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ABSTRACT: 4-tert-Butylphenol (4-tBP), widely used in manufacturing

polycarbonate plastics and epoxy resins, is commonly found in aquatic ) M}
environments globally. This study investigates the chronic (60 days)

hepatotoxic effects and the underlying mechanism of 4-tBP on fish, /@X '

including concentrations with environmental relevance (<100 ug/L), using Ho w _— m'R-3,63

Cyprinus carpio L. as the model. Results showed that 1-500 ug/L 4-tBP 7 . PKC5 3'UTR

Impaired glycogen

triggered significant alterations in oxidative stress markers (superoxide L. .o
dismutase (SOD), glutathione peroxidase (GPx), and malondialdehyde #
(MDA)) and liver enzymes (alanine aminotransferase (ALT) and aspartate #

aminotransferase (AST)), with a dose—response relationship confirmed by # k’ Pro-inflammatory __  nflahinitory
the Integrated Biomarker Response (IBR) index. Histopathological analysis %l yiokineresponse  repapes
and molecular experiments revealed inflammatory responses, disruptions in

glycogen metabolism, and critical insulin signaling pathways (IRS1, AKT,

and GSK3p). Further investigations, including miRNA sequencing and in vitro assays in primary hepatocytes, identified the miR-
363/PKCJ axis as a critical regulatory pathway affecting these changes. This study demonstrated that chronic, low-level exposure to
4-tBP can induce hepatotoxicity in Cyprinus carpio L. via the miR-363/PKC0 axis. These findings highlight the potential ecological
and health risks posed by 4-tBP in the environment and suggest potential targets for therapeutic intervention.
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1. INTRODUCTION logical problems, including genotoxicity and reproductive
toxicity, have been observed upon 4-tBP exposure. For
example, exposure to 4-tBP at 100 mg/L increased prenatal
testosterone and progesterone levels in rats.” In Danio rerio
(zebrafish), parental exposure to 4-tBP at concentrations of 4
umol/L (equivalent to 600.88 yg/L) hindered the growth and
development of F1 embryos'’ and interfered with critical lipid
metabolism pathways.'”"" Additionally, 4-tBP has been found
to disturb metabolic processes and induce inflammation in
Cyprinus carpio L. (common carp) at exposure levels up to 690
ug/L, although no behavioral changes were observed."”
However, most existing studies of 4-tBP toxicity have focused
on acute or short-term effects at concentrations that are much
higher than those found in aquatic environments. The
potential adverse effects of chronic exposure to 4-tBP at
environmentally relevant levels have been poorly characterized.

The liver, a primary organ for the uptake and metabolism of
foreign chemicals, is particularly vulnerable to 4-tBP. As a

Endocrine-disrupting chemicals (EDCs) are a growing concern
due to their widespread presence in the environment and their
ability to interfere with the endocrine systems of both wildlife
and humans. One such EDC, 4-tert-butylphenol (4-tBP), is
widely used in manufacturing polycarbonate plastics, epoxy
resins, cleaning agents, and other industrial materials.”” A
study has found high levels of 4-tBP in consumer products
such as paints and adhesives, with concentrations reaching up
to 320 g/kg.' These products and industrial wastewater
discharge can quickly release 4-tBP into the environment,
leading to its accumulation.” Environmental monitoring has
detected 4-tBP in diverse aquatic settings, with concentrations
ranging from 0.225 to 1.121 ug/L in the Nanjing section of the
Yangtze River in China® and varying from 0.003 to 64 ug/L in
leachates from Japanese municipal solid waste sites.” Notably,
sewage treatment plants in Korea have reported levels up to
2182 pug/L.” The multiple sources and widespread occur-
rences of 4-tBP in the environment highlight the importance of

understanding the risks posed by 4-tBP to both ecological Received: November 15, 2024 e
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lipophilic contaminant, 4-tBP can enter the body and
accumulate in the liver."> A study by Sundt et al. observed a
positive correlation between liver 4-tBP content and oral
exposure in Gadus morhua (Atlantic cod).'* In addition,
impaired glucose metabolism, structural damage to liver cells,
and elevated oxidative stress were found in aquatic species
exposed to 4-tBP concentrations up to 600 ,ug/L.lO Recent
findings suggest that 4-tBP further impairs liver function by
inducing excess lipid accumulation and peroxidation, as well as
disrupting the lipid metabolism pathway.'”'® Although the
liver has been demonstrated to be the primary target for 4-tBP
toxicity, the mechanisms behind these pathological effects
remain to be elucidated.

