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N-(1,3-Dimethylbutyl)-N0-phenyl-p-phenylenediamine (6PPD) and its oxidation derivative, 6PPD-
quinone (6PPDQ), have been extensively detected in environmental and biological samples, raising
significant concerns regarding their chronic aquatic toxicity at environmentally relevant concentrations.
However, the underlying mechanisms driving this chronic toxicity remain largely unexplored. Here we
show that zebrafish exposed to 6PPD and 6PPDQ exhibit distinct toxicokinetic profiles, with 6PPD
preferentially accumulating in the liver and 6PPDQ predominantly targeting the brain. Exposure to both
compounds impaired zebrafish growth, induced hepatic damage, and disrupted locomotor behavior.
Transcriptomic analysis of liver tissue revealed disturbances in lipid and carbohydrate metabolic path-
ways in both treatment groups, with distinct differences in gene expression patterns and biochemical
responses between 6PPD and 6PPDQ. Specifically, both compounds downregulated peroxisome
proliferator-activated receptor gamma (PPARg) and elevated the expression of pro-inflammatory cyto-
kines (TNF-a and IL-6). Molecular dynamics simulations and surface plasmon resonance experiments
further demonstrated that hepatotoxicity was associated with direct binding of these compounds to
PPARg, a critical regulator of lipid metabolism and inflammation. Our findings highlight the hepatotoxic
risks of 6PPD and 6PPDQ to aquatic life. Importantly, 6PPDQ exhibited greater toxicity compared to 6PPD,
emphasizing an urgent need for targeted environmental controls and regulatory actions to mitigate
ecological harm and potential public health consequences.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

N-(1,3-Dimethylbutyl)-N0-phenyl-p-phenylenediamine (6PPD)
serves as a crucial antioxidant in rubber tires and protects various
commercial rubber productsdincluding vehicle tires, rubber pipes,
and shoesdfrom the harmful effects of high temperatures,
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pressure, oxygen, and the ozone [1]. However, the extensive pro-
duction and use of 6PPD has resulted in significant environmental
contamination [2e4]. This issue is further compounded by the
transformation of 6PPD in tire debris into 6PPD-quinone (6PPDQ)
through thermal oxidation and photooxidation, particularly in
aqueous environments where 6PPD is more easily converted to
6PPDQ [5]. Both 6PPD and 6PPDQ have been detected in aquatic
environments worldwide [5e7]. The average concentrations of
6PPD and 6PPDQ in urban runoff water worldwide range from 0.21
to 2.71 mg L�1 for the former and 0.21e2.43 mg L�1 for the latter
[3,8e10]. Additionally, these compounds have been found in
various aquatic species, such as snakehead, weever, and Spanish
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mackerel [11,12]. The widespread presence of 6PPD and 6PPDQ in
biological and environmental media emphasizes their potential
risks to aquatic ecosystems and human health.

Recent research has elucidated the developmental, reproduc-
tive, and organ toxicities associated with 6PPD and 6PPDQ across
non-target species, including humans, mice, zebrafish, and Caeno-
rhabditis elegans (C. elegans). In C. elegans, exposure to 6PPDQ has
been revealed to cause abnormal locomotor behavior and reduced
lifespan at concentrations ranging from 0.1 to 10 mg L�1, with
neurodegeneration observed at 10 mg L�1 [13,14]. In zebrafish,
exposure to 6PPD and 6PPDQ during early development (0e96 h
post-fertilization) at concentrations of 10 and 25 mg L�1 was found
to result in morphological changes, behavioral toxicity and car-
diotoxicity in larvae [15,16]. Additionally, exposure of zebrafish
embryos to 6PPD at 0.22 mg L�1 (2e120 h post-fertilization) was
found to induce developmental toxicity and alterations in hormone
levels and gene expression related to Growth Hormone/Insulin-like
Growth Factor axis and HypothalamicePituitaryeThyroid axis [17].
In male mice, sub-lethal exposure to 6PPDQ at 4mg kg�1 was found
to lead to significant reproductive deficits, which were character-
ized by diminished hormone levels and compromised semen
quality [18]. Moreover, exposure to 6PPD and 6PPDQ at concen-
trations of 10e100 mg kg�1 was found to cause hepatotoxicity, as
evidenced by dose-dependent liver bioaccumulation, increased
liver weight, and elevated triglyceride levels in mice [19]. Further-
more, additional studies have linked environmental exposure to
6PPDQ at levels ranging from 1.3 to 30.3 ng g�1 to developmental
delays in children [20].

Further, although recent studies have shed light on the tox-
icokinetics and tissue accumulation of 6PPDQ in adult zebra-
fishdincluding its specific accumulation in the brain, intestine, and
eyes of zebrafishdsignificant gaps remain in understanding the
bioaccumulation and toxicokinetics of 6PPD itself. Furthermore, the
long-term chronic effects of both compounds on specific target
organs, such as the liver, are poorly understood [21]. The mecha-
nisms underlying internal exposure risks remain unclear, particu-
larly in chronic exposure scenarios. Addressing these gaps is crucial
to fully understand the toxicity of 6PPD and 6PPDQ in aquatic
species.

Zebrafish are extensively utilized as a primary model organism
for risk assessment and aquatic toxicology studies concerning
hazardous chemicals, due to their ease of rearing, fully sequenced
genome, and low cost [22,23]. In this study, we investigated the
toxicokinetic characteristics of 6PPD and 6PPDQ in zebrafish tissues
and examined the potential metabolic disruptions through multi-
ple endpoints following exposure to environmentally relevant
concentrations of these compounds. In addition, we integrated
transcriptomic analysis, molecular dynamics simulations, and sur-
face plasmon resonance (SPR) to explore the hepatotoxic mecha-
nisms of these compounds. This multimethod approach enabled us
to uncover molecular interactions, gene expression changes, and
protein-binding dynamics, thus providing a comprehensive un-
derstanding of the metabolic disruptions and chronic hepatotox-
icity induced by 6PPD and 6PPDQ. By coupling these techniques, we
provide a novel framework for assessing the long-term toxic effects
of environmental contaminants in aquatic species.

2. Materials and methods

2.1. Chemicals and reagents

6PPD (Chemical abstracts service (CAS) No.: 793-24-8; purity
�98%) and 6PPDQ (CAS No.: 2754428-18-5; purity �95%) were
acquired from Cayman Chemical Co., Ltd (Ann Arbor, Michigan,
USA). Dimethyl sulfoxide (DMSO), Tricaine methanesulfonate (MS-
2

222), and GW9662 (CAS No.: 22978-25-2; �98%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Then, solutions of 6PPD
and 6PPDQ were meticulously prepared at a standardized con-
centration of 8 mg L�1 and subsequently stored at�20 �C, intended
for use within one month. Further, human peroxisome proliferator-
activated receptor gamma (hPPARg) protein was sourced from
Cusabio (Wuhan, China). All chemicals and reagents used in this
study were of analytical grade.

