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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• DBP can exacerbate allergic asthma via 
a neuroimmune regulatory mechanism. 

• DBP can induce activation of TRPV1 and 
JNC neurons, and then make CGRP 
releases. 

• Th2-dominant inflammation happens 
following ILC2 activation by CGRP. 

• IgE is the key molecular for triggering 
type I hypersensitivity and JNC 
reactivation.  
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A B S T R A C T   

Background: Dibutyl phthalate (DBP), a commonly used plasticizer, has been found to be strongly linked to a 
consistently high prevalence of allergic diseases, particularly allergic asthma. Previous animal experiments have 
demonstrated that exposure to DBP can worsen asthma by triggering the production of calcitonin gene-related 
peptide (CGRP), a neuropeptide in the lung tissue. However, the precise neuroimmune mechanism and patho-
physiology of DBP-exacerbated allergic asthma with the assistance of CGRP remain unclear. 
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specific immunoglobulin G1; AHR, airway hyperresponsiveness; Ri, inspiratory resistance; Re, expiratory resistance; Cldyn, lung compliance; MCH, acetylcholine; 
H&E, hematoxylin and eosin staining; MT, Masson trichrome staining; PAS, periodic acid-schiff staining; JNC, jugular nodose ganglion complex; FcεRI, IgE high- 
affinity receptor; TRPV1, transient receptor potential vanilloid subtype 1; [Ca2+], intracellular calcium ions concentration; CGRP, calcitonin gene-related peptide; 
ILC2, group 2 innate lymphoid cell; CLR, calcitonin receptor-like receptor; Olcegepant, CLR specific antagonist; MAPK, mitogen-activated protein kinase; GATA3, 
GATA binding protein 3; PGATA3, phosphorylated GATA binding protein 3; ST2, growth stimulation expression gene 2 protein; CD45, cluster of differentiation 45; 
CD90.2, cluster of differentiation 90.2. 
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Group 2 innate lymphoid cells (ILC2) 
Calcitonin gene-related peptide (CGRP) 
GATA binding protein 3 (GATA3) 

Objective: The present study was to investigate the potential pathophysiological mechanism in DBP-exacerbated 
asthma from the perspective of neural-immune interactions. 
Methods and results: C57BL/6 mice were orally exposed to different concentrations (0.4, 4, 40 mg/kg) of DBP for 
28 days. They were then sensitized with OVA and nebulized with OVA for 7 consecutive excitations. To inves-
tigate whether DBP exacerbates allergic asthma in OVA induced mice, we analyzed airway hyperresponsiveness 
and lung histopathology. To investigate the activation of JNC and TRPV1 neurons and the release of CGRP by 
JNC cells, we measured the levels of TRPV1 channels, calcium inward flow, and downstream neuropeptide 
CGRP. Results showed that TRPV1 expression, inward calcium flux, and CGRP levels were significantly elevated 
in the lung tissues of the 40DBP + OVA group, suggesting the release of CGRP by JNC cells. To counteract the 
detrimental effects of DBP mediated by CGRP, we employed olcegepant (also known as BIBN-4096), a CGRP 
receptor specific antagonist. Results revealed that 40DBP + OVA + olcegepant led to notable decreases in 
TRPV1, calcium inward flow, and CGRP expression in lung tissues compare with 40DBP + OVA, further sup-
porting the efficacy of olcegepant. Additionally, we also conducted ILC2 flow sorting and observed that neu-
ropeptide CGRP-activated ILC2 cells have a crucial role as key effector cells in DBP-induced neuroimmune 
positive feedback regulation. Finally, we examined the protein expression of CGRP, GATA3 and P-GATA3, and 
found that significant upregulations of CGRP and P-GATA3 in the 40DBP + OVA group, suggest that GATA3 
acted as a key regulator of CGRP-activated ILC2. 
Conclusion: The aforementioned studies indicate that exposure to DBP can exacerbate allergic asthma, leading to 
airway inflammation. This exacerbation occurs through the activation of TRPV1 in JNC, resulting in the release 
of CGRP. The excessive release of CGRP further promotes the release of Th2 cytokines by inducing the activation 
of ILC2 through GATA phosphorylation. Consequently, this process contributes to the development of airway 
inflammation and allergic asthma. The increased production of Th2 cytokines also triggers the production of IgE, 
which interacts with FcεRI on JNC neurons, thereby mediating neuro-immune positive feedback regulation.   

1. Introduction 

Asthma is a significant global public health issue [50] and is among 
the most expensive chronic diseases [55]. Allergic asthma, which affects 
over half of all asthma patients [41], is the most common type. Research 
on the mechanism of allergic asthma has demonstrated that immuno-
globulin E (IgE) binds to the high-affinity receptor for IgE (FcεR1) on 
mast cells, leading to the release of inflammatory factors. This process 
plays a crucial role in the development of allergic asthma [12,31]. The 
conventional pathogenesis theory of allergic asthma involves the type I 
hypersensitivity mediated by Th2 cells. The excessive production of 
Th2-related cytokines contributes to the progression of allergic asthma 
[20]. The impact of environmental factors on allergic asthma has grown 
in popularity [27–29]. Multiple studies have established a close asso-
ciation between environmental pollutants and the pathogenic factors of 
asthma [15,47,53]. 

Phthalates (PAEs), the most widely produced and consumed plasti-
cizer in the world, are extensively used in various applications such as 
interior construction, food packaging, medical equipment, and personal 
care products. PAEs are combined with plastic substrates through non- 
covalent bonds, making them easily released into the environment 
(including air, water, soil, etc.), and they are considered ubiquitous 
environmental pollutants [18]. Among the different types of PAEs, DBP 
is particularly prevalent. As a low molecular weight phthalate, DBP is 
commonly found in both indoor and outdoor environments and can 
enter the human body through inhalation, ingestion, and skin contact 
[25]. The European Food Safety Authority (EFSA) sets an acceptable 
daily intake of 10 μg/kg d− 1[39] DBP. Numerous studies have indicated 
a strong association between DBP and the development of allergic 
asthma [1]. Epidemiological and toxicological studies have provided 
evidence for the “environmental adjuvant” effect of DBP-induced 
allergic asthma [47], but the underlying mechanisms and pathophysi-
ological processes remain unclear, leading to a lack of targeted pre-
vention and treatment strategies. 

