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ARTICLE INFO ABSTRACT

Editor: Daqiang Yin As the derivatives of p-phenylenediamines (PPDs), PPD quinones (PPDQs) have received increasing attention due
to their possible exposure risk. We compared the intestinal toxicity of six PPDQs (6-PPDQ, 77PDQ, CPPDQ,

Keywords: DPPDQ, DTPDQ and IPPDQ) in Caenorhabditis elegans. In the range of 0.01-10 pg/L, only 77PDQ (10 pg/L)

G ele?“m o moderately induced the lethality. All the examined PPDQs at 0.01-10 pg/L did not affect intestinal morphology.

Intestinal toxicity Different from this, exposure to 6-PPDQ (1-10 pg/L), 77PDQ (0.1-10 pg/L), CPPDQ (1-10 pg/L), DPPDQ (1-10

Toxicity comparison

PPDOs pg/L), DTPDQ (1-10 pg/L), and IPPDQ (10 pg/L) enhanced intestinal permeability to different degrees. Mean-

while, exposure to 6-PPDQ (0.1-10 pg/L), 77PDQ (0.01-10 pg/L), CPPDQ (0.1-10 pg/L), DPPDQ (0.1-10 pg/L),
DTPDQ (1-10 pg/L), and IPPDQ (1-10 pg/L) resulted in intestinal reactive oxygen species (ROS) production and
activation of both SOD-3::GFP and GST-4::GFP. In 6-PPDQ, 77PDQ, CPPDQ, DPPDQ, DTPDQ, and/or IPPDQ
exposed nematodes, the ROS production was strengthened by RNAi of genes (acs-22, erm-1, hmp-2, and pkc-3)
governing functional state of intestinal barrier. Additionally, expressions of acs-22, erm-1, hmp-2, and pkc-3 were
negatively correlated with intestinal ROS production in nematodes exposed to 6-PPDQ, 77PDQ, CPPDQ, DPPDQ,
DTPDQ, and/or IPPDQ. Therefore, exposure to different PPDQs differentially induced the intestinal toxicity on
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nematodes. Our data highlighted potential exposure risk of PPDQs at low concentrations to organisms by

inducing intestinal toxicity.

1. Introduction

Some p-phenylenediamines (PPDs) are used as antiozonants and
antioxidants in rubber tires to inhibit their oxidative degradation (Sei-
wert et al., 2022). Due to abrasion of rubber tire on road surface, PPDs
will enter urban environment together with tire wear particles (Deng
et al., 2022). In the environment, after ozonation, PPDs can be trans-
formed to PPD quinones (PPDQs) through different chemical pathways,
including N-1,3-dimethylbutyl-N-phenyl quinone diamine (QDI), inter-
mediate phenol, and semiquinone radical pathways (Hua and Wang,
2023a). N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine (6-PPD)
is a representative of PPDs, and its transformative product after ozon-
ation is 6-PPDQ (Tian et al., 2021). 6-PPDQ was the mainly detected
PPDQ in various environments, including urban runoff, wastewater,
road dusts, soil, and sediment (Cao et al., 2022; Johannessen and Met-
calfe, 2022; Zeng et al., 2023; Maurer et al., 2023). Besides 6-PPD, some
other PPDs were also detected in the environment. DPPD, and DTPD
could be detected in water from Zhujiang River and Dongjiang River
(Zhang et al., 2023b). CPPD was detected in water and sediment (Zhu
etal., 2024a; Zhu et al., 2024b). 77PDQ was detected in urban rivers and
PMy 5 (Wang et al., 2022; Zeng et al., 2023). IPPDQ was detected in
wastewater and sediment (Jin et al., 2023; Cao et al., 2023). These ob-
servations have implied the possible exposure risk of PPDQs in the
environments.

After the identification of 6-PPDQ as cause of acute mortality of coho
salmon, some other aspects of 6-PPDQ toxicities have been reported. In
zebrafish, 6-PPDQ exposure induced intestinal lesions, cardiotoxicity,
and induction of some abnormal behaviors (Zhang et al., 2023a; Ji et al.,
2022a; Varshney et al., 2022). The increased oxygen consumption was
also observed in embryo of zebrafish or rainbow trout gill cells (Var-
shney et al., 2022; Mahoney et al., 2022). Damage on multiple organs
including lung, liver, and kidney could be observed in male mice after
repeated exposure (Fang et al., 2023; He et al., 2023a; He et al., 2024).
Accompanied with the observed toxicity, 6-PPDQ was accumulated in
fish samples and different organs of mice (Ji et al., 2022b; Grasse et al.,
2023; He et al., 2023a).