2.2. Zebrafish maintenance and experimental design

Male zebrafish of the wild-type AB strain, aged three months,
were acquired from the China Zebrafish Resource Center (Wuhan,
China). Upon arrival, they were acclimatized in aerated glass tanks
(51 � 38 � 24 cm) at 26 ± 1 �C, with a 14:10 h lightedark cycle.
Following acclimatization, zebrafish of similar sizes and weights
were randomly divided into various experimental groups. In the
toxicokinetic study, zebrafish were exposed to 0 or 8 mg L�1 con-
centrations of 6PPD or 6PPDQ. Each tank, which served as an in-
dividual experimental unit, contained 40 male fish and was
replicated thrice (n ¼ 3) for each condition. Both vehicle control
(VC) and treated groups received 0.001% (v/v) DMSO, with daily
renewal of the exposure solution to ensure consistency. Since the
exposure solutions were renewed daily, concentrations of 6PPD
and 6PPDQ in the exposure solutions were determined only at
0 and 24 h. Ensuring we adhered to the pharmacokinetic experi-
mental protocols (GB/T21750-2008), we measured the concentra-
tions of 6PPD or 6PPDQ in the brain, liver, gonads, and muscle
tissues of the zebrafish at specific intervalsdon days 1, 4, 7, 14, 21,
and 28dthroughout the 28-day exposure. Subsequently, a 14-day
non-exposure study was undertaken, during which tissue sam-
ples were collected on days 7 and 14 for further analysis.

In the toxicology experiment, another group of zebrafish was
exposed to either 6PPD or 6PPDQ at concentrations of 0, 2, 4, and
8 mg L�1 (VC) for three months in 40-L glass tanks. This experiment
involved 840 adult zebrafish, with 30 fish per treatment, distributed
across four tanks each. The selected exposure concentrations were
based on the reported environmental levels of these chemicals in
aquatic ecosystems. The average concentrations in urban runoff
worldwide range from 0.21 to 2.71 mg L�1 for 6PPD and
0.21e2.43 mg L�1 for 6PPDQ, with surface water concentrations
reaching up to 0.91 mg L�1 [3,8,9]. Given these levels, our exposure
concentrations represent environmentally relevant conditions,
particularly in areas influenced by roadway runoff while also
allowing for assessing the potential long-term toxic effects at higher
concentrations. Additionally, the selected doses were informed by
previous acute aquatic toxicity tests [24,25]. Following the three-
month exposure period, we recorded survival and growth parame-
ters, including weight and length. To ensure humane end-of-study
procedures, the fish were anesthetized with MS-222 before dissec-
tion. Thereafter, we immediately harvested liver samples for various
analyses and preserved them in liquid nitrogen for future assays. A
subset of liver samples was fixed in 4% paraformaldehyde for his-
tological examination, and serum was collected for biochemical as-
says. It must be noted that this study was conducted in strict
compliance with the South China Agricultural University's ethical
guidelines for the care and use of laboratory animals.

2.3. Chemical quantification in exposure solutions and zebrafish
tissues

The actual concentrations of 6PPD and 6PPDQ in the exposure
solutions (n ¼ 3 replicates per treatment) and in the livers of the
fish (n ¼ 3 replicates) were determined using a slightly modified
version of a previously publishedmethod [25]. Tissue samples from
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10 individual fish were pooled to form a single replicate. The
quantification of 6PPD and 6PPDQ was performed using liquid
chromatographyetandem mass spectrometry (LCeMS/MS) (Wa-
ters, Massachusetts, USA). Comprehensive details on the extraction,
clean-up, and analysis of 6PPD and 6PPDQ, as well as quality
assurance and quality control procedures, are provided in
Supplementary Material S1.1.
2.4. Physiological and biochemical analysis

Histological analysis of liver tissues from 10 fish per group (n¼ 4
replicates) was performed after fixation in 4% paraformaldehyde,
dehydration, paraffin embedding, and sectioning into 5-mm slices.
Hematoxylin and eosin (H&E) staining was conducted for exami-
nation, and Oil Red O staining was performed to confirm steatosis
in frozen liver sections. Further, the biochemical parameters of
plasma and liver tissues were assessed from pooled plasma of six
fish per group (n ¼ 6), with detailed assay protocols provided in
Supplementary Materials S1 and S2. Further, the ecological risk of
6PPD and 6PPDQ to zebrafish was evaluated using the integrated
biomarker response (IBR) analysis, as described in Beliaeff and
Burgeot [26] and Guerlet et al. [27].
2.5. Transcriptome analysis and RT-qPCR validation

To investigate the mechanisms of hepatotoxicity induced by
6PPD and 6PPDQ in zebrafish, liver samples from both the VC and
8 mg L�1 6PPD/6PPDQ exposure groups were collected for ribonu-
cleic acid (RNA) sequencing on an Illumina HiSeq 6000 platform
(California, USA), with detailed procedures provided in the
Supplementary Material S1.3. Fifteen candidate genes were
selected for quantitative polymerase chain reaction (RT-qPCR) us-
ing the primer pairs listed in Table S1 (Supplementary Material),
and the RT-qPCR protocol is described in Supplementary Material
S1.4 [28]. In addition, the mRNA levels of target genes were
calculated and normalized against the housekeeping gene b-actin
using the 2�DDCT method [29].
2.6. Western blot analysis

Following the three-month exposure period, protein expression
levels of PPARg, TNF-a, and IL-6 in the liver were analyzed. Western
blotting was performed according to established protocols [30], with
detailed information provided in Supplementary Material S1.5.
2.7. Immunohistochemical localization

Immunofluorescence staining of zebrafish liver was performed
following a published protocol [31]. After exposure, zebrafish were
euthanized with 0.1% MS-222, and liver tissues (10 fish, n ¼ 4
replicates) were dissected and sectioned into 5-mm slices using a
paraffin microtome (HM355S, Thermo Scientific, Shanghai, China).
Thereafter, the sections were deparaffinized and rehydrated
through a graded alcohol series and xylene. Following rehydration,
the sections were blocked with 5% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) for 1 h at room temperature (RT).
After the blocking step, the primary antibody was applied and
incubated overnight, followed by incubation with the fluorescent
secondary antibody for 2 h at RT. Then, the slides were rinsed with
PBS, and the nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI, Sigma, St. Louis, MO, USA) for 30 min. Finally,
the stained slides were examined using an Eclipse Ci-L fluorescence
microscope (Nikon, NY, USA).
3

2.8. Simulation of molecular dynamics (MD) and binding kinetics

To evaluate the stability of the 6PPD-zebrafish PPARg (zfPPARg)
and 6PPDQ-zfPPARg complexes, molecular dynamics (MD) simu-
lations were performed using GROMACS (version 2023.2) based on
optimized molecular docking models. The detailed procedures for
this are provided in Supplementary Material S1.6.