The previous research conducted at the animal level demonstrated 
that exposure to DBP can worsen asthma-like symptoms induced by 
allergens through the regulation of the neuropeptide calcitonin gene- 
related peptide (CGRP) in lung tissue (Zhou et al., 2022). Several 
studies have discovered that the increase in IgE levels can enhance the 
reactivity of FcεR1 on the jugular nodose ganglion complex (JNC) 
neurons. The combination of IgE and FcεR1 can activate the transient 

receptor potential vanilloid subtype 1 (TRPV1), leading to the release of 
the neuropeptide CGRP and its involvement in the expansion of the in-
flammatory cascade response in lung tissue [2,3,6]. The induced 
elevation of IgE levels is a characteristic feature of the “environmental 
adjuvant” effect of DBP. Based on this, we hypothesize that DBP, acting 
as an “environmental adjuvant”, may cause an upregulation of neuro-
peptide CGRP expression in lung tissue by activating JNC neurons and 
TRPV1. 

Group 2 innate lymphocytes (ILC2) are a type of innate immune cells 
that play a crucial role in connecting innate and acquired immunity in 
lung tissue. These cells are known to produce IL-4, IL-5 and IL-13, and 
their involvement in the development of allergic asthma has been well- 
established [34,49]. The neuropeptide CGRP has been found to be 
expressed by JNC cells in lung tissue and has been shown to activate 
ILC2, contributing to the progression of allergic diseases [21,46,5]. 
Based on this, we hypothesize that neuropeptide-activated ILC2 may be 
the key effector cells in the positive feedback regulation of neuro-
immune response induced by DBP. CGRP, a neuropeptide that plays a 
crucial role in the pathogenesis of asthma, acts as a bridge between 
nerves and immune regulation, amplifying allergic asthma responses 
[44]. Previous studies have demonstrated that the binding of calcitonin 
receptor-like receptor (CLR) on the surface of ILC2 can activate MAPK 
pathways, leading to GATA phosphorylation, proliferation, and activa-
tion of ILC2, ultimately resulting in the release of large quantities of Th2 
cytokines. The transcription factor GATA3 has been identified as the 
master regulator in this process [24,51]. Therefore, we propose that 
GATA3 plays a key role in regulating CGRP-activated ILC2. 

In the present study, we investigated the mechanism by which DBP 
acts as an environmental adjuvant in exacerbating allergic asthma. Our 
focus was on understanding the neuroimmune interactions involved in 
this process. Specifically, we examined the impact on the activation of 
JNC neurons and TRPV1, the production of the neuropeptide CGRP, and 
the subsequent activation of ILCS2. Additionally, we identified the sig-
nificant role of GATA3 in CGRP-regulated ILC2 activation. Our research 
should contribute to the field by providing practical applications and 
scientific evidence for the prevention and control of health risks and 
hazards associated with phthalate pollutants. 
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2. Materials and methods 

2.1. Animals 

SPF-grade C57BL/6 J male mice, aged between 6–8 weeks, were 
purchased from Liaoning Changsheng Biotechnology Co., Ltd. (batch 
number: SCXK (Liao) 20200001). After purchase, the mice were adap-
tively fed for one week and provided with a commercial diet and filtered 
water ad libitum. Throughout the experiment, the mice were maintained 
at a room temperature of (24 ± 2) ℃, relative humidity of (50 ± 5)%, 
and a light/dark cycle of 12 h/12 h. Humane care was provided to the 
mice following the 3 R principles used in experimental animals. All 
procedures were authorized by the Research Management Office of 
Hubei University of Science and Technology, and a certificate of 
approval (ID: HBUST-IACUC-2021–010) is available upon request. 

2.2. Reagents and instruments 

DBP (≥99%, CAS: 84–74-2), OVA, and methacholine (MCH) were 
purchased from Sigma-Aldrich. Tween-80 (CAS: 9005–65-6) was pur-
chased from Amresco (Solon, OH, USA). T-IgE (total-IgE), OVA-IgE, 
OVA-IgG1, Interleukin 4 (IL-4), Interleukin 5 (IL-5), Interleukin 13 (IL- 
13), Interleukin 25 (IL-25), and Interleukin 33 (IL-33) ELISA kits were 
purchased from Shanghai Enzyme Biotechnology Co., Ltd. (Shanghai, 
China). The Power waveXS microplate reader and ELx800 fluorescent 
microplate reader were purchased from Bio-Tek Instruments Co., Ltd. of 
the United States. The HH-42 three-purpose electric heating constant 
temperature water tank was purchased from Beijing Changyuan 
Experimental Instrument Factory, and the 5424 R low-temperature 
refrigerated centrifuge was purchased from Eppendorf, Germany. The 
DP73 microscope was purchased from Japan Olympus Company. 

