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ARTICLE INFO ABSTRACT
Editor: Dr. S Nan Epidemiological evidence indicates a significant relationship between exposure to diisononyl phthalate and
allergic asthma. Despite this, the mechanism underlying this association remains unclear. Previous toxicological
Keywords: researches have suggested that the development of allergic asthma may involve the activation of endoplasmic

Diisononyl phthalate (DINP)
Allergic asthma
Endoplasmic reticulum stress (ERS)

reticulum stress (ERS) and the nuclear factor x-B (NF-kB) pathways. Nevertheless, it is currently unknown
whether these specific signaling pathways are implicated in diisononyl phthalate (DINP)-induced allergic
asthma. The objective of this research was to understand how DINP exacerbates allergic asthma in Balb/c mice
Nuclear factor kappa-B (NF-kB) N ) K R
Th17/Treg immune balance through ERS and NF-kB pathways. To systematically examine the aggravated effects of DINP in Balb/c mice, we
Type I hypersensitivity measured airway hyperresponsiveness (AHR), lung tissue pathology, cytokines, and ERS and NF-kB pathway
biomarkers. Additionally, we applied the ERS antagonist phenylbutyric acid (4-PBA) or the NF-kB antagonist
pyrrolidine dithiocarbamate (PDTC) to verify the mediating effects of ERS and NF-kB on DINP-exacerbated
allergic asthma. The results of our experiment show that oral DINP exposure may exacerbate airway
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hyperresponsiveness and airway remodeling. This deterioration is accompanied by an imbalance in immuno-
globulin levels, Th17/Treg cells, ERS, and NF-kB biomarkers, leading to the activation of pro-inflammatory
pathways. Furthermore, our study found that the blocking effect of 4-PBA or PDTC can inhibit the Th17/Treg
imbalance and effectively alleviate symptoms resembling allergic asthma. In conclusion, ERS and NF-kxB
signaling pathways play an important role in regulating DINP-induced allergic asthma exacerbations.

1. Introduction

Allergic disease has become a significant concern in public health
and environmental medicine. In recent decades, allergic asthma preva-
lence has increased and now affects approximately 20% of the global
population [40,49,6]. Preventing allergic disease is crucial, and one key
aspect is addressing allergic asthma. Environmental chemicals, such as
phthalate and so on, have been found to relate to the risk of allergic
asthma [1,12,19,22,45,55].

Phthalate is a commonly used plasticizer in various applications,
such as building materials, fabrics, textiles, and clothing [10,15].
Among the phthalate plasticizers, diisononyl phthalate (DINP) is the
most widely utilized, comprising around 30% of the phthalate plasti-
cizer market [5]. DINP is considered environmentally-friendly due to its
low toxicity [9,47]. Humans readily absorb DINP through dietary
intake, inhalation and dermal routes [51]. The presence of phthalates
has been found to negatively affect the immune system of children,
potentially resulting in an increased risk of asthma [7]. Studies on mice
exposed to phthalates have shown a lack of specific IgE antibodies [14].
There is evidence that DINP worsens allergic asthma according to pre-
vious studies [30]. However, mechanisms behind the phenomenon
linking DINP and allergic asthma are still not well comprehended.

Endoplasmic reticulum stress (ERS) has been recognized as an
important regulator of various chronic disorders [39]. A growing in-
terest has been shown in addressing ERS in asthma patients. Lu et al.
[35] reported that by reducing ERS markers, the activation of unfolded
protein response was inhibited, resulting in a reduction in airway
inflammation. There is evidence that restoration of endoplasmic retic-
ulum homeostasis may be a helpful therapeutic target for severe asthma.
It is hypothesized that inflamed airway mucosa is sustained by an acti-
vated endoplasmic reticulum stress (ERS) response [37]. A higher level
of ERS is associated with severe eosinophilic and neutrophilic inflam-
mation in asthma and may play a significant role in the development of
this disease [28,43].

