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A B S T R A C T

Mono-2-ethylhexyl phthalate (MEHP) is the major biologically active metabolite of Di(2-ethylhexyl) phthalate
(DEHP). This MEHP mono-ester metabolite can be transported through the bloodstream into tissues such as the
liver, kidneys, fat, and testes and cause corresponding damage. Resveratrol (RSV) has anti-inflammatory, anti-
oxidant, and detoxification characteristics. Our research examined whether RSV alleviates MEHP-induced grass
carp hepatocyte (L8824 cell) injury and its relationship with the Nrf2 pathway, mitophagy, ferroptosis, and
immune function. Therefore, we treated L8824 cells with 85 μMMEHP and/or 2 μM RSV. The findings indicated
that exposing MEHP resulted in increased reactive oxygen species (ROS) content and decreased mitochondrial
membrane potential in L8824 cells, which induced an up-regulation of the expression of mitophagy-related
indicators (PINK1, Parkin, Beclin1, LC3B, and ATG5) and a down-regulation of P62. An up-regulation of the
expression of the ferroptosis-related indicators TFR1 and COX-2, and GPX4 and FTH expression was down-
regulated. In addition, there was a decrease in the expression of IL-2 and IFN-γ and an increase in the expres-
sion of inflammatory cytokines such as TNF-α, IL-1β, and IL-6 after exposure to MEHP. RSV activates the Nrf2
pathway and effectively alleviates MEHP-induced mitophagy, ferroptosis, and immunologic dysfunction of
L8824 cells.

1. Introduction

DEHP is an extensively utilized plasticizer in food processing, in-
dustrial, medicinal, and other industries (Fu et al., 2023). The primary
metabolite of DEHP is MEHP, which has a high level of toxicity (Zhang
et al., 2022a). DEHP in plastic products can be released into the envi-
ronment and seriously pollute water resources and the environment
(Dueñas-Moreno et al., 2023). In a wastewater study in Poland, the
concentration of DEHP in wastewater samples was up to 143 mg/L
(Kotowska et al., 2020). In the environment, DEHP can be converted to
MEHP by abiotic and biological processes. One study examined surface
water samples collected in the upper, middle, and lower reaches of the

Dongjiang River Basin and found that DEHP accounted for 91% of all
detected phthalates (PAEs) and MEHP accounted for 73% of all detected
PAEmonoesters (Li et al., 2024). Another study found that when plastics
enter a water environment, the plastic surface inevitably forms a bio-
film, and although the presence of a surface biofilm causes the con-
centration of DEHP in water to decrease by 0.8–11.6 times, the
concentration of MEHP in water increases by 2.3–57.3 times (Zhao et al.,
2024). DEHP is immediately hydrolyzed to the more stable MEHP upon
entry into the biological organism (Chen et al., 2022). Studies have re-
ported that MEHP remains in human sweat, blood, hair, and breast milk
(Zhang et al., 2021). More and more studies have confirmed the severe
damage caused by MEHP to biological organisms. MEHP can penetrate
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the blood-testis barrier and damage the male reproductive system (Hong
et al., 2023a, 2023b). MEHP is more likely than DEHP to cause endo-
thelial cell dysfunction in the brain and compromise the integrity of the
blood-brain barrier (Kim et al., 2023). MEHP also induces thyroid
toxicity by causing endoplasmic reticulum stress (Xu et al., 2022a). In
addition, MEHP can induce oxidative stress, causing neurotoxicity (Liu
et al., 2023a). It is worth noting that the liver is the most significant
metabolic organ of the animal organism and has the function of detox-
ification. MEHP can cause lipid metabolism disorder and liver fibrosis
from oxidative damage to hepatocytes in rats (Zhang et al., 2022b,
2023a). In addition, MEHP induces hepatic injury in pregnant mice via
lipid peroxidation and iron accumulation (Zhang et al., 2022c). As a
result, many researchers have initiated studies on MEHP detoxification
drugs. For example, Pinar Erkekoglu et al. found that selenium supple-
mentation attenuated MEHP-induced LNCaP cytogenetic toxicity by
alleviating oxidative stress (Erkekoğlu et al., 2010). Sorour Ashari et al.
demonstrated that quercetin can reduce MEHP-induced kidney damage
by modulating the NF-κB signaling pathway (Ashari et al., 2022).