This study explores the potential hepatotoxic effects and the
underlying mechanism of long-term exposure to environ-
mentally relevant levels of 4-tBP, employing Cyprinus carpio L.,
a model widely used in aquatic toxicology research.'® Cyprinus
carpio L. was exposed to 4-tBP for 60 days, with concentrations
of 1, 10, and 100 pg/L that were in line with the levels typically
found in environmental water. Hepatotoxicity was evaluated
through an Integrated Biomarker Response (IBR) index
calculated from oxidative stress markers, histopathological
analyses, and molecular approaches. The mechanism under-
lying the effect of 4-tBP was determined via miRNA
sequencing and in vitro assays and further validated by target
mRNA silencing assays. These comprehensive toxicological
assessments could advance our understanding of the potential
risks of environmental 4-tBP and help identify therapeutic
targets for mitigating its harmful effects.

2. MATERIALS AND METHODS

2.1. Fish Culture and Treatment

A total of 135 healthy Cyprinus carpio L. (66.42 + 5.37 g) were
domesticated in 260 L aquariums. The fish were exposed to 4-tBP at
1, 10, 100, and 500 pg/L. The selected concentrations were based on
the reported environmental levels of 4-tBP in various aquatic systems.
A concentration of 1 ug/L represents levels detected in some natural
water bodies, such as the Nanjing section of the Yangtze River
(0.225—1.121 ug/L?). The 10 ug/L concentration reflects conditions
in moderately polluted environments, while 100 yg/L corresponds to
levels near heavily contaminated sites, such as 64 ug/L in Japanese
landfill leachates® and 218.2 ug/L in Korean sewage treatment
plants.” The highest concentration (500 pg/L), although exceeding
typical environmental levels, was included to simulate extreme
contamination and to investigate dose—response relationships.
Measured 4-tBP concentrations were 0.77 + 0.16, 7.62 + 1.18,
73.03 + 16.04, and 423.25 + 45.61 ug/L, corresponding to nominal
levels of 1, 10, 100, and 500 pg/L, respectively. After 60 days, blood
and liver samples were collected. The study was approved by the
Animal Protection Institution and Use Committee of Northeast
Agricultural University (approval number: NEAUEC20210211).
More details are provided in Text S1.

2.2. Serum Biochemistry Determination

The serum was separated from collected blood samples by
centrifugation at 4,000¢ for 5 min. The enzymatic activities of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were
quantified using commercial assay kits supplied by Reebio
Biotechnology Co., Ltd. (Ningbo, China), following the manufac-
turer’s protocol. Absorbance changes at 340 nm, indicative of enzyme
activity, were monitored by using a TBA-2000FR automatic
biochemical analyzer (Toshiba Corporation, Tokyo, Japan).

2.3. Oxidative Stress Biomarkers Assay

The liver samples (0.1 g) were homogenized in 0.9 mL of 0.86%
saline solution using a motor-driven tissue grinder (Model D-160,
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Beijing Dalong Xingchuang Experimental Instrument Co. Ltd.,
China). The homogenate was centrifuged at 4 °C and 1,000g for
1S min to separate the supernatant. The collected supernatant was
used to assess oxidative stress biomarkers, including superoxide
dismutase (SOD), glutathione peroxidase (GPx), and malondialde-
hyde (MDA), using assay kits provided by Nanjing Jiancheng
Bioengineering Institute Co., Ltd., Nanjing, China. All procedures
followed the manufacturer’s instructions to ensure accuracy and
consistency in the assay results.

2.4. Integrated Biomarker Response (IBR) Analysis

IBR, an integrated multibiomarker response index, was selected to
assess the ecological risk posed by 4-tBP to Cyprinus carpio L."”"® Five
biochemical indicators (SOD, GPx, MDA, ALT, and AST) were
selected for the IBR calculation. The calculation method was adopted
from a previous study,” and the steps involved are as follows:

Y =1lo [ﬁ]
i gXo (1)

where Y; is the normalized value of different biomarkers in each group,
X, is the average value of the biomarkers in the treatment groups, and
X, is the average value of the biomarkers in the control group.

Z,= (Y, - /o (2)
where Z; is the normalized value of the biomarker in each group, y is
the average value of Y}, and ¢ is the standard deviation of Y;.

A=2— 2, 3)
where 4, is the deviation index of the biomarker (A > 0 represents

activation; A < 0 represents inhibition); Z, is the normalized value of
the biomarker in the control group.

IBR = ) IA] 4)
where the IBR value represents the sum of the absolute values of the
deviation index for all biomarkers.

