The Norwegian biomonitoring study 
from the EU project EuroMix: levels of phenols and phthalates in 24-hour urine 
samples and exposure sources from food and personal care products — 
ScienceDirect. Environ. Int. 132, 105103. 

Hwang, Y.H., Paik, M.J., Yee, S.T., 2017. Diisononyl phthalate induces asthma via 
modulation of Th1/Th2 equilibrium. Toxicol. Lett. 272, 49–59. 

Jiang, J.X., Shen, H.J., Guan, Y., et al., 2020. ZDHXB-101 (3′,5-diallyl-2,4′-dihydroxy- 
[1,1′-biphen-yl]-3,5′-dicarbaldehyde) protects against airway remodeling and 
hyperresponsiveness via inhibiting both the activation of the mitogen-activated 
protein kinase and the signal transducer and activator of transcription-3 signaling 
pathways. Respir. Res. 21 (1), 22. 

Jo, M.-J., Kumar, H., Joshi, H.P., et al., 2018. Oral administration of α-asarone promotes 
functional recovery in rats with spinal cord injury. Front. Pharmacol. 9, 445. 

Kang, M.C., Cho, K., Lee, J.H., et al., 2019. Effect of resveratrol-enriched rice on skin 
inflammation and pruritus in the NC/Nga mouse model of atopic dermatitis. Int. J. 
Mol. Sci. 20 (6), 1428. 

Kasaian, M.T., Miller, D.K., 2008. IL-13 as a therapeutic target for respiratory disease. 
Biochem. Pharmacol. 76 (2), 147–155. 

Kianmehr, M., Haghmorad, D., Nosratabadi, R., et al., 2017. The effect of Zataria 
multiflora on Th1/Th2 and Th17/T regulatory in a mouse model of allergic asthma. 
Front. Pharmacol. 8, 458. 

Kim, H.J., Zeidi, M., Bonciani, D., et al., 2018. Itch in dermatomyositis: the role of 
increased skin interleukin-31. Br. J. Dermatol. 179 (3), 669–678. 

King, I.L., Mohrs, M., 2009. IL-4-producing CD4+ T cells in reactive lymph nodes during 
helminth infection are T follicular helper cells. J. Exp. Med. 206 (5), 1001–1007. 

Koning, M.T., Trollmann, I.J.M., van Bergen, C.A.M., et al., 2019. Peripheral IgE 
repertoires of healthy donors carry moderate mutation loads and do not overlap with 
other isotypes. Front. Immunol. 10, 1543. 

Q. Peng et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0005
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0005
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0005
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0010
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0010
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0015
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0015
https://doi.org/10.1164/rccm.202308-1436OC
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0035
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0035
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5000
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5000
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5000
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0040
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0040
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0040
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0045
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0045
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0045
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0055
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0055
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5005
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5005
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5005
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0060
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0060
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0060
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0060
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0065
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0065
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0065
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0070
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0070
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0070
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0075
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0075
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0075
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0080
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0080
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0085
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0085
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0090
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0090
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0095
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0095
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0095
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0100
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0100
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0105
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0105
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0105
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0110
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0110
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0110
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0110
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0115
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0115
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0120
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0120
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0120
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0120
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0120
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0125
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0125
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0130
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0130
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0130
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5010
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf5010
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0135
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0135
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0135
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0140
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0140
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0145
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0145
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0150
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0150
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0150


Science of the Total Environment 912 (2024) 169613

10

Koopmans, T., Crutzen, S., Menzen, M.H., et al., 2016. Selective targeting of CREB- 
binding protein/β-catenin inhibits growth of and extracellular matrix remodelling by 
airway smooth muscle. Br. J. Pharmacol. 173 (23), 3327–3341. 

Langlet, F., Haeusler, R.A., Lindén, D., et al., 2017. Selective inhibition of FOXO1 
activator/repressor balance modulates hepatic glucose handling. Cell 171 (4), 
824–835. 

Larsen, S.T., Hansen, J.S., Hansen, E.W., et al., 2007. Airway inflammation and adjuvant 
effect after repeated airborne exposures to di-(2-ethylhexyl) phthalate and 
ovalbumin in BALB/c mice. Toxicology 235 (1–2), 119–129. 

Lawton, S.K., Xu, F., Tran, A., et al., 2017. N-Arachidonoyl dopamine modulates acute 
systemic inflammation via nonhematopoietic TRPV1. J. Immunol. 199 (4), 
1465–1475. 