Further, the direct binding kinetics and affinity of 6PPD and
6PPDQ with hPPARg were assessed using the Biacore™ T200 sys-
tem (GE Healthcare, Madison, USA) through surface plasmon
resonance (SPR) analysis. Recombinant PPARg protein (Cusabio,
Wuhan, China) was covalently immobilized onto a CM5 sensor chip
(carboxymethylated dextran-coated chip, GE Healthcare, Sweden)
using N-2-(hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)
(HEPES) at pH 7.4. Various concentrations of 6PPD and 6PPDQ (5,
15, 45, 90, 180, 360, and 720 mM) were prepared in a HEPES buffer
containing 1% DMSO at pH 7.4, which also served as the running
buffer. All chemicals were injected at a flow rate of 30 mL min�1. The
association phase of the SPR measurement for each chemical lasted
60 s, followed by a dissociation phase that lasted 90 s.

2.9. Measurement of the locomotor activity in adult zebrafish

After a three-month exposure period, zebrafish were randomly
selected for behavioral testing to mitigate potential bias. Measures
were taken to minimize interference, such as noise, during
recording. The locomotor activity of 16 zebrafish in each exposure
group was evaluated using a video-track system (ViewPoint Life
Science, Montreal, Canada). Each zebrafish was placed in an indi-
vidual cylindrical container, measuring 9.4 cm inwidth and 14.1 cm
in length. After a 10-min adaptation period, the swimming
behavior of the fish was recorded for 5 min.

2.10. Statistical analysis

IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY) was used to
analyze the experimental data. KolmogoroveSmirnov and Levene's
tests were employed for normality and variance homogeneity,
respectively. Further, means ± standard deviation (SD) were
calculated for each group. Group differences were assessed using a
one-way analysis of variance (ANOVA), followed by Duncan's
multiple-range test for post hoc analysis. Statistical significance
was considered at P < 0.05, with P < 0.01 indicating high
significance.

3. Results

3.1. Toxicokinetic parameters of 6PPD and 6PPDQ in zebrafish
tissues

The concentrations of 6PPD and 6PPDQ in the exposure solution
were analyzed and revealed fluctuations between 0 and 24 h. The
degradation rates of 6PPD ranged from 0.75% to 3.06%
(Supplementary Material Fig. S1a during the renewal interval,
while those for 6PPDQ ranged from 0.38% to 1.01% (Supplementary
Material Fig. S1b). These fluctuations in the exposure solutionwere
deemed acceptable according to the guidelines of the Organization
for Economic Cooperation and Development (1998) [32]. Addi-
tionally, in the VC group, the concentrations were below the
detection limit (0.45 mg L�1).

The concentrations of 6PPD and 6PPDQ were measured in the
brain, liver, gonads, and muscle tissues of the zebrafish (Fig. 1). Both
6PPD and 6PPDQ levels were found to gradually increase during the
first two weeks, with divergent accumulation patterns among
different tissues and between the two chemicals in the days that



Fig. 1. Bioaccumulation and elimination kinetics of 6PPD (aed) and 6PPDQ (eeh) in brain (a, e), liver (b, f), gonads (c, g), and muscle (d, h) tissues. Values are presented as
mean ± standard deviation (n ¼ 3).
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followed. For 6PPD, concentrations peaked on days 14 and 21 in the
brain, liver, andmuscle tissues, and persisted in the gonads until day
28 (Fig. 1aed). In the case of 6PPDQ, concentrations persisted in the
brain and gonads until day 28, peaking in the liver and muscle tis-
sues on day 21 (Fig. 1eeh). Throughout the 28-day enrichment
period, the most significant accumulation of 6PPD was in the liver
(9793.67 ± 303.84 ng g�1), followed by that in the gonads
(3668.89 ± 405.32 ng g�1), brain (1490.56 ± 39.85 ng g�1), and
muscle tissues (244.96 ± 21.79 ng g�1). Conversely, the highest
accumulation of 6PPDQ was found in the brain
(7664.02 ± 277.56 ng g�1), followed by that in the liver
(5957.29 ± 305.87 ng g�1), gonads (3934.01 ± 247.21 ng g�1), and
muscle tissues (250.00 ± 29.39 ng g�1) of the zebrafish. Specifically,
the liver had the highest levels of 6PPD, and the brain showed the
highest levels of 6PPDQ. Additionally, the peak concentration of
6PPDQ in the brain of the zebrafish was 5.14 times higher than the
corresponding concentration of 6PPD, while that in the liver was
0.61 times lower than the corresponding concentration of 6PPD.

Further, the concentration data for 6PPD and 6PPDQ obtained
during the bio-uptake and elimination phases were well-fitted using
a classical pseudo-first-order toxicokinetic model. The kinetic bio-
concentration factor (BCFk) and uptake rate (Kup) were highest in the
liver of the zebrafish in the 6PPD-exposure groups; in contrast, BCFk
and Kup were highest in the brain of the zebrafish in the 6PPDQ-
exposure groups. The corresponding values for muscle tissues were
the lowest for the zebrafish in both the 6PPD- and 6PPDQ-exposure
groups (Supplementary Materials Tables S2 and S3).
3.2. Growth impairment and liver pathology induced by 6PPD and
6PPDQ in zebrafish

Exposure to 6PPD significantly reduced the body length of adult
zebrafish in the 4 and 8 mg L�1 groups, while 6PPDQ exposure
caused a significant decrease in body length across all exposure
groups compared to the VC (Fig. 2a). In contrast, exposure to 6PPD
significantly increased bodyweight in all groups, whereas exposure
to 6PPDQ resulted in a significant weight increase only in the 4 and
8 mg L�1 groups (Fig. 2b). Additionally, exposure to 6PPDQ led to a
significantly higher hepatosomatic index in all exposure groups,
4

while significant changes in this index were observed only in the
8 mg L�1 6PPD group (Fig. 2c).

