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ARTICLE INFO ABSTRACT
Editor: Henner Hollert N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine quinone (6-PPDQ), a transformation product of tyre-
derived 6-PPD, has been frequently detected in different environments. After 6-PPDQ exposure, we here
Keywords: aimed to examine dynamic lung bioaccumulation, lung injury, and the underlying molecular basis in male BALB/
6-PPDQ ¢ mice. After single injection at concentration of 4 mg/kg, 6-PPDQ remained in lung up to day 28, and higher
?ﬁ;ﬁ:mation level of 6-PPDQ bioaccumulation in lung was observed after repeated injection. Severe inflammation was
Fibrosis observed in lung after both single and repeated 6-PPDQ injection as indicated by changes of inflammatory cy-

tokines (TNF-a, IL-6 and IL-10). Sirius red staining and hydroxyproline content analysis indicated that repeated
rather than single 6-PPDQ injection induced fibrosis in lung. Repeated 6-PPDQ injection also severely impaired
lung function in mice by influencing chord compliance (Cchord) and enhanced pause (Penh). Proteomes analysis
was further carried out to identify molecular targets of 6-PPDQ after repeated injection, which was confirmed by
transcriptional expression analysis and immunohistochemistry staining. Alterations in Ripk1, Fadd, Il-6st, and II-
16 expressions were identified to be associated with inflammation induction of lung after repeated 6-PPDQ
injection. Alteration in Smad2 expression was identified to be associated with fibrosis formation in lung of 6-
PPDQ exposed mice. Therefore, long-term and repeated 6-PPDQ exposure potentially resulted in inflammation
and fibrosis in lung by affecting certain molecular signals in mammals. Our results suggested several aspects of
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lung injury caused by 6-PPDQ and provide the underlying molecular basis. These observations implied the
possible risks of long-term 6-PPDQ exposure to human health.

1. Introduction

Tyre and road wear particles (TRWP) have drawn increasing atten-
tion due to the mass release into environment (Liu et al., 2022). Among
TRWP components, N-(1.3-dimethylbutyl)-N-phenyl-p-phenylenedi-
amine quinone (6-PPDQ), the tire-derived ozonation production, could
be detected in roadway runoff in USA (Tian et al., 2021). Meanwhile, 6-
PPDQ was observed to be also widely distributed in other environment
medias, including dust and air (Deng et al., 2022; Zhang et al., 2022). 6-
PPDQ was identified in over 80 % of PMy 5 samples collected from six
megacities, and 6-PPDQ daily intakes for human was estimated at ng to
pg level (Zhang et al., 2022). Some reports confirmed the 6-PPDQ
occurrence in daily food and human urea, which posed the potential
risks to human health (Du et al., 2022; Ji et al., 2022b). Ozonation
transformation assay verified that 6-PPD could be transformed into 38 of
products, and 6-PPDQ was one of the most prominent products (Seiwert
et al., 2022). 6-PPDQ level in wastewater changed along with weather,
notably, snow significantly increased its concentration (Seiwert et al.,
2022).

6-PPDQ presented high toxicity to multiple commercial fishes,
especially for salmonid species (Hiki and Yamamoto, 2022). In the
aquatic model animal Danio rerio, 6-PPDQ exposure induced obvious
neurotoxicity, as characterized by abnormal body posture (Ji et al.,
2022a). Interestingly, 6-PPDQ and its former 6-PPD showed obviously
different transcription profiling and target tissues in Danio rerio, and 6-
PPDQ exhibited intestinal toxicity, as shown by enlarged intestine and
blood-coagulated gut (Zhang et al., 2023). In Caenorhabditis elegans, 6-
PPDQ exposure caused intestinal toxicity, reproductive toxicity,
neurotoxicity, altered lipid and dopamine metabolisms, and reduction in
lifepan and healthspan (Hua et al., 2023a, 2023b, 2023c; Hua and Wang,
2023a; Hua and Wang, 2023b; Wang et al., 2023a). These observations
have suggested the ecological risk of 6-PPDQ exposure.

As for the 6-PPDQ toxicity to mammalians, it was observed that 6-
PPDQ oral administration caused damage on liver tissue of mice, as
verified by activated inflammation and disturbed glycolipid metabolism
(Fang et al., 2023). After intraperitoneal injection, the systemic toxicity
evaluation of 6-PPDQ in mice suggested that 6-PPDQ was mainly
accumulated in liver, lung, and kidney after 4-week injection at 4 mg/kg
bw, and induced severe pathological changes in multiple organs,
including both liver and lung (He et al., 2023).

The lung is the organ that performs gas exchange with large area of
capillaries, around 126 m? in adult man (Suresh and Shimoda, 2016).
Environmental pollutants or microorganisms, such as silicon dioxide
and respiratory viruses, can enter the lung after breaking through the
trachea (Islam et al., 2021), and act on the lung due to its large surface
area (Foth, 1995). Slight injury in lung is healed by normal physiological
repair, but excessive and sustained stress can trigger fibrosis process in
the damaged part, leading to impairment of lung function (Borthwick
et al., 2013). Recently, we observed that exposure to 6-PPDQ could
cause severe pathological changes in lung of mice as characterized by
swollen alveolar capillaries and exudation (He et al., 2023). However,
the underlying mechanism for this lung injury remains largely unclear.

Thus, the main aim of this study was to determine underlying
mechanisms of 6-PPDQ-induced lung injury using proteomics technique.
Single and repeated intraperitoneal 6-PPDQ injections were performed
to compare the different effects. Our data demonstrated that 6-PPDQ
still remained in lung tissue 28 days after single injection, and high
level of 6-PPDQ was detected in lung after repeated injection. Impor-
tantly, both single and repeated injection induced inflammation in lung,
while repeated injection induced fibrosis in lung, and severely impaired
lung function. The proteomes analysis further provided important

molecular basis for the observed inflammation and fibrosis caused by 6-
PPDQ exposure in mice.