Caenorhabditis elegans is an important animal model for performing
toxicity assessment of pollutants because of its easy maintenance, small
size, and short life-cycle (Wang, 2020; Liu et al., 2023; Zhuang et al.,
2024). In addition, considering the sensitivity to environmental expo-
sure (Wang, 2022; Wang et al., 2019; Yu et al., 2023), C. elegans can be
used to detect toxicity of pollutants at environmentally relevant con-
centrations (Tang et al., 2023; Wang et al., 2023c; He et al., 2023b). In
C. elegans, exposure to 6-PPDQ (1-10 pg/L) induced reduction in
reproductive capacity mediated by germline apoptosis and caused
behavioral abnormality partially associated with neurodegeneration
(Hua et al., 2023a; Hua et al., 2023b; Hua and Wang, 2024). Addition-
ally, exposure to 6-PPDQ (1-10 pg/L) reduced both lifespan and health
span of nematodes (Hua and Wang, 2023c). Lipid and dopamine me-
tabolisms could be further disrupted by exposure to 6-PPDQ (1-10 pg/L)
in nematodes (Hua and Wang, 2023b; Wang et al., 2023a). Meanwhile,
6-PPPQ accumulation was detected in 1-10 pg/L 6-PPDQ exposed
nematodes (Hua and Wang, 2023c).

So far, some reports have described accumulation and toxicity of 6-
PPDQ in different organisms (Chen et al., 2023; Hua and Wang, 2023a).
In contrast to this, little is known about the behavior of other PPDQs in
organisms. We assumed that different PPDQs may cause different toxic
effects on organisms. In C. elegans, damage on secondary targeted organs
(such as neurons and gonad) was largely due to the damage on intestinal
barrier, the primary targeted organs (Wang, 2019). Intestinal oxidative
stress and enhanced intestinal permeability were detected in 1-10 pg/L

6-PPDQ exposed nematodes (Hua et al., 2023c). Thus, using C. elegans as
animal model, we here compared intestinal toxicity of PPDQs, including
the 6-PPDQ, 77PDQ, CPPDQ, DPPDQ, DTPDQ and IPPDQ. The envi-
ronmental concentrations of PPDQs are in the range from ng/L to pg/L
(Wang et al., 2022; Zhao et al., 2023; Zeng et al., 2023; Zhu et al., 2024a,
2024b). We focused on assessment of intestinal toxicity in nematodes
exposed to PPDQs in the range of ng/L and pg/L. Our results indicated
that, besides 6-PPDQ, some other PPDQs also need the attention for their
possible exposure risk to and toxic effect on environmental organisms.

2. Materials and methods
2.1. Reagents

6-PPDQ was purchased from Toronto Research Chemicals Co., Tor-
onto, Canada (catalogue: P348790). The 77PDQ (catalogue: SCAH-
101024), CPPDQ (catalogue: IST175530), DPPDQ (catalogue: SCAH-
101012), DTPDQ (catalogue: IST175532), and IPPDQ (catalogue:
IST171264) were purchased from Shanghai SCR-Biotech Co., Ltd.,
Shanghai, China. Purities of 6-PPDQ, 77PDQ, CPPDQ, DPPDQ, DTPDQ
and IPPDQ were > 97 %, >98 %, >98 %, >98 %, >98 % and > 98 %,
respectively. All the examined PPDQs were dissolved in dimethyl sulf-
oxide (DMSO) , and the concentration of stocking solution was 1 g/L.
Working solutions for PPDQs (0.01-10 pg/L) were prepared after dilu-
tion with K buffer. The control solution was prepared by diluting DMSO
with K buffer, and the dilution method was the same as that of PPDQs
solution. To avoid the adverse effects of DMSO on nematodes, the final
DMSO concentration was equal to 0.1 % (Gonzdlez-Manzano et al.,
2012).

The 6-PPDQ is composed of p-benzoquinone, phenyl, and 1,3-dime-
thylbutyl (Fig. 1A). Compared to 6-PPDQ, 77PDQ consists of p-benzo-
quinone and two 1,4-dimethylpentyl groups (Fig. 1A), CPPDQ is
composed of p-benzoquinone, phenyl, and cyclohexyl (Fig. 1A), DPPDQ
consists of p-benzoquinone and two phenyl groups (Fig. 1A), DTPDQ
consists of p-benzoquinone and two ortho-methylphenyl groups
(Fig. 1A), and IPPDQ consists of p-benzoquinone-like structure (product
of olefin hydrogenation coupled with aniline on the 5-position carbon
atom of the p-benzoquinone skeleton), phenyl, and isopropyl (Fig. 1A).