The regulation of oxidation and antioxidants is essential for main-
taining normal physiological functions and resisting diseases (Li et al.,
2023a; Gao et al., 2022a; Xu et al., 2022b). Oxidative stress results from
an imbalance between oxidative and antioxidant processes caused by
excess ROS (Lv et al., 2023; Wang et al., 2023a, 2024; Miao et al., 2023;
Sun et al., 2024a; Lei et al., 2024). The Nrf2 pathway is essential for
preserving cellular homeostasis and regulating oxidative stress (Huang
et al., 2023; Hou et al., 2022; Li et al., 2023b). Normal conditions result
in the presence of Nrf2 as the Keap1-Nrf2 complex in the cytoplasm.
When external stimuli cause oxidative stress, Keap1 separates fromNrf2,
and Nrf2 enters the nucleus to promote the synthesis of downstream
antioxidant enzymes such as HO-1 and NQO1 (Xing et al., 2023; Lim
et al., 2021). Mitochondria are essential sites of cellular metabolism and
targets of ROS action (Kasai et al., 2023). The increase in oxidative stress
impaired mitochondrial function and induced mitophagy (Wang et al.,
2023b). It has been shown that bisphenol S affects the Nrf2 antioxidant
pathway and promotes apoptosis and mitophagy in mouse osteoblasts
by inducing mitochondrial ROS production (Shan et al., 2023).
Furthermore, co-exposure to cadmium and polystyrene nano plastics
exacerbated oxidative stress and excessive mitophagy in mouse kidneys
by inhibiting the Nrf2 antioxidant pathway (Qiu et al., 2023). A large
number of studies have shown that oxidative stress can induce ferrop-
tosis (Zhu et al., 2023a; Dong et al., 2023; Yang et al., 2024). Moreover,
ferroptosis is strongly associated with the Nrf2 pathway (Wang et al.,
2023c). According to recent research, vitexin activates the Nrf2 pathway
in renal tubular epithelial cells, inhibiting ferroptosis and mitigating
chronic kidney disease (Song et al., 2023). By blocking ferroptosis via
the Nrf2 signaling pathway, caffeine reduces the effects of cerebral
ischemia in rats (Li et al., 2023c). Furthermore, oxidative stress can lead
to immune dysfunction (Zheng et al., 2019; Cai et al., 2023). At the same
time, the Nrf2 pathway is also involved in immune regulation. Nrf2 is
considered to be an important regulator of innate immunity (Zhu et al.,
2023b). For example, co-exposure of abamectin and imidacloprid
induced immune dysfunction in carp epithelial cells by influencing the
Keap1/Nrf2/TXNIP axis (Liu et al., 2023b); Dendritic cells are shielded
against immunological dysfunction caused by lipopolysaccharides by
astaxanthin-induced Nrf2/HO-1 axis activation (Yin et al., 2021).

RSV is a natural polyphenol organic compound that comes from
many dietary fruits such as grapes and mulberries (Griñán-Ferré et al.,
2021). RSV has the properties of resisting oxidative stress and inflam-
mation through the Nrf2 pathway (Shahcheraghi et al., 2023). Studies
have shown that RSV can protect cardiomyocytes by reducing mitoph-
agy induced by zinc deficiency (Wang et al., 2023d). RSV also prevents
ischemia-reperfusion injury in the myocardium by attenuating oxidative
stress and ferroptosis (Li et al., 2022a). In addition, RSV significantly
enhanced immune function in immunosuppressed mice (Lai et al.,
2016). However, uncertainty exists regarding RSV’s potential antago-
nistic effects on the MEHP-induced immunological dysfunction,

ferroptosis, and mitophagy of L8824 cells. Thus, to ascertain the
experimental concentration of MEHP and the ideal antagonistic con-
centration of RSV, we employed the CCK-8 kit to measure the vitality of
L8824 cells treated with RSV and/or MEHP. Subsequently, a DCFH-DA
probe and an oxidative stress kit were used to determine each group’s
degree of oxidative stress. Finally, the related indexes of the Nrf2
pathway, mitophagy, ferroptosis, and immune function were examined
by molecular docking, immunofluorescence, JC-1 staining, MDC stain-
ing, Western blot, and RT-PCR. This work aimed to explore the effect of
RSV on MEHP-induced cell damage and its relationship with the Nrf2
pathway, to provide a foundation for developing MEHP detoxification
drugs, and to provide a scientific foundation for aquatic organisms to
avoid the threat of MEHP.

2. Materials and methods

2.1. Experimental medicines

Mono(2-ethylhexyl) phthalate (purity ≥98%, Yuan ye, China)
chemical formula C16H22O4 (CAS:4376-20-9) is the main metabolite of
DEHP. Resveratrol (purity ≥99%, Macklin, China) with chemical for-
mula C14H12O3(CAS:501-36-0) is a natural antioxidant found in plants.
ML385(purity ≥99%, MedChemExpress, USA) is a commonly used Nrf2
inhibitor (Cat.No:HY-100523). MEHP, RSV, and ML385 were dissolved
with DMSO (purity ≥99%, Biotope, China).

2.2. Cell culture and treatment

The culture method of grass carp hepatocytes (L8824 cells) was
referred to in our previous study (Gao et al., 2022b). The CCK-8 kit
(Meilun Bio, China) was utilized in this investigation to assess the
toxicity of RSV and/or MEHP to L8824 cells. L8824 cells were exposed
to MEHP (0, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024 μM), RSV (0, 0.25,
0.5, 1, 2, 4, 8, 16, 32, 64, 100 μM) and MEHP (85 μM)+ RSV (0、0.25、
0.5、1、2、4、8、16、32、64 μM). According to the experimental
results of CCK8, four experimental groups were created: Control group,
RSV (2 μM) group, MEHP (85 μM) group, RSV (2 μM) + MEHP (85 μM)
group.