2.5. Hematoxylin-Eosin (H&E) Staining

The liver tissue samples, measuring 1—2 cm?®, were first fixed in 4%
paraformaldehyde. Following fixation, tissues were progressively
dehydrated through an ethanol series and embedded in paraffin
wax. Thin sections of 5—6 ym were then prepared using a microtome.
These sections were stained with hematoxylin and eosin (H&E) to
highlight cellular and structural details, facilitating the examination of
histopathological alterations. The stained sections were subsequently
observed under a confocal microscope (NIS-Elements 5.4, Nikon,
Japan) for detailed tissue analyses.

2.6. Transmission Electron Microscopy (TEM) Observation

The liver tissue samples (0.5—1 mm®) were initially fixed in 2.5%
glutaraldehyde, postfixed in osmium tetroxide, dehydrated through a
graded series of ethanol solutions, and embedded in epoxy resin.
Ultrathin sections (50—60 nm) were prepared using an ultra-
microtome and then stained with uranyl acetate and lead citrate to
enhance contrast. These sections were examined using an H7650
transmission electron microscope (TEM, HITACHI, Tokyo, Japan)
to observe the ultrastructural changes within the liver tissue.

2.7. MiRNA-Sequencing and Target-Gene Prediction

MiRNA sequencing of Cyprinus carpio L. liver tissues was performed
after RNA extraction and small RNA library preparation. Q-PCR
validated the libraries, and sequencing was done on an Illumina HiSeq
3000 system. Reads were processed, collapsed, and aligned with the
Rfam database to isolate miRNAs. Differential miRNA expression (|
log,FoldChangel > 1 and P-adj < 0.05) was analyzed, and target genes
were predicted using the miRanda platform. More details are given in
Text S2.
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Figure 1. 4-tBP exposure induced dose-dependent inflammatory response in Cyprinus carpio L. livers under 60-day exposure. (A) Schematic of the
exposure experiments. (B) Radar plots for the IBR of multiple biomarkers of liver damage after exposure to varying concentrations of 4-tBP. (C)
IBR values at different exposure concentrations of 4-tBP. (D) H&E images displaying hepatic ultrastructure. Scale bars: S0 ym. The arrow points to
inflammatory cell infiltration. (E) Quantification of inflammatory cells per field (n = 3). (F—H) Relative mRNA levels of NF-xB p6S, IL-1/3, and IL-
6 in liver tissues treated with varying concentrations of 4-tBP using the qRT-PCR assay. (I) Western blot assay presenting the protein levels of
nuclear NF-kB p6S, IL-1f, and IL-6. (J—L) Densitometric analysis of Western blot bands (n = 3).

2.8. Isolation and Culture of Primary Hepatocytes of
Cyprinus carpio L

Isolation and culture of primary hepatocytes from Cyprinus carpio L.
were performed as previously described."” The fish were treated with
potassium permanganate and anesthetized, and the liver tissue was
aseptically collected. The tissue was washed, cut into small pieces, and
digested with trypsin. Hepatocytes were isolated and cultured at 28
°C. For an overview of the protocols used for cell isolation and
culture, please refer to Text S3.

2.9. Establishment of miR-363 Mimic/Inhibition and siRNA
PKCé Model in Hepatocytes

Transfection reagents (miR-363 mimic/inhibitor, NC controls,
siRNA PKC§, and siNC) were synthesized by Guangzhou RiboBio
Co., Ltd.,, with concentrations validated by qRT-PCR (Figure S1;
sequences are in Table S1). Transfection was performed using 2 uL of
Lipofectamine 2000 in 1 mL of Opti-MEM, followed by a 6 h
cotransfection and 24 h incubation with or without 100 gmol/L 4-tBP
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(details in Table S2). For a comprehensive understanding of the
methods employed, please refer to Text S4.

2.10. Periodic Acid Schiff (PAS) Staining

PAS staining was conducted to evaluate the effects of 4-tBP and miR-
363 on the hepatic glycogen synthesis. Fixed liver tissues and treated
hepatocytes were stained and imaged by using confocal and
fluorescence microscopes, respectively. Glycogen intensity was
quantified with Image]. Methods for the analysis are given in Text S5.

2.11. Plasmids Construction and Dual-Luciferase Reporter
Assay

Plasmid construction and dual-luciferase reporter assays were
performed using the pmiR-RB-REPORT vector. The 3" untranslated
region (3’ UTR) sequences of wild-type (PKC5-WT) and mutant
PKCS (PKCS5-MUT) were inserted into the vector, with sequences
provided in Table S3. The plasmids were cotransfected with NC-M
and miR-363 mimic into cells using Lipofectamine 6000. Luciferase
activity was measured with the Dual-Luciferase Reporter Assay
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System, normalized to that of Firefly Luciferase. More details are
presented in Text S6.