2.2. Animal maintenance

The information of C. elegans strains used is shown in Table S1. Ac-
cording to standard protocol, C. elegans is cultured on nematode growth
medium (NGM) supplemented with E. coli OP50 as a food source
(Brenner, 1974). The wild-type strain was N2. To obtain synchronized
spawning from gravid hermaphrodite adults, a bleach solution (2 %
HOCI, 0.45 M NaOH) was utilized (Wang et al., 2023b). To obtain suf-
ficient L1 larvae, the collected eggs were transferred onto a new NGM
plate and allowed to hatch and develop to the Ll-larval stage at a
temperature of 20 °C (Shao et al., 2023).

2.3. Exposure

Exposure to PPDQs was started from L1 larvae until the stage of adult
day-1 (approximately for 4.5 days) (Hua et al., 2023c). L1 larval pre-
cipitate was dispensed into each concentration of PPDQs solution and
concentrated OP50 was added. Each exposure group contained 600 pL
exposure solution and approximately 300 animals. Fresh exposure so-
lutions were replaced every day during exposure process.



Y. Wang et al.

2.4. Lethality

Lethality can be reflected by the percentage of surviving nematodes
(Wang, 2020). After exposure, the number of dead nematodes was
counted under a dissecting microscope, and dead nematodes were
verified by failing to respond to stimulation of inactive nematodes with a
metallic platinum wire. One hundred nematodes were examined for
each exposure group. The experiment was performed in triplicate.

2.5. Intestinal permeability analysis

After PPDQs exposure and washing three times with M9 buffer, the
nematodes were stained by 5.0 % erioglaucine disodium for 3 h in the
darkness (Hua et al., 2023c). After staining, the animals were further
washed by K buffer until the liquid becomes colorless and transparent.
The images were captured using bright field of microscopy. Fifty animals
were analyzed for each exposure. Under the normal condition, the blue
signals are mainly located in intestinal lumen. Once the intestinal barrier
is disrupted, the blue signals would be detected in intestinal cells and
even in body cavity.

2.6. Reactive oxygen species (ROS) assay

In nematodes, levels of intestinal ROS can be used to reflect the
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induction of oxidative stress (Wang, 2020). After exposure, the tested
animals were washed three times. Then, 1 pM CM-H>DCFDA was used to
label C. elegans ROS for 3 h in darkness. After washing three times using
K buffer, the animals were transferred onto 2 % agarose pad. Intestinal
fluorescent signals in nematodes were detected using laser confocal
microscope under the FITC signaling pathway (excitation/emission
wavelengths: 488/510 nm). After normalization to intestinal auto-
fluorescence, intensity of intestinal ROS signals was semi-quantified
using Image J software. Fifty animals were analyzed for each exposure.

2.7. SOD-3::GFP and GST-4::GFP expressions

The used transgenic strains were CF1533 (SOD-3::GFP) and CL2166
(GST-4::GFP). These transgenic strains can be used as indicators of
activation of oxidative stress caused by exposure to some pollutants.
(Wang, 2019). SOD-3 and GST-4 can be expressed in intestine. Relative
fluorescence intensity of intestinal SOD-3::GFP and GST-4::GFP signals
were examined. For each exposure, 50 animals were analyzed.

2.8. Transcriptional expression analysis

Total RNA was extracted using Trizol. RNA quality was determined
based on OD260/280 ratio in Nanodrop One. Quantitative real-time
polymerase chain reaction (QRT-PCR) was carried out in ABI 7500
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Fig. 1. Toxicity comparison of PPDQs in inducing lethality. (A) Chemical structures of 6-PPDQ, 77PDQ, CPPDQ, DPPDQ, DTPDQ, and IPPDQ. (B) Effect of exposure
to 6-PPDQ, 77PDQ, CPPDQ, DPPDQ, DTPDQ and IPPDQ on survival of nematodes. **P < 0.01 vs control.
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PCR system using SYBR Green master mix for detection of targeted gene.
Comparative cycle threshold method was applied to normalize expres-
sion of target gene with reference gene (tha-1) (Hua et al., 2023d).
Experiment was performed in triplicate. Primers are shown in Table S1.

2.9. RNA interference (RNAiD)

Gene constructs for RNAi were generated in L4440, an empty vector,
and subsequently transformed into E. coli. HT115 (Shao et al., 2024).
Before experiment, RNAi were cultured on NGM plates containing 1 mM
isopropylthiogalactoside for 24 h to induce double-stranded RNA.
Nematodes were fed with RNAi, and the progeny were used for exposure
to PPDQs. The control consisted of HT115 expressing L4440 (Liu et al.,
2024). qRT-PCR was carried out to assess RNAI efficiency (Fig. S1).