2.3. Detection of oxidative stress level

The DCFH-DA fluorescent probe was employed in this investigation
to detect the accumulation of ROS in each cell group. After inoculating
each group’s cells in 6-well plates, the working solution was set up with
a probe and PBS ratio of 1:1000. The medium in the plates was dis-
carded. After three PBS washes, each well was filled with 1 mL of the
working solution. After 30 min of light-protected incubation, each group
was examined under a fluorescence microscope.

To ascertain each group’s cells’ antioxidant capacity, an oxidative
stress kit (A001-1-2, A007-1-1, A005-1-2, A015-1-2, A003-1-2, Nanjing
Jiancheng Bioengineering Institute, China) was utilized. Each group’s
cells were pretreated by the oxidative stress kit’s instructions, and Su-
peroxide dismutase (SOD), Catalase (CAT), Glutathione peroxidase
(GSH-Px), Total antioxidant capacity (T-AOC), and Malondialdehyde
(MDA) were detected in the supernatant that was collected following
treatment.

2.4. Molecular docking

The binding energies of RSV and Keap1 were calculated bymolecular
docking, and the 3D structures of Keap1 and RSV were obtained in the
same way as in our previous study (Gao et al., 2022a). The software used
for molecular docking was Auto Dock Vina. Finally, PyMol 2.6.0 was
utilized to screen the optimal binding modes of RSV and Keap1, in which
the first binding result was optimal.
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2.5. Detection of mitochondrial membrane potential (ΔΨm)

The Mitochondrial Membrane Potential Kit (JC-1, Beyotime, China)
is a kit that uses JC-1 as a probe to detect changes in the cellular
mitochondrial membrane potential quickly and sensitively. 5 μL of JC-1
probe was added to each 1 mL of JC-1 buffer to configure the JC-1
working solution. The cells of each group were inoculated in 6-well
plates, and after discarding the medium, 1 mL of JC-1 working solu-
tion was added to each well, and the cells were left to incubate for 20
min without exposure to light. Finally, the JC-1 working fluid was dis-
carded, and 1 mL of medium was added to each well. The changes in
mitochondrial membrane potential in each group’s cells were observed
under the microscope.

2.6. MDC dyeing

Autophagy Staining Detection Kit (MDC, Beyotime, China) is one of
the most commonly used kits to detect autophagy. An appropriate
amount of MDC probe was taken and diluted into MDC stain solution
with Assay Buffer at a ratio of 1:1000. Discard each group of cells’
culture medium, wash with PBS three times, add 1 mL of MDC staining
solution to each well, and incubate for 30 min without exposure to light.
Ultimately, after discarding theMDC staining solution and cleaning each
well twice with Assay Buffer, each well was given 1 mL of Assay Buffer,
and the formation of autophagosomes in each group was observed under
a fluorescence microscope.

2.7. Immunofluorescence

The cells of each group were inoculated into 12-well plates, 1 mL 4%
paraformaldehyde was added to each well, and the cells were placed in a
shaking bed at 4 ◦C overnight. The fixed liquid was discarded, the
washing liquid was washed three times, and a blocking solution was
used to block the cells for 1 h. Discard the blocking solution and incubate
at 4 ◦C overnight with diluted primary antibody (GPX4, Abmart, Dilu-
tion ratio:1:200). After recovering the primary antibody, add the diluted
secondary antibody (Dylight 488 goat anti rabbit IgG, Biodragon,
Dilution ratio:1:1000). Remove from light and incubate for 1 h at room
temperature. The secondary antibody was recovered, and another target
primary antibody (FTH, ABclonal Biotechnology, Dilution ratio:1:200)
was added. Remove from light and incubate for 2 h at 37 ◦C. After the
primary antibody was recovered, another secondary antibody (Dylight
594 goat anti rabbit IgG, Biodragon, Dilution ratio:1:1000) was added
and incubated in a room. The secondary antibodies were recovered,

washed three times in washing solution, and after adding 500 μL of DAPI
nuclear dye to each well, the wells were left in the dark for 15 min.
Ultimately, following three washings with a washing solution and the
addition of an anti-fluorescence quencher, each group’s fluorescence
intensity was examined under a fluorescence microscope.

2.8. Real-time quantitative PCR (RT-PCR) analysis

Using the Trizol method (Thermo Scientific, USA), total RNA was
isolated from each treatment group in this investigation. The extraction
of RNA by Triol mainly includes the following steps: First, the cell is
lysed by Triol reagent; Then, chloroform is added for phase separation.
The upper water phase was absorbed, and isopropyl alcohol was added
to precipitate RNA. After that, RNA precipitation was washed with 75%
DEPC alcohol. Finally, the RNA precipitate was dissolved in the DEPC
water, producing high-quality RNA. A reverse transcription kit (Trans-
Gen, China) was then used to convert the extracted total RNA into cDNA.
The target genes’ mRNA levels were found using the Light Cycler ® 480
II apparatus. The 2− ΔΔCt method was used to calculate relative mRNA
expression. β-actin was used as the internal reference gene. Table 1 lists
the primer sequences that were used in this investigation.