Research has increasingly found that NF-xB activation is associated
with uncontrollable/ acute exacerbations of asthma [3]. For example, it
has been observed that ERS triggers activation of the NF-kB pathway,
which causes the airways to express pro-inflammatory genes and pro-
duce inflammatory factors [56]. Moreover, a close association between
ERS and NF-kB has been identified in the context of asthma [24]. Our
previous study [30] demonstrated that co-exposure to OVA and DINP
induced airway hyperresponsiveness (AHR) and exacerbated remodel-
ing of the airways. The deterioration is accompanied by an increase in
IgE and Th2 cytokine secretion. Allergic asthma may develop due to an
imbalance between Th17 and T regulatory cells (Treg) [48]. In this
study, patients with the eosinophilic phenotype exhibited low Treg
levels, indicating a Th2-biased pattern.

It is the goal of this study to investigate the potential mechanisms of
DINP in exacerbating allergic asthma as an environmental adjuvant. It is
hypothesized that DINP-induced asthma symptoms may be mediated by
the ERS and NF-xB pathways. In this study, the airway hyper-
responsiveness (AHR) and lung histological assays were conducted.
Additionally, the biomarkers related to Th17/T regulatory (Treg) im-
mune balance, ERS, and the NF-kB pathway to elucidate the underlying
toxicological mechanism were also analyzed. Furthermore, the protec-
tive effects of the NF-kB antagonist pyrrolidine dithiocarbamate (PDTC)
and the ERS antagonist phenylbutyric acid (4-PBA) against DINP-
induced toxicity have been found.

2. Materials and methods
2.1. Experimental reagents

Diisononyl phthalate (DINP, >99%, CAS:26761-40-0), ovalbumin
(OVA), pentobarbital sodium, methacholine (MCH), 4-phenylbutyric
acid (4-PBA, >99%), and pyrrolidine dithiocarbamate (PDTC, >99%)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Tween 80 was
purchased from Amresco (Solon, OH, USA). The enzyme-linked immu-
noassay (ELISA) kits for mice were obtained from Enzyme-linked
Biotechnology (Shanghai, China) to determine the levels of total
immunoglobulin E (T-IgE), ovalbumin-specific IgE (OVA-IgE),
ovalbumin-specific IgGl (OVA-sIgGl), interleukin 17 (IL-17), inter-
leukin 10 (IL-10), interleukin 22 (IL-22), interleukin 6 (IL-6), trans-
forming growth factor p (TGF-f), and nuclear factor kB (NF-xB). Mouse
anti-forkhead box P3 (Foxp3) antibody and mouse anti-inositol-
requiring enzyme-la (IREla) antibody were purchased from Boster
Bio-engineering (Wuhan, China). Mouse anti-transcriptional coactivator
with postsynaptic density 65-discs large-zonula occludens 1-binding
motif (TAZ) antibody was purchased from Abcam (USA). Mouse anti-
activating transcription factor 6 (ATF6) antibody and mouse anti-
CCAAT enhancer binding protein (CHOP) antibody were purchased
from ABclonal (Wuhan, China).

Mouse anti-IL-1p antibody and mouse anti-tumor necrosis factor-o
(TNF-a) antibody were purchased from Proteintech (USA). The Goat-
anti-rabbit  IgG-antibody, rabbit IgG peroxidase conjugated
streptavidin-biotin complex (SABC-POD) kit and a diaminobenzidine
(DAB) kit used in this study were obtained from Boster Bioengineering
(Boster Bio-engineering, Wuhan, China).