2. Materials and methods
2.1. Animal and 6-PPDQ exposure

Male BALB/c mice (6-8 weeks old) were purchased from Gem-
pharmatech Co., Ltd. (Nanjing, China). 6-PPDQ (97 % of purity, Toronto
Research Chemicals, Toronto, Canada) was dissolved in olive oil as our
previously described (He et al., 2023).

Our previous study has shown that intraperitoneal injection with 6-
PPDQ could cause injury on multiple organs, including the lung (He
et al., 2023). Intraperitoneal injection is of high bioavailability, and 6-
PPDQ via intraperitoneal injection can be quickly absorbed into the
systemic circulation, which is more helpful to determine the toxicity of
6-PPDQ. Thus, the intraperitoneal injection of 6-PPDQ was further
performed in this study. Two series of animal experiments were per-
formed. In the first series of animal experiment, mice were treated with
single 6-PPDQ injection to evaluate the 6-PPDQ residual along time in
lung tissue. Thirty-six mice were divided into two groups, control group
and single injection group. The mice in single injection group were
treated with intraperitoneal injection of 400 pL of 0.25 mg/mL 6-PPDQ
(4 mg/kg bw) at day 0, and the concentration of 6-PPDQ was selected
based on our previous observation (He et al., 2023). At the same time,
mice in control group were injected with olive oil at the same volume.
Subsequently, the lung was collected at 1, 2, 4, 7, 14, or 28 day post
injection for 6-PPDQ detection for control group and single injection
group, and three biological replicates were performed at each time
point. In the second series of animal experiment, mice were treated with
repeated 6-PPDQ injection to evaluate the lung injury. Eighteen mice
were divided into three groups, control group and repeated injection
groups of low and high doses (0.4 and 4 mg/kg bw), and the 6-PPDQ
concentrations were selected as described previously (He et al., 2023).
Exposure groups were injected intraperitoneally with 6-PPDQ every 4
days for 4 weeks (7 times), and control group was treated with olive oil
at the same volume and times. At day 29, lung functions of mice were
measured. After that, mice were sacrifice for lung collection. Animal
experimental protocols were approved by Southeast University Faculty
of Medicine Animal Experimental Committee.

2.2. 6-PPDQ concentration measurement by HPLC-MS/MS

6-PPDQ concentration in lung and serum was measured by high
performance liquid chromatography coupled to a tandem mass spec-
trometer (HPLC-MS/MS). As for lung tissue, approximately 100 mg of
lung tissue was separated, and homogenized twice in acetonitrile. Then,
the total supernatant was collected into clean-up tubes (Waters, USA),
and vortexed to remove impurities. Supernatant was concentrated,
dissolved in 500 pL acetonitrile, and filtered with 0.22 pm filter. As for
serum, 100 pL of serum was mixed with acetonitrile, homogenized
twice, and then the supernatant was cleaned and concentrated as
described above. 6-PPDQ measurement was performed in Ultimate
3000/Q Exactive (UHPLC-Q-Obitrap MS, Thermo Scientific, USA). The
detailed parameters were the same as our previous study (He et al.,
2023). Three or six independent samples were tested for each group.

2.3. Sirius red staining

Sirius red staining was used to assess fibrosis in lung (Borthwick
etal., 2013). Upon sacrifice, mouse lung was isolated. Part of lung tissue
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was fixed in 4 % formaldehyde. The lung tissue was dehydrated, cleared,
and embedded in paraffin. Tissues were cut into sections of 5 pm
thickness, and stained with Weigert’s hematoxylin and Sirius red
(Solarbio, Beijing, China). The collagen in tissue can be marked in red by
Sirius red dye. Quantification of collagen area in sections was performed
by Image J software. Experiments were repeated three times.

2.4. Immunohistochemistry analysis

Immunohistochemical analysis was applied to evaluate distribution
and level of proteins in lung tissue. First, antigen repair was conducted
at 100 °C with citrate buffer solution. Then, sections were incubated
with primary antibody (TNF-a (Cat: GB11188), Servicebio, China; p-
Ripk1 (Cat: 38662S), CST, USA; Ripkl (Cat: 17519-1-AP), Proteintech,
China; p-Smad2 (Cat: PA5-105000), Thermo Fisher, USA; Smad2 (Cat:
EM1701-44), HUABIO, China) and horseradish peroxidase-labeled sec-
ondary antibody. The positive area of protein in sections was quantified
with Image J software. Experiments were repeated three times.

2.5. ELISA assay of inflammatory cytokines and hydroxyproline content
analysis

Levels of inflammatory cytokines (TNF-a, IL-6, and IL-10) in lung
tissue and serum were also measured by mouse TNF-a enzyme-linked
immunosorbent assay (ELISA) kit (catalogue number: FMS-ELMOO,
Femacs Biotechnology, Nanjing, China), mouse IL-6 ELISA kit (cata-
logue number: FMS-ELMO006, Fcmacs Biotechnology, Nanjing, China),
and mouse IL-10 ELISA kit (catalogue number: FMS-ELM009, Fcmacs
Biotechnology, Nanjing, China). Serum for each mouse (100 pL) was
collected for ELISA. Approximate 100 mg tissue was separated and ho-
mogenized. Supernatant was collected for cytokine measurement ac-
cording to the protocols. OD values were determined by Multiskan FC
(Thermo Scientific, Massachusetts, USA). Cytokine levels were calcu-
lated by referring to the standard curve. Six independent samples in each
group were performed.