2.3. Experimental protocol 

Referring to the data published by the European Chemicals Bureau 
[10], this study set up a low-dose exposure group (0.4 mg/kg) based on a 
concentration close to the detected concentration of DBP in drinking 
water (0.47 mg/L), and a medium-dose was set at 4 mg/kg based on a 
concentration close to the detected concentration of DBP in surface 
water (4.8 mg/L) from Europe, the United States and Asia. Naturally, a 
high dose of 40 mg/kg was set to observe the dose-effect relationship. 
The mice were randomly divided into 7 groups, each consisting of 30 
mice. These groups included: (1) saline group, (2) 0.4 mg/kg DBP group, 
(3) 4 mg/kg DBP group, (4) 40 mg/kg DBP group, (5) OVA group, (6) 40 
mg/kg DBP + OVA group, and (7) 40 mg/kg DBP + OVA +olcegepant 
(in short “+olcegepant”) group. After one week of adaptive feeding, 
mice requiring exposure to DBP were gavaged from day 1 to day 28. 
Mice requiring OVA sensitization were intraperitoneally injected with 
an OVA sensitization solution on days 9, 12, 15, 18, and 21. From days 
29 to 35 of the experimental cycle, 1% OVA was nebulized for one week, 
with each session lasting 30 min. The +olcegepant group received 
intraperitoneal injections of 1 mg/kg/day olcegepant (CLR specific 
antagonist) from days 1 to 36. The experimental scheme was presented 

in Table 1 and Fig. 1. 
A total of 210 mice were used in this study, with 30 mice in each 

group. Ten mice in each group were used for ventilation and alveolar 
lavage fluid. The other twelve mice were used for cardiac blood 
collection, the right lungs were immobilized in paraformaldehyde for 
section preparation, and the left lungs were used for lung tissue ho-
mogenate preparation. The remaining eight mice were divided into two 
batches, and tested for western blot and ILC2 flow sorting, respectively. 

2.4. Serum and tissue preparation 

Following a 36-day period, mice received an intraperitoneal injec-
tion of 100 mg/kg pentobarbital sodium. The chest wall was cleaned 
using alcohol-soaked cotton balls, after which an incision was made to 
expose the heart. Approximately 0.8–1.0 mL of blood was carefully 
withdrawn from the heart using a 1 mL medical syringe and transferred 
into a 1.5 mL centrifuge tube. The blood was then subjected to centri-
fugation at 25 ℃ for 10 min and 3000 rpm. After discarding the su-
pernatant, it was preserved at − 80 ◦C for future utilization. The serum 
derived from the blood was employed for the detection of T-IgE, OVA- 
IgE, and OVA-IgG1. Subsequently, both lungs were excised after blood 
collection from the heart. The right lung was directly fixed in para-
formaldehyde, while the left lung was rinsed with 10% cold PBS (pH =
7.4) and dried using absorbent paper. The left lung was then homoge-
nized with 10% PBS solution and maintained at 4 ℃ at 10,000 rpm for 
10 min. The resulting supernatant was stored at − 80 ℃. This lung su-
pernatant was utilized for the determination of IL-4, IL-5, IL-13, IL-25 
and IL-33. 

2.5. Pathology and immunohistochemistry of lung sections 

We excised and relocated the right lung, and then proceeded to fix 
the lungs using a 4% paraformaldehyde solution. To prepare the tissue 
for analysis, a sequential immersion in alcohols of varying grades and 
xylenes was employed. Finally, the tissue was embedded in paraffin 
following a traditional approach. After 24 h, sections of 4 µm thickness 
were deparaffinized and mounted on glass slides. Hematoxylin and eosin 
(H&E), Masson’s trichrome staining (MT), periodic acid-schiff staining 
(PAS), and immunohistochemical detection were then performed. 
Immunohistochemical analysis was conducted after antigen retrieval 
and inactivation of endogenous enzymes, following the method 
described by Yan et al. [52]. 

2.6. Lung function test 

Mice were anesthetized with 100 mg/kg sodium pentobarbital [30]. 
After achieving deep anesthesia, the neck skin was incised to expose the 
trachea. Subsequently, a tube was inserted into the trachea and con-
nected to a ventilator (Bestlab, AniRes 2005, version 2.0, China). The 
ventilator settings were adjusted to maintain a respiratory/inspiratory 
ratio of 1.5:1 and a respiratory rate of 90 breaths per minute. 
Throughout the operation of the AniRes2005 software, the jugular vein 
was injected with 50 μL of MCH every 5 min. The injected 

Table 1 
Grouping and experimental treatments.  

Group ID Group names Treatments for different groups 

Gavage 
0.4 DBP 

Gavage 
4.0 DBP 

Gavage 
40 DBP 

OVA oral exposure Olcegepant I.P. injection 

Group 1 Saline – – – – – 
Group 2 0.4DBP + – – – – 
Group 3 4.0DBP – + – – – 
Group 4 40DBP – – + – – 
Group 5 OVA – – – + – 
Group 6 40DBP+OVA – – + + – 
Group 7 40DBP+OVA +Olcegepant – – + + +
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concentrations included 0.025, 0.05, 0.1, and 0.2 mg/kg, respectively. 
The AniRes2005 software continuously recorded real-time values for 
inspiratory resistance (Ri), expiratory resistance (Re), and lung dynamic 
compliance (Cldyn). The R area was defined as the enclosed region be-
tween the peak Ri or Re and the baseline within 300 s following injec-
tion. Meanwhile, lung compliance was measured using the lowest 
recorded value of Cldyn. 

2.7. Immunoglobulin and inflammatory factor measurements 

ELISA kits were utilized to quantify the concentrations of T-IgE, 
OVA-IgE, and OVA-IgG1 in serum, as well as the concentrations of IL-4, 
IL-5, IL-13, IL-25, and IL-33 in lung tissue. The experimental procedures 
were conducted in accordance with the instructions provided in the kit. 