Further, H&E staining revealed hepatic steatosis and mild
ballooning degeneration in zebrafish exposed to 6PPD at 4 and
8 mg L�1, while zebrafish exposed to 6PPDQ exhibited pronounced
ballooning degeneration and pyknotic nuclei (Fig. 2d). Moreover,
statistical analysis revealed a significant increase in the percentage
of pathological phenotypes in the 4 and 8 mg L�1 groups compared
to the VC group, with exposure to 6PPDQ causing a dose-dependent
increase in these changes (Fig. 2e). Oil Red O staining confirmed
lipid accumulation in groups of zebrafish exposed to both 6PPD and
6PPDQ, with moderate lipid staining in the 6PPD groups and a
dose-dependent increase in lipid accumulation in the 6PPDQ
groups (Fig. 2f). Consistent with these observations, the statistical
analysis of Oil Red O staining revealed that exposure of zebrafish to
4 and 8 mg L�1 of 6PPD and 6PPDQ, respectively, significantly
increased the lipid droplet content in the liver of the zebrafish
(Fig. 2g).
3.3. Exposure to 6PPD and 6PPDQ affected liver function

To further evaluate chemical-induced hepatic toxicity, we
measured hepatic toxicity biomarkers (Fig. 3). Alanine amino-
transferase (ALT) activities were found to have increased signifi-
cantly by 1.39- and 1.58-fold while aspartate aminotransferase
(AST) activities rose by 1.48- and 1.79-fold in the 4 and 8 mg L�1

6PPD-exposure groups compared to the VC group (Fig. 3a and b). In
the 6PPDQ-exposure groups, ALT activities also significantly
increased by 1.20-, 1.38-, and 1.72-fold across all exposure levels,
while AST activities increased by 1.33- and 1.48-fold only at the
higher concentrations of 4 and 8 mg L�1, respectively (Fig. 3a and b).
Similarly, alkaline phosphatase (ALP) activities significantly
increased by 1.36- and 1.55-fold in the 4 and 8 mg L�1 6PPD-expo-
sure groups, respectively, and increased across all 6PPDQ-exposure
groups by 1.27-, 1.59-, and 2.22-fold (Fig. 3c). In the 6PPD-exposure
groups, superoxide dismutase (SOD) activities decreased signifi-
cantly by 0.83- and 0.53-fold; moreover, glutathione peroxidase
(GSH-Px) activities also decreased by 0.61-, 0.53-, and 0.46-fold,
while malondialdehyde (MDA) content increased by 1.39- and 1.82-



Fig. 2. Growth and hepatic morphological changes in zebrafish after three-month exposure to 6PPD or 6PPDQ. aec, Growth parameters following chemical treatments: body length
(a), body weight (b), and hepatosomatic index (c). The three dashed lines within each violin plot represent the 25th percentile, median, and 75th percentile, respectively (n ¼ 3). d, f,
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fold in the 4 and 8 mg L�1 groups, respectively (Fig. 3def). In the
6PPDQ exposure groups, both SOD and GSH-Px activities were
inhibited at all exposure levels, with 0.80-, 0.58-, and 0.42-fold
decreases in SOD; 0.57-, 0.38-, and 0.29-fold decreases in GSH-
Px; and 1.28-, 1.81-, and 2.84-fold increases in MDA, which were
considered notable (Fig. 3def). Moreover, exposure to both 6PPD
and 6PPDQ led to significant increases in ROS across all exposure
levels, with 6PPD causing increases of 1.32-, 1.47-, and 1.85-fold,
and 6PPDQ causing increases of 1.42-, 1.82-, and 2.52-fold
compared to those in the VC group (Fig. 3g).

Data for ALT, AST, ALP, SOD, GSH-Px, MDA, and reactive oxygen
species (ROS) are presented as star plots (Fig. 3h and i), with zero
representing the baseline activity. The plots reveal significant SOD
inhibition and ALT activation, along with elevated ROS in both
6PPD- and 6PPDQ-exposure groups. Higher concentrations of 6PPD
and 6PPDQ corresponded to increased IBR values (Fig. 3j), thus
suggesting greater toxicity in zebrafish, with 6PPDQ having a
stronger effect on hepatic toxicity.
3.4. Effects of the exposure of 6PPD and 6PPDQ on the liver
transcriptome and metabolism of zebrafish

Transcriptome analysis was conducted to explore the mecha-
nisms of 6PPD- and 6PPDQ-induced hepatic toxicity (Fig. 4). In
zebrafish exposed to 6PPD, 1074 differentially expressed genes
(DEGs; 531 upregulated, 543 downregulated) were identified; in
zebrafish exposed to 6PPDQ, 2780 DEGs (1176 upregulated, 1604
downregulated; Supplementary Material Fig. S2a and b) were
identified. Moreover, 356 DEGs were commonly altered between
the two groups (Supplementary Material Fig. S3). qRT-PCR valida-
tion confirmed a strong correlation (R2 > 0.9) with RNA sequencing
results, thus supporting the reliability of the data (Supplementary
Material Fig. S4). Gene ontology (GO) analysis revealed significant
effects on metabolic processesdincluding carbohydrate, steroid,
and lipid metabolismdin the 6PPD-exposure groups and similar
processesdincluding cholesterol metabolismdin the 6PPDQ-
exposure groups (Supplementary Material Fig. S2c and d). The
Kyoto Encyclopedia of Gene and Genome (KEGG) pathway analysis
(Fig. 4a and b) revealed “Metabolism” as being the most enriched
pathway in both groups, including lipid metabolism (steroid
biosynthesis, fatty acid biosynthesis, glycerophospholipid, and
glycerolipid metabolism) and carbohydratemetabolism (glycolysis/
gluconeogenesis, starch, and sucrose metabolism). Additionally,
endocrine-related pathways, such as PPAR and insulin (INS)
signaling, were enriched in both exposure groups (Fig. 4a and b).
Further, key genes from the DEGs related to carbohydrate and lipid
metabolism were selected and imported into STRING to construct
an interaction network for core protein prediction (Fig. 4c and d).
Three topological algorithmsdmaximal clique centrality (MCC),
density of maximum neighborhood component (DMNC), and
maximum neighborhood component (MNC)dwere employed to
identify the top 50 hub genes via the STRING database and Cyto-
Hubba plugin in Cytoscape (Supplementary Material Fig. S5). An
intersection analysis identified 20 key genes in the 6PPD-exposure
group (fasn, pparg, pck1, g6pca.1, and acaca as the top five core
genes) and 37 key genes in the 6PPDQ-exposure group (fasn, pck1,
acaca, pparg, and pfklr as the top five core genes) (Fig. 4c and d). The
results revealed distinct response profiles between zebrafish
exposed to 6PPD and 6PPDQ.