Lee, M.H., Park, J., Chung, S.W., et al., 2004. Enhancement of interleukin-4 production 
in activated CD4+ T cells by diphthalate plasticizers via increased NF-AT binding 
activity. Int. Arch. Allergy Immunol. 134 (3), 213–222. 

Li, C., Song, P., Lei, F., et al., 2020. The synergistic or adjuvant effect of DINP combined 
with OVA as a possible mechanism to promote an immune response. Food Chem. 
Toxicol. 140, 111275. 

Licona-Limón, P., Kim, L.K., Palm, N.W., et al., 2013. TH2, allergy and group 2 innate 
lymphoid cells. Nat. Immunol. 14 (6), 536–542. 

Lu, Z.S., Li, C.M., Qiao, Y., et al., 2005. Type II vanilloid receptor signaling system: one of 
the possible mechanisms for the rise in asthma cases. Front. Biosci. 10, 2527–2533. 

Mall, C., Sckisel, G.D., Proia, D.A., et al., 2016. Repeated PD-1/PD-L1 monoclonal 
antibody administration induces fatal xenogeneic hypersensitivity reactions in a 
murine model of breast cancer. Oncoimmunology 5 (2), e1075114. 

Mims, J.W., 2015. Asthma: definitions and pathophysiology. Int. For. Allergy Rhinol. 5 
(Suppl. 1), S2–S6. 

National Research Council, 2011. Guide for the Care and Use of Laboratory Animals, 
Eighth ed. The National Academies Press, Washington D.C.  

National Toxicology Program, 1992. NTP toxicology and carcinogenesis studies of 
polysorbate 80 (CAS no. 9005-65-6) in F344/N rats and B6C3F1 mice (feed studies). 
Natl. Toxicol. Program Tech. Rep. Ser. 415, 1–225. 

Neis, M., Peters, B., Dreuw, A., et al., 2006. Enhanced expression levels of IL-31 correlate 
with IL-4 and IL-13 in atopic and allergic contact dermatitis. J. Allergy Clin. 
Immunol. 118 (4), 930–937. 

Neuper, T., Neureiter, D., Sarajlic, M., et al., 2021. IL-31 transgenic mice show reduced 
allergen-induced lung inflammation. Eur. J. Immunol. 51 (1), 191–196. 

Oeser, K., Maxeiner, J., Symowski, C., et al., 2015. T cells are the critical source of IL-4/ 
IL-13 in a mouse model of allergic asthma. Allergy 70 (11), 1440–1449. 

Padem, N., Saltoun, C., 2019. Classification of asthma. Allergy Asthma Proc. 40 (6), 
385–388. 

Poli, J.A., Howard, C., Garcia, A.J., et al., 2022. Performance characteristics of a novel 
3D-printed bubble intermittent mandatory ventilator (B-IMV) for adult pulmonary 

support. Bioengineering (Basel) 9 (4). https://doi.org/10.3390/ 
bioengineering9040151. 

Preece, A.S., Knutz, M., Lindh, C.H., et al., 2022. Prenatal phthalate exposure and early 
childhood wheeze in the SELMA study. J. Expo. Sci. Environ. Epidemiol. 32 (2), 
303–311. 

Reyes-García, J., Carbajal-García, A., Montaño, L.M., 2022. Transient receptor potential 
cation channel subfamily V (TRPV) and its importance in asthma. Eur. J. Pharmacol. 
915, 174692. 

Sun, W., Gui, L., Zuo, X., et al., 2016. Human epithelial-type ovarian tumour marker 
beta-2-microglobulin is regulated by the TGF-β signaling pathway. J. Transl. Med. 
14, 75. 

The Global Asthma Report 2019. Auckland, New Zealand: Global Asthma Network. 
http://globalasthmareport.org. Accessed 3 Jan 2019. 

Tsui, H.C., Ronsmans, S., Sadeleer, L., et al., 2020. Skin exposure contributes to 
chemical-induced asthma: what is the evidence? A systematic review of animal 
models. Allergy, Asthma Immunol. Res. 12 (4), 579–598. 

Wu, D., Wu, F., Li, B., et al., 2020. EZH2 promotes the expression of LPA1 by mediating 
microRNA-139 promoter methylation to accelerate the development of ovarian 
cancer. Cancer Cell Int. 20 (1), 551. 

