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ARTICLE INFO ABSTRACT

Keywords: As global surface water pollutants, tire-wear particles (TWPs) are increasingly concerning, with TWP leachate
Tire-Wear Particles hepatotoxicity poorly understood. In this study, based on environmental TWP concentrations, TWP leachate
Hepatotoxicity

exposure (0, 0.0005, 0.005, 0.05, and 0.5 mg/mL) in black-spotted frogs was investigated over a 21 day period.
TWP leachates at realistic environmental levels disturbed intestinal microbiome homeostasis, which manifested
as decreased and increased Chloroflexi and Proteobacteria abundance, respectively, and elevated lipopolysac-
charide (LPS) levels in plasma. Also, the content of lipopolysaccharide-binding protein, the binding site of LPS,
was increased, and downstream LPS immune pathways, such as toll-like receptor 4 (TLR4)-nuclear factor (NF)-kB
(TLR4/NF-kB) signaling, were activated. Subsequently, inflammation reactions, oxidative damage, and histo-
pathology were affected in liver samples. These results shed new light on the potential mechanisms underpinning
TWP leachate-associated liver injury via the gut-liver axis, and contribute to a better understanding of emerging

Gut—liver axis
Oxidative damage
Lipopolysaccharide

TWP ecotoxicology.

1. Introduction

Tire-wear particles (TWPs) are primarily produced via friction be-
tween tires and road surfaces. Critically, approximately 6.1 million tons
of TWPs are released into the environment each year [1]. As global car
production is expected to increase to 90 million units in 2024, TWP
levels will likely increase. TWPs are considered a principal microplastic
[2-4] and account for approximately 42% of the microplastic pollution
in aquatic environments [5]. As a typical emerging pollutant, TWPs are
widely detected in global surface waters. TWP concentrations occur at
0.09-6.3 mg/L [6] in surface waters, 0.3-155 g/kg [7] in sediments, and
0.5-563 mg/L in snow, surface runoff, and river waters [8,9].

The additive chemicals in TWPs do not covalently bind to polymers,
and may be released into liquids at any stage of the plastic life cycle
[10]. Therefore, TWPs may release chemicals into aquatic environ-
ments, which may account for TWP toxicology [11,12]. Therefore, the
adverse effects of TWP leachates on organisms in the environment must
be determined. The TWP leachates could cause mortality to the
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zooplankton, and trigger oxidative stress in crab and algal [13-15].
Since TWP leachates are considered global contaminants of concern,
several adverse effects have been identified, e.g., liver toxicity [14,16].
When affected by environmental pollutants, the liver is targeted by
various drugs and pollutants and is very prone to damage [17]. In-
flammatory liver responses are accompanied by oxidative stress, which
is a series of adaptive responses caused by an imbalance between reac-
tive oxygen species (ROS) and the antioxidant system [18]. Environ-
mental pollutant exposure can also induce hepatocytes to produce ROS,
induce intracellular oxidative stress, and rapidly trigger hepatocyte
injury. TWPs are reported to induce oxidative stress in earthworms [19];
however, TWP mechanisms remain poorly understood.

Increasing evidence links the gut microbiota to the liver, namely the
gut-liver axis [20,21]. Disrupted intestinal microbial flora homeostasis
may cause liver dysfunction via bidirectional gut-liver communications,
the majority of which are mediated by immune factors or metabolites
produced by intestinal microbial flora, e.g., lipopolysaccharide (LPS).
This flora is particularly susceptible to exogenous stressors, including
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Fig. 1. Zinc bioconcentrations in heart, liver, spleen, intestine, kidney, and
gonad samples from black-spotted frogs after TWP leachate exposure for 21
days. Data are expressed as the mean + standard deviation. Different letters
denote significant differences between treatments.

environmental contaminants, which are potent disruptors of gut
microbiota homeostasis [22-24]. However, it remains unclear if TWP
leachate exposure modifies gut microbiota community structures and if
microbial disorders mediate liver toxicology induced by this exposure.

Amphibians are indicator species that monitor ecosystem health and
have pivotal roles in aquatic and terrestrial ecosystems [25]. As key links
in such ecosystems, declining amphibian populations pose serious
threats to the biodiversity of their predators, e.g., snakes, and may also
increase harmful insect numbers, which impact on grain production
[26]. Currently, environmental pollution has threatened approximately
19% of amphibian populations worldwide [27]. The black-spotted frog
(Pelophylax nigromaculatus) is a native amphibian species in China, with
highly permeable skin [28] and highly susceptible to pollutants. Previ-
ous studies have confirmed that P. nigromaculatus is a suitable organism
for toxicology research [29-32].