Based on our transcriptomic results, we investigated the impact
Liver sections stained with hematoxylin-eosin (d) and oil red O (f). e, g, Quantification of hem
lipid vacuoles, red arrows indicate pyknotic nuclei, and yellow arrows indicate lipid drople
***P < 0.001 indicate statistically significant differences compared to vehicle control (VC).
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of the exposure of 6PPD and 6PPDQ on the metabolic functions of
zebrafish. In the 6PPD exposure group, blood INS, adenosine
triphosphate (ATP; at 4 and 8 mg L�1), pyruvic acid (PA), and total
bile acid (TBA; at 8 mg L�1) levels decreased, while triglycerides
(TG), glycogen (at 4 and 8 mg L�1), glucose, total cholesterol (T-
CHO), free fatty acid (FFA), and acetyl-CoA levels increased. In the
6PPDQ-exposure group, INS, PA, LA, TBA, and ATP levels were
reduced across all exposure groups, whereas glucose, glycogen, TG,
FFA, T-CHO, low-density lipoprotein cholesterol (LDL-C), and
acetyl-CoA levels increased in all groups, with high-density lipo-
protein cholesterol (HDL-C) increasing only at a concentration of
8 mg L�1 (Fig. 4e and f).
3.5. Exposure to 6PPD and 6PPDQ altered zebrafish behavior

An open-field test was conducted to evaluate the effects of
chemically induced lipid accumulation on zebrafish behavior
(Fig. 5). Zebrafish exposed to 6PPD showed a significant, dose-
dependent reduction in swimming distance compared to those in
the VC group, while the same reduction in zebrafish exposed to
6PPDQ also followed a dose-dependent pattern (Fig. 5a and b).
Additionally, exposure to 6PPD significantly increased the time
zebrafish spent in darkness, with dwell times at 4 and 8 mg L�1

being 1.28 and 1.89 times longer than that of zebrafish in the VC
group. In the 6PPDQ-exposure groups, the dwell time in darkness
increased by 1.26 times at 2 mg L�1, 1.97 times at 4 mg L�1, and 2.40
times at 8 mg L�1 (Fig. 5c). Moreover, the cumulative immobility
duration in the light box increased by 1.83 and 2.50 times for
zebrafish exposed to 4 and 8 mg L�1 of 6PPD, respectively (Fig. 5d).
Similarly, in zebrafish exposed to 6PPDQ, the immobility duration
increased by 1.73, 2.77, and 3.90 times at 2, 4, and 8 mg L�1,
respectively (Fig. 5d).
3.6. Exposure to 6PPD and 6PPDQ disrupted the PPAR signaling
pathways of zebrafish

This study employed immunofluorescence localization to
investigate the expression of PPARg, IL-6, and TNF-a in the liver of
zebrafish exposed to 6PPD and 6PPDQ. The results revealed a sig-
nificant dose-dependent decrease in PPARg expression and a sig-
nificant increase in the IL-6 and TNF-a levels in the 2, 4, and 8 mg L�1

6PPD-exposure groups (Fig. 6aec). In the 6PPDQ-exposure groups,
there was a dose-dependent increase in PPARg expression and a
significant increase in IL-6 expression across all exposure concen-
trations. However, TNF-a expressionwas only elevated in the 4 and
8 mg L�1 6PPDQ groups (Fig. 6b and c).
3.7. Protein-level confirmation of PPAR signaling disruption

Western blot analysis further confirmed the abovementioned
findings and revealed significantly lower PPARg protein levels and
significantly higher IL-6 and TNF-a protein levels in the 4 and
8 mg L�1 6PPD-exposure groups (Fig. 7aec). Similarly, in the 6PPDQ-
exposure groups, PPARg expression was significantly reduced at all
concentrations, with IL-6 and TNF-a levels significantly increased
in the 4 and 8 mg L�1 groups (Fig. 7b and c).
atoxylin-eosin-positive areas (e) and oil red O-stained areas (g). Black arrows indicate
ts. Values are presented as mean ± standard deviation (n ¼ 3). *P < 0.05, **P < 0.01,



Fig. 3. Hepatic toxicity biomarker responses in zebrafish after three-month exposure to 6PPD or 6PPDQ. aec, Liver function indices: alanine aminotransferase (ALT, a), aspartate
aminotransferase (AST, b), and alkaline phosphatase (ALP, c) activities. deg, Antioxidant indicators in the liver: superoxide dismutase (SOD, d), glutathione peroxidase (GSH-Px, e)
activity, malondialdehyde (MDA, f) content, and reactive oxygen species (ROS, g) content. The three dashed lines within each violin plot represent the 25th percentile, median, and
75th percentile, respectively (n ¼ 3). hei, Radar plots of liver indicators following exposure to 6PPD (h) and 6PPDQ (i). j, Integrated biomarker response analysis (IBR) values.
*P < 0.05, **P < 0.01, ***P < 0.001 indicate statistically significant differences compared to vehicle control (VC).
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3.8. Binding modes and kinetics of 6PPD and 6PPDQ to PPARg

3.8.1. Homology modeling and molecular docking
The homology modeling results for zebrafish PPARg (zfPPARg)

are depicted in Fig. S6a (Supplementary Material). The Ram-
achandran plot revealed that only two residues are located in dis-
allowed regions; this suggests a reasonable protein structure of
zfPPARg (Supplementary Material Fig. S6b). The sequence identity
between zfPPARg and the homology template is 73%, which in-
dicates a high degree of similarity and that the constructed protein
structure closelymatches the secondary structure tendencies of the
template (Supplementary Material Fig. S6c and d). In addition, the
QMEANDisCo Global score of 0.70 ± 0.05 (on a scale from 0 to 1)
further supports the model quality.

To evaluate the overall structural alterations in the
chemicaleprotein complexes, the conformations at 0 and 200 ns
were analyzed (Supplementary Material Fig. S7a; Fig. 8a). After 200
ns, both 6PPD and 6PPDQ were found to shift closer to the b-sheet
junction of the zfPPARg subunit, suggesting a relocation of their
interaction sites. The interaction between 6PPD and PPARg
7

primarily involved hydrophobic interactions and van der Waals
forces, with the benzene rings and alkyl groups of 6PPD interacting
with residues Pro271, Leu272, Leu383, Arg338, Ala342, Ile380,
Met414, and Ile391. 6PPDQ also formed hydrophobic interactions;
specifically, a nitrogen atom of 6PPDQ formed a conventional
hydrogen bond with Arg338. The benzoquinone ring, benzene ring,
and alkyl group of 6PPDQ interacted with the residues Met379,
Pro271, Ala342, Ile380, Leu299, Ile391, and Met398. The analysis
indicated that both 6PPD and 6PPDQ induced significant confor-
mational changes in the three-dimensional structure of zfPPARg.
3.8.2. Binding-free energy
The binding-free energies of 6PPD and 6PPDQ with zfPPARg

were calculated using the molecular mechanics
PoissoneBoltzmann surface area (MM-PBSA) method to assess
binding strength and affinity (Supplementary Material Fig. S7b).
The binding-free energy (DGbinding) comprises van der Waals en-
ergy (DEvdw), electrostatic energy (DEele), polar solvation energy
(DGpolar), and nonpolar solvation energy (DGnonpolar). The results
indicated that van der Waals energy (DEvdw) is the largest