Level of hydroxyproline in lung tissue was determined by Hydroxy-
proline assay (ELISA) kit (catalogue number: A030-1-1, Jiancheng
Bioengineering Institute, Nanjing, China). Approximate 100 mg tissue
was separated and homogenized. Supernatant was collected for cytokine
measurement according to the protocols. OD values were determined by
Multiskan FC (Thermo Scientific, Massachusetts, USA). Hydroxyproline
content was calculated by referring to the standard curve. Six inde-
pendent samples in each group were performed.

2.6. Lung function test

Mouse lung function was measured with plethysmograph system
CRFM100 (EMMS, England). Mice were anesthetized by intraperitoneal
injection with pentobarbital sodium (50 mg/kg). Then, neck skin was
cut to expose the trachea. Intubation needle was inserted into the tra-
chea, and needle was fixed with surgical suture. Needle in trachea was
connected with instrument, and lung functions (forced expiratory vol-
ume in 50 ms (FEV50), forced vital capacity (FVC), FEV50/FVC, total
lung capacity (TLC), quasi-static lung compliance, also named chord
compliance (Cchord), and enhanced pause (Penh)) were tested accord-
ing to the protocol. Forced expiratory volume in 50 ms (FEV50), forced
vital capacity (FVC), forced expiratory volume in 50 ms/forced vital
capacity (FEV50/FVC), total lung capacity (TLC), quasi-static lung
compliance (Cchord), and enhanced pause (Penh) were determined at
day 29 after repeated injection. Six independent samples each group
were performed.

2.7. Quantitative proteomes analysis of lung tissue

Approximately 100 mg of lung tissue of repeated injection group (4
mg/kg bw) and the control group was collected for proteomics analysis,
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and three independent samples were collected for each group. Total
proteins of lung tissue were extracted with SDT lysis buffer (Saiguo bio,
Guangzhou, China), quantified by BCA protein quantification kit
(catalogue number: E112-01, vazyme, Nanjing, China), and digested
into pure peptides by filter-aided sample preparation (FASP)
(Wisniewski et al., 2009). Peptides from samples were separated and
quantified in HPLC system nanoElute (Bruker, Germany) coupled with
mass spectrometer timsTOF Pro (Bruker, Germany). MaxQuant (Ger-
many), a proteome software, was used to identify and quantify proteins
from peptide data. Based on differently expressed proteins (fold change
> 2.0 or <0.5, and p < 0.05), Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis and Gene Ontology (GO) analysis were tested
to perform functional analysis.

For the detailed parameters of HPLC system nanoElute coupled with
mass spectrometer timsTOF Pro, the EASY C18 column (25 cm x 75 pm,
1.9 pm, Thermo Scientific, USA) was used. The used mobile phases were
(A) 0.1 % formic acid in water and (B) 0.1 % formic acid in acetonitrile,
and the flow rate was 300 nL./min. A capillary voltage of 1.5 kV was used
in positive ionization mode, and the mass spectrum scan range was
between m/z 100 and 1700. Parallel accumulation serial fragmentation
(PASEF) method was applied for data acquisition, and the 1/K0 was
0.6-1.6 V-s/cm?, then 10 PASEF MS/MS was performed.

2.8. Real-time PCR analysis

Real-time polymerase chain reaction (RT-PCR) assay was performed
to assess transcriptional levels of targets gene in response to 6-PPDQ.
Approximately 100 mg lung tissue was separated and homogenized.
Trizol (Thermo Fisher, USA) was used for RNA extraction according to
the protocol. RNA concentration was determined by Nanodrop one
(Thermo Fisher, USA). Complementary DNA (cDNA) was synthesized
with HiScript reverse transcriptase (Vazyme, China). RT-PCR was per-
formed with AceQ qPCR SYBR Green Master Mix in LightCycler 480
(Roche, Switzerland). The relative mRNA expression was calculated by
AACt method. Three independent samples each group were performed.
Sequences for primers are presented as follows: f-actin (forward: 5'-
GTGACGTTGACATCCGTAAAGA-3, reverse: 5-GCCGGACTCATCG-
TACTCC-3), Ripkl (forward: 5-GAAGACAGACCTAGACAGCGG-3,
reverse: 5-CCAGTAGCTTCACCACTCGAC-3), Fadd (forward: 5-
GCGCCGACACGATCTACTG-3/, reverse: 5-GCGCCGACACGATCTACTG-
3", Il-6st (forward: 5-TTACTACGTGAATGCCAGCTACA-3, reverse: 5'-
GACGTGGTTCTGTTGATGACA-3), II-16 (forward: 5-AAGAGCCG-
GAAATCCACGAAA -3, reverse: 5-GTCTCAAAAGGGTCAGGGTACT-
3", and smad2 (forward: 5-ATGTCGTCCATCTTGCCATTC-3, reverse: 5'-
AACCGTCCTGTTTTCTTTAGCTT-3). Among above mentioned genes,
p-actin acts as the internal reference gene.

2.9. Statistical analyses

Data were presented as mean =+ standard deviation (SD). Signifi-
cance between groups was analyzed by Student’s t-test or one-way
ANOVA in SPSS software. Assumption checking and homogeneity of
variance were tested before significance analysis. Probability levels of
0.05 (*) and 0.01 (**) were considered to be significant.