To examine TWP leachates in ecosystems, we investigated their
hepatotoxicity in black-spotted frogs using histological and liver injury
indicator analyses (e.g. alanine aminotransferase (ALT) and aspartate
transaminase (AST)). Transcriptomic analyses were also performed.
Also, to examine the gut-liver axis and its potential involvement in
hepatotoxicity, the intestinal microbiota was analyzed using 16S rRNA
sequencing, from which intestinal microbial diversity and community
composition were both analyzed. We also examined downstream pro-
inflammatory cytokine expression, including interleukin (IL)-6, IL-1p,
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tumor necrosis factor (TNF)-a, and oxidative stress-related content and
enzymes, including 0?7, hydrogen peroxide (H,05), malondialdehyde
(MDA), superoxide dismutase (SOD), glutathione-S-transferase (GST),
and glutathione peroxidase (GPX). Our results highlight gut-liver axis
mechanisms induced by TWP leachates at environmental concentrations
during hepatotoxicity in amphibians.

2. Material and methods
2.1. TWPs and leachate preparation

An old tire (Bridgestone Tires 235/50R18 97 V H/P SPORT MOE)
was purchased from a car repair company, crushed into approximate
300 mm pieces at a tire recycling unit, and further crushed into smaller
particles using a fine crusher (Fig. S1). The tires were first treated with
liquid nitrogen, and then ground using grinder to make TWP. A 500 pm
mesh was used to remove larger tire particles. The main TWP compo-
nents, including organics, carbon black, metals, and polymers, were
quantified by thermogravimetric analysis (TGA, Supporting Informa-
tion Text S1) and X-ray fluorescence spectrometry (XRF, Supporting
Information Text S2). TGA showed that the predominant substances in
tire mixtures were organic rubber (70%), with the remainder including
carbon black (16%), zinc (Zn) oxide, and other fillers (14%) (Fig. S2). A
variety of metals were detected by XRF and confirmed as Zn, Si, S, Ca,
Fe, K, Ni, P, Ta, AL Br, Ti, Cu, and Cr, with Zn (57.7%) accounting for the
highest proportion (Fig. S3).

Subsequence, 12 mg of TWPs were added to 300 mL of a pure
aqueous solution in a clean Erlenmeyer flask, and extracted by shaking
at 200 rpm for 1 week at room temperature. Finally, to eliminate debris,
suspended solids, or microbial contaminants, leachates were passed
through 0.22 pm cellulose acetate filters (Corning, New York, USA) [33]
(Fig. S1). The finally leachates were used for subsequence exposure
experiments.

2.2. Experimental design

In this study, Pelophylax nigromaculatus (black-spotted frog - test
organism) was purchased from Hubei Jingrong Agricultural Products
Professional Cooperative (Hubei, China). Frogs were housed in a labo-
ratory glass tank (60 cm x 40 cm x 35 cm) and provided with 12 h of
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Fig. 2. Liver histopathology and inflammatory factor levels in black-spotted frogs. (A) Liver volume ratios in male frogs; (B-F) Hematoxylin-eosin staining of liver
sections after TWP leachate exposure; (G) Nuclei numbers in liver tissues; (H) Vacuolar areas in liver tissue sections. Different letters denote significant differences

between treatments.
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Fig. 3. Superoxide anion (A; n = 3), hydrogen peroxide (B; n = 3), and superoxide dismutase (C; n = 3) activities, and glutathione peroxidase (D; n = 3) and
glutathione S-transferase (E; n = 3) content in frog livers after exposure (21 days) to controls and TWP leachates (0.0005, 0.005, 0.05, and 0.5 mg/mL). Different

superscripts indicate significant intergroup differences at p < 0.05.

natural and 12 h of dark periodic light [31] for 7 d for acclimatization.
Healthy adult male frogs of similar weight (approximately 30 g) were
selected for exposure experiments. Frogs were divided into five treat-
ment groups, corresponding to 0, 0.0005, 0.005, 0.05, and 0.5 mg/mL
solutions (temperature = 20 + 1 °C; pH = 6.5 + 0.5; and dissolved
oxygen content = 7 + 1 mg/L). Exposure concentrations were based on
environmental TWP concentrations in frog habitats (0.5-563 mg/L)
[34]1.