2.9. Protein extraction and Western blot analysis

The cells in each group were inoculated in a 6-well plate for the
extraction of total cell protein, and the protein lysate was prepared at a
ratio of 1 mL RIPA (Beyotime, China) to 10 μL PMSF (Beyotime, China).
Each group was added 1 mL of protein lysate, scraped off the cells, and
then the mixture was placed in a 1.5 mL centrifuge tube for ultrasound
using an ultrasonic cell crusher. Then, centrifuge at 4 ◦C for 12,000 r/
min for 15 min, absorb 700 μL of liquid in the middle layer, add 175 μL
of SDS, shake and mix, heat for 15 min at 100 ◦C in a metal bath, and
store at − 80 ◦C.

The proteins were transferred to the NC membrane after being iso-
lated by SDS-PAGE. 5% skim milk was used as the blocking solution,
blocked at 37 ◦C for 2 h, and incubated overnight with diluted primary
antibody. Finally, they were scanned using the Azure Imaging Biosystem
C300 after being incubated with secondary antibodies for 2 h. Table 2
displays the primary antibodies that were employed in this research.

2.10. Data statistics and analysis

The data analysis software used in this study was GraphPad Prism
9.0. The T-test was employed to examine the variations among the

Table 1
The primer sequences utilized in this assay.

Genes Upstream primer (5′–3′) Downstream primer (5′–3′)

Keap1 ACAAGCCCACCAAAGTCATTCC TATCCGCCAGCCGTGTAGATG
Nrf2 CGTGAGCAGGAGGAGGAGAAG TTTGTTGTGTTGGTTTGCGTTAGC
HO-1 CAGCATCCCAAAGTCAATCAAGAAC ATTCCCACACCTAACGCAAACTG
NQO1 CGACGAGAAATGGCACAGAAGAC GAAGTTCATAGCATAGAGATCCGACAC
PINK1 GAGATCCTTCCTTGCCAACATAGAC ACTGCCATTGCTCTTGTCCATAC
Parkin AGCGGAGGAGTGTGTTCTTCAG AAACCCACAGCCAAGTCCATTTC
P62 GACCAAGGCAGTGATGAGGAATG TGTGCTGGAGGCGGTACTTAG
Beclin1 CGGCTCCATTAGTGACAGTTACAG GTGCTCTCAGTTGACATCATCCTC
LC3B CTTCCTGCTTGTCAACGGTCAC CAAATGTCTCCTGGGATGCGTAG
ATG5 AGCCAAAGAGATTCCAGGTTATGATTC GATGCTGATGTGGAGGAAGTTGTC
GPX4 CGCCAAGTCTTACAACGCAGAG TCCTTCAGCCACTTCCACAGAG
FTH CAGGACGTGAAGAAACCAGAGAAGG TGAGGGTCGTTGTGCTGAGAGG
TFR1 AATGGATGGAACAGAACAAGGACAC CACAGAAGACAGCCAGCACAAC
COX-2 AGACTACGAAGATTTAGGCTTTGACTC GATACTAGGACACGAACTGGTGATTC
TNF-α GTGATGGTGCCGAGGAGGAAG CTCTGAGACTTGTTGAGCGTGAAG
IL-1β GTGCTGATTCTGATGAGATGGACTG CAATGATGATGTTCACCACTTGCTTC
IL-2 TTCAGGAGGATTGTTTGTCTTCAGC CCTTGTTCAGTCCTTCGTAGATCATC
IFN-γ AGTCCAGAAATCCGCCTCAGAG TTCCATCGTGCTTCAACTCCATAG
IL-6 AGGTGAGTGAAGGACAGATGGATC TGACGCTGGTGAAGTTGAACAAG
β-Actin CGTGCTGTCTTCCCATCCATCG CTGAGCCTCGTCACCAACATAGC
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groups. Every experiment was conducted thrice, and the results were
displayed as mean± standard deviation. The superscript letters between
two groups are ns for p > 0.05, * for p < 0.05, ** for p < 0.01, *** for p
< 0.001, and **** for p < 0.0001.

3. Experimental results

3.1. RSV reduces the decline in L8824 cell viability brought on by
exposure to MEHP

Using the CCK-8 kit, the impact of exposure to RSV and/or MEHP on
the viability of L8824 cells was investigated to be able to establish the
experimental concentrations of RSV and MEHP. As shown in Fig. 1A,

L8824’s cell viability declined dose-dependently following MEHP
treatment, with a median inhibitory concentration of 331.9 μM (95%
confidence interval 273.8–410.3). When RSV concentration was less
than 8 μM, the viability of L8824 cells was not affected. When RSV
concentration was greater than 8 μM, the viability of L8824 cells was
decreased in a dose-dependent manner (Fig. 1B). In order to determine
the optimal concentration of RSV against MEHP, L8824 cells were
treated with 85 μM MEHP (cell survival rate was 74.592%) and various
concentrations of RSV, and the detoxification impact of MEHP was most
pronounced at RSV concentration of 2 μM (Fig. 1C). Therefore, the
experimental concentrations of MEHP and RSV were finally determined
to be 85 μM and 2 μM, respectively.