2.12. qRT-PCR Analysis

The gRT-PCR experiment was conducted following a recent report
from our laboratory.”® Total RNA was extracted from liver tissues and
primary hepatocytes with a Trizol reagent (Invitrogen, Carlsbad,
California, USA). After ¢cDNA synthesis, PCR amplification was
performed using the LightCycler480 Real-Time PCR system (Roche,
Basel, Switzerland). The specific primers were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China), and primer sequences are shown
in Table S4. p-Actin was used as the internal reference gene for
mRNA, while U6 was used as the internal reference gene for miRNAs.
Relative RNA expression levels were calculated using the 2744C
method.

2.13. Western Blot Assay

Total and nuclear proteins were exacted, quantified, subjected to SDS-
PAGE, and then transferred to nitrocellulose membranes. After
blocking, membranes were incubated overnight at 4 °C with primary
antibodies (Table SS) and then with HRP-conjugated secondary
antibodies. Detection was performed using BeyoECL Star. f-Actin
and Histone H3 were internal references for the total and nuclear
proteins. Protein expression levels were calculated as the target
protein’s optical density ratio to the internal reference. For detailed
methods, please refer to Text S7.

2.14. Statistical Analysis

IBM SPSS Statistics 23.0 (Chicago, IL, USA) was used for statistical
analysis. All data were tested for normal distribution using the
Shapiro—Wilk method. Independent sample ¢ tests and one-way or
two-way ANOVA with Tukey’s multiple comparison tests were
performed, and the data were expressed as the mean + standard
deviation (SD). Different letters and * represented significant
differences (P < 0.05), and the same letter and NS represented
nonsignificant difference (P > 0.05). * means P < 0.0S, ** means P <
0.01, and *** means P < 0.001.

3. RESULTS AND DISCUSSION

3.1. Dose-Dependent Hepatotoxicity of 4-tBP in Cyprinus
carpio L

The potential toxicity of 4-tBP to aquatic organisms at
environmentally relevant levels has garnered widespread
concern. In this study, Cyprinus carpio L. was exposed to 4-
tBP across a gradient of concentrations over a period of 60
days (Figure 1A). Previous studies have revealed that 4-tBP
primarily accumulates in the liver, inducing an array of hepatic
physiological responses, with oxidative stress frequently cited
as a predominant manifestation.'>"> The activity of antioxidant
enzymes is recognized as an early biomarker of oxidative
stress.”’ Our observations (Figure S2A,B) showed a dose-
responsive decrement in the activities of pivotal hepatic
antioxidant enzymes (SOD and GPx) with increasing 4-tBP
concentrations. At the lowest concentration (1 ug/L), SOD
activity showed no statistically significant change compared to
the control (47.2 + 16.2 U/mg of prot vs. 56.9 & 16.7 U/mg
prot, P = 0.161), while GPx activity decreased significantly by
13.1% (P = 0.044). At higher concentrations, the decline in
enzyme activity became more pronounced. For instance, at 100
ug/L, the activities of SOD and GPx (P < 0.001) decreased by
59.6% and 70.2%, respectively. These findings suggest that
long-term exposure to even low levels of 4-tBP impairs the
liver’s antioxidant defenses. This impairment diminishes the
liver’s ability to neutralize reactive oxygen species (ROS) and
increases the risk of lipid peroxidation through free radical
chain reactions.”> Consistent with these observations, hepatic
H,0, levels (Figure S2C) increased significantly by 41.5%,
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193.6%, and 281.9% at 10, 100, and 500 ug/L of 4-tBP
exposure, respectively. However, no significant changes were
observed at 1 ug/L (P = 0.890) and 10 ug/L (P = 0.214). The
increase of MDA levels (Figure S2D), an indicator of oxidative
stress that can induce cellular to tissue-level damage, further
corroborated the dose-dependent effect of 4-tBP on lipid
peroxidation.”® Additionally, serum ALT and AST levels,
reliable biomarkers for liver dysfunction,”* showed a dose-
dependent activity increase (Figure S3). Significant elevations
were observed at concentrations of 10 pg/L and higher, with
ALT levels increasing by 27.9% (P = 0.006) and AST levels, by
80.7% (P < 0.001) at 10 pg/L of 4-tBP. These results highlight
progressive liver damage associated with increasing 4-tBP
exposure, demonstrating its hepatotoxic effects even at
environmentally relevant concentrations.