3. Results

3.1. 6-PPDQ dynamic bioaccumulation in lung after single and repeated
injection

We performed single and repeated injection to evaluate 6-PPDQ
dynamic bioaccumulation in lung by HPLC-MS/MS. After single injec-
tion of 4 mg/kg 6-PPDQ at day 0, 6-PPDQ level in lung declined sharply
from 1 day to 7 days post injection (from 15.54 + 2.21 ng/g at day 1 to
3.43 £+ 0.52 ng/g at day 7) (Fig. 1A). After that, 6-PPDQ level in lung
presented a gradual and slow decline 7 days post injection (from 3.43 +
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Fig. 1. 6-PPDQ dynamic bioaccumulation in lung after single and repeated injection. (A) Lung 6-PPDQ level at day 1, 2, 4, 7, 14, and 28 after single injection of 4
mg/kg 6-PPDQ at day 0. Three independent samples were tested in each group. (B) Lung 6-PPDQ level after repeated injection of 0.4 and 4 mg/kg 6-PPDQ for 4

weeks. Six independent samples were tested in each group. *P < 0.05, **P < 0.01.

0.52 ng/g at day 7 to 1.21 + 0.29 ng/g at day 28) (Fig. 1A). After
repeated injection of 0.4 and 4 mg/kg 6-PPDQ, 0.86 + 0.19 ng/g and
21.67 + 1.86 ng/g level of 6-PPDQ was detected in lung, respectively
(Fig. 1B). In serum, 0.60 + 0.19 pg/L and 2.32 + 0.42 pg/L level of 6-
PPDQ was detected after repeated injection of 0.4 and 4 mg/kg 6-
PPDQ (Fig. S1A).

3.2. Inflammation in lung induced by 6-PPDQ single and repeated
injection

We evaluated inflammation in lung by determination of inflamma-
tory cytokine levels using immunohistochemistry and ELISA. TNF-a and
IL-6 are pro-inflammatory cytokine, and IL-10 is anti-inflammatory
cytokine. In single injected mice, 4 mg/kg 6-PPDQ significantly
increased TNF-a level in lung tissue as measured by both immunohis-
tochemistry analysis (3.50 times) and ELISA assay (1.26 times) (Fig. 2A
and B). In addition, 6-PPDQ also significantly increased IL-6 (1.31 times)
and IL-10 (1.49 times) level in lung tissue (Fig. 2A and B).

In repeated injected mice, immunohistochemistry analysis showed
that both 0.4 and 4 mg/kg 6-PPDQ increased TNF-a level (3.47 and 8.35
times) in lung tissue (Fig. 2C and D). Meanwhile, ELISA assay showed
that 0.4 and 4 mg/kg 6-PPDQ significantly upregulated TNF-o (1.38 and
1.76 times) and IL-6 (1.32 and 1.92 times) levels in lung tissue (Fig. 2C
and D). Levels of TNF-a (1.28 times) and IL-6 (1.45 times) in 4 mg/kg 6-
PPDQ exposed mice were higher than those in 0.4 mg/kg 6-PPDQ
exposed mice (Fig. 2C and D). Level of anti-inflammatory cytokine IL-
10 (1.77 times) was increased by 0.4 mg/kg 6-PPDQ exposed mice
(Fig. 2D). The IL-10 level (0.71 times) in 4 mg/kg 6-PPDQ injected mice
was lower than that of 0.4 mg/kg 6-PPDQ injected mice (Fig. 2D).

Meanwhile, pro-inflammatory cytokines (TNF-a and IL-6) and anti-
inflammatory cytokines (IL-10) in serum were determined using
ELISA. In single injected mice, 4 mg/kg 6-PPDQ significantly increased
TNF-o (1.36 times), IL-6 (1.41 times) and IL-10 (1.89 times) in serum
(Fig. S1B). In repeated injected mice, 0.4 and 4 mg/kg 6-PPDQ signifi-
cantly upregulated TNF-a (1.57 and 2.59 times), and IL-6 (1.38 and 2.24
times) in serum (Fig. S1C). Level of serum IL-10 (1.83 times) was
increased by 0.4 mg/kg 6-PPDQ compared to control. The serum IL-10
level (0.56 times) in 4 mg/kg 6-PPDQ injected mice was lower than
that of 0.4 mg/kg 6-PPDQ injected mice (Fig. S1C).

3.3. Fibrosis in lung induced by 6-PPDQ repeated injection

Considering that chronic inflammation can result in tissue fibrosis
(Borthwick et al., 2013), fibrosis level in lung was further determined.
Based on Sirius red staining in lung sections, single injection of 4 mg/kg
6-PPDQ did not change the collagen content compared to control
(Fig. 3A). Different from this, repeated injection with 0.4 and 4 mg/kg 6-
PPDQ significantly increased the collagen content (2.53 and 4.51 times)

(Fig. 3C). As for another fibrosis maker, hydroxyproline content was not
changed by single injection of 4 mg/kg 6-PPDQ (Fig. 3B), but signifi-
cantly upregulated (1.43 and 1.98 times) by repeated injection of 0.4
and 4 mg/kg 6-PPDQ (Fig. 3D). These observations suggested that
repeated rather than single injection of 6-PPDQ induced the lung
fibrosis.

3.4. Repeated 6-PPDQ injection impaired lung function

Because both inflammation and fibrosis happened in lung of
repeated injection groups, lung functions were further monitored after
repeated exposure. The results showed that FEV50, FVC, FEV50/FVC,
and TLC were not changed by repeated injection with 0.4 and 4 mg/kg
6-PPDQ (Fig. 4). Nevertheless, Cchord (0.92 and 0.86 times) and Penh
(0.67 and 0.46 times) index were significantly decreased by 0.4 and 4
mg/kg 6-PPDQ (Fig. 4). Therefore, repeated 6-PPDQ injection could
impair the lung function as characterized by decreased Cchord and Penh
index.