2.2. Study protocol

Male Balb/c mice (6-8 weeks old) were obtained from the Hubei
Experimental Animal Research Center (Wuhan, China) and were kept in
specific pathogen-free conditions. The experiments were conducted
following the guidelines provided in the National Research Council’s
Guide for the Care and Use of Laboratory Animals [38]. The research
ethics for this study were approved by Hubei University of Science and
Technology, and a certificate of approval (ID: HBUST-IACUC-2021-010)
is available upon request. The 96 male mice were divided into six groups
at random: (a) the 0.9% saline group (Saline); (b) the DINP group
receiving a daily dose of 20 mg-kg-1 (DINP); (c) the group receiving
saline combined with ovalbumin (OVA); (d) the group receiving a
combination of 20 mg-kg-1d-1 DINP and ovalbumin (OVA-+DINP); (e)
the group receiving a combination of 20 mg-kg-1d-1 DINP, ovalbumin,
and PDTC (OVA+DINP+PDTC); and (f) the group receiving a combi-
nation of 20 mgkg-1d-1 DINP, ovalbumin, and 4-PBA
(OVA+DINP+4-PBA). DINP was administered orally to mice from day
14-39 at a dose of 20 mg/kg/d, based on literatures [8] and our previous
research [30]. To model allergic asthma in adult mice, OVA was used as
the allergen, which closely mimics the entire allergic asthma process
[29]. OVA sensitization was applied to the skin on each mouse’s back on
days 1, 3,5,7,9,11, 27, 29, 31, and 33. PDTC and 4-PBA were injected
intraperitoneally twice a day from day 14 to day 39. The dose of PDTC
was 60 mg-kg-1 and the dose of 4-PBA was 80 mg-kg-1. Mice were
challenged with 1% OVA aerosol for 30 min between days 41 and 47.
The experimental protocol is shown in Fig. 1 and Table 1.
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2.3. Measurement of airway hyperresponsiveness (AHR)

The measurement was performed by using AniRes 2005 lung func-
tion system (Bestlab, China). Mice were intraperitoneally injected with
pentobarbital sodium (1% w/v) as an anesthetic within 24 h after the
final nebulization. Test subjects received 50 pL of MCH every five mi-
nutes, with 0.025, 0.05, 0.1, and 0.2 mg/kg body weight, respectively,
injected into the jugular vein. AHR was evaluated based on Re
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(expiratory resistance), Ri (inspiratory resistance), and Cldyn (the
minimum value of lung dynamic compliance).

2.4. Sampling and testing

At the end of the 24-hour trial, the mice were sacrificed and their
blood was collected. After standing at room temperature for 30 min, the
blood was collected from their hearts. Following centrifugation for
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Fig. 1. Experimental protocol. (4-PBA denotes 4-Phenylbutyric acid, and PDTC refers to pyrrolidine dithiocarbamate).
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Table 1
Grouping and group treatments.
Treatments for different groups
Group ID | Group names Saline applies | OVA applies . ) ) PDTC 4-PBA
back skin and | back skin and S:h;l:l o;al g{ﬂil;m:l intraperitoneal | intraperitoneal
aerosol aerosol posur posur injection injection
Group a Saline group + - + - - -
Group b DINP group + -- - + - -
Group ¢ OVA group -- + + - - -
Group d OVA-+DINP group -- + -- + - -
Group e OVA+DINP+PDTC group - + e + + _—
Group f OVA+DINP+4-PBA group -- + - + - +

10 min at 25 °C and 3000 rpm, it was stored at — 80 °C for further use.
After collecting serum samples, the left lung tissue was rinsed with cold
PBS (pH= 7.4) and homogenized using a glass homogenizer to make a
10% tissue homogenate. After homogenizing at 4 °C for 10 min, a
centrifuge was applied at 10000 rpm and the supernatant was refriger-
ated at — 80 °C. Serum levels of T-IgE, OVA-IgE, and OVA-sIgG1, along
with IL-17, IL-10, IL-22, IL-6, TGF-B, and NF-«B levels in lung tissue,
were measured using an ELISA kit.

2.5. Lung histological examination

After being fixed in 4% paraformaldehyde, the lung tissue was
embedded in paraffin and cut into 4 mm slices for H&E and PAS stain-
ing. Immunohistochemical staining was conducted following the pro-
tocol described by Abraira et al. [4]. The stained lung tissue was
analyzed under an optical microscope with Image-Pro Plus 6.0 (USA). In
order to calculate the staining intensity, the average optical density was
determined by selecting an unstained area and using it as a background
for the optical density analysis.

2.6. Statistical analysis

SPSS v.18 software was used for statistical analysis. The statistical
graphs were created using GraphPad Prism 7.0 software. The means and
standard errors of the mean (SEMs) were reported. Differences among
and between groups were analyzed using ANOVA and followed by
Tukey’s test. Statistical significance was determined by a probability

Airway remodeling

\d K
Pulmonary fibrosis

value of 0.05.
3. Results
3.1. Histopathological changes in lung

Observations of pulmonary pathology following OVA exposure were
further confirmed (Fig. 2). The OVA+DINP group showed significant
airway remodeling, characterized by thicker and more wrinkled tracheal
walls, as well as more severe collagen fibrosis. Treatment with 4-PBA or
PDTC significantly reduced peribronchial inflammatory cells, mucus
hypersecretion, and collagen deposition.