Wu, Y., You, H., Ma, P., et al., 2013. Role of transient receptor potential ion channels and 
evoked levels of neuropeptides in a formaldehyde-induced model of asthma in 
BALB/c mice. PloS One 28 (5), e62827. 

Xu, J., Zanvit, P., Hu, L., et al., 2020. The cytokine TGF-β induces interleukin-31 
expression from dermal dendritic cells to activate sensory neurons and stimulate 
wound itching. Immunity 53 (2), 371–383. 

Yang, S., Yang, F., Wei, N., et al., 2015. A pain-inducing centipede toxin targets the heat 
activation machinery of nociceptor TRPV1. Nat. Commun. 6, 8297. 

Yu, W., Zha, W., Ke, Z., et al., 2016. Curcumin protects neonatal rat cardiomyocytes 
against high glucose-induced apoptosis via PI3K/Akt signalling pathway. J. Diabetes 
Res. 2016, 4158591. 

Zasłona, Z., Flis, E., Wilk, M.M., et al., 2020. Caspase-11 promotes allergic airway 
inflammation. Nat. Commun. 11(1):1055. 

Zhang, H.J., Xing, Y.Q., Jin, W., et al., 2015. Effects of curcumin on interleukin-23 and 
interleukin-17 expression in rat retina after retinal ischemia-reperfusion injury. Int. 
J. Exp. Pathol. 8 (8), 9223–9231. 

Zhang, N.Z., Gao, Q., Wang, M., et al., 2018. Immunization with a DNA vaccine cocktail 
encoding TgPF, TgROP16, TgROP18, TgMIC6, and TgCDPK3 genes protects mice 
against chronic toxoplasmosis. Front. Immunol. 9, 1505. 

Zhang, Y., Yang, Z., Li, X., et al., 2022. Effects of diisononyl phthalate exposure on the 
oxidative stress and gut microorganisms in earthworms (Eisenia fetida). Sci. Total 
Environ. 822, 153563. 

Q. Peng et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0155
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0155
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0155
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0160
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0160
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0160
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0165
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0165
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0165
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0170
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0170
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0170
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0175
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0175
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0175
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0180
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0180
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0180
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0185
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0185
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0190
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0190
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0195
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0195
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0195
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0200
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0200
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0205
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0205
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0210
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0210
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0210
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0215
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0215
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0215
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0220
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0220
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0225
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0225
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0230
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0230
https://doi.org/10.3390/bioengineering9040151
https://doi.org/10.3390/bioengineering9040151
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0240
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0240
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0240
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0245
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0245
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0245
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0250
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0250
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0250
http://globalasthmareport.org
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0255
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0255
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0255
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0260
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0260
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0260
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0265
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0265
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0265
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0270
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0270
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0270
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0275
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0275
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0280
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0280
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0280
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0285
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0285
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0290
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0290
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0290
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0295
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0295
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0295
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0300
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0300
http://refhub.elsevier.com/S0048-9697(23)08243-8/rf0300

	The IL-31/TRPV1 pathway mediates allergic asthma exacerbated by DINP dermal exposure in OVA-sensitized Balb/c mice
	1 Introduction
	2 Materials and methods
	2.1 Reagents and kits
	2.2 Animals
	2.3 Experimental protocol
	2.4 Histological analysis of the lung tissue
	2.5 Measurement of airway hyperresponsiveness (AHR)
	2.6 Determination of immune and inflammatory biomarkers
	2.7 Statistical analysis

	3 Results
	3.1 Histopathological changes in lung
	3.2 Influences on airway hyperresponsiveness
	3.3 IL-31/TRPV1 pathway
	3.4 Th1/Th2 imbalance and related cytokines
	3.5 Immunoglobulins in lung tissue

	4 Discussion
	4.1 Background of this study
	4.2 Scientific hypothesis of this study
	4.3 The principles of SB-431542 blocking IL-31 expression
	4.4 Molecular and cellular basis of the IL-31/TRPV1 pathway
	4.5 The pivotal role of IL-4
	4.6 Th1/Th2 imbalance and related cytokines
	4.7 Type I hypersensitivity and related immunoglobulins
	4.8 Characteristics of allergic asthma
	4.8.1 Airway remodeling
	4.8.2 Airway hyperreactivity (AHR)

	4.9 Limitation of this study

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