2.10. Correlation analysis

Correlations between expression of genes controlling intestinal bar-
rier function and ROS production by PPDQs exposure were assessed
using Pearson correlation analysis. Relative gene expression and relative
fluorescence intensity of ROS production were analyzed by correlation
matrix in multivariate analysis on GrashPad Prism 8 software. Pearson’s
correlation coefficient r and the p-value were calculated. The correlation
heatmap was then plotted by the pheatmap package on R Studio.

2.11. Analysis of GSH and MDA

GSH (L-glutathione) and MDA (malonydialdehyde) are also in-
dicators for oxidative stress activation, and were analyzed using corre-
sponding kits purchased from Nanjing Jiangcheng Bioengineering
Institute (Nanjing, China) and Sangon Biotech (Shanghai) Co. For GSH
assay, according to the manufacturer’s protocol in total glutathione/
oxidized glutathione assay kit, the supernatants prepared as indicated
above were mixed the reagents and standard sample of GSH. The
resulting mixture was then measured for the absorbance at 405 nm using
spectrophotometer. Three independent experiments were performed.
For MDA assay, according to the manufacturer’s protocol in malon-
dialdehyde assay kit, the lysates after homogenization in liquid nitrogen
was mixed with a specific reagent provided by the kit. After water bath
for 10 min, samples were centrifuged at 3500 rpm for 10 min. The su-
pernatants were measured for their absorbance at 532 nm spectropho-
tometer. Three independent experiments were performed.

2.12. Data analysis

Using SPSS Statistics 25.0, statistical differences between different
groups were evaluated by analysis of variance (ANOVA). Statistical
significance was defined as a probability level of 0.01.

3. Results
3.1. Toxicity comparison of PPDQs in inducing lethality

All the examined PPDQs at 0.01-1 pg/L did not induce lethality
(Fig. 1B). Additionally, exposure to 6-PPDQ, CPPDQ, DPPDQ, DTPDQ
and IPPDQ at 10 pg/L also did not induce lethality (Fig. 1B). Only
exposure to 77PDQ (10 pg/L) could cause obvious lethality in nema-
todes (Fig. 1B). In 77PDQ (10 pg/L) exposed nematodes, approximately
4 % nematodes showed lethality.

3.2. Effect of PPDQs on intestinal morphology

Considering the important role of intestinal barrier in defending
against toxicity of pollutants (Wang, 2019), we next examined effects of
PPDQs on intestinal morphology. All the examined 6 PPDQs at 0.01-10
pg/L could not affect morphology and width of intestinal lumen
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(Fig. S2). Therefore, PPDQs exposure at 0.01-10 pg/L may not cause
severe adverse effects on intestinal development in nematodes.

3.3. Toxicity comparison of PPDQs in affecting intestinal permeability

To investigate effect of PPDQs on functional state of intestinal bar-
rier, we used blue dye (erioglaucine disodium) to evaluate intestinal
permeability. Blue signals tend to accumulate within the lumen of in-
testines under the normal condition (Fig. 2A). Exposure to all PPDQs at
0.01 pg/L, as well as 6-PPDQ, CPPDQ, DPPDQ, DTPDQ, and IPPDQ at
0.1 pg/L, did not result in any alteration in the positioning of blue signals
within the intestinal lumen (Fig. 2A). However, exposure to 6-PPDQ (1
ug/L), 77PDQ (0.1 pg/L), CPPDQ (1 pg/L), DPPDQ (1 pg/L), DTPDQ
(1-10 pg/L), and IPPDQ (10 pg/L) could induce the translocation and
accumulation of blue dye from the intestinal lumen to intestinal cells
(Fig. 2A). Additionally, exposure to 6-PPDQ (10 pg/L), 77PDQ (1-10 pg/
L), CPPDQ (10 pg/L), and DPPDQ (10 pg/L) could further cause trans-
location and accumulation of blue dye not only within intestinal cells
but also within body cavity (Fig. 2A).