3.2. Influences on AHR

Fig. 3 demonstrates that mice sensitized with OVA and exposed to
DINP exhibited notable airway hyperresponsiveness (AHR). 4-PBA or
PDTC treatment significantly decreased Ri and Re values, whereas OVA
treatment significantly increased Cldyn values.

3.3. Endoplasmic reticulum stress

The expression of ATF-6, IREla and CHOP was induced by OVA
sensitization and further exacerbated by OVA+DINP exposure (Fig. 4).
In addition, it was observed that blocking NF-kB and ERS effectively
attenuated the expression of ATF-6, IREla and CHOP in mouse lung
tissues.

Fig. 2. Lung histology. (A) H&E staining: shows infiltration of inflammatory cells (red arrow) and airway remodeling (blue arrow). (B) Masson’s trichrome (MT)
staining shows peribronchial deposition of collagen (blue color stain, red arrow). N: normal tissue; M: moderate change; V: severe changes. The panels (a) to (f)
correspond to different groups: (a) Saline group, (b) DINP group, (c) OVA group, (d) OVA + DINP group, (e) OVA + DINP + PDTC group, and (f) OVA + DINP + 4-

PBA group.
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Fig. 3. Analysis of airway hyperresponsiveness. A, B, and C represent expiratory resistance (Re), inspiratory resistance (Ri), and the minimum value of lung dynamic
compliance (Cldyn). ( *: p < 0.05, **: p < 0.01, compared with the control group; #: p < 0.05, ##: p < 0.01, compared with the OVA group; &: p < 0.05, 35:

p < 0.01, compared with the OVA+DINP group; +: p < 0.05, compared with the OVA+DINP group.).

3.4. NF-xB signing pathway 3.5. Th17/Tregs imbalance

As shown in Fig. 5, the levels of NF-«B, IL-6, IL-1f, and TNF-a were The increase of TGF-p, TAZ, IL-17, IL-22 and decrease of FoxP3, IL-10
observed to increase in both the OVA and OVA+DINP groups compared were exacerbated with exposure to OVA+DINP (Fig. 6). Interestingly,
to the saline group (p < 0.01). However, treatment with 4-PBA or PDTC treatment with 4-PBA or PDTC attenuated Th17 cytokines and increase

significantly reduced the levels of these markers.

Treg cytokines than those in the DINP+OVA group.
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Fig. 4. Endoplasmic reticulum factor in lung tissue. (A) ATF-6 levels. (B) IRElax levels. (C) CHOP levels. The images were magnified at x 20. The panels (a) to (f)
correspond to different groups: (a) Saline group, (b) DINP group, (c) OVA group, (d) OVA + DINP group, (e) OVA + DINP + PDTC group, and (f) OVA + DINP + 4-
PBA group. The expression levels of ATF-6 and IREla were analyzed using the average optical density. (*: p < 0.05, **: p < 0.01, compared with the control group;
#:p <0.05, ##: p < 0.01, compared with the OVA group; &: p < 0.05, 85:, p < 0.01, compared with the OVA+DINP group).
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Fig. 5. NF-kB factor in lung tissue. (A) NF-kB levels. (B) IL-6 levels. (C) IL-1p levels. (D) TNF-a levels. The images were magnified at x 20. Analysis of (B) IL-1f and
(D) TNF-a expression levels was conducted based on the average optical density. (**: p < 0.01, compared with the saline group; # : p < 0.05, ##: p < 0.01,
compared with the OVA group; &: p < 0.05, 83: p < 0.01, compared with the OVA+DINP group). The panels (a) to (f) correspond to different groups: (a) Saline group,
(b) DINP group, (c) OVA group, (d) OVA + DINP group, (e) OVA + DINP + PDTC group, and (f) OVA + DINP + 4-PBA group.

3.6. Type I hypersensitivity

The biomarkers of type I hypersensitivity, T-IgE, OVA-IgE, and OVA-
IgG1 significantly increased after combined exposure to OVA+DINP
(Fig. 7). However, treatment with 4-PBA or PDTC caused decreased
levels compared to the OVA+DINP group.