3.2. RSV reduces the oxidative stress that exposure to MEHP causes in
L8824 cells

ROS fluorescent probes were used to measure the impact of RSV and/
or MEHP exposure on the level of oxidative stress in L8824 cells. The
production of ROS observed by fluorescence microscopy is depicted in
Fig. 2A. Fig. 2A was quantized using image j software, yielding Fig. 2B.
According to the experimental result, the MEHP group generated
considerably more ROS than the Control and RSV groups (p < 0.05).
Conversely, the RSV + MEHP group generated significantly less ROS
than the MEHP group. Next, we performed oxidative stress kits (Fig. 2C).
The findings demonstrated that whereas the MEHP group had much
greater levels of MDA than the Control group, the activities of CAT, GSH-
Px, SOD, and the level of T-AOC in the MEHP group were significantly
decreased. In comparison to the MEHP group, there was a significant
increase in the activities of CAT, GSH-Px, SOD and the levels of T-AOC
and a significant decrease in the levels of MDA after receiving MEHP and
RSV co-treatment. The experimental results showed that RSV effectively
reduced the oxidative stress that MEHP exposure had caused in L8824
cells.

Table 2
The antibodies utilized in this assay.

Genes Dilution ratio Manufacturer Cat. No

Keap1 1:1000 Wan lei, Shenyang, China WL03285
Nrf2 1:500 Wan lei, Shenyang, China WL02135
HO-1 1:1000 Wan lei, Shenyang, China WL02400
NQO1 1:500 Wan lei, Shenyang, China WL04860
PINK1 1:500 ABclonal Biotechnology A24745
Parkin 1:500 Wan lei, Shenyang, China WL02512
P62 1:500 Wan lei, Shenyang, China WL02385
Beclin1 1:1000 Wan lei, Shenyang, China WL02508
LC3B 1:1000 Wan lei, Shenyang, China WL01506
ATG5 1:1000 Wan lei, Shenyang, China WL02411
GPX4 1:500 Wan lei, Shenyang, China WL05406
FTH 1:500 Wan lei, Shenyang, China WL05360
TFR1 1:500 Wan lei, Shenyang, China WL03500
COX-2 1:1000 Wan lei, Shenyang, China WL01750
TNF-α 1:1000 ABclonal Biotechnology A24214
IL-1β 1:500 Wan lei, Shenyang, China WL00891
IL-2 1:1500 Wan lei, Shenyang, China WL00693
IFN-γ 1:1500 Wan lei, Shenyang, China WL02440
IL-6 1:1000 Wan lei, Shenyang, China WL02841
β-Actin 1:10,000 ABclonal Biotechnology AC026

Fig. 1. RSV mitigated MEHP-induced decline in L8824 cell viability. (A) Changes in cell viability of L8824 cells treated with different concentrations of MEHP. (B)
Changes in cell viability of L8824 cells treated with different concentrations of RSV. (C) The effects of 85 μM MEHP and different concentrations of RSV on the
viability of L8824 cells. All data were expressed as mean ± standard deviation. The superscript letters between the two groups are ns for p > 0.05, * for p < 0.05, **
for p < 0.01, *** for p < 0.001, and **** for p < 0.0001, the same below.
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Fig. 2. RSV alleviates oxidative stress in L8824 cells induced by MEHP exposure. The scales in Fig. 2A are all 100 μm. (A) The production of ROS in each group was
observed under the fluorescence microscope. (B) Quantification of Fig. 2A. (C) Oxidative stress kit: CAT, GSH-Px, MDA, SOD, T-AOC detection results data.

Fig. 3. Effects of RSV and/or MEHP exposure on the Keap1/Nrf2 pathway. (A) Molecular docking of RSV and Keap1. The diagram of the molecular binding sites of
RSV and Keap1 is shown in the right window. (B) Expression of the Nrf2 pathway-related proteins in different treatment groups. (C) Quantification of Fig. 3B. (D)
Expression of the Nrf2 pathway-related mRNA in different treatment groups. Data are expressed as mean ± standard deviation.
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3.3. RSV regulates the Nrf2 pathway to alleviate the damage of L8824
cells induced by MEHP

Using molecular docking, Western blot, and RT-PCR, the effects of
RSV and/or MEHP exposure on the Nrf2 pathway were investigated in
this work. Fig. 3A shows the molecular docking of RSV and Keap1. The
binding energy is − 8.3 kcal/mol, and the two have strong binding
ability with four binding sites. Glycine 367 (GLY-367), Valine 606(VAL-
606), Valine 418(VAL-418), arginine 415 (ARG-415). Therefore, it is
hypothesized that RSV may bind Keap1 protein either directly or indi-
rectly to function. Next, we examined each group’s expression of pro-
teins associated with the Nrf2 pathway (Fig. 3B). Keap1 expression in
the MEHP group was significantly higher than that in the control group
(p < 0.05). Keap1 expression in the RSV + MEHP group was signifi-
cantly lower than that in the MEHP group (p < 0.05). Regarding the
expression of Nrf2 protein, the experimental results showed a consid-
erable decline in intracellular Nrf2 expression and a considerable in-
crease in nuclear expression in the MEHP group compared to the Control
group, with a more significant decrease in intracellular Nrf2 expression
and a more significant increase in nuclear expression in the RSV +

MEHP group (p < 0.05). Moreover, with the transfer of Nrf2 into the
nucleus, the protein expressions of downstream antioxidant enzymes
HO-1 and NQO1 were significantly enhanced. Compared with the con-
trol group, the protein expressions of HO-1 and NQO1 in the MEHP
group were enhanced to a certain extent, and the protein expressions of
HO-1 and NQO1 in the RSV + MEHP group were the most significantly
enhanced. Fig. 3D displays the mRNA associated with the Nrf2 pathway
expressed in each treatment group. This mRNA expression trend aligns
with that of the protein expression. These findings demonstrated that
RSV could control the Nrf2 pathway to lessen the adverse impacts of
MEHP on L8824 cells.