2.8. Detection of JNC neuron activation (calcium influx) 

The fixation of each lung tissue section involved embedding, 
sectioning, and subsequent sequential washing with xylenol, anhydrous 
ethanol, 85% alcohol, and 75% alcohol distilled water. To facilitate 
antigen recovery, the sections were placed within repair cassettes that 
contained EDTA antigen recovery buffer (with a pH of 8.0) and sub-
jected to microwave-assisted antigen retrieval. A heating process was 
carried out on the slides, where they were heated at medium tempera-
ture for a duration of 8 min, followed by an 8-minute rest period, and 
then heated again at medium-low temperature for 7 min. Subsequently, 
the slides were placed at 4 ◦C and shaken three times for 5 min each on a 
decolorizing shaker. A circle was drawn around the tissue with a pen, 
and the autofluorescent bursting agent was added to the circle for 5 min, 
followed by a 10-minute rinse with tap water. The serum was then 
blocked using the serum for 30 min, and fura-2 AM (a calcium fluores-
cent probe, 2 mM) was added and incubated overnight at 4 ◦C. Next, the 
secondary antibody was added and incubated for 50 min, followed by 
the addition of DAPI staining solution, which was incubated for 10 min. 
After conducting a comprehensive washing and drying process, the 

sections were tightly sealed using an anti-fluorescence burst mounting 
medium. Subsequently, an observation of the sections was carried out 
utilizing a Nikon microscope (Eclipse 80i, Tokyo, Japan). Our indicator 
test referred to [6]. 

2.9. Flow cytometric analysis of ILC2 cells 

The mice were anesthetized using intraperitoneal injection of 
pentobarbital. The skin was disinfected with 75% alcohol, and the 
thoracic cavity was opened under aseptic conditions to remove the lung 
tissue. The lung tissue was then placed on a sterile 200 mesh nylon mesh 
in a 60 mm cell culture dish. It was gently ground using a 2.5 mL syringe 
plunger and washed with 5 mL of 1640 medium to obtain a final lung 
cell suspension. The lung cell suspension was transferred to a 15 mL 
centrifuge tube and centrifuged at 1500 rpm for 5 min at room tem-
perature to remove the supernatant. Next, 3 mL of red blood cell lysate 
was added to lyse the cells at room temperature for 4 min, followed by 
resuspending the cells. The cells were then washed with 10 mL of sterile 
PBS, centrifuged again at 1500 rpm for 5 min at room temperature to 
remove the supernatant, and resuspended in 1 mL of 1640 complete 
medium. For ILC2 sorting, lung cells were stained with CD45 (eBio-
science, San Diego, CA, USA), CD90.2 (eBioscience, San Diego, CA, 
USA), and ST2 (BioLegend, San Diego, CA, USA). Lin- 
CD45 + ST2 + CD90.2 + cells were sorted into ILC2 using FACS Aria 
(BD Biosciences, NJ, USA). Our indicator test referred to [40]. 

2.10. Swiss Jim staining of alveolar lavage fluid 

The right major bronchus was ligated using forceps while the mice 
were under anesthesia. Subsequently, PBS was perfused through the 
right ventricle and gently aspirated over the left lung for lavage. For 
each animal, three 0.5 mL of PBS were prepared. After the third lavage 
with PBS, the fluid recovered from the lungs was collected as bron-
choalveolar lavage fluid (BALF). Cytocentrifuged slides were stained 
with May-Giemsa to determine cell differentials. The supernatants of 

Fig. 1. Experimental protocol. (A) Grouping and experimental schedule; (B) OVA sensitization and challenge of the mice; (C) Chemical structure of olcegepant.  
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BALF were promptly stored at − 80 ℃ until analysis. 

2.11. Western blot detection 

Protein expression levels of CGRP, GATA3, P-GATA3, and ST2 were 
analyzed using Western blot. An equal amount of protein extract from 
each sample was separated and transferred to a PVDF film using 12.5% 
SDS-PAGE (EpiZyme, Shanghai, China). Each membrane was then 
incubated overnight at 4 ◦C with antibodies against CGRP, GATA3, P- 
GATA3, and ST2 (Affinity, Jiangsu, China). Subsequently, the mem-
brane was incubated with the appropriate HRP Goat Anti-Mouse IgG 
(H+L) secondary antibody (ABclonal, Wuhan, China) at room temper-
ature for 2 h. Image J software (Bio-Rad Laboratories, Hercules, CA, 
USA) was used for imaging. 

2.12. Statistical analysis 

We utilized GraphPad Prism 9.0 software (GraphPad Software, San 
Diego, USA) for statistical analysis and graph generation. The data are 
presented as mean ± sem. The normal distribution was determined 
using the D′Agostino Pearson omnibus test. To compare multiple groups, 
we performed a one-way ANOVA followed by Bonferroni tests. For the 
analysis of airway hyperresponsiveness (AHR) results, we employed 
two-way ANOVA and multiple comparison tests. Flow cytometry data 
were analyzed by CyExpert2.3 software (Beckman Coulter, United 
States). A P value of＜ 0.05 was considered statistically significant. 

3. Results 

3.1. Lung function changes 

The changes in lung function of mice primarily involved alterations 

in inspiratory resistance (Ri), expiratory resistance (Re), and lung 
compliance (Cldyn) (Fig. 2). The Ri and Re values increased with the 
concentration of methacholine, while the Cldyn value decreased. The 
DBP group showed slight changes in Ri, Re, and Cldyn compared to the 
saline group. The OVA group and DBP+OVA group exhibited significant 
changes, with Ri and Re significantly increasing and Cldyn significantly 
decreasing. In comparison to the DBP+OVA group, the +olcegepant 
group showed significant decreases in Ri and Re, while Cldyn signifi-
cantly increased. 

3.2. Lung histopathological changes 

H&E staining results revealed significant inflammatory infiltration, 
airway deformation, increased airway wall folds, and airway wall 
thickening in the OVA group and DBP+OVA group, particularly in the 
DBP+OVA group, when compared to the saline group. However, after 
intervention with olcegepant, there was an alleviation of airway defor-
mation, reduction in inflammatory infiltration, and thinning of the 
airway walls (Fig. 3A). Masson staining, which highlights collagen fibers 
in blue, showed evident collagen fibrosis near the airway in the OVA 
group and DBP+OVA group, especially in the DBP+OVA group, 
compared to the saline group. Nevertheless, after intervention with 
olcegepant, there was a significant reduction in collagen fibers near the 
airway (Fig. 3B). PAS staining, which makes goblet cells appear pale 
pink, was used to assess the proliferation of goblet cells in the bronchial 
mucosa and understand the severity of asthma. The results demon-
strated noticeable hyperplasia of goblet cells near the airway in the OVA 
group and DBP+OVA group, particularly in the DBP +OVA group, when 
compared to the saline group. However, after intervention with olce-
gepant, there was a significant reduction in goblet cell hyperplasia near 
the airway (Fig. 3C). 