4. Discussion

The Scientific Hypothesis: The objectives of this study were to
determine whether concurrent exposure to OVA and DINP influenced
allergic asthma symptoms. Our findings revealed a deterioration in these
conditions as a result of this exposure. Furthermore, we observed the
activation of endoplasmic reticulum stress (ERS) and an increase in the
expression of NF-kB biomarkers. We also noted an imbalance in Th17/
Treg cytokines and elevated levels of immunoglobulins associated with
type I hypersensitivity reactions. These findings provide substantial
evidence supporting our hypothesis regarding the underlying mecha-
nisms by which DINP exposure contributes to the development of
allergic asthma, as illustrated in Fig. 8.

DINP Exposure and Allergic Asthma: Allergic asthma is known to be
characterized by chronic airway inflammation [30]. In this study, we
observed severe inflammation in the lungs of mice. The H&E sections
revealed thickening of the trachea and infiltration of inflammatory cells

(Fig. 2A), while the Masson sections showed marked collagen fibrosis
(Fig. 2B). We also observed notable changes in lung function (Ri, Re, and
Cldyn, Figs. 3A, 3B and 3C). The experimental results were consistent
with our expectations.

Mediating Effects of ERS and its Associated Factors: ERS and its
associated signaling have been identified as factors that influence
asthmatic inflammation and immunity. The IREla pathway activation,
triggered by TLR signaling in macrophages, is essential for specific pro-
inflammatory cytokines [20]. Hoffman et al. [16] observed that
knocking out ATF6 led to an increase in eosinophils and a partial
weakening of lymphocytes in the BALF. Kim and Lee [26] demonstrated
that treatment with 4-PBA obviously reduced the levels of CHOP and
ATF6. Wang et al. [53] discovered a direct impact of ERS on mucus
secretion in individuals with asthma. Our experimental results suggest
that DINP exposure in the presence of OVA activates ERS, leading to the
upregulation of related cytokines such as ATF-6, CHOP, and IREla.
Meanwhile, there was a significant suppression of ATF-6, CHOP, and
IREla expression in the lungs (Fig. 4A, C, and B), as well as an allevi-
ation of inflammation in the lungs (Fig. 2) and improvement in lung
function of the mice (Fig. 3) following treatment with 4-PBA (i.e. the
pathway was blocked, Fig. 8-2). These findings clearly demonstrate the
mediating role of ERS in DINP-exacerbated allergic asthma.

Mediating Effects of NF-xB and its Associated Factors: Inflammation
and airway remodeling are both primarily dependent on NF-«xB
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activation [32]. NF-kB plays a crucial role in regulating various immune
responses, such as hematopoietic cell differentiation, survival, and
proinflammatory cytokine production. Additionally, prolonged oral
DINP exposure can worsen allergic contact dermatitis and asthma
models in mice by activating NF-xB [21]. On the other hand, it is known
that PDTC suppresses the NF-B pathway by reducing p65 phosphoryla-
tion and expression [32]. We have demonstrated that DINP activation
occurs when OVA is present, which leads to the upregulation of relevant
inflammatory factors downstream of the pathway, including TNF-a,
IL-6, and IL-1f (Fig. 5). Moreover, mice treated by PDTC exhibited sig-
nificant suppression on NF-«B, IL-6, IL-1p, and TNF-a expression in their
lungs (Fig. 5A, B, C, and D), resulting in reduced lung inflammation
(Fig. 2) and improved lung function (Fig. 3). Meanwhile, the activation
of NF-xB is mediated by IkB kinases (IKKs) through oxidative and in-
flammatory stress, oxidative stress can participate in the process of
exacerbating asthma through air pollutant, such as nitrogen dioxide [33,
34]. These findings clearly demonstrate the crucial regulatory role of
NF-xB in DINP-aggravated allergic asthma.