Fig. 4. Transcriptome analysis. aeb, Top 15 enriched KEGG pathway analysis of DEGs in the 6PPD (a) and 6PPDQ (b) groups. Padj: adjusted P-value. ced, Protein interaction networks
for 6PPD (c) and 6PPDQ (d). The node's size represents the protein's importance or the degree of connectivity with other proteins. eef, Coregulatory networks of liver glucose and
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contributor in both 6PPD-zfPPARg and 6PPDQ-zfPPARg complexes,
with values of �40.79 and �44.49 kcal mol�1, respectively. Addi-
tionally, electrostatic energy, polar solvation energy, and nonpolar
solvation energy contributed to binding affinity. The absolute
binding-free energies (DGbinding) for 6PPD and 6PPDQ were �24.65
and �22.88 kcal mol�1, respectively, thereby indicating that 6PPD
exhibited slightly stronger binding affinity to zfPPARg compared to
that of 6PPDQ. Further, energy decomposition analysis identified
Leu383 as the key residue that contributed to the binding of 6PPD,
with an energy value of �1.33 kcal mol�1 (Supplementary Material
Fig. S7c), while Ile391 was the predominant residue that contrib-
uted to the binding of 6PPDQ, with a binding energy
of �1.56 kcal mol�1 (Supplementary Material Fig. S7d).

3.8.3. Simulation of molecular dynamics
Complex models of zfPPARg with 6PPD and 6PPDQ were sub-

jected to 200 ns of MD simulation. The root mean square deviation
(RMSD) values of the protein-ligand complexes (Fig. 8b and c),
indicate that both systems reached equilibrium after approximately
25 ns. During the remaining 175 ns, minimal fluctuations were
observed, which suggested stability throughout the simulation
period. The root mean square fluctuation (RMSF) values of zfPPARg
residues after binding with 6PPD or 6PPDQ are illustrated in Fig. 8d,
thus reflecting residue flexibility. The results indicate greater res-
idue fluctuation in zfPPARg bound to 6PPDQ compared to zfPPARg
bound to 6PPD.

3.8.4. Binding kinetics
The binding kinetics and affinity of 6PPD and 6PPDQ to hPPARg

were confirmed using the SPR technique. GW9662 was employed
as a positive control, thereby demonstrating dose-dependent
binding to hPPARg (Fig. 8e). Both 6PPD and 6PPDQ also exhibited
dose-dependent binding to hPPARg. 6PPD showed a slow associa-
tion rate, but dissociated quickly from hPPARg (Fig. 8f); in contrast,
6PPDQ displayed fast association and dissociation rates from the
hPPARg surface (Fig. 8g). Further, the equilibrium dissociation
constants (KD) for GW9662, 6PPD, and 6PPDQ were 8.76 � 10�7,
6.83 � 10�6, and 4.47 � 10�7 M, respectively.

4. Discussion

In this study, zebrafish were used as a model to assess the
chronic toxicity of 6PPD and its oxidation productd6PPDQ. The
underlying molecular mechanisms were comprehensively investi-
gated using various analytical and molecular techniques. Our re-
sults demonstrated that the liver is the primary site of 6PPD
bioaccumulation, while the brain is the main site of 6PPDQ bio-
accumulation. Exposure to environmentally relevant concentra-
tions of 6PPD and 6PPDQ led to significant disruptions in lipid and
carbohydrate metabolism, downregulation of PPARg, and increased
levels of pro-inflammatory cytokines, such as TNF-a and IL-6.
Overall, these findings indicate that 6PPD and 6PPDQ pose a sig-
nificant risk of chronic hepatotoxicity to aquatic organisms, with
6PPDQ demonstrating greater toxicity.

4.1. Bioaccumulation patterns

Our results revealed that 6PPD primarily accumulates in the
liver and gonads of zebrafish, whereas 6PPDQ preferentially ac-
cumulates in the brain at levels that are 5.14 times higher than
lipid metabolism in 6PPD (e) and 6PPDQ (f). T-CHO: total cholesterol. LDL-C: low-density lip
TCA: Tricarboxylic acid cycle. ATP: adenosine triphosphate. Red indicates upregulation and
**P < 0.01, ***P < 0.001 indicate statistically significant differences compared to vehicle co
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those of 6PPD. This aligns with recent findings that 6PPDQ tends to
accumulate in the brain [21], possibly due to their differing
physicochemical properties [33,34]. The lipophilic nature of 6PPD
leads to its accumulation in fatty tissues [35,36], while the polarity
of 6PPDQ enables it to cross the bloodebrain barrier [37], thereby
raising concerns regarding its neurotoxic potential [21,38]. These
observations highlight the importance of assessing both parent
compounds and their transformation products, as they can
significantly alter the target organ accumulation and toxicity
profiles.
4.2. Hepatotoxic effects

The liver plays a critical role in the bioaccumulation, meta-
bolism, and detoxification of xenobiotics, thereby making it
particularly vulnerable to environmental pollutants [39]. In our
study, exposure to 6PPDQwas found to lead to more severe hepatic
damage than exposure to 6PPDdas evidenced by increased HSI,
ballooning degeneration, and nuclear pyknosisddespite lower
accumulation levels of 6PPDQ in the liver [40]. These findings are
consistent with previous studies that indicate that 6PPDQ can cause
significant liver damage, including reduced hepatocyte space and
nuclear abnormalities [19,37,41]. Furthermore, Oil Red O staining
demonstrated that exposure to both 6PPD and 6PPDQ resulted in
increased lipid droplet accumulation in zebrafish hepatocytes,
indicative of non-alcoholic fatty liver disease (NAFLD) [42,43].
Although 6PPD exhibited approximately 1.64 times higher liver
bioaccumulation than 6PPDQ, the greater severity of toxic effects
observed with 6PPDQ suggests that it may possess stronger hepa-
totoxic potential, possibly due to differences in the molecular
mechanisms of action between 6PPD and 6PPDQ.