3.4. RSV alleviation mitophagy induced by MEHP exposure in L8824
cells

Firstly, using a mitochondrial membrane potential kit, the variations
in each group’s mitochondrial membrane potential were identified
(Fig. 4A). The findings demonstrated that the MEHP group’s green
fluorescence was increased while its red fluorescence was dramatically
diminished when compared to the Control group, suggesting a drop in
the potential of the mitochondrial membrane. Compared with the MEHP
group, the mitochondrial membrane potential in the RSV+MEHP group
recovered significantly. Fig. 4C shows the generation of autophago-
somes in each group as observed under fluorescence microscopy. The
MEHP group had significantly more autophagosomes than the Control
group, while the RSV + MEHP group had significantly fewer autopha-
gosomes than the MEHP group. The expression of proteins linked to
mitophagy in each group was next investigated (Fig. 4E). The outcomes
demonstrated that the MEHP group’s protein expressions of PINK1,
Parkin, Beclin1, LC3B, and ATG5 were considerably greater than those
of the Control group (p < 0.05). Conversely, P62’s protein expression
was considerably lower (p < 0.05). The RSV + MEHP group showed
considerably lower protein expressions of PINK1, Parkin, Beclin1, LC3B,
and ATG5 than the MEHP group but significantly higher levels of P62 (p
< 0.05). Moreover, the expression trend of mitophagy-related mRNA
was consistent with that of protein (Fig. 4G). These findings showed that
RSV could prevent the onset of mitophagy in L8824 cells, whereas MEHP
increased it.

3.5. RSV alleviates ferroptosis of L8824 cells induced by MEHP exposure

To assess the occurrence of ferroptosis in each group, the ferroptosis
markers GPX4 and FTH were detected by immunofluorescence double
staining (Fig. 5A). The figure illustrates that the fluorescence intensity of
GPX4 and FTH in the MEHP group was much lower than in the Control
group. In contrast, the RSV + MEHP group’s fluorescence intensity was

considerably greater than in the MEHP group. In conclusion, MEHP can
induce ferroptosis in L8824 cells, while RSV can alleviate MEHP-
induced ferroptosis in L8824 cells. To validate this idea further, we
examined ferroptosis-related proteins in each group. As demonstrated in
Fig. 5D, the MEHP group’s protein expressions of TFR1 and COX-2 were
considerably raised compared with the Control group (p < 0.05), while
the protein expressions of GPX4 and FTH were dramatically lowered (p
< 0.05). In the RSV + MEHP group, there was a substantial rise in the
protein expressions of GPX4 and FTH compared to the MEHP group (p
< 0.05) and a significant decrease in the protein expressions of TFR1
and COX-2 (p < 0.05). The expression of ferroptosis-associated mRNAs
is consistent with the trend of protein expression, as shown in Fig. 5F.

3.6. RSV alleviates the immunological dysfunction brought on by
exposure to MEHP in L8824 cells

The impact of RSV and/or MEHP exposure on the immunological
function of L8824 cells was finally assessed by investigating the mRNA
and protein expression of TNF-α, IL-1β, IL-2, IFN-γ, and IL-6. The find-
ings demonstrated that the MEHP group’s protein expressions of TNF-α,
IL-1β, and IL-6 were considerably greater in comparison to the Control
group (p < 0.05), while the protein expressions of IL-2 and IFN-γ were
considerably lower (p < 0.05). In contrast to the MEHP group, protein
expressions of TNF-α, IL-1β, and IL-6 in the RSV + MEHP group were
considerably declined (p < 0.05), and the protein expressions of IL-2
and IFN-γ were considerably increased (p < 0.05)(Fig. 6A). Fig. 6B
shows that the expression of immunological dysfunction mRNAs is
consistent with the trend of protein expression. These findings implied
that RSV reduced the harmful impact caused by exposure to MEHP on
the immune systems of L8824 cells.