Linkage between ERS and NF-xB: Previous studies have demon-
strated multiple pathways through which ERS may activate the NF-xB
pathway. These pathways include: (1) activation of NF-xB through a
calcium-dependent and reactive oxygen species-dependent mechanisms
[41,42]; (2) activation of NF-xB by the ERS-associated factor IREla,
which attracts the intermediate factor TRAF2 specifically to the endo-
plasmic reticulum (ER), forming a complex of IREla, TRAF2, and IKK
that enables NF-xB activation [17]. Furthermore, studies have shown

that treatment with 4-PBA, an ERS blocker, can attenuate ERS-induced
cell damage [18]. Our study observed that 4-PBA can inhibit the
expression of ERS-related factors ATF-6, CHOP and IREla, NF-kB acti-
vation is inhibited, and downstream proinflammatory factors are
reduced, which is in line with the theory of above studies. However, we
noticed that PDTC treatment could reversely inhibit the expression of
ERS-related factors ATF-6, CHOP and IREla (Fig. 4A, B, and C). We
believe that the mechanism of this reverse inhibitory effect needs to be
investigated in depth.

Linkage between NF-kB and Th17/Treg Imbalance: Upon ingestion
of allergens (e.g., OVA) by antigen-presenting cells (APC), these aller-
gens can be processed to form peptides with antigenic determinants and
presented to ThO cells, leading to their differentiation. During activation
and differentiation, ThO cells produce typical cytokines such as TAZ and
TGF-f. The differentiation of ThO cells and the upregulation of related
cytokine expression are closely linked to NF-xB [11]. For instance, p65 is
critical to the differentiation of ThO cells into Th17 cells, and to the
production of IL-17 [50]. Our study also found that exposure to DINP
activates NF-kB, causing the upregulation of ThO-related cytokines,
namely TAZ and TGF-f (Fig. 6).

Functions of ThO Cells, TGFf and TAZ: A number of distinct subsets
of ThO cells (antigen-sensitized CD4 + naive Th cells) have been iden-
tified, including Th-1, — 2, — 17, and Treg cells, which are sensitized to
antigens [44]. It has been found that TGF-f is involved in the develop-
ment of Th17 cells. Furthermore, asthmatic lungs have been found to
exhibit elevated levels of TGF-f compared to healthy lungs, there is an
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association between chronic asthma severity and this increase [2]. In the
context of asthma, the release of TGF-p may hinder the ability of Treg
cells to suppress other Th cells [23]. The transcriptional coactivator TAZ
functions as a coactivator for Th17 transcription factors and influences
the differentiation of Th17 cells [13]. When exposed to DINP in the
presence of OVA, a significant increase in the levels of Th17 related
cytokines IL-17 and IL-22 were observed, along with a notable decrease
in the levels of Treg related cytokines IL-10 and Foxp3. These findings
indicate an imbalance between Th17 and Treg cells, which aligns with
the results of our study.

Functions of Th17 Cells, IL-17 and IL-22: A subset of T helper cells
called Th17 secretes interleukin-17 (IL-17) and plays an important role
in autoimmune disease and the body’s defense mechanisms [48].
Studies have indicated that Th17 cell cytokines, such as IL-22, can
contribute to the increase of both neutrophilic airway inflammation and
eosinophilic airway inflammation in individuals with asthma [46,57]. It
has been known that TGF-§ and IL-6 play a role in generation of Th17
cells, and it has been observed that asthmatic lungs express higher levels
of TGF-f than healthy lungs [2]. In the case of asthma, the ability of Treg
cells to suppress other Th cells may be impaired due to the release of
TGF-p and IL-10 [23]. In Th17-Treg balance, upregulation of Th17
activation and related cytokine expression has a positive effect on
improving Th2 cell function.

Functions of Treg Cells, IL-10 and FoxP3: Treg is a subpopulation of T
cells that control autoimmune reactivity in the body and are also known
as suppressor T cells [54]. Treg secretes TGF-p and IL-10, two cytokines
that are associated with the performance of its immunomodulatory
functions [31]. This leads to a decrease in antigen presentation and
downregulation of T-lymphocyte activity. Previous studies have shown
that both endogenous and exogenous IL-10 can effectively inhibit the
synthesis of IL-6, IL-8 and TNF-a at the transcriptional level, thereby
preventing the onset of allergic asthma. FoxP3 maintains immune sys-
tem homeostasis by regulating Treg stability and suppressive function,
and directly regulates the expansion and function of conventional T cells
[58]. It has been found that IL-10 and FoxP3 are identified as crucial
transcriptional regulators specific to Treg cells, which have a significant
immunosuppressive role (Chen et al., 2022). The present study supports
these findings, which suggests that when the function of IL-10 and FoxP3
is inhibited, the development of the DINP-exacerbated allergic asthma
can be promoted (Fig. 6).