The IBR method was applied in this study to quantitatively
assess the hepatotoxic effects by integrating multiple biomarker
responses.’ > In our study, we normalized and visualized the
response levels of five biomarkers (SOD, GPx, MDA, ALT,
and AST) across a gradient of 4-tBP concentrations. As
depicted in Figure 1B, the progressive expansion of the profile
area with increasing 4-tBP concentrations illustrated the
cumulative stress response dictated by dose-dependency. The
IBR value at the lowest 4-tBP concentration (1 yg/L) was 1.37
(Figure 1C), indicating an adaptive response with minimal
hepatic damage. However, at 10 ug/L, the IBR value tripled to
4.61, signifying a challenge to adaptive mechanisms and a
decline in hepatic health. At higher concentrations of 4-tBP
(100 and 500 pg/L), the IBR values increased sharply to 9.08
and 10.62, respectively, suggesting an overburdened hepatic
detoxification system, increased oxidative stress, and potential
cellular damage. The gradual increase in IBR values clearly
demonstrated the dose-dependent hepatotoxicity of 4-tBP in
Cyprinus carpio L. Recent studies supported our conclusion
regarding the dose—response toxicity of EDCs on aquatic
animals through IBR analysis.”>*” For example, Yang et al.
found that multiple oxidative stress biomarkers (including
SOD, catalase, ROS, and MDA) in Procambarus clarkii
responded to atrazine exposure, with IBR analysis confirming
its dose-dependent toxicity on crayfish.”” Similarly, Briaudeau
et al. demonstrated a dose-dependent hepatotoxicity of
polycyclic aromatic hydrocarbons in Senegalese sole juveniles,
as evidenced by increasing IBR values with rising exposure
concentrations.”® Therefore, our findings suggest the potential
health risks of 4-tBP to aquatic ecosystems.

3.2. Inflammation Mediated by the NF-«B Pathway in
Response to 4-tBP Exposure

We conducted histopathological analyses on liver tissues to
visually assess the liver damage induced by 4-tBP. H&E
staining results (Figure 1D) showed normal liver morphology
in the control, with no significant signs of inflammatory
infiltration. However, a progressive accumulation of inflamma-
tory cells (indicated by arrows) was observed with increasing
concentrations of 4-tBP, indicating an ongoing inflammatory
response. Quantitative analysis (Figure 1E) confirmed a
significant increase in inflammatory cells, rising from 5.0 +
2.6 cells/field in the control to 15.7 + 5.5 cells/field at 1 ug/L
(P = 0.039) and further to 78.3 & 7.5 cells/field at 100 pug/L
(P < 0.001). This inflammatory response is likely associated
with oxidative stress induced by 4-tBP. Oxidative stress
typically precedes and contributes to initiating and perpetuat-
ing inflammatory cascades.”® It activates the Nuclear Factor-
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Figure 2. 4-tBP disrupted hepatic glycogen metabolism in Cyprinus carpio L. under 60-day exposure. (A) TEM images displaying hepatic
ultrastructure in control and 4-tBP-treated Cyprinus carpio L. Scale bars: 2 ym. The middle panels represent magnified views of the white boxed
areas in the corresponding TEM images. The arrow points to glycogen (Gly). (B) PAS staining of liver tissues. Scale bars: SO pm. (C)
Quantification of PAS staining using Image]. (D) Western blot assay presenting the protein levels of f-actin, IRS1, p-IRS1 Ser-307, AKT, p-AKT
Ser-473, GSK3f3, and p-GSK3f Ser-9 in both control and 4-tBP-treated groups. (E) Densitometric analysis of Western blot bands (n = 3).

kappa B (NF-kB) pathway, a central regulator of inflammatory
responses frequently triggered by oxidative stress and environ-
mental toxicants.””*" Oxidative stress activates the NF-xB
pathway, leading to upregulation of pro-inflammatory
cytokines Interleukin-1 beta (IL-1f) and Interleukin-6 (IL-
6). This promotes immune cell recruitment and activation in
damaged tissues.”’ We evaluated mRNA expression levels of
key pro-inflammatory markers (NF-xB p6S, IL-15, and IL-6)
to unravel the molecular mechanisms underlying the observed
histopathological changes. NF-kB p65 mRNA expression
increased dose-dependently, with significant upregulation
observed at 1 pug/L (1.46-fold, P = 0.002) and peaking at
100 ug/L (2.9-fold, P < 0.001) compared to the control
(Figure 1F). Similarly, IL-1f and IL-6 mRNA levels showed
significant increases, reaching 5.8-fold (P < 0.001) and 2.4-fold
(P 0.002) at 100 ug/L, respectively (Figure 1G,H).
Consistent with the mRNA data, Western blot results (Figure
1I-L, Uncropped Western blots for Figure S6) showed an
increase in protein levels of nuclear NF-xB p65 at higher
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treatment concentrations, which is a hallmark of NF-kB p65
activation and nuclear translocation.”> This critical trans-
location facilitates the transcriptional activation of numerous
inflammatory genes, including IL-18 and IL-6.°>** The
increase in the IL-1/ and IL-6 protein levels aligns with their
mRNA trends, suggesting a pronounced NF-xB-mediated
inflammatory cascade in response to 4-tBP exposure. These
results align with studies on other alkylphenols, which have
been shown to activate NF-kB signaling, further amplifying
inflammatory responses.”>*® Notably, our results are consistent
with findings from recent studies showing that 4-tBP can
induce pro-inflammatory responses across diverse cell types