Given the liver's central role in fat and carbohydrate meta-
bolism, we measured several liver function parameters, including
enzyme levels of ALT, AST, and ALP [44]. ALT and AST are essential
biochemical markers of liver injury because they are released into
the bloodstream when liver damage occurs [45e47]. Additionally,
ALT levels are linked to fat accumulation in the liver. Moreover, ALP
can be used as a biochemical marker of liver diseases, particularly
cholestatic conditions. In our study, significant increases in ALT,
AST, and ALP levels were observed in both the 6PPD and 6PPDQ
exposure groups, thereby indicating significant hepatic damage in
zebrafish. This damagewas further associatedwith oxidative stress,
as evidenced by the overproduction of ROS in the present study,
which is a critical factor in hepatic damage and directly reflects the
extent of oxidative stress [48,49]. Typically, endogenous antioxi-
dant enzymesdsuch as SOD and GSH-Pxdmitigate oxidative
stress, with the SOD system providing the first line of defense
against ROS [50,51]. However, the observed reduction in SOD and
GSH-Px activities suggests that the antioxidant defenses in zebra-
fish were overwhelmed, thereby leading to excessive ROS produc-
tion and resulting in oxidative damage. Further, elevated levels of
MDA, a product of lipid peroxidation, confirmed the occurrence of
oxidative damage and, thus, indicated significant lipid peroxidation
[52e54]. These observations align with oxidative stress and lipid
perturbations reported in other organismsdincluding Pimephales
promelas, C.elegans, O. mykiss, and Chlorella vulgarisdand empha-
size the broad impacts of 6PPD and 6PPDQ exposure on aquatic
organisms [37,55e58]. Furthermore, IBR analysis revealed that the
toxic effects of 6PPDQ on the liver were significantly greater than
those of 6PPD.
oprotein cholesterol. HDL-C: high-density lipoprotein cholesterol. TBA: total bile acid.
blue indicates downregulation, with intensity reflecting log2(fold change). *P < 0.05,
ntrol (VC).



Fig. 5. Behavioral responses of zebrafish following three-month exposure to 6PPD or 6PPDQ. a, Representative movement trajectory in the open field test. b, Swimming distance. c,
Dwell time in the dark zone. d, Cumulative immobile duration in the light. Values are presented as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001 indicate sta-
tistically significant differences compared to vehicle control (VC).
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4.3. Molecular mechanisms

RNA sequencing analysis indicated that exposure to 6PPD and
6PPDQ disrupts lipid and carbohydrate metabolism pathways, ul-
timately leading to hepatocyte injury. The distinct molecular re-
sponses between the 6PPD and 6PPDQ exposure groups
highlighted the potential for differential toxicity mechanisms, with
6PPDQ exhibiting a greater impact on lipid biosynthesis and
glycolytic inhibition. In lipid metabolism, genes involved in de novo
fatty acid biosynthesisdsuch as acaca, scd, and fasndwere found to
be upregulated, thus reflecting increased lipogenesis [59]. Similarly,
the upregulation of lpldan encoding lipoprotein lipase, a key
enzyme in lipid metabolismdsuggests elevated hydrolysis of tri-
glycerides [60]. In parallel, cpt1adthe gene encoding the rate-
limiting enzyme of mitochondrial b-oxidationdwas also upregu-
lated, with both isoforms cpt1aa and cpt1ab showing increased
expression [61]. This suggests that zebrafish responded to lipid
accumulation by accelerating fatty acid b-oxidation as a compen-
satory mechanism to maintain lipid homeostasis. Additionally, the
upregulation of fatty acid biosynthesis genes acsl1b, acsl5, and cbr4
was specifically observed in the 6PPDQ group, thereby indicating a
more pronounced activation of fatty acid synthesis compared to
that caused by 6PPD exposure [62]. Further, cholesterol metabolism
was also affected, as evidenced by the upregulation of cholesterol
biosynthesis genesdincluding hmgcra, hmgcs1, srebf1, and
srebf2dthereby suggesting increased cholesterol production
10
[63,64]. Meanwhile, the concurrent downregulation of pparg
(pparg) and its downstream target fabp1 (including isoforms fabp1a
and fabp1b.1)din addition to the presence of hepatic steato-
sisdsuggested that a negative feedback mechanism was triggered
in response to excessive lipid accumulation [65,66]. Notably, the
exclusive downregulation of gpat4 and gpam in the 6PPDQ group
implies that 6PPDQ may specifically inhibit glycerolipid meta-
bolism [67,68]. Significant disruptions were observed in carbohy-
drate metabolism, particularly in glycolysis and glycogenesis. In the
6PPDQ group, glycolysis-related genesdincluding pdk1, pklr, gck,
pfkla, pfklb, hk1, eno4, pfkpa, aldh3a1, aldh18a1, ldha, and
pdha1adwere downregulated. Since hk1 and gck play essential
roles in glucose metabolism and INS secretion, their suppression
suggests that 6PPDQ-induced metabolic disturbances may impair
the INS signaling pathway and, thus, lead to imbalances in glucose-
lipid homeostasis [69,70]. In contrast, genes involved in glyco-
genesisdsuch as g6pca.1, ppp1r3cb, gys1, gys2, pgm1, and
pck1dwere upregulated in both the 6PPD- and 6PPDQ-exposure
groups, thereby indicating that these chemicals may promote
glycogen synthesis by activating key enzymes [71]. These findings
suggest that prolonged exposure to 6PPDQ disrupts hepatic glucose
metabolism by inhibiting glycolysis, while inducing lipid accumu-
lation and alterations in cholesterol homeostasis.

Biochemical indicators further confirmed these metabolic dis-
ruptions. Specifically, decreased INS, ATP, PA, and TBA levels indi-
cated impaired energy metabolism and hepatic function [72,73]. In



Fig. 6. Effects of 6PPD or 6PPDQ on liver inflammation indicators after three-month exposure in zebrafish. aeb, Immunofluorescence staining for interleukin-6 (IL-6), peroxisome
proliferator-activated receptor gamma (PPARg), and tumor necrosis factor-alpha (TNF-a) in the 6PPD (a) and 6PPDQ (b) groups. c, Fluorescence intensity of IL-6, PPARg, and TNF-a.
Values are presented as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001 indicate statistically significant differences compared to vehicle control (VC).
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contrast, increased TG, glycogen, glucose, and FFA levels suggested
lipid accumulation and glucose dysregulation conditions linked to
NAFLD [74,75]. The reduction in ATP levels also indicated mito-
chondrial dysfunction, which may exacerbate oxidative stress and
contribute to liver damage [76,77]. Moreover, elevated LDL-C levels
in the 6PPDQ-exposure group suggestmore severe hepatic damage,
whereas increased HDL-C at higher exposure levels may represent
a compensatory mechanism for lipid transport [78,79]. These dis-
ruptions in lipid and carbohydrate metabolism due to 6PPD and
6PPDQ exposure suggest potential liver disease in zebrafish.