3.5. Proteomes analysis of lung tissue of mice after repeated 6-PPDQ
injection

Among the mass spectrum, a total of 46,008 peptides were gener-
ated. Based on these peptides, 5490 proteins were identified and 5208
proteins were quantified. According to the thresholds of fold change >
2.0 or <0.5, and p < 0.05, 38 differentially expressed proteins (DEPs)
were screened, including 23 upregulated DEPs and 15 downregulated
DEPs (Fig. S2A and Table S1). Volcano plot and heatmap of differentially
expressed proteins were shown in Fig. S2B and C, respectively.

Based on the above DEPs, kyoto encyclopedia of genes and genomes
(KEGG) pathway analysis and gene ontology (GO) analysis were carried
out. Based on the thresholds of p < 0.05 by fisher’s exact test, KEGG
pathway analysis showed that 9 enriched pathways (Fig. 5A and
Table S2). Based on the thresholds of p < 0.05 by fisher’s exact test, GO
analysis showed that 216, 19, and 53 terms were enriched in biological
process (Fig. 5B and Table S3), cellular component (Fig. 5C and
Table S4), and molecular function pathways (Fig. 5D and Table S4),
respectively.

3.6. The identified differentially expressed proteins associated with 6-
PPDQ-induced lung inflammation

Among DEPs screened from proteomes analysis, receptor-interacting
serine/threonine-protein kinase 1 (Ripkl, FC = 2.07, p = 0.032), FAS-
associated death domain protein (Fadd, FC =2.80, p = 0.035),
interleukin-6 receptor subunit beta (Il-6st, FC =3.54, p = 0.024), and
pro-interleukin-16 (I1-16, FC = 2.64, p = 0.0087) are inflammation
related in lung. Expressions of these 4 proteins were increased by 6-
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Fig. 2. Effects of 6-PPDQ on cytokine production in lung after single and repeated 6-PPDQ injection. (A) TNF-a immunohistochemistry staining results after single 4
mg/kg 6-PPDQ injection. Arrow heads indicated protein accumulation with high expression. TNF-« positive area in views was analyzed. (B) Levels of TNF-q, IL-6, and
IL-10 in lung tissue after single 4 mg/kg 6-PPDQ injection. (C) TNF-a immunohistochemistry staining results after repeated 0.4 and 4 mg/kg 6-PPDQ injection. Arrow
heads indicated protein accumulation with high expression. TNF-u positive area in views was analyzed. (D) Levels of TNF-a, IL-6, and IL-10 in lung tissue after

repeated 0.4 and 4 mg/kg 6-PPDQ injection. *P < 0.05, **P < 0.01.

PPDQ exposure (Fig. 6A). To verify the DEPs expression determined by
proteomes analysis, their transcriptional expressions were measured.
Transcriptional analysis showed that repeated injection with 0.4 and 4
mg/kg 6-PPDQ upregulated the mRNA levels of Ripkl (1.56 and 2.28
times), Fadd (2.64 and 5.21 times), Il-6st (2.50 and 3.99 times), and II-16
(2.00 and 3.04 times) (Fig. 6B). The transcriptional levels of Ripk1, Fadd,
Il-6st, and II-16 in 4 mg/kg 6-PPDQ exposed mice were higher than those
of 0.4 mg/kg 6-PPDQ exposed mice (Fig. 6B). Moreover, we measured
the protein level of p-Ripkl and Ripkl by immunohistochemical stain-
ing, and the results showed that repeated injection with 0.4 and 4 mg/kg
6-PPDQ significantly increased p-Ripk1 level (2.42 and 3.24 times) and

Ripk1 level (1.57 and 2.00 times) in lung tissue (Fig. 6C). In addition, the
expression level of p-Ripkl (1.34 times) in lung tissue of 4 mg/kg 6-
PPDQ exposed mice was also higher than that of 0.4 mg/kg 6-PPDQ
exposed mice (Fig. 6C). Moreover, p-Ripkl/Ripkl ratio was signifi-
cantly upregulated (1.45 and 1.66 times) by 0.4 and 4 mg/kg 6-PPDQ
(Fig. 6C).

In the view of function analysis, Ripkl and Fadd were included in
amounts of inflammation-related enriched terms, such as cytosolic DNA-
sensing pathway in KEGG analysis, necroptotic signaling pathway,
positive regulation of macrophage differentiation, and regulation of
necrotic cell death in biological process of GO analysis. In addition, Il-6st
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was included in inflammation-related enriched terms, including
cytokine-cytokine receptor interaction, and viral protein interaction
with cytokine and cytokine receptor in KEGG analysis, interleukin-11-
mediated signaling pathway, interleukin-27-mediated signaling
pathway, cytokine-mediated signaling pathway, and cellular response to
interleukin-6 in biological process of GO analysis. I-16 was also
included in inflammation-related enriched terms, such as cytokine-
cytokine receptor interaction in KEGG analysis, cytokine-mediated
signaling pathway, regulation of interleukin-1 alpha production, and
regulation of interleukin-12 secretion in biological process of GO
analysis.

3.7. The identified differentially expressed protein associated with 6-
PPDQ-induced lung fibrosis

Among DEPs screened from proteomes analysis, SMAD family
member 2 (Smad2, FC = 2.77, p = 0.028) is fibrosis related in lung, and
its expression was increased by 6-PPDQ exposure (Fig. 7A).