*73% For instance, 4-tBP exposure has been shown

and species.
to elevate IL-6 expression in human melanocytes.”” This cross-
species consistency underscores the pro-inflammatory poten-
tial of 4-tBP, highlighting its relevance as an environmental risk
factor.
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Figure 3. Presence of MiR-363/PKCS§ axis under 4-tBP exposure. (A) Circular heatmap representation of differentially expressed miRNAs in liver
tissue following 4-tBP treatment (500 pg/L) (n = 3). (B) Relative miR-363 expression level in liver tissues using qRT-PCR (n = 6). (C) Relative
miR-363 expression level in primary hepatocytes of Cyprinus carpio L. using qRT-PCR (n = 3). (D) Alignment of miR-363 with the 3’ UTR of both
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3.3. Inflammation-Associated Disruption of Hepatic
Glycogen Metabolism

Inflammatory response significantly affects hepatic glycogen
metabolism by disrupting key signaling pathways such as the
insulin signaling cascade.””*’ To determine whether dis-
ruptions in hepatic glycogen metabolism accompany the
inflammation induced by 4-tBP, we analyzed the ultrastructure
of liver tissues. TEM observations (Figure 2A) revealed
significant ultrastructural changes in hepatocytes exposed to
500 pmol/L 4-tBP, characterized by uneven and sparse
glycogen distribution compared to the control’s uniform and
abundant glycogen stores. This finding was further corrobo-
rated by PAS staining (Figure 2B,C), which showed a dose-
dependent reduction in glycogen content in livers exposed to
4-tBP. Glycogen levels were significantly reduced by 44.1% at
10 ug/L, 72.0% at 100 ug/L, and 87.6% at S00 ug/L,
compared to the control group. These results suggested that
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long-term 4-tBP exposure disrupted hepatocyte glycogen
metabolism, leading to liver damage.

At the molecular level, hepatic glycogen metabolism is
stringently regulated by the insulin signaling pathway,"" which
can be affected by the NF-xB-mediated inflammation.*”** For
instance, NF-xB activation has been demonstrated to inhibit
insulin signaling by interfering with IRS1/AKT/GSK3p
phosphorylation in HepG2 cells.*” Our findings (Figure
2D,E, Uncropped Western blots for Figure S6) indicated
that the phosphorylation level of IRS1 at Ser-307 increased
with increasing concentrations of 4-tBP. Specifically, p-IRS1
levels increased by 2.1-fold at 10 pug/L, 3.4-fold at 100 ug/L,
and 5.9-fold at 500 p1g/L, compared to the control. The ratio of
phosphorylated to total IRS1 (p-IRS1/IRS1) also increased
dose-dependently, with significant (P < 0.05) differences
observed at all treatments. The phosphorylation of IRS1 at Ser-
307 has been recognized as an inhibitory modification,**
disrupting insulin signaling and contributing to insulin
resistance under stress conditions.”” Previous studies have
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Figure 4. Modulation of inflammatory and insulin signaling pathway by miR-363/PKCS axis in response to 4-tBP exposure. (A—C) Relative
mRNA expression of NF-kB p6S, IL-1f3, and IL-6 in primary hepatocytes of Cyprinus carpio L. (n = 3). (D) Western blot assay presenting the
protein levels of f-actin, IL-1f, and IL-6. (E, F) Densitometric analysis of Western blot bands (n = 3). (G) Western blot assay presenting the
protein levels of S-actin, IRS1, p-IRS1 Ser-307, AKT, and p-AKT Ser-473. (H—I) Densitometric analysis of Western blot bands (n = 3).