After 21 days of exposure, frogs were humanely sacrificed by cere-
brospinal cord puncture, livers and intestinal tissues collected, adhe-
sions removed, tissues weighed (on ice), and finally tissues washed in
normal saline. Part of the liver was fixed in 4% paraformaldehyde for
histomorphological analyses, while the remainder was placed in
centrifuge tubes, snap-frozen in liquid nitrogen, and stored at —80 °C.
Blood was collected via cardiac puncture into 5 mL vacuum blood
collection tubes, and centrifuged at 4 °C and 4000 rpm for 10 min to
separate serum, which was stored at —80 °C. To reduce individual dif-
ferences and highlight biologically significant changes, three samples
were combined for analyses. Animal experiment procedures followed
guidelines established by the Association for the Science of Laboratory
Animals and were approved by the Animal Ethics and Welfare Com-
mittee of Hangzhou Normal University.

2.3. Zn content assessments

As a TWP leachate marker, the trace metal Zn has been identified in
exposure solutions and the frog tissues, including liver, kidney, spleen,
heart, intestine, and gonads. More information could be found in Sup-
porting Information Text S3 and S4.

2.4. Liver tissue morphology assessments

Hematoxylin-eosin staining was used to analyze liver tissues after 21
days of TWP leachate exposure. Liver tissues (n = 3 replicates) were
stored overnight at 4 °C in 10% neutral formalin fixative, after which

382

they were dehydrated in an ethanol concentration gradient and
embedded in paraffin. Fresh liver tissue was placed in neutral formalin
and fixed overnight, followed by an ethanol concentration gradient,
then fully saturated in xylene, and transferred and immersed in wax.
Tissues were continuously cut into 4 pm sections, stained in
hematoxylin-eosin, and finally sealed after the xylene became trans-
parent [35]. Histopathological evaluations were performed under light
microscopy (Nikon, 200x magnification, Nikon, Japan) and quantita-
tive analyses performed in Image J.

2.5. Biochemical measurements

Random livers from three frogs in the same concentration group
were weighed and combined, after which 0.65% saline was added in a
mass (g): volume (mL) ratio = 1:9. Samples were homogenized using
three grinding beads in a tissue grinder (JXFSTPRP-24 L, Jingxin,
China), centrifuged at 2500 rpm for 10 min at 4 °C, and supernatants
removed and analyzed. AST (C010-2-1), ALT (C009-2-1), GST (A004-1-
1), GPX (A005-1-2), SOD (A001-3-2), MDA (A003-1-2), hydrogen
peroxide (H20,) (A064-1-1), and 0%~ (A052-1-1) levels were detected
using commercial kits (Nanjing Institute of Biotechnology, Nanjing,
China).

2.6. Gut microbial community analyses

Microbial genomic DNA, extracted using an E.Z.N.A.® soil DNA kit
(Omega Bio-Tek, Norcross, GA, USA), was amplified using V3-V4 16S
rRNA primers and TransStart FastPfu DNA polymerase. A
quantifluorTM-ST Blue quantitative system was used for quantitative
analyses. After purification and quantification, PCR products were
sequenced on the Illumina MiSeq platform (Shanghai Meiji Biomedical
Technology Co., Ltd., Shanghai, China). The average sequencing depth
of a single sample was approximately 43,000 reads. Using a sequence
similarity of 97%, clean reads were clustered into operational taxonomic
units (OTUs) in Usearch (v.7.1). The RDP Bayesian algorithm classifier
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Fig. 4. Transcriptomic analyses of liver samples from black-spotted frogs. Differentially expressed gene (DEG) analyses: Volcano map showing DEGs in (A) 0.0005
mg/mL, (B) 0.005 mg/mL, (C) 0.05 mg/mL, and (D) 0.5 mg/mL TWP leachate groups when compared with controls. Kyoto Encyclopedia of Genes and Genomes
enrichment analyses: (E) 0.0005 mg/mL, (F) 0.005 mg/mL, (G) 0.05 mg/mL, and (H) 0.5 mg/mL TWP leachate groups compared with controls.
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Different superscripts indicate significant intergroup differences at p < 0.05.
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Fig. 6. TLR4 (A), MyD88 (B), NF-kB1 (C), NF-kB2 (D), IKKa (E), IKK}3 (F), RelB (G), IL-6 (H), and IL-1/ (I) expression levels in liver samples (n = 3) from black-spotted

frogs exposed to TWP leachates. Different superscripts indicate significant intergroup differences at p < 0.05.

combined with the Silva database were used to perform a taxonomic

analysis of representative sequences with similarity >97% OTUs. Then,

community species composition at taxonomic levels was assessed.