Transcriptional analysis confirmed the increase in Smad2 expression
(2.24 and 3.41 times) by repeated injection with 0.4 and 4 mg/kg 6-
PPDQ (Fig. 7B). Besides this, immunohistochemical stain of p-Smad2
showed that repeated injection with 0.4 and 4 mg/kg 6-PPDQ signifi-
cantly increased p-Smad2 level (3.10 and 6.76 times) and Smad2 level
(2.33 and 4.07 times) in lung tissue (Fig. 7C). In addition, both tran-
scriptional expression of Smad2 and protein expression of Smad2 in 4
mg/kg 6-PPDQ exposed mice was higher than those in 0.4 mg/kg 6-
PPDQ exposed mice (Fig. 7C). More importantly, p-Smad2/Smad2
ratio was significantly upregulated (1.36 and 1.78 times) by 0.4 and 4
mg/kg 6-PPDQ (Fig. 7C).

As for function analysis, Smad2 was included in fibrosis-related
enriched terms, such as heteromeric SMAD protein complex in cellular
component of GO analysis, co-SMAD binding, and transforming growth
factor beta receptor, cytoplasmic mediator activity in molecular func-
tion of GO analysis.
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Fig. 4. Effects of 6-PPDQ on lung function after repeated 6-PPDQ injection. Forced vital capacity (FVC), FEV50/FVC, total lung capacity (TLC), chord compliance
(Cchord), and enhanced pause (Penh) were measured by plethysmograph system CRFM100. *P < 0.05, **P < 0.01.

4. Discussion

6-PPDQ is one highly toxic pollutant in TRWP, whose environmental
occurrence was first verified in aquatic environment, and poses huge
threat to aquatic animals (Tian et al., 2021). Increasing evidence has
showed that 6-PPDQ can be detected in various environmental media,
even in daily food and human urine (Du et al., 2022; Ji et al., 2022b). In
environmental media, the 6-PPDQ ranges from ng/L to pg/L (Tian et al.,
2021; Zhang et al., 2022). Due to high sensitivity to different environ-
mental pollutants (Hua et al., 2023d; Shao et al., 2023; Wang et al.,
2023b; Liu et al., 2024), Caenorhabditis elegans was recently used as
animal model to evaluate toxicity of 6-PPDQ at environmentally rele-
vant concentrations. In C. elegans, 6-PPDQ at concentrations of 1 and 10
pg/L could cause intestinal toxicity, reproductive toxicity, neurotox-
icity, reductio in lifespan, enhancement in lipid accumulation, and
dysfunction in dopamine metabolism (Hua et al., 2023a, 2023b, 2023c;
Hua and Wang, 2023a; Hua and Wang, 2023b; Wang et al., 2023a).
However, 6-PPDQ toxicity to mammals and human beings was not fully
understood. Our pervious study demonstrated that 6-PPDQ induced
damage to multiple organs, especially liver and lung, in mice (He et al.,
2023). The detailed damage on liver and underlying molecular basis
were described recently in mice (Fang et al., 2023). In this study, we
further focused on the examination of 6-PPDQ damage on lung and
underlying molecular basis in mice.

In consideration of high level of 6-PPDQ accumulation in lung (He
et al., 2023), we investigated the effects of two different exposure
modes, single or repeated injections, on 6-PPDQ bioaccumulation in
mouse lung. The 6-PPDQ in the peritoneum can be delivered into
mesenteric vessels, then enter the systemic circulation after passing the
portal vein and liver, finally accumulate in the lung (Lukas et al., 1971).
There are multiple families of xenobiotica-metabolizing enzymes in
lung, including cytochromes P450 (CYP), non-CYP oxidoreductases,
hydrolases, and conjugating enzymes, which may contribute to the
metabolism and detoxification of 6-PPDQ in mouse lung (Oesch et al.,
2019). After single injection of 4 mg/kg 6-PPDQ at day 0, rapid decline
of 6-PPDQ level was observed in the first 7 days (Fig. 1A). After that,
certain level of 6-PPDQ remained in lung tissue up to day 28 (Fig. 1A).
Lipid-soluble substances cross alveolo-capillary faster than water-
soluble substances (Nilsson and Wollmer, 1993). Thus, it was specu-
lated that 6-PPDQ in blood could be transferred, and accumulated in

lung tissue for a long time. Moreover, after repeated injection, lung 6-
PPDQ level of 4 mg/kg 6-PPDQ exposure was much higher than that
of single injection at day 28 (Fig. 1), which suggested the possible more
severe toxicity after repeated 6-PPDQ injection than single 6-PPDQ in-
jection. As showed in Fig. 1A, 6-PPDQ level decreased ~62 % four days
post single injection compared to that of one day post injection, there-
fore, it was speculated that the part of 6-PPDQ injected four days before
sacrifice still retained in lung for mice receiving repeated 0.4 mg/kg 6-
PPDQ, which caused almost similar level of lung 6-PPDQ was detected
between single injection with 4 mg/kg 6-PPDQ, and repeated injection
with 0.4 mg/kg 6-PPDQ (Fig. 1).