3.7. RSV alleviates mitophagy, ferroptosis, and immune dysfunction of
L8824 cells induced by MEHP by regulating the Nrf2 pathway

We added ML385(Nrf2 inhibitor, 5 μM) to verify further that RSV
alleviates a series of cell damage induced by MEHP by regulating the
Nrf2 pathway. Firstly, we detected the protein expression of Nrf2. The
results showed that compared with the MEHP group, Nucl-Nrf2 protein
expression in the MEHP + ML385 group was significantly decreased (p
< 0.05). Compared with the RSV+MEHP group, the expression level of
Nucl-Nrf2 protein in the RSV + MEHP + ML385 group was also signif-
icantly decreased (p < 0.05). This indicated that ML385 significantly
inhibited the activation of Nrf2, and the expression of antioxidant en-
zymes HO-1 and NQO1 decreased significantly with the inhibition of
Nrf2 (Fig. 7A). Fig. 7B shows the expression of mRNA associated with
the Nrf2 pathway and the trend is consistent with the proteins. Subse-
quently, ROS content in each group was detected (Fig. 7C). The results
showed that inhibition of Nrf2 increased the oxidative stress induced by
MEHP and reversed the antioxidant effect of RSV. Fig. 7E and G showed
the changes in mitochondrial membrane potential and autophagosome
formation of each group under fluorescence microscopy. Compared with
the RSV + MEHP group, the mitochondrial membrane potential of the
RSV + MEHP + ML385 group decreased significantly, and autophago-
some formation increased significantly (p < 0.05). This suggests that
inhibition of the Nrf2 pathway reversed the inhibitory effect of RSV on
mitophagy induced by MEHP in L8824 cells. We further verified this
idea by examining the expression of mitophagy-associated proteins
(Fig. 7I) and genes (Fig. 7J). Next, we examined the occurrence of fer-
roptosis in each group (Fig. 7K). As shown in the figure, compared with
the RSV + MEHP group, the fluorescence intensity of GPX4 and FTH in
the RSV + MEHP + ML385 group was significantly decreased (p <
0.05). Combined with the detection of ferroptosis-related protein
(Fig. 7L) andmRNA (Fig. 7M) expression, we found that inhibition of the
Nrf2 antioxidant pathway reversed the alleviating effect of RSV on fer-
roptosis of L8824 cells induced by MEHP. Finally, the protein (Fig. 7N)
and the mRNA (Fig. 7O) expressions of TNF-α, IL-1β, IL-2, IFN-γ, and IL-

X. Wang et al. Journal of Environmental Management 371 (2024) 123235 

6 



Fig. 4. RSV alleviates mitophagy in L8824 cells induced by MEHP exposure. (A) The changes in mitochondrial membrane potential in each group were observed
under the fluorescence microscope after JC-1 staining. The scale in Fig. 4A was 100 μm for all groups. (B) Quantification of Fig. 4A. (C) The formation of auto-
phagosomes in each group was observed under the fluorescence microscope after MDC staining, and the scale in Fig. 4C was all 50 μm. (D) Quantification of Fig. 4C.
(E) Expression of mitophagy-associated proteins in different treatment groups. (F) Quantification of Fig. 4E. (G) Expression of mitophagy-related mRNAs in different
treatment groups. Data are expressed as mean ± standard deviation.
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6 were detected. Compared with the RSV + MEHP group, the protein
and the mRNA expressions of TNF-α, IL-1β, and IL-6 were significantly
increased (p < 0.05), the protein and the mRNA expressions of IL-2 and
IFN-γ were significantly decreased (p < 0.05) in the RSV + MEHP +

ML385 group. These results indicated that inhibition of the Nrf2 anti-
oxidant pathway reversed the remission effect of RSV on the immune
dysfunction of L8824 cells induced by MEHP. The above results indicate
that RSV alleviates mitophagy, ferroptosis, and immune dysfunction of

L8824 cells induced by MEHP by regulating the Nrf2 pathway.

4. Discussion

MEHP is a highly toxic environmental endocrine disruptor as a hy-
drolysis product of DEHP (Li et al., 2023d). In a study utilizing 5-amino
fluorescein-modified MEHP (MEHP-AF) on behalf of MEHP to study its
toxicokinetics, it was concluded that the liver is one of the main toxic

Fig. 5. RSV alleviates ferroptosis in L8824 cells induced by MEHP exposure. (A) Immunofluorescence double staining of GPX4 and FTH. The scales in Fig. 5A are all
100 μm. (B) Quantification of GPX4 fluorescence intensity. (C) Quantification of FTH fluorescence intensity. (D) Expression of ferroptosis-related proteins in different
treatment groups. (E) Quantification of Fig. 5D. (F) Expression of ferroptosis-related mRNA in different treatment groups.
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target organs of MEHP (Yuan et al., 2022). In the mammalian immune
system, MEHP has been shown to have immunotoxic effects. For
example, MEHP alters the immune microenvironment of adolescent rats
and stimulates their secretion of pro-inflammatory cytokines (Stermer
et al., 2017). Numerous studies have demonstrated that RSV lowers
oxidative damage and has anti-inflammatory properties (Meng et al.,
2021; Miguel et al., 2021; Wood et al., 2010). The mechanism of harm
that MEHP exposure causes to L8824 cells was examined in this study,
along with RSV’s possible medicinal benefits. The outcomes demon-
strated that MEHP could significantly increase the oxidative stress level
of L8824 cells, leading to mitophagy, ferroptosis, and immune
dysfunction. RSV alleviates MEHP-induced mitophagy, ferroptosis, and
immunological dysfunction in L8824 cells and lowers cellular oxidative
stress by regulating the Nrf2 pathway.