2.7. Transcriptome analysis and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from liver samples using TRIzol (China

ComWin Biotechnology Co., Ltd.), after which RNA purity and integrity
were examined using a NanoDrop 2000 microphotometer (Thermo
Fisher Scientific, USA) and agarose gel electrophoresis.
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Fig. 7. Lipopolysaccharide content (A) in plasma; lipopolysaccharide-binding protein (B) and toll-like receptor 4 (C) content in liver tissues. Different superscripts

indicate significant intergroup differences at p < 0.05.

RNA integrity was also assessed using an Agilent 2100 Bioanalyzer.
RNA sequencing was performed by Majorbio using the Illumina Novaseq
6000 platform; 2 x 150 bp sequencing was performed by constructing
[llumina PE libraries, and read count data analyses performed using the
DEseq?2 software package to generate fold change values for different
genes when compared with controls [22]. Differentially expressed genes
(DEGs) were screened using p < 0.05 and |Log2FoldChange| > 1 values.
DEGs were then used for functional enrichment analyses, including Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) as-
sessments. A p < 0.05 value was used as the threshold value in enrich-
ment analyses [23].

To verify DEG levels, 15 genes were randomly selected and analyzed
using qRT-PCR. Contaminating genomic DNA and RNA reverse tran-
scription procedures were performed using a Hifair® III 1st strand cDNA
synthesis SuperMix kit for qPCR (gDNA digester plus) (Yeasen
Biotechnology Co., Ltd., China). Primer sequences were designed using
the National Center for Biotechnology Information website and syn-
thesized by Sangon Biotechnology Co., Ltd. (Shanghai, China). Then,
qRT-PCR was performed using Hieff® qPCR SYBR® Green Master Mix
kits (Yeasen Biotechnology Co., Ltd., China) on a CFX 384 Touch RT-
PCR detection platform (Bio-Rad, Germany). GAPDH was used as an
internal control, and the 2-2ACT method was used to detect gene
transcription levels [36]. All samples had three replicates. Primer se-
quences are listed (Table S2).

2.8. Statistical analysis

Data were analyzed using IBM SPSS statistical software v.20 (IBM,
USA) and expressed as the mean + standard error of the mean. Before
parameter tests, Levene's test and Kolmogorov-Smirnov test were used
to test normality and homoscedasticity. One-way analysis of variance
was used to determine significant differences between experimental
groups, then followed by Tukey's post hoc tests. When data distribution
was skewed, Kruskal-Wallis tests were performed. A p < 0.05 value
indicated statistical significance.

3. Results and discussion
3.1. TWP leachate accumulation in frog tissues

As a TWP leachate marker, the trace metal Zn has been identified in
exposure solutions [37,38]. In our study, Zn concentrations were below
detection limits (0.05 mg/L) in 0.0005, 0.005, and 0.05 mg/mL TWP
leachate groups. The Zn concentration in the 0.5 mg/mL group was
0.1573 mg/L before exposure (0 h) and 0.0585 mg/L after 24 h of
exposure, a decrease of 62.8% (Table S1). This Zn reduction in the
exposure solution was presumably absorbed by the black-spotted frog
during exposure.

To further confirm that TWP leachates were absorbed by frogs, Zn

385

accumulation in frog tissues, including liver, kidney, spleen, heart, in-
testine, and gonads, was determined. In general, Zn preferentially
accumulated in the intestine, liver, and kidney, while the lowest con-
centration was observed in the gonad (Fig. 1). With increasing TWP
leachate concentrations, Zn accumulation increased in the liver and
intestine, indicating that water environments are important Zn absorp-
tion sources of TWP leachates by frogs.

3.2. TWP leachate exposure impairs liver function

When compared with controls, hepatosomatic indices from 0.0005,
0.005, 0.05, and 0.5 mg/mL groups trends to be increased the liver
coefficient by 1.46-, 1.60-, 1.88-, and 1.56-fold, respectively (Fig. 2A).