IL-17, Th2 Cells, Type I Hypersensitivity and Allergic Asthma:
Allergic asthma is a type I hypersensitivity response triggered by me-
diators released by multiple cells [25], and type I hypersensitivity is an
immune response induced by allergen-specific IgE [27]. In rodents such
as mice, type I hypersensitivity can also be mediated by IgG1 [36]. It is
now clear that Th2 and IL-4 play a particularly important positive reg-
ulatory role in the occurrence of type I hypersensitivity. Furthermore,
IL-17 can enhance both neutrophilic airway inflammation and Th2
cell-mediated eosinophilic airway inflammation [52]. DINP promoted
asthmatic inflammation in a mouse model of OVA-sensitized asthma,
where IgE levels are elevated in allergic asthma. It was found that IgE,
OVA-IgE, and OVA-IgG1 increased in the OVA and OVA+DINP groups
compared to control group [30] (Fig. 7). Airway inflammation is another
biomarker of asthma, and significant differences were observed in the
OVA-+DINP exposure group, indicating that DINP can exacerbate airway
inflammation (Fig. 8).

Potential Mechanism of the Exacerbating Effect of DINP on Allergic
Asthma: The present study revealed a crucial finding that the adminis-
tration of 4-PBA or PDTC effectively alleviated allergic asthma. This was
supported by the analysis of lung histopathology and lung function
testing (Fig. 2, Fig. 3). The specific mechanism can be described as fol-
lows: under DINP exposure, the ERS and NF-kB pathways are stimulated
to be activated, and positive feedback occurs between ERS and NF-xB
pathways; the activated NF-xB pathway can lead to Th17/Treg imbal-
ance, transforming ThO cells into Th17 cell. Treg differentiation is
reduced when Th17 cells are activated. Furthermore, activated Th17
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cells can promote the differentiation of ThO cells into Th2 cells, thereby
promoting development and progression of allergic asthma. Since 4-PBA
and PDTC have the ability to block ERS and NF-kB pathways, respec-
tively, as a result, they are effective in alleviating symptoms of allergic
asthma.

Our study is innovative for several reasons. Firstly, we have identi-
fied the involvement of the ERS pathway in the exacerbation of allergic
asthma caused by diisononyl phthalate. Additionally, we have observed
that exposure to diisononyl phthalate leads to an immune imbalance
between Th17 and Treg cells in Balb/c mice. Lastly, our study has
demonstrated that the blocking effect of 4-PBA or PDTC can effectively
inhibit the Th17/Treg imbalance and alleviate symptoms that resemble
allergic asthma.

5. Conclusion

In summary, our toxicological study revealed that exposure to
exposure of mice to DINP in the context of OVA sensitization can worsen
allergic asthma by activating the ERS and NF-xB pathways. DINP
exposure can promote allergic airway inflammation and increase
asthma susceptibility. This deterioration is accompanied by imbalance
in immunoglobulin levels and Th17/Treg cells, leading to the activation
of pro-inflammatory pathways. This study suggests that Th17/Treg
imbalance plays an important role in the association between DINP
exposure and allergic asthma in mice. However, the administration of 4-
PBA or PDTC treatment effectively alleviated this allergic asthma caused
by combined exposure to OVA and DINP.

Environmental implication

Diisononyl phthalate (DINP) is a widely used plasticizer in consumer
goods, but it can leach into the environment as it is not chemically
bonded to the plastic substrate. Human exposure to DINP is practically
unavoidable, and it has been associated with various immune disorders,
including allergic asthma. In our study, we found that exposing mice to
DINP in the presence of OVA led to endoplasmic reticulum stress (ERS)
and increased expression of NF-kB biomarkers. This activation of the NF-
kB pathway can disrupt the Th17/Treg balance, thereby exacerbating
allergic asthma.
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