Fig. 2. AHR measurements. (A), (B), and (C) represent Ri, Re, and Cldyn values of the different treatment groups, respectively. (**: P < 0.01, compared with the 
saline group; ##: P < 0.01, compared with the OVA group; &&: P < 0.01, compared with the 40 DBP+OVA group). 
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Fig. 3. Lung histopathology. (A) Hematoxylin and eosin staining (H&E) (40 ×); (B) Masson trichrome staining (MT) (40 ×); (C) Periodic acid-schiff staining 
(PAS) (40 ×). 

Fig. 4. JNC neuron activation: [Ca2+] and related IHC biomarkers. (A) Fura-2 staining (40 ×); (B) TRPV1 immunohistochemistry (40 ×); (C) CGRP immunohis-
tochemistry (40 ×). (**: P < 0.01, compare with saline group; ##: P < 0.01, comparation between OVA group and 40DBP+OVA group; &&: P < 0.01, comparation 
between 40 DBP+OVA group and 40DBP+OVA+olcegepant group). 
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3.3. JNC neuron activation: [Ca2+] and related IHC biomarkers 

Fura-2, a specific fluorescent indicator of intracellular calcium ion 
concentration ([Ca2+]), was used to detect the inflow of calcium in 
pulmonary nerve cells and the activation of JNC neurons. The results 
demonstrated that compared to the saline group, the fluorescence 
(green) was enhanced in the OVA group and the DBP+OVA group, 
indicating a significant increase in calcium inflow, particularly in the 
DBP+OVA group. Following intervention with olcegepant, the fluores-
cence was attenuated, leading to a significant reduction in cell calcium 
inflow and inhibition of JNC neuron activation (Fig. 4A). 

TRPV1 and CGRP play important roles in the JNC/ILC2 pathway, 
similar to cell calcium inflow [Ca2+]. TRPV1 is a chemoreceptor in 
neuronal membranes and a cation channel. When stimulated by DBP, it 
activates and opens up the ion channel, resulting in cell calcium inflow 
and the release of the neuropeptide CGRP. TRPV1 and CGRP not only 
participate in signaling, but also serve as biomarkers for detecting JNC 
neuronal activation. The application of IHC assay revealed enhanced 
IHC color in the OVA and DBP+OVA groups compared to the saline 
group, particularly in the DBP+OVA group. However, after intervention 
with olcegepant, the color was weakened, indicating the inhibition of 

JNC neuronal activation (Figs. 4B and 4C). 

3.4. ILC2 immune cells activation related biomarkers 

Group 2 innate lymphoid cells (ILC2) are a type of innate immune 
cell that act as a significant source of Th2 cytokines IL-4, IL-5, IL-13. 
Biomarkers associated with ILC2 can be divided into two groups. The 
first group consists of pathway signaling components, including CGRP, 
CLR, IL-25, IL-33, ST2 (IL-33R), GATA3, PGATA3, IL-4, IL-5, IL-13, and 
eosinophils (EOS). These components play a role in the signaling 
cascade from upstream to downstream. TRPV1 activation causes the 
release of pro-inflammatory mediators such as CGRP, which mediates 
neurogenic inflammation, and IL-33 release upregulates ST2 receptor 
expression in ILC2s. The levels of CGRP, ST2 and IL-33 were slightly 
increased in the DBP group compared to the saline group, and the levels 
of CGRP, ST2 and IL-33 were significantly increased in the OVA and 
DBP+OVA groups. Those proteins levels were significantly increased in 
the DBP+OVA group compared to the OVA group, and that levels were 
significantly decreased and significantly different in the 
DBP+OVA+ olcegepant group compared to the DBP+OVA group 
(Figs. 5A and 5C). No significant change in EOS levels in the DBP group 

Fig. 5. Results of the ILC2 activation related biomarkers. (A) ELISA for 6 proteins; (B) Swiss Jim staining for EOS; (C) IHC for IL-33 and ST2; (D) Western blot for 
CGRP, GATA, PGATA, GATA, and ST2 (**: P < 0.01, compare with saline group; ##: P < 0.01, comparation between OVA group and 40DBP+OVA group; &&: 
P < 0.01, comparation between 40 DBP+OVA group and 40DBP+OVA+olcegepant group). 
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compared to the saline group, and significant increases in the OVA and 
DBP+OVA groups; however, the intervention with olcegepant resulted 
in a significant decrease in EOS levels (Fig. 5B). GATA-3 induces Th2 
cytokine gene expression, P-GATA3 /GATA3 can be used to indicate the 
phosphorylation level of GATA-3. The results showed that the 

expression of P-GATA3 /GATA3, CGRP, and ST2 was significantly up- 
regulated in different concentrations of DBP group, OVA group, and 
DBP+OVA group compared to the saline group. The expression of P- 
GATA3 /GATA3, CGRP, and ST2 was significantly up-regulated in the 
DBP+OVA group compared to the OVA group, while the expression of P- 

Fig. 6. Flow analysis results of ILC2s cells in lung tissues after DBP exposure. (Cell sorting for (A) CD45, (B) ST2, and (C) CD90.2).  
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GATA3 /GATA3, CGRP, and ST2 was significantly down-regulated in the 
olcegepant group compared to the DBP+OVA group (Fig. 5D). 