In nematodes, ACS-22, ERM-1, PKC-3, HMP-2, and ACT-5 are
required for regulation of functional state of intestinal barrier (Ren et al.,
2018; Liu et al., 2019; Wang, 2019). Exposure to 6PPDQ, CPPDQ,
DPPDQ, DTPDQ, and IPPDQ at the concentration of 0.01-0.1 pg/L did
not influence act-5, acs-22, erm-1, hmp-2, and pkc-3 expressions
(Fig. 2B). Among the examined 5 genes, exposure to 6PPDQ at con-
centrations of 1 and 10 pg/L only decreased acs-22 expression (Fig. 2B).
Among the examined genes, 0.01 pg/L 77PDQ only decreased hmp-2
expression, 0.1 pg/L 77PDQ decreased hmp-2 and pck-3 expressions, 1
pg/L 77PDQ decreased acs-22, hmp-2, and pkc-3 expressions, and 10 pg/
L 77PDQ decreased acs-22, erm-1, hmp-2, and pkc-3 expressions
(Fig. 2B). After the exposure, 1 pg/L CPPDQ only decreased hmp-2
expression, and 10 pg/L CPPDQ could decrease acs-22 and hmp-2 ex-
pressions (Fig. 2B). Exposure to DPPDQ (1-10 pg/L) notably decreased
acs-22 and pkc-3 expressions (Fig. 2B). Exposure to 1 pg/L DTPDQ
decreased pkc-3 expression, and 10 pg/L DTPDQ decreased pkc-3 and
hmp-2 expressions (Fig. 2B). The decrease in expressions of pkc-3 and
acs-22 was also observed in 10 pg/L IPPDQ exposed nematodes
(Fig. 2B).

3.4. Toxicity comparison of PPDQs in inducing intestinal ROS production

Next, we used ROS production as endpoint to detect intestinal
oxidative stress response to PPDQs. Exposure to 6-PPDQ (0.01 pg/L),
CPPDQ (0.01 pg/L), DPPDQ (0.01 pg/L), DTPDQ (0.01 and 0.1 pg/L),
and IPPDQ (0.01 and 0.1 pg/L) did not induce ROS production (Fig. 3).
Different from these, exposure to 6-PPDQ (0.1-10 pg/L), 77PDQ
(0.01-10 pg/L), CPPDQ (0.1-10 pg/L), DPPDQ (0.1-10 pg/L), DTPDQ
(1-10 pg/L), and IPPDQ (1-10 pg/L) resulted in significant induction of
intestinal ROS production (Fig. 3).

Moreover, MDA content was significantly increased by 0.1-10 pg/L
6-PPDQ, 0.01-10 pg/L 77PDQ, 0.1-10 pg/L CPPDQ, 0.1-10 pg/L
DPPDQ, 1-10 pg/L DTPDQ, and 1-10 pg/L IPPDQ (Fig. S3A). In
contrast, GSH content was significantly decreased in 0.1-10 pg/L 6-
PPDQ, 0.01-10 pg/L 77PDQ, 0.1-10 pg/L CPPDQ, 0.1-10 pg/L
DPPDQ, 1-10 pg/L DTPDQ, and 1-10 pg/L IPPDQ exposed nematodes
(Fig. S3B).

3.5. Comparison of effect of PPDQs on expressions of SOD-3::GFP and
GST-4::GFP

Besides the ROS production, we also examined the effect of exposure
to PPDQs (0.01-10 pg/L) on SOD-3::GFP and GST-4::GFP expressions.
Exposure to 0.01 pg/L 6-PPDQ, 0.01 pg/L CPPDQ, 0.01 pg/L DPPDQ,
0.01-0.1 pg/L DTPDQ, and 0.01-0.1 pg/L IPPDQ did not cause alter-
ation in expressions of SOD-3::GFP and GST-4::GFP (Fig. 4A and B).
Different from these, expressions of SOD-3:: GFP and GST-4:: GFP were
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barrier (B). The intestinal cells (**) and intestinal lumen (*) were labeled by asterisks, and the body cavity was labeled by arrowheads. For gqRT-PCR analysis, 30
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Fig. 3. Toxicity comparison of PPDQs on induction of intestinal ROS production. **P < 0.01 vs control.

increased in 6-PPDQ (0.1-10 pg/L), 77PDQ (0.01-10 pg/L), CPPDQ 3.6. RNA:i of acs-22, erm-1, hmp-2, and pkc-3 affected ROS production
(0.1-10 pg/L), DPPDQ (0.1-10 pg/L), DTPDQ (1-10 pg/L), and IPPDQ in some PPDQs exposed nematodes
(1-10 pg/L) exposed nematodes (Fig. 4A and B).
Corresponding to the altered genes regulating functional state of
intestinal barrier by PPDQs, we further determined the effect of intes-
tinal RNAIi of acs-22, erm-1, hmp-2, and pkc-3 on ROS production in
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PPDQ exposed nematodes using VP303 as tool for intestine-specific
RNAI of genes (Hua et al., 2023e). Under normal condition, intestinal
RNAI of these genes did not cause oxidative stress in VP303 animals
(Fig. 5). In 6-PPDQ exposure group, acs-22(RNAi) nematodes showed
more severe ROS production compared to VP303 (Fig. 5). In 77PDQ
exposure group, acs-22(RNAi), erm-1(RNAi), hmp-2(RNAi), and pkc-3
(RNAi) nematodes showed more severe ROS production than VP303
(Fig. 5). After CPPDQ exposure, the more severe ROS production was
detected in hmp-2(RNAi) and pck-3(RNAi) nematodes compared to
VP303 nematodes (Fig. 5). After exposure to DPPDQ, RNAI of acs-22 and
pkc-3 caused more severe ROS production compared to VP303 nema-
todes (Fig. 5). Meanwhile, we observed more severe ROS production in
DTPDQ exposed hmp-2(RNAi) and pkc-3(RNAi) nematodes compared to
that in DTPDQ exposed VP303 nematodes (Fig. 5). In IPPDQ exposed
VP303 nematodes, RNAi of pkc-3 and acs-22 resulted in more pro-
nounced increase in ROS production compared to VP303 (Fig. 5).