shown that short-term insulin stimulation increases total IRS1
levels, while prolonged stimulation leads to elevated serine
phosphorylation of IRS1.*® This modification promotes IRS1
degradation, resulting in a reduction in total IRS1 levels and
disruption of downstream insulin signaling.** This mechanism
aligns with our observation that total IRS1 levels significantly
increased by 21.0% at 10 ug/L and 62.6% at 100 pg/L but
plateaued at 500 ug/L with no further significant increase.
Subsequently, this reduces in the phosphorylation level of its
downstream effector, Protein Kinase B (AKT), at Ser-473."
AKT plays an important role in insulin signaling by
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phosphorylating and inactivating Glycogen Synthase Kinase 3
beta (GSK3/3)." In our study, a significant (P < 0.05) dose-
dependent reduction in the ratios of p-AKT/AKT was
observed, dropping by 40.4% at 10 ug/L (P = 0.031), 57.0%
at 100 ug/L (P = 0.005), and 86.7% at 500 ug/L (P = 0.001).
This reduction impaired the ability of AKT to phosphorylate
and inactivate GSK3p, resulting in sustained GSK3/ activity
and subsequent inhibition of glycogen synthesis."” Consistent
with this finding, we observed a significant (P < 0.05) dose-
dependent decline in the p-GSK34/GSK3p ratio at 10 ug/L
and higher 4-tBP exposure concentrations. Specifically, the p-
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GSK3p/GSK3p ratio decreased by 74.9% at 10 ug/L, 93.8% at
100 pg/L, and 98.2% at S00 pg/L compared to the control.
Additionally, total GSK3p levels showed a notable increase
under high 4-tBP concentrations (100 and 500 ug/L),
confirming its inhibitory effect on glycogen synthesis. These
findings demonstrated that 4-tBP disrupted the insulin
signaling pathway in a dose-dependent manner through the
IRS1/AKT/GSK3p pathway. Similar disruptions in insulin
signaling through the IRS1/AKT/GSK3f pathway have been
observed in previous studies on some endocrine-disrupting
chemicals, such as bisphenol A and di(2-ethylhexyl)
phthalate.””""’

3.4. Identifying miR-363 as a Key Regulator in
4-tBP-Induced Hepatotoxicity

Numerous studies have suggested the critical roles of miRNAs
in mediating various cellular processes, including inflammatory
pathways and metabolic regulations.””>* Some miRNAs have
been implicated in mediating inflammatory responses and
metabolic signaling pathways when exposed to environmental
EDCs.”** For instance, exposure to di(2-ethylhexyl) phthalate
has been shown to alter the expression of specific miRNAs
(including miR-200a and miR-17) involved in insulin signaling
and glucose metabolism,” highlighting the regulatory roles of
miRNAs in mediating EDC-induced toxicity. These findings
align with our observation of 31 differentially expressed
miRNAs (llog, (fold change)l > 1 and P < 0.05) associated
with 4-tBP-induced hepatotoxicity (Figure 3A). Among them,
miR-363 was the most significantly differentially expressed,
with its downregulation confirmed both in vivo (Figure 3B)
and in vitro (Figure 3C). MiR-363 has been validated to be
involved in regulating inflammation®® and glycogen metabo-
lism.”” To explore the role of miR-363 in the 4-tBP-mediated
glycogen synthesis disruption, we used insulin, a critical
hormone that promotes hepatic glycogen synthesis, as a
functional assay to evaluate glycogen synthesis capability.”®
Insulin-stimulated glycogen synthesis was diminished (P >
0.05) in cells with miR-363 inhibitor or 4-tBP, while miR-363
mimic reversed (P < 0.05) 4-tBP-blunted insulin sensitivity
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(Figure S4). These findings indicated the pivotal role of miR-
363 in restoring glycogen synthesis disrupted by 4-tBP, further
highlighting its potential as a therapeutic target for mitigating
the hepatotoxic effects of 4-tBP.