For the 6-PPDQ-induced toxicity, both single and repeated 6-PPDQ
injection could induce obvious inflammation, as verified by alterations
in multiple cytokines (TNF-a, IL-6, and IL-10) production in lung
(Fig. 2). In response to environmental stimuli, lung can activate the
inflammation to overcome the harmful stimulation and initiate repair
process (Wong et al., 2016). In our previous study, we found the obvious
activation and aggregation of alveolar macrophages in mouse lung after
6-PPDQ injection, as determined by F4/80 immunohistochemical stain
(He et al., 2023). Alveolar macrophage can be the first cell type to
contact irritants by migrating to the injured or infected lung tissue, and
the cytokines produced by various cell populations can initiate and
expand local and even systemic immune response via cytokine networks
(Borthwick et al., 2013; Wong et al., 2016). The pro-inflammatory cy-
tokines IL-6 and TNF-a are proved to act as key cytokines to promote
inflammation (Oikonomou et al., 2006; Stancil et al., 2022), which were
significantly increased in lung of 6-PPDQ injected mice as verified by
ELISA and immunohistochemistry analysis (Fig. 2). Immunohisto-
chemistry stain can label the intracellular cytokine proteins, but not
secreted cytokine proteins outside the cell. On the contrary, ELISA can
detect cytokine proteins both inside and outside the cell (Bienvenu et al.,
1998; Turlej, 2009). TNF-a protein can both stay inside the cell, and
secrete outside the cell (Black et al., 1997). Therefore, different label
range resulted in the different fold change in TNF-a protein between two
methods (Fig. 2). Importantly, our proteomes analysis showed that
cytokine-related proteins (Il-6st and I1-16) were also obviously upregu-
lated by 6-PDDQ (Fig. 6A). We also observed the increases in serum TNF-
a and IL-6 levels after 6-PPDQ exposure (Fig. S1B and C), indicating that
6-PPDQ induced the inflammatory response in not only local lung but
also systemic range. After repeated injection, 4 mg/kg 6-PPDQ induced
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Fig. 5. Bioinformatical analysis of differentially expression proteins caused by repeated 6-PPDQ injection. (A) Top 20 terms of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. (B-D) Top 20 terms of biological process, molecular function, and cellular component of Gene Ontology (GO) analysis.

the higher production of pro-inflammatory cytokines (TNF-a and IL-6)
than 0.4 mg/kg 6-PPDQ, which was attributed to higher 6-PPDQ accu-
mulation in serum (Fig. S1A and C). Meanwhile, IL-10 level can keep
normal or decrease in patients with lung fibrosis (Freeburn et al., 2005;
Martinez et al., 1997). IL-10 level in lung and serum of repeated injec-
tion with 4 mg/kg 6-PPDQ was significantly lower than that of 0.4 mg/
kg 6-PPDQ, and consistent with control (Fig. 2D and S1). This suggested
that, after 0.4 mg/kg 6-PPDQ injection, the IL-10 acting as anti-
inflammatory cytokine could be activated to be against the inflamma-
tion in lung and serum. However, after 4 mg/kg 6-PPDQ injection, this
tendency driven by IL-10 was suppressed in lung. Also, 6-PPDQ oral
administration caused inflammatory response by promoting production
of several cytokines in mouse liver (Fang et al., 2023).

Besides induction of inflammation, repeated 6-PPDQ injection could
cause the lung fibrosis. Fibrosis means that an excessive amount of
fibrillar extracellular matrix (ECM) proteins, and the collagen is an
important family of ECM proteins (Dewidar et al., 2019). Sirius red
staining reflected the increased collagen content in lung of mice with
repeated 6-PPDQ injection rather than single 6-PPDQ injection (Fig. 3).
Hydroxyproline is one of the most abundant amino acids in protein
collagen, which is a vital biomarker in fibrosis diagnosis (Gabr et al.,

2017). Hydroxyproline content was significantly elevated by repeated 6-
PPDQ injection rather than single 6-PPDQ injection (Fig. 3). Therefore,
repeated 6-PPDQ injection for four weeks not only initiated chronic
inflammation, but also caused fibrosis in mouse lung. Different from
this, single 6-PPDQ injection induced lung inflammation but not the
fibrosis. Pro-inflammatory cytokines IL-6 and TNF-a also function to
regulate fibrosis of lung (Oikonomou et al., 2006; Stancil et al., 2022).
More importantly, chronic inflammation can induce fibrosis develop-
ment by accumulation of extra cellular matrix (ECM). Thus, fibrosis is
often accompanied by local inflammation in tissues (Borthwick et al.,
2013).

The evidence has showed that lung microstructural changes
contribute to the impairment of lung functions (Subramaniam et al.,
2017). Our recent study has shown that repeated 6-PPDQ injection
induced damage to some aspects of lung structures, such as increased
lung index, swollen alveolar capillaries, and exudation in lung inter-
stitium (He et al., 2023). We here further observed obvious inflamma-
tion and fibrosis in lung after repeated 6-PPDQ injection (Figs. 2 and 3).
The decreased compliance happened in many pathological states, such
as alveolar exudation, inflammation, and fibrosis (Ozdilek, 2022), which
all appeared in lung of 6-PPDQ injected mice. Among the lung functions
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Fig. 6. Screen of inflammation-associated proteins changed by repeated 6-PPDQ injection. (A) Heatmap of inflammation-associated proteins in proteomes analysis.
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detected by plethysmograph system, Cchord and Penh were significantly
downregulated by repeated 6-PPDQ injection (Fig. 4). Lung compliance
is defined as the volume change per unit change in pressure gradient,
and Cchord can reflect the elastic resistance of the lung (Ozdilek, 2022).
Enhanced pause (Penh) was used as an indicator of airway responsive-
ness (Lomask, 2006), and airway responsiveness is a well-established
characteristic of asthma (Archer et al., 2004). Thus, it was speculated
that 6-PPDQ might have the potential to act as allergen to impair lung
function. Notably, as the 6-PPDQ former, 6-PPD was also regarded as
allergen for tyre-induced occupational eczema (Herve-Bazin et al.,
1977). Given to high detection rate of 6-PPDQ in PMy 5 (Zhang et al.,
2022), potential association between 6-PPDQ inhalation and asthma or
allergy in population should be noticed. Collectively, 6-PPDQ injection
can disturbed elastic resistance and airway responsiveness of mouse

lung, and may in turn impair the lung function.