3.7. Expressions of genes regulating functional state of intestinal barrier
was correlated with induction of ROS production in PPDQs exposed
nematodes

Moreover, we analyzed the possible correlations between expression
of genes regulating functional state of intestinal barrier and ROS pro-
duction in PPDQs exposed nematodes. The acs-22 expression (r =
—0.957, P = 0.011) showed significant negative correlation with ROS
production in 6PPDQ exposed nematodes (Fig. 6). The expressions of
acs-22 (r=—0.907, P = 0.037), erm-1 (r = —0.888, P = 0.044), hmp-2 (r
= —0.923, P = 0.025), and pkc-3 (r = —0.964, P = 0.008) showed sig-
nificant negative correlation with ROS production in 77PDQ exposed
nematodes (Fig. 6). The expressions of gene acs-22 (r = —0.919, P =
0.027) and hmp-2 (r = —0.983, P = 0.003) exhibited significant negative
correlation with ROS production in CPPDQ exposed nematodes (Fig. 6).
The expressions of acs-22 (r = —0.946, P = 0.015) and pkc-3 (r =
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Fig. 5. Effect of RNAI of acs-22, erm-1, hmp-2, or pkc-3 on intestinal ROS production in PPDQs exposed nematodes. Exposure concentration of PPDQs was 10 pg/L.
**P < 0.01 vs control (if not specially indicated).
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—0.917, P = 0.028) showed significant negative correlation with ROS
production in DPPDQ exposed nematodes (Fig. 6). The expressions of
hmp-2 (r = —0.913, P = 0.031) and pkc-3 (r = —0.996, P = 0.0003)
showed significant negative correlation with ROS production in DTPDQ
exposed nematodes (Fig. 6). The expressions of acs-22 (r = —0.934, P =
0.019) and pkc-3 (r = —0.948, P = 0.014) exhibited significant negative
correlation with ROS production in IPPDQ exposed nematodes (Fig. 6).

4. Discussion

In the environment, the presence of PPDQs has been commonly
observed in urban rivers (Zhang et al., 2023b), air particles (Wang et al.,
2022; Cao et al., 2022), dust (Huang et al., 2021), and sediment (Zeng
et al., 2023). Some reported environmental concentrations of 6-PPDQ,
CPPDQ, DPPDQ, DTPDQ, and IPPDQ in runoff water were 19 pg/L,
200 ng/L, 0.82 ng/L, 360 ng/L, and 560 ng/L, respectively, and the
median concentration of 77PDQ reached 527 pg/m> in PMy5 from
Guangzhou (Tian et al., 2021; Wang et al., 2022; Cao et al., 2022; Zeng
et al., 2023; Zhao et al., 2023; Monaghan et al., 2023). These suggests
the possible bioavailability of PPDQs to organisms in the environment.
Recently, some of the PPDQs have been found in some human urine
samples (Mao et al., 2024), which further confirmed this. Although
several aspects of 6-PPDQ toxicity on organisms have been described
(Hua and Wang, 2023a; Chen et al., 2023), the toxicity of other PPDQs
on animals is still largely unknown. Given the high sensitivity to toxicity
of environmental contaminants (Wang, 2020; Wang, 2022), in this
study, the toxicity of six examined PPDQs was compared in C. elegans.
Intestinal barrier is normally the primary targeted organ for environ-
mental pollutants (Wang, 2019). Therefore, we focused on the com-
parison of intestinal toxicity of examined PPDQs in nematodes.