The second group includes markers used to identify the differentia-
tion and maturation of ILC2, such as CD45, ST2 and CD90.2 (also known 
as Thy1.2). Using Lin- CD45 + ST2 + Thy1.2 + as a mouse ILC2 cell 
marker, flow cytometry was applied to detect OVA-sensitized asthma 
model after DBP exposure. The results showed that Lin- 
CD45 + ST2 + Thy1.2 + levels were significantly increased in the 
DBP+OVA group in a concentration-dependent relationship compared 
to the saline group group. After the intervention with CGRP receptor 
antagonist olcegepant, Lin- CD45 + ST2 + Thy1.2 + levels in the 
40 mg/kg DBP+OVA+ olcegepant group decreased significantly. These 
data supported that ILC2 may be key effector cells in DBP-induced 
neuro-immune positive feedback regulation (Fig. 6, Table 2). 

3.5. Type I hypersensitivity related biomarkers 

Immunologically, allergic asthma is classified as a type I hypersen-
sitivity disease. For humans, the main biomarkers are T-IgE and antigen- 
specific IgE. In mice, such as C57BL/6, antigen-specific IgG1 is also 
involved in the development of type I hypersensitivity. The results of 
serum immunoglobulin detection in each group of mice are shown in  
Fig. 7. The levels of T-IgE, OVA-IgG1, and OVA-IgE antibodies in the 
DBP+OVA group (40 mg/kg) were significantly higher than those in the 
OVA group (P < 0.01). After intervention with the antagonist olcege-
pant, the levels of these biomarkers were significantly reduced 
compared to the DBP+OVA group (P < 0.01). Furthermore, the immu-
noglobulin levels in all three groups were significantly higher compared 
to the saline group (P < 0.01). 

4. Discussion 

Our scientific hypothesis: In this study, we utilized the OVA-induced 
allergic asthma C57BL/6 mouse model to investigate the potential 
involvement of neuro-immunity in the exacerbation of allergic asthma 
in mice due to DBP exposure. Through a comprehensive review of 
relevant literatures and analysis of our experimental findings, we pro-
pose the following scientific hypothesis (Fig. 8). This neuro-immune 
positive feedback mechanism consists of the following steps: (1) DBP 
induced activation of JNC neuron: After exposure, DBP enters the lung 
tissue of the organism and acts on the chemoreceptor TRPV1 of JNC 
neurons. The activation of TRPV1 leads to calcium inward flow and 
activation of the JNC neurons, resulting in the release of the neuro-
peptide CGRP. (2) CGRP induced activation of ILC2 immune cell: The 
released CGRP acts at CLR on the membrane of ILC2, activating the 
GATA3 transcription factor and corresponding genes. As a result, ILC2 
synthesizes and releases IL-4, IL-5, and IL-13. (3) Enhancement of type I 
hypersensitivity induced by excess increased IL-4: Increased levels of IL- 
4 can intensify the type I hypersensitivity response, leading to the pro-
duction of excess IgE and IgG1, and worsening the severity of allergic 
asthma. (4) Re-activation of JNC caused by increased IgE: Excess IgE can 
also act on FcεRI receptors on the membrane of JNC neurons, triggering 
JNC reactivation and forming neuroimmune positive feedback. 

Evidence of DBP exacerbating allergic asthma: Allergic asthma is a 
chronic respiratory disease characterized by airway hyper-
responsiveness (AHR) and allergic airway inflammation ([14,23]). In 
this study, we observed severe AHR in mice. The results (Fig. 2) showed 
a significant increase in Ri and Re in the DBP+OVA group compared to 
the saline group and OVA group, while Cldyn was significantly 
decreased. Additionally, histopathological examination revealed severe 
airway inflammation with inflammatory cell infiltration, airway 
remodeling (Fig. 3A), pulmonary fibrosis (Fig. 3B), and goblet cell hy-
perplasia (Fig. 3C) in the lung tissue of the mice. 

DBP induced activation of JNC neuron: The jugular-nodal ganglion 
complex (JNC) is a component of the vagus nerve that plays a role in the 
sensory and motor functions of the heart and lungs [42]. Recent studies 
have discovered a small population of JNC neurons that innervate the 
airways and lungs [17]. Transient receptor potential channel protein 
subtype V1 (TRPV1), also known as the capsaicin receptor, is a nonse-
lective cation channel found in the nerve terminals of mammalian JNC 
nociceptor neurons [35]. It plays a role in the perception of thermal and 
certain chemicals [36]. Activation of nociceptor neurons leads to the 
opening of TRPV1 ion channels, which allows extracellular Ca2+ to 
enter. This influx of Ca2+ acts as a second messenger and contributes to 
the release of neuropeptides and other immunomodulators, such as 
CGRP [4,45]. DBP, as an environmental pollutant, can cause the opening 
of TRPV1 ion channels, leading to JNC activation and subsequent release 
of CGRP. This release of CGRP acts on immune cells, initiating a 
neuro-immune response that ultimately exacerbates allergic asthma [6, 
11]. Our findings were consistent with those of the references mentioned 
above. Compared to the saline group group, both the OVA group and the 
DBP+OVA group showed a significant increase in intracellular calcium 
concentration [Ca2+] (Fig. 4A) and enhanced expression of TRPV1 
(Fig. 4B) and CGRP (Fig. 4C), indicating the activation of JNC neurons. 
However, the DBP+OVA group exhibited a more pronounced increase in 
[Ca2+] and expression of TRPV1 and CGRP (Figs. 4A, 4B and 4C), sug-
gesting that DBP had the ability to further enhance the degree of JNC 
activation. 