Hepatic vacuolization and inflammation are typical liver disease
features [39]. After pollutant exposure, amphibian liver tissue pathology
is often represented by Kupfer cell hypertrophy, pigmentation, inflam-
matory cell and liver inflammation, extramedullary hematopoiesis,
significant hepatocyte nuclear enlargement, epithelial degeneration,
and pulmonary necrosis [40]. In our study, control liver tissues showed
normal tissue morphology and typical cell structures and arrangements
(Fig. 2B). In contrast, after TWP exposure at various concentrations,
inflammatory cell infiltration and diffuse cell boundaries were observed
(Fig. 2C-F); when compared with controls, liver inflammatory cell
infiltration in the all TWP leachate exposure group was significantly
decreased, with aggregated inflammatory cells and significantly
increased nuclei (Fig. 2G, p < 0.05). Additionally, when compared with
controls, 0.005, 0.05, and 0.5 mg/mL groups had significantly increased
liver vacuolar areas (1.66-, 1.36-, and 1.26-fold, respectively) (Fig. 2H,
p < 0.05). Fig. 2H showed an inverted-U-shaped curves and was
consistent with the ‘hormesis effect’, where low dose of contaminants
can promote stimulatory response in organisms, while high concentra-
tion elicits inhibitory or toxic effect [41]. Therefore, frog exposure to
TWPs at environmentally relevant concentrations appeared to cause
liver tissue damage.

3.3. TWP leachate exposure induces hepatic oxidative stress

Generally, ROS production and elimination, including 0%~ and
H305, occur in equilibrium in organisms [42]. However, when aquatic
organisms are exposed to environmental contaminants, this dynamic
equilibrium is disrupted, resulting in elevated ROS levels [42]. In our
study, 0.05 mg/mL TWP leachate exposure significantly increased he-
patic 02~ activity when compared with controls (p < 0.05; Fig. 3A). The
0.0005, 0.05, and 0.5 mg/mL exposure groups showed significantly
increased hepatic HyO3 content (p < 0.05; Fig. 3B). Therefore, TWP
leachates appeared to increase ROS content.

Enzyme activity levels related to antioxidant defenses were also
investigated. When TWP leachate concentrations increased, SOD and
GST enzyme activities increased significantly (Fig. 3C, E, p < 0.05).
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However, no significant changes in GPX levels were observed in livers
exposed to TWP leachates (Fig. 3D, p > 0.05). Importantly, SOD enzyme
activity showed a dramatic impact, and was possibly related to specific
functions; SOD converts superoxide to HyO5, which is further detoxified

386

to water or other harmless substance by GST and GPX [43]. Thus, SOD
activity may function as a suitable environmental contaminant
biomarker, especially for TWP leachates [44,45]. Therefore, ROS levels
in black-spotted frog livers showed overall upward trends after TWP
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leachate exposure, with antioxidant enzyme activity similarly increased.
These observations suggested that TWP leachate exposure induced he-
patic oxidative stress in frogs.

3.4. Liver transcriptomics show inflammation effects

To further determine liver injury mechanisms induced by TWP
leachate exposure, we conducted a global transcriptomics analysis of
controls and TWP leachate-exposed frogs. In total, 1002 (666 down-
regulated and 336 upregulated), 108 (54 downregulated and 54 upre-
gulated), 51 (30 downregulated and 21 upregulated), and 6352 (4339
downregulated and 2013 upregulated) DEGs were identified in 0.0005,
0.005, 0.05, and 0.5 mg/mL groups, respectively (Fig. 4A-D). To further
explore DEG biological functions, KEGG pathway enrichment analyses
showed that all TWP leachate concentrations enriched IL-17 signaling,
which is implicated in inflammation (Fig. 4E-H). Also, inflammation-
related signaling pathways such as TNF and tumor growth factor-p
pathways were significantly enriched in 0.005 and 0.5 mg/mL groups (p
< 0.05), indicating that TWP mainly interfered with liver inflammation
processes in these frogs.

IL-1B, IL-6, and TNF-a are typical pro-inflammatory cytokines that
inhibit and eliminate inflammation by activating local and systemic
inflammatory responses [46,47]. When compared with controls, liver IL-
6 levels were significantly increased in frogs exposed to 0.05 and 0.5
mg/mL TWP leachates and IL-p activity were increased in 0.0005 and
0.005 mg/mL (p < 0.05; Fig. 5A, B). While, no significant difference was
observed in the TNF-a after exposure to TWP leachates, which suggested
that TNF-a was not a suitable biomarker of TWP. Thus, upregulated IL-
1B and IL-6 levels indicated inflammatory responses in liver tissues,
consistent with transcriptomic data.