In nematodes, some pollutants (such as nanoplastics) and stresses
(such as microgravity stress) could result in the enhancement on intes-
tinal permeability (Liu et al., 2019; Qu et al., 2018). After the exposure,
the examined six PPDQs at 0.01-10 pg/L did not influence intestinal
morphology (Fig. S1) (Hua et al., 2023c). Different from this, the func-
tional state of intestinal barrier was disrupted by the examined PPDQs to
different degrees. Exposure to 77PDQ even at 0.1 pg/L could cause
obviously enhanced intestinal permeability (Fig. 2A). Following the
77PDQ, the 6-PPDQ, CPPDQ, DPPDQ, and DTPDQ at 1 and 10 pg/L also
caused enhanced intestinal permeability (Fig. 2A). The IPPDQ showed
the lowest toxicity on intestinal barrier function, and the enhanced in-
testinal permeability was only detected in 10 pg/L IPPDQ exposed
nematodes (Fig. 2A). The enhancement in intestinal permeability in
PPDQs exposed nematodes was reflected by two aspects, dye trans-
location from intestinal lumen to intestinal cells and dye translocation
from intestinal cells further to body cavity (Fig. 2A). The dye trans-
location from intestinal cells further to body cavity was only observed in
6-PPDQ (10 pg/L), 77PDQ (1-10 pg/L), CPPDQ (10 pg/L), and DPPDQ
(10 pg/L) exposed nematodes (Fig. 2A), suggested that 6-PPDQ, 77PDQ,
CPPDQ, and DPPDQ exhibited more severe toxicity on intestinal barrier
function than DTPDQ and IPPDQ.

In nematodes, intestinal barrier function is under the control of some
genes, such as act-5, acs-22, erm-1, hmp-2, and pkc-3 (Liu et al., 2019;
Ren et al., 2018; Wang, 2019). Under the normal condition, the intes-
tinal permeability was affected by mutation or RNAI of act-5, acs-22,
erm-1, hmp-2, and pkc-3 (Qu et al., 2018; Ren et al., 2018; Liu et al.,
2019). Accompanied with the enhanced intestinal permeability, ex-
pressions of acs-22, erm-1, hmp-2, and pkc-3 were decreased by PPDQs to
different degree (Fig. 2B). Exposure to 77PDQ at 0.1 pg/L decreased
intestinal hmp-2 and pkc-3 expressions, and exposure to 77PDQ even at
0.01 pg/L decreased intestinal hmp-2 expression (Fig. 2B). This sug-
gested that the observed decrease in hmp-2 expression might only induce
a susceptibility to 77PDQ toxicity, and be not enough to cause altered
intestinal barrier function in 77PDQ exposed nematodes. Different from
this, only exposure to 10 pg/L IPPDQ decreased expressions of intestinal
pkc-3 and acs-22 (Fig. 2B), which was consistent to the observed
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intestinal permeability after IPPDQ exposure. Exposure to 1 pg/L 6-
PPDQ, 77PDQ, CPPDQ, DPPDQ, and DTPDQ and 10 pg/L of all the
examined PPDQs decreased expressions of hmp-2, erm-1, acs-22, and/or
pkc-3 (Fig. 2B). Additionally, at 1 pg/L or 10 pg/L, PPDQs differentially
affected hmp-2, erm-1, acs-22, and pkc-3 expressions (Fig. 2B). These
results provide an important basis at the molecular level for observed
enhancement in intestinal barrier function after exposure to different
PPDQs. In addition, different PPDQs may affect the intestinal barrier
function through different molecular basis in nematodes.