Ripoptosome containing receptor-interacting serine/threonine-pro-
tein kinase 1 (Ripk1), FAS-associated death domain protein (Fadd), and
Caspase-8 regulate cell death type between necroptosis and apoptosis in
response to different stress conditions (Bertrand and Vandenabeele,
2011). Proteomics analysis indicated that expressions of Ripk1 and Fadd
were both significantly increased (Fig. 6A). Transcriptional assay and
immunohistochemistry staining verified that mRNA levels of Ripkl and
Fadd, phosphorylation level of Ripkl, and ratio of p-Ripkl/Ripkl were
significantly increased after repeated 6-PPDQ injection (Fig. 6B and C).
Under the condition of TNF-a stimulation, necrosome complex consisted
of Ripkl, and Ripk3 activated the mixed lineage kinase-like protein
(MIK1), which then causes rapid plasma membrane lysis to induce cell
death called necroptosis (Degterev et al., 2019). Ripkl can also mediate
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inflammatory gene expression independence of damage-associated
molecular patterns (DAMPs) (Degterev et al., 2019). As for ripopto-
some, absence of Caspase-8 can start Ripkl-dependent necroptosis
rather than apoptosis (Newton, 2015). Nevertheless, based on prote-
omics analysis, Caspase-8 expression was not significantly changed
(Table S1). Thus, necroptosis but not apoptosis might happen in mouse
lung with 6-PPDQ injection. Meanwhile, numerous terms (TNF signaling
pathway, necroptotic signaling pathway, and regulation of necroptotic
process) associated with necroptosis were enriched in enrichment of
KEGG pathway and GO analysis (Fig. 5).

Cytokine production occurs in necroptosis-induced inflammatory
response (Yan et al., 2022). Notably, the cytokine plays a key role in
mediating immune response and fibrosis process (Borthwick et al.,

10

2013). In proteomic analysis, cytokines-related proteins, pro-
interleukin-16 (I1-16) and interleukin-6 receptor subunit beta (Il-6st),
were significantly upregulated (Fig. 6A). Meanwhile, mRNA levels of Il-
16 and Il-6st were also obviously upregulated by 6-PPDQ (Fig. 6B). I1-16
was initially regarded as T cell chemoattractant, and functions by
recruitment and activation of CD4+ cells in several autoimmune dis-
eases (Cruikshank et al., 2000). II-16 could trigger inflammatory
response via neutrophil recruitment, eosinophil chemoattractant, and
cytokines production by Th2 and Th17 in lung diseases (Bowler et al.,
2013; Cheng et al., 2001; Li et al., 2019; Smith et al., 2018). Interleukin-
6 receptor subunit beta (Il-6st), also named glycoprotein 130 (gp130),
binds to complex of 116 and interleukin-6 receptor (16-R) to initiate
intracellular signaling (Rose-John, 2012). Il-6st increase was found in



W. He et al.

multiple lung diseases with inflammation, such as acute lung injury, and
chronic lung disease (Chakraborty et al., 2013; Xu et al., 2023). There-
fore, both 1l-16 and Il-6st further functioned to mediate cytokine
signaling, and then contributed to the inflammatory response in lung.

Smad2 is a key component for transforming growth factor-p (TGF-p)
signaling pathway, the master regulator of fibrosis (Meng et al., 2016).
In TGF-p signaling pathway, Smads are phosphorylated and transferred
into the nucleus to start transcription of fibrosis-related genes (Kisseleva
and Brenner, 2021; Meng et al., 2016). Smad2 plays a key role in con-
trolling tissue fibrosis (Gregory et al., 2010; Khalil et al., 2017). Our
proteomics analysis showed that Smad2 was significantly upregulated
by repeated 6-PPDQ injection (Fig. 7A). The Smad2 mRNA was
increased by 6-PPDQ (Fig. 7B). Immunohistochemistry staining further
showed that the phosphorylated Smad2 level and p-Smad2/Smad2 ratio
was markedly promoted in lung tissue (Fig. 7C). Besides the role of
Smad2 in 6-PPDQ-induced lung fibrosis, Ripkland cytokines of II-16 and
11-6st may also play important roles. Ripk1 activation could be observed
in fibrosis state of multiple tissue (Mou and Mou, 2020; Srivastava et al.,
2022; Tan et al., 2020). 11-16 could induce macrophage infiltration and
cardiac fibrosis in hypertensive mice (Tamaki et al., 2013). Il-6st was
also proved to participate in tissue fibrosis (Mozaffarian et al., 2008;
Tang et al., 2017; Tao et al., 2014). Therefore, repeated 6-PPDQ injec-
tion caused lung fibrosis by activating multiple molecular signals,
including Smad2, Ripk1, and cytokines of 11-16 and Il-6st.

5. Conclusions

In mice model, we examined the 6-PPDQ dynamic bioaccumulation,
toxicity in causing inflammation and fibrosis, and the underlying mo-
lecular basis by proteomes analysis. 6-PPDQ remained in lung tissue up
to day 28 after single injection, and high level of 6-PPDQ was detected in
lung of repeated injection mice. Both severe inflammation and fibrosis
were detected in lung after repeated 6-PPDQ injection. Repeated 6-
PPDQ injection also severely impaired lung function, as verified by
decreased Cchord and Penh index. Moreover, the proteomes analysis
identified differently expressed proteins associated with 6-PPDQ-
induced inflammation (Ripkl, Fadd, Il-6st, and II-16) and fibrosis
(Smad?2). Our results highlight the potential of long-term exposure to 6-
PPDQ in causing damage on lung by inducing inflammation and fibrosis
in mammals.
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