3.5. TWP leachates induce toll-like receptor 4 (TLR4)-nuclear factor
(NF)-xB signaling

Liver inflammation may be enhanced by TLR4 and NF-kB [48]. Thus,
to further confirm our transcriptomic data, TLR4-NF-kB signaling levels
were determined. After a 21 day TWP leachate exposure, significantly
higher TLR4, MyD88, NF-xB1, NF-xB2, IKKa, and IKKf expression levels
were observed in frog livers (Fig. 6A-F, p < 0.05), except in the 0.005
mg/mL exposure group. Specifically, related pathway gene expression
(NF-kB1, NF-kB2, IKKa, and IKK}3) was increased, but varied at different
leachate concentrations. In general, all genes were significantly
increased in the 0.5 mg/mL group. NF-xB1, NF-xB2, and IKKa were
statistically significant increased after exposure to 0.0005 mg/mL. No
statistical differences in NF-«xB2, IKKa, and IKKj expression were
observed after 0.005 mg/mL exposure (p > 0.05; Fig. 6D, E). Therefore,
TWP leachate exposure may have activated TLR4-NF-kB signaling in
black-spotted frog livers.

3.6. TWP leachate exposure causes intestinal microbiome dysbiosis

TLR4 activation in the liver is related to LPS-binding protein (LBP)
content in the liver and LPS content in plasma [36]. LPS content
increased significantly in the 0.005, 0.05, and 0.5 mg/mL TWP leachate
group, and showed dose-dependent increases with TWP exposure con-
centrations (Fig. 7A; p < 0.05). Also, LBP and TLR4 content in liver
tissues increased significantly in the 0.5 mg/mL group (Fig. 7B, C; p <
0.05).

As a bacterial endotoxin, LPS is a major biomarker of microbiome
dysbiosis [49]. In our study, no significant differences (p > 0.05) be-
tween ACE, Chao, and Shannon indices in 0.0005 mg/mL and 0.005 mg/
mL groups were observed when compared with controls (Fig. 8A-C),
while the Simpson index was trend to be increased (Fig. 8D, p > 0.05).
ACE and Chao in the 0.5 mg/mL TWP leachate group were significantly
reduced (Fig. 8A-C, p < 0.05), while the Simpson index was trend to be
increased (p > 0.05). These observations indicated that TWP leachate
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exposure inhibited intestinal flora richness in black-spotted frogs, but
significantly increased diversity.

TWP leachate exposure altered bacterial abundance at both phylum
and family levels; Chloroflexi abundance was significantly decreased but
Proteobacteria abundance was significantly increased in the 0.5 mg/mL
TWP leachate exposure group (Fig. 8E-H, p < 0.05). Proteobacteria is a
major source of gut-derived endotoxic LPS, and its abundance is asso-
ciated with intestinal LPS levels [50]. In our study, Proteobacteria pro-
portions drastically increased by up to 2.97-, 1.91-, 2.21-, and 3.21-fold
after 0.0005, 0.005, 0.05, and 0.5 mg/mL TWP leachate exposure,
respectively, which were likely associated with increased fecal LPS
concentrations. Such elevated plasma LPS levels may be attributed to
TWP-induced gut microbiota dysbiosis, e.g., increased Proteobacteria
abundance [51,52]. Similarly, a disordered intestinal flora will exhibit
correlations with inflammatory factors and antioxidant and oxidation
products in the liver.

The gut and liver are tightly linked and communicate via the portal
vein and biliary system, with the liver constantly exposed to gut-derived
bacterial products and metabolites, e.g., LPS [53]. Intestinal-derived LPS
is sensed by TLRs expressed on hepatic macrophages, with the LPS-TLR
axis (especially TLR4) inducing hepatic macrophage hyperactivation
[20]. Mechanistically, LPS activates hepatic macrophages by binding to
TLR4 and activating NF-kB, thereby activating these cells to secrete IL-
1p and IL-6, lysosomal enzymes (proteases and phosphatases), and su-
peroxides, thus aggravating inflammation. Therefore, LPS gut-derived
effects on liver injury may depend on exposure time and duration [54].

TWP leachates at realistic environmental levels may cause intestinal
microbiome dysbiosis. This may elevate LPS levels in plasma, which
activate downstream immune pathways (TLR4/NF-kB) by binding to
LBP and triggering inflammation reactions (elevated IL-1p and IL-6) and
oxidative damage (elevated ROS) and other damage (elevated histopa-
thology) in the liver. As TWP leachates was a mixture, further research is
required to identify the main toxigenic components in these leachates
[55].
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