For the intestinal toxicity, PPDQs not only caused disruption of in-
testinal barrier function, but also resulted in intestinal oxidative stress.
Intestinal oxidative stress in PPDQs exposed nematodes was reflected by
three aspects. The first aspect was to induce ROS production (Fig. 3). The
second aspect was the increased MDA content and the decreased GSH
content in nematodes exposed to different PPDQs (Fig. S3). MDA is a
maker of oxidative stress, GSH is a maker of antioxidation in cells. The
third aspect was to activate expressions of SOD-3::GFP and GST-4::GFP
(Fig. 4). SOD-3 is a Mn-SOD, and GST-4 is a glutathione-S-transferase.
Activation of SOD-3 and GST-4 indirectly reflects nematodes’ response
to oxidative stress induced by pollutants or stresses (Varao et al., 2021;
Deng et al., 2021). Our previous study has indicated that 0.1-10 pg/L 6-
PPDQ caused intestinal ROS production (Hua et al., 2023c). We further
observed ROS production in nematodes exposed to 6-PPDQ (0.1-10 pg/
L), 77PDQ (0.01-10 pg/L), CPPDQ (0.1-10 pg/L), DPPDQ (0.1-10 pg/
L), DTPDQ (1-10 pg/L), and IPPDQ (1-10 pg/L) (Fig. 3). Meanwhile, the
significant activation of SOD-3::GFP and GST-4::GFP was observed in
nematodes exposed to 6-PPDQ (0.1-10 pg/L), 77PDQ (0.01-10 pg/L),
CPPDQ (0.1-10 pg/L), DPPDQ (0.1-10 pg/L), DTPDQ (1-10 pg/L), and
IPPDQ (1-10 pg/L) (Fig. 4). In the range of 0.01-10 pg/L, alterations in
SOD-3::GFP and GST-4::GFP expressions were consistent with differ-
ences in induction of intestinal ROS production in PPDQs exposed
nematodes. This implied that, in response to oxidative stress induced by
PPDQs, SOD-3 and GST-4 would be activated to be against the corre-
sponding toxicity of pollutants. Nevertheless, we found that the induc-
tion of ROS production was not completely consistent with enhanced
intestinal permeability in PPDQs exposed nematodes. For example, no
enhanced intestinal permeability was observed in 0.01 pg/L 77PDQ
exposed nematodes (Fig. 2A); however, intestinal ROS production
(Fig. 3) and activation of SOD-3::GFP and GST-4::GFP (Fig. 4) were
detected in 0.01 pg/L 77PDQ exposed nematodes. This suggested that,
on the one hand, induction of intestinal oxidative stress may contribute
to formation of enhanced intestinal permeability in PPDQs exposed
nematodes. On the other hand, at relatively low concentrations, intes-
tinal oxidative stress induced by PPDQs may be not sufficient to disrupt
intestinal barrier function.

Moreover, we provide two lines of evidence to indicate that decrease
in hmp-2, erm-1, acs-22, and pkc-3 expressions could potentially further
strengthen PPDQs toxicity in inducing intestinal oxidative stress. Firstly,
intestinal RNAi of hmp-2, erm-1, acs-22, and pkc-3 resulted in a more
pronounced induction of ROS production in nematodes exposed to 6-
PPDQ, 77PDQ, CPPDQ, DPPDQ, DTPDQ, and/or IPPDQ (Fig. 5). Sec-
ondly, expressions of hmp-2, erm-1, acs-22, and pkc-3 were significantly
negative correlated with ROS production in nematodes exposed to 6-
PPDQ, 77PDQ, CPPDQ, DPPDQ, DTPDQ, and/or IPPDQ (Fig. 6).
Therefore, the decrease in expressions of intestinal acs-22, erm-1, hmp-2,
and pkc-3 provided an important mechanism of toxicity amplification in
PPDQs exposed nematodes.

Among the examined PPDQs, the 6-PPDQ was first identified due to
its role in inducing acute mortality of coho salmon (Tian et al., 2021). In
this study, in the examined concentration range (0.01-10 pg/L), only
exposure to 77PDQ could cause the lethality, and the obvious lethality
was only detected in 10 pg/L 77PDQ exposed nematodes (Fig. 1B). The
p-benzoquinone structure is a structural alert in organic chemicals,
implying the potential for a wide range of adverse effects, such as acute
cytotoxicity, immunotoxicity, teratogenicity and carcinogenicity (Bol-
ton et al., 2000). Besides this, lipophilicity and molecular weight have
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important effects on the toxicity of organic compounds (Yang et al.,
2023). Octanol-Water Partition Coefficient (LogK,w) is often used to
predict the lipid solubility of chemicals. The LogK,y (5.27) and mo-
lecular weight (334.26 g/mol) of 77PDQ are the highest among the
examined PPDQs (Table S3). These may contribute to the formation of
more severe 77PDQ toxicity in inducing lethality compared to other
examined PPDQs. The IPPDQ was predicted to have the lowest lipid
solubility (kow = 2.58) (Table S3), which was consistent with detected
lowest intestinal toxicity of IPPDQ discussed above.

5. Conclusions

Together, we employed C. elegans as animal model to compare the
intestinal toxicity among PPDQs (6-PPDQ, 77PDQ, CPPDQ, DPPDQ,
DTPDQ, and IPPDQ). Different PPDQs caused enhanced intestinal
permeability and affected expressions of some genes (hmp-2, erm-1, acs-
22, and pkc-3) governing intestinal barrier function to different degrees.
Meanwhile, the examined PPDQs caused intestinal ROS production and
activation of SOD-3::GFP and GST-4::GFP to different degrees. Among
examined PPDQs, 77PDQ showed more severe intestinal toxicity
compared to other PPDQs. Moreover, genes of hmp-2, erm-1, acs-22, and
pkc-3 regulated PPDQs toxicity in inducing intestinal oxidative stress.
Our results suggested the exposure risk of examined PPDQs in the range
of ng/L or pg/L in causing intestinal toxicity in organisms.
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