Locomotor activity is generally considered a sensitive indicator
of neurobehavior, but it also requires sufficient ATP availability;
thus, it is regarded as an important marker of energy metabolism
11
[80,81]. In fish, lipids provide nutrients, serve as an energy source,
and contribute to cellular structures [82]. Logically, lipid accumu-
lation would contribute to an increase in ATP production and
swimming activity. However, this study observed reduced loco-
motor performance and decreased ATP levels, suggesting that lipid
accumulation did not enhance ATP production as anticipated. ATP
production is an important endpoint of mitochondrial energy
metabolism [81]. Therefore, the observed changes in ATP content
and locomotor performance suggest that 6PPD and 6PPDQ might
induce mitochondrial dysfunction, thereby impairing the energy
supply necessary for normal motor activity. Furthermore, the
increased dwell time in darkness and prolonged immobility
observed in zebrafish exposed to both 6PPD and 6PPDQ indicate an



Fig. 7. aeb, Western blot analysis of interleukin-6 (IL-6), peroxisome proliferator-activated receptor gamma (PPARg), and tumor necrosis factor-alpha (TNF-a) in the 6PPD (a) and
6PPDQ (b) groups. c, Relative protein expression levels of IL-6, PPARg, and TNF-a. Values are presented as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001 indicate
statistically significant differences compared to vehicle control (VC).
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anxiety-like phenotype [83], which is potentially linked to elevated
oxidative stress and disruptions in the PPARg signaling pathway
[84e86]. These findings highlight the complex interplay among
energy homeostasis, oxidative stress, and signaling pathway dis-
turbances in mediating the behavioral toxicity of both 6PPD and
6PPDQ.
4.4. PPARg and inflammatory signaling

These metabolic perturbations establish a mechanistic link to
inflammation. Excessive lipid accumulation and disruptions in
glucose metabolism are well-documented triggers of inflammatory
responses [87e89]. PPARgda key nuclear receptor and transcrip-
tion factor involved in lipid metabolismdregulates genes associ-
ated with lipid transport, synthesis, lipolysis, and storage [66,90].
PPARg also plays an essential anti-inflammatory role by promoting
macrophage polarization toward the M2 phenotype, suppressing
pro-inflammatory cytokine production [91]. In our study, exposure
of zebrafish to 6PPD and 6PPDQ led to a marked downregulation of
PPARg at both the protein and transcriptional levels, thereby sug-
gesting that these chemicals directly target the PPAR signaling
pathway and, thus, disrupt lipid metabolism and inflammatory
regulation. As expected, both 6PPD and 6PPDQ exposure signifi-
cantly increased TNF-a and IL-6 expression, indicating enhanced
hepatic inflammation due to reduced PPARg levels. IL-6 and TNF-a
are key pro-inflammatory cytokines that regulate immune re-
sponses, promote inflammatory processes, contribute to metabolic
dysfunction, and drive the progression of nonalcoholic steatohe-
patitis [92]. Given that inflammation and hepatocyte injury are
12
hallmarks of steatohepatitis, our results suggest that 6PPD and
6PPDQ exposure may contribute to this pathology. Similarly, a
previous study reported that 6PPDQ induces immune responses
and macrophage infiltration in mouse livers [19], further support-
ing our findings in zebrafish. These results also align with our
histological observations, which revealed inflammatory cell infil-
tration in the liver.

To further investigate the underlying mechanisms, we
employed MD simulations and SPR to examine the binding affinity
of 6PPD and 6PPDQ to PPARg, as these are reliable tools for studying
the interactions between chemicals and proteins [93,94]. The MD
simulations revealed greater residue fluctuations in PPARg when
bound to 6PPDQ compared to when bound to 6PPD, thus suggest-
ing that 6PPDQ induces more significant conformational changes
that may impair protein function [95]. Correspondingly, SPR results
confirmed that 6PPDQ has a stronger binding affinity to PPARg than
6PPD, as evidenced by a lower KD value [96]. This difference in
binding affinity may explain the greater hepatotoxicity of 6PPDQ,
although 6PPD exhibits higher liver accumulation.
5. Conclusion

Our study demonstrated that exposure to 6PPD and 6PPDQ at
environmentally relevant concentrations poses a significant risk of
internal accumulation and results in chronic toxic effects in the
liver of zebrafish. Toxicokinetics revealed preferential accumulation
of 6PPD in the liver and preferential accumulation of 6PPDQ in the
brain of zebrafish. Both compounds were shown to induce hepatic
injury, with 6PPDQ causing more pronounced damage, as



Fig. 8. Molecular interactions between 6PPD or 6PPDQ and peroxisome proliferator-activated receptor gamma (PPARg). a, Conformations of 6PPD-zfPPARg and 6PPDQ-zfPPARg at
200 ns. Residues highlighted in dark gray circles represent amino acids involved in hydrophobic interactions with the ligand, without forming explicit hydrogen bonds or other
specific interactions. bec, Root mean square deviation (RMSD) changes over time in 6PPD-zfPPARg (b) and 6PPDQ-zfPPARg (c). d, Root mean square fluctuation (RMSF) curves. eeg,
Surface plasmon resonance sensorgrams for GW9662 (a PPARg antagonist, e), 6PPD (f), and 6PPDQ (g) binding to hPPARg. KD: the equilibrium dissociation constant. zfPPARg:
zebrafish PPARg. hPPARg: human PPARg.
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evidenced by morphological changes in the liver and altered
biochemical markers. Additionally, both chemicals were found to
disrupt lipid and carbohydrate metabolism and upregulate pro-
inflammatory cytokines, such as TNF-a and IL-6, thus potentially
leading to hepatic inflammation and an increased risk of liver dis-
ease. These toxic effects may be related to the differential binding
interactions of 6PPD and 6PPDQ with PPARg. This study un-
derscores the significance of evaluating both parent compounds
and their metabolites in environmental toxicity assessments, given
the potential of transformation products to significantly alter
toxicity profiles. Future studies should focus on the effects of
chronic exposure to 6PPD and 6PPDQ, particularly concerning
organ-specific toxicities and other adverse outcomes in zebrafish.
Due to the conservation of metabolic processes across vertebrates,
these findings raise concerns regarding potential health risks for
humans, particularly from chronic exposure to rubber-derived
contaminants, thereby highlighting the need for regulatory scru-
tiny and improved water treatment solutions.
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