CGRP induced activation of ILC2 immune cell: Group 2 innate lym-
phocytes (ILC2) are innate immune cells that play a crucial role in 
connecting innate and acquired immunity in lung tissue [34,49]. Acti-
vated ILC2 cells exhibit various surface antigenic profiles, primarily 
characterized by lineage- (i.e. Lin-), CD45 + , ST2 + , CD90.2 + [16]. 
ILC2 is a significant contributor to allergic asthma [34]. When activated, 
ILC2 cells strongly induce airway hyperresponsiveness (AHR) [37], 
playing a critical role in the initiation and progression of asthma [7,38]. 
Activated ILC2 cells produce and release numerous Th2 cytokines, 
including IL-4, IL-5, and IL-13. They are essential components for the 
initiation and transmission of inflammatory and allergic responses and 
promote the development of Th2 dominant inflammation in the lungs 
[33,54,9]. Eosinophils are key effector cells that induce airway inflam-
mation and airway hyperresponsiveness in allergic asthma [43]. The 
primary activators of ILC2 include IL-25 and IL-33, which are mainly 
derived from epithelial and endothelial cells in the lungs [8,56]. 

Recent studies have shown that IL-25 and IL-33 are not the only 
activators of ILC2. Calcitonin gene-related peptide (CGRP) also plays a 
significant role in this process ([6]; Wallrapp et al., 2019). CGRP is a 
37-amino acid neuropeptide that belongs to the calcitonin peptide 
family and is found in both the peripheral and central nervous systems 
[26,48]. It acts as a crucial link between nerves and immune regulation 
by binding to the receptor CLR (calcitonin receptor-like receptor) on the 
surface of ILC2, thereby activating ILC2 and contributing to allergic 
disease processes [5,21]. Olsegepant is an effective and selective 
antagonist of CLR, and its use is to determine whether the JNC/ILC2 
pathway is involved. GATA3 is a transcription factor, when phosphor-
ylated GATA3 is able to enter the nucleus and initiate the expression of 
relevant genes. P-GATA3 plays a crucial role during the sustained 
expression of Th2 cytokines by all ILC2s. It is also an important 
component for the maintenance of ILC2 differentiation and maturation, 

Table 2 
The levels of Lin-CD45 +ST2 +CD90.2 + in different groups.  

Group ID Group names Levels of ILC2 markers (%) 

CD45 ST2 CD90.2 

Group 1 Saline  2.56  0.55  1.40 
Group 2 0.4DBP  2.70  0.63  1.20 
Group 3 4.0DBP  3.10  0.59  1.58 
Group 4 40DBP  3.36  0.67  2.10 
Group 5 OVA  4.78  1.02  2.34 
Group 6 40DBP+OVA  8.81  2.14  3.39 
Group 7 40DBP+OVA+olcegepant  4.43  1.24  2.61  
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which are essential for determining ILC2 activation [13]. 
Our study found that various types of indices related to ILC2 showed 

the same trend. These included: activating factors of ILC2 such as CGRP, 
IL-25, and IL-33; transcription factors for activating ILC2 gene like P- 
GATA3/GATA3; surface antigens (cell surface markers) of ILC2 such as 

CD45, ST2, and CD90.2; Th2 cytokines secreted by ILC2 like IL-4, IL-5, 
and IL-13; as well as IL-5-induced eosinophils. The results of the study 
demonstrated a significant elevation in all ILC2-related indices in the 
OVA and DBP+OVA groups compared to the saline group (Fig. 5, Fig. 6, 
and Table 2), indicating activation of ILC2 immune cells. Furthermore, 

Fig. 7. Type I hypersensitivity related biomarkers. (A) Total immunoglobulin E (T-IgE); (B) Ovalbumin specific immunoglobulin G1 (OVA-IgG1); (C) Ovalbumin 
specific immunoglobulin E (OVA-IgE). (**: P < 0.01, any group compare with saline group; ##: P < 0.01, comparation between OVA group and 40DBP +OVA group; 
&&: P < 0.01, comparation between 40 DBP+OVA group and 40DBP+OVA+olcegepant group). 

Fig. 8. Our scientific hypothesis: A potential mechanism on neuroimmune positive feedback during the DBP-exacerbating allergic asthma.  
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the increase in all ILC2-related indices was more pronounced in the 
DBP+OVA group (Fig. 5, Fig. 6, and Table 2), suggesting that DBP en-
hances the activation of ILC2 immune cells. When the CGRP antagonist 
olcegepant was administered (DBP+OVA +olcegepant group), all ILC2- 
associated indices were reduced compared to the DBP+OVA group. 
These findings support our proposed scientific hypothesis. Interestingly, 
the activators of ILC2, i.e. IL-25 and IL-33, which appear unrelated to the 
JNC/ILC2 pathway, also showed a decrease in concentration levels after 
intervention with the CGRP antagonist olcegepant. The biological 
mechanism behind this observation warrants further exploration. 

Enhancement of type I hypersensitivity induced by excess increased 
IL-4: Allergic asthma is a chronic airway inflammation caused by al-
lergens that can be enhanced by immune adjuvants. Immunologically, it 
is classified as a type I hypersensitivity reaction [19]. Type I hypersen-
sitivity is an immune response triggered by antigen-specific IgE [22]. In 
rodents, such as mice, IgG1 also plays a role in mediating the type I 
hypersensitivity response [32]. Therefore, T-IgE, antigen-specific IgE (e. 
g., OVA-IgE), and antigen-specific IgG1 (e.g., OVA-IgG1) serve as 
important biomarkers for assessing the type I hypersensitivity response 
and are used as specificity indicators in asthmatic mice [20]. It is well 
known that in type I hypersensitivity, IgE and IgG1 are produced and 
secreted by plasma cells that are transformed by IL-4-induced B cells. 
When activated ILC2 cells contribute to an excess increased production 
of IL-4, it intensifies the type I hypersensitivity response and exacerbates 
allergic asthma. Our findings demonstrated that the levels of T-IgE, 
OVA-IgE, and OVA-IgG1 were significantly elevated in mice exposed to 
OVA and DBP+OVA combinations compared to saline groups (P < 0.01, 
P < 0.01), with a greater increase observed in the DBP+OVA group 
(P < 0.01). In particular, after the addition of the CGRP antagonist 
olcegepant to the experiments, the results showed that the levels of 
T-IgE, OVA-IgE, and OVA-IgG1 were significantly reduced in mice 
compared to the DBP+OVA group (P < 0.01). This suggests that our 
OVA-induced asthmatic animal model was successful and that DBP 
worsened the pathological changes to allergic asthma in mice through 
the JNC/ILC2 pathway (Fig. 7, Fig. 8). 