3.5. The MiR-363/PKCd Axis is a Key Modulator in
4-tBP-Induced Inflammatory and Glycogen Metabolism
Disruptions

MiRNAs regulate gene expression by binding to the 3" UTR of
target mRNAs, and the miRNA-mRNA axes have been
recognized as promising therapeutic targets in various
diseases.”® In this study, PKCS was identified as a potential
miR-363 target due to its predicted binding site (Figure 3D).
PKCé is crucial in inflammatory processes and hepatic
glycogen metabolism.***® As a key effector in the NF-xB
pathway, PKC§ activation promotes the production of pro-
inflammatory cytokines such as IL-1f and IL-6, thereby
amplifying inflammatory responses and oxidative stress in
diabetic models.®’ Moreover, PKCS dysregulation has been
linked to insulin signaling disruptions, as it contributes to the
inhibitory phosphorylation of IRS1 at Ser307, imgairing
downstream AKT activation and glycogen synthesis.”> Our
findings demonstrated that exposure to 4-tBP significantly (P <
0.05) upregulated PKC5 mRNA levels in a dose-dependent
manner (Figure 3F,G). This upregulation inversely correlates
with the downregulation of miR-363 levels, indicating a
potential mechanistic interplay between miR-363 and PKCéS
under 4-tBP exposure. A dual-luciferase reporter assay further
confirmed the specificity of the interaction between miR-363
and the binding site on PKCS§, with a significant (P < 0.05)
reduction in luciferase activity of PKCS-WT when treated with
miR-363 mimic but no notable change (P > 0.05) observed in
the mutant group (Figure 3E). Furthermore, miR-363 mimic
significantly (P < 0.05) decreased both mRNA (Figure 3H)
and protein (Figure SS, Uncropped Western blots for Figure
S6) levels of PKCS. In contrast, inhibition of miR-363 caused
an increase (P < 0.05) in PKCS§ expression, which was reversed
by siRNA-mediated PKCS knockdown. These findings
revealed the intricate regulatory relationship between miR-
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363 and PKCJ, consistent with specific binding interactions
reported in other studies.”*

It is hypothesized that miR-363 may modulate the
inflammatory response and glycogen synthesis by targeting
PKCSd. To validate this hypothesis, we investigated the role of
the miR-363/PKC¢S axis in modulating NF-xB and insulin
signaling in hepatocytes exposed to 4-tBP. As depicted in
Figure 4A—F, treatment with miR-363 mimic significantly (P <
0.05) reduced both mRNA and protein levels associated with
NF-«B signaling, indicating a protective role of miR-363
against hepatic inflammation. This aligns with previous
research showing that overexpression of miR-363 suppressed
pro-inflammatory cytokine expression in dendritic cells of
patients with rheumatoid arthritis.”> These findings highlight
the anti-inflammatory potential of miR-363 across different
cellular contexts. Additionally, our Western blot analysis
(Figure 4G—I, Uncropped Western blots for Figure S6)
disclosed that miR-363 mimic effectively (P < 0.05) countered
the negative effects of 4-tBP on the phosphorylation states of
IRS1 and AKT. This counteraction suggested that miR-363
mimics mitigate 4-tBP-induced disruptions in glycogen syn-
thesis by restoring insulin signaling. Conversely, inhibition of
miR-363 exacerbated (P < 0.05) the effects of 4-tBP on both
NF-«B signaling gene expression and the phosphorylation
states of IRS1 and AKT. These results highlight miR-363 as a
key regulator of inflammatory and insulin signaling networks in
response to 4-tBP exposure. Notably, siRNA-mediated PKC6
knockdown provided a balanced modulation, significantly (P <
0.05) influencing the effects of miR-363 and alleviating (P <
0.05) 4-tBP-induced NF-kB pathway activation and insulin
signalinog disruption. These findings are supported by recent
studies.”*® PKC§ induces inflammatory response through the
activation of the NF-kB signaling pathway, with its inhibition
reducing NF-kB p65, IL-15, and IL-6 levels in Alzheimer’s
disease mice.”’ Specific inhibition of PKCS has also been
demonstrated to reverse the increase in p-IRS1 Ser307 and the
decrease in p-AKT Ser-473 induced by insulin stimulation,
thereby enhancing glycogen synthesis capacity.”> Together,
these findings highlight the miR-363/PKCS¢ axis as a potential
therapeutic target to mitigate the adverse effects of 4-tBP on
inflammation and glycogen metabolism (Figure S).

4. CONCLUSION

In summary, our data demonstrate that chronic exposure to
environmentally relevant levels of 4-tBP induces hepatotoxicity
in Cyprinus carpio L. via impairments in the fish’s antioxidant
defense capabilities, inflammation induction, and glycogen
metabolism disruption. At the molecular level, we demon-
strated the key regulatory role of miR-363/PKCS¢ axis for the
hepatoxicity observed in Cyprinus carpio L. Exposure to 4-tBP
triggers downregulation of miR-363 and upregulation of PKC6
mRNA, disrupting the miR-363/PKCS axis. This results in (1)
increased expression of the NF-kB signaling gene, triggering
inflammatory responses, and (2) interfered phosphorylation of
IRS1, AKT, and GSK3p, impairing glycogen synthesis.
Overexpression of miR-363 or silencing PKCJO mitigated
these adverse effects on NF-kB signaling and insulin pathway
phosphorylation, highlighting the miR-363/PKCJ axis as a
potential therapeutic target against the adverse effects of 4-tBP.
Given that miRNA-mRNA axes are recognized as therapeutic
targets in various diseases, our study not only sheds light on
the molecular mechanisms underlying 4-tBP toxicity and its
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risks to aquatic organisms but also highlights potential targets
for intervention.
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