Re-activation of JNC caused by increased IgE: According to our 
literature research, increased levels of IgE have been found to not only 
induce type I hypersensitivity responses and allergic asthma but also 
potentially contribute to a neuroimmune positive feedback mechanism 
that worsens allergic asthma. Crosson et al. [6] has shown that the 
high-affinity IgE receptor FcεR1 is present in the pulmonary innervated 
jugular venous complex ganglion (JNC) neurons and its expression is 
elevated in mice sensitized to specific antigens such as OVA. This sug-
gests that the JNC immune cells may initiate neuro-immune in-
teractions, involving lung tissue injury receptor neurons, during the 
development of allergic asthma if they are activated by some certain 
reason (such as DBP exposure). Therefore, we propose this mechanism 
in our scientific hypothesis. As part of our future research objectives, we 
aim to conduct in vitro and in vivo exposure studies on JNC neurons 
using different concentrations of T-IgE and OVA-IgE. These studies will 
help establish the qualitative and quantitative relationship between IgE 
and FcεR1 as well as CGRP expressed by JNC neurons. Ultimately, our 
findings will provide further scientific evidence to elucidate this 
relationship. 

The innovation of this study: Exacerbation of allergic asthma by DBP 
is a prevalent public health issue, and its pathogenesis is relatively 
intricate. Although some researches including our own works have 
found that DBP in combination with allergen exposure increases IgE 
levels in allergic asthma and causes overexpression of the neuropeptide 
CGRP in lung tissue. However, we don’t know if the elevated IgE is the 
cause of the abnormal expression of the neuropeptide CGRP or how 
CGRP activates ILC2 cells to generate neuroimmune positive feedback 
regulation to transmit DBP-induced adverse effects. Therefore, the 
highlights of our study are that (1) The "environmental adjuvant" DBP 
can activate neurons through the JNC pathway, causing incremental 
expression of the neuropeptide CGRP in lung tissues; (2) The 

overexpression of CGRP can activate ILC2 and their downstream injury 
pathways, leading to the induction of inflammatory responses. This, in 
turn, promotes the activation of more injury receptor neurons, resulting 
in a neuroimmune positive feedback regulation of allergic asthma. This 
study represents the first attempt to investigate the impact of JNC/ILC2 
pathway on allergic asthma from a neuroimmunology standpoint, 
employing molecular toxicology techniques. Additionally, we explore 
potential neuroimmune positive feedback mechanisms that may 
contribute to the progression of allergic asthma. 

The shortcomings and limitations of this study: Although we initially 
described the neuroimmune positive feedback regulatory pathway of 
DBP leading to asthma exacerbation, these important associations are 
based on previous studies [25,57]. Zhou et al. showed that DBP aggra-
vated asthma-like symptoms through oxidative stress and increasing 
CGRP, and Li et al. found that ferroptosis participated in 
DBP-aggravated allergic asthma in OVA-sensitized mice. And other 
studies suggested that CGRP is expressed by JNC cells and that this 
neuropeptide can activate ILC2, ILC2 play a crucial role in the devel-
opment of Th2-driven allergic immune response. Through these litera-
tures, we discovered the association between these information and 
realized that this would be an important neuroimmune signaling 
pathway, which may be involved in DBP-induced allergic asthma, so we 
conducted this in-depth study. Meanwhile, we also recognized that there 
are still several limitations to be strengthened in this study as follow: (1) 
Lack of the OVA + olcegepant group, it is not entirely clear whether the 
effect of olcegepant can be directly related to the DBP-exacerbated 
asthma; (2) Lack of the OVA + low dose DBP, it remains uncertain 
whether already lower concentration could induce adverse effects; (3) 
The detection of TRPV1 activation was used a single method. Subse-
quently, these proposed gaps will be the direction of our further 
research. 

5. Conclusion 

This study revealed that DBP can worsen OVA-induced allergic 
asthma. Additionally, DBP combined with OVA was found to activate 
JNC neurons by binding with TRPV1. This activation leads to an over-
expression and release of CGRP. Notably, CGRP in lung tissue can bind 
to CLR expressed by and located on ILC2 immune cells, activating ILC2 
cells through the transcription factor GATA3. This activation causes the 
synthesis and release of Th2 inflammatory cytokines, particularly IL-4. 
IL-4 promotes the transformation of B cells into plasma cells capable 
of secreting IgE, resulting in an increase in IgE concentration in lung 
tissue. Excessive IgE can bind and interact with the high affinity IgE 
receptor FcεR1 expressed by JNC, leading to the reactivation of JNC. 
Consequently, a vicious cycle of neural immune positive feedback is 
formed, exacerbating the occurrence and development of allergic 
asthma. 

Environmental implication 

The plasticizer dibutyl phthalate (DBP) easily enters the human body 
via inhalation and has been linked to allergic asthma. We elucidate the 
mechanisms of how DBP triggers allergic asthma through a novel 
approach of "neural-immune interactions". Here, we found that exposure 
to DBP activated JNC neurons, which subsequently released the neu-
ropeptide CGRP in lung tissues of OVA mice. CGRP further activated 
ILC2 and promoted the release of Th2 cytokines through GATA phos-
phorylation, contributing to the development of airway inflammation. 
Increased Th2 cytokines also triggered the IgE production, which in-
teracts with FcεRI on JNC neurons, thereby mediating neuro-immune 
positive feedback regulation. 
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