When the body is exposed to toxic substances, oxidative stress usu-
ally occurs (Lei et al., 2023; Gao et al., 2022c). Oxidative stress causes
tissue and cellular damage by generating excess ROS that the body
cannot scavenge, placing the body in a state of redox balance imbalance
(Wang et al., 2023e; Deng et al., 2023; Sun et al., 2024b). It has been
found that exposure to BPA and/or selenium deficiency can result in
oxidative stress-induced liver inflammation in chickens (Shi et al.,
2023). Oxidative stress induced in carp hepatopancreatic tissues by
polystyrene microplastics abundantly present in the aquatic environ-
ment (Cui et al., 2023). Moreover, tetrabrombisphenol A exposure can
produce oxidative stress, drastically raise the levels of the oxidative
stress indicators MDA and ROS, inhibit the antioxidant enzymes’ func-
tion, and finally result in programmed necrosis, apoptosis, and inflam-
mation of the skeletal muscle (Zhang et al., 2023b). Numerous findings
have shown that RSV has strong antioxidant properties. For example, Bi
et al. found that RSV could ameliorate mecamylamine avermectin
benzoate-induced hepatocyte pyroptosis and inflammation in grass carp
by alleviating oxidative stress (Bi et al., 2023). RSV reduces inflamma-
tion and oxidative stress in rats with type 2 diabetes, as shown by
Katarzyna Szkudelska et al. (2020). In addition, as discovered by Nurgul

Atmaca et al., RSV had a protective effect on oxidative stress, hepato-
toxicity, and neurotoxicity induced by sodium fluoride in rats. Our
study’s results, which are in line with the earlier research, showed that
MEHP exposure reduced the activities of CAT, SOD, and GSH-Px in
L8824 cells as well as lowered T-AOC and increased MDA concentration.
After RSV treatment, the occurrence of MEHP-induced oxidative stress
was significantly alleviated. Since excess ROS can induce oxidative
stress, Nrf2 is an essential regulator of cell oxidative homeostasis. When
oxidative stress occurs, Nrf2 is activated to protect cells from free radical
damage (Wu et al., 2023). Research reveals that cadmium-induced
oxidative stress alters Nrf2-Keap1 signaling and induces apoptosis in
macrophages located in the head kidney of fish (Choudhury et al.,
2021). Overexpression of Nrf2 can mitigate the oxidative stress and
death of SH-SY5Y cells caused by Pb (Ye et al., 2015). Another investi-
gation revealed that RSV activated the Keap-1/Nrf2 antioxidant defense
system to prevent oxidative stress in obese asthmatic rats (Li et al.,
2018). In line with the previous research, Keap1 dissociated from Nrf2,
and Nrf2 expression increased in the nucleus of L8824 cells after expo-
sure to MEHP in our research. After RSV treatment, the Nrf2 pathway
was further activated, and a substantial quantity of Nrf2 entered the
nucleus. The expression of downstream antioxidant enzymes HO-1 and
NQO1 was enhanced. Mitophagy and the Nrf2 pathway are intimately
associated. Repeated exposure to radon gas has been shown to alter the
Nrf2 pathway in mice, which in turn causes lung damage brought on by
mitophagy (Xin et al., 2022). Melatonin inhibits liver mitophagy and
inflammation induced by PM2.5 by regulating the Nrf2 pathway (Zhu
et al., 2023c). In this study, the expressions of mitophagy-related in-
dicators PINK1, Parkin, Beclin1, LC3B, and ATG5 were up-regulated,
and the expression of P62 was down-regulated after MEHP exposure,
suggesting the occurrence of mitophagy. RSV alleviates MEHP-induced
mitophagy in L8824 cells by regulating the Nrf2 pathway. The Nrf2
pathway also plays a major role in regulating ferroptosis (Dodson et al.,
2019). By suppressing ferroptosis via the Nrf2 pathway, irisin averts
sepsis-associated encephalopathy (Wang et al., 2022). In addition, RSV

Fig. 6. RSV alleviates immune dysfunction in L8824 cells induced by MEHP exposure. (A) Expression levels of immune function-related proteins in different
treatment groups. (B) Expression levels of immune function-related mRNAs in different treatment groups.
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prevented vomitoxin-induced ferroptosis in HepG2 cells by reducing
oxidative stress and modulating Nrf2 signaling (Wang et al., 2023f).
Consistent with the above studies, the expression of ferroptosis-related
indicators TFR1 and COX-2 were up-regulated, and the expression of
GPX4 and FTH was down-regulated after exposure to MEHP. The above
was significantly improved by RSV intervention. This suggests RSV can
reduce the ferroptosis of L8824 cells induced by MEHP exposure. In
terms of immune regulation, Nrf2 can promote the activation of innate
immunity of macrophages (Rao et al., 2022). It has been found that
4-octyl itaconate activates the Nrf2 signal to control immunological
homeostasis (Zhang et al., 2022d). When immune function is abnormal,
the levels of inflammatory factors are usually altered. One study found
that combined exposure to emvermectin benzoate and microplastics led
to increased expression of TNF-α and IL-1β proteins and decreased
expression of IL-2 and IFN-γ proteins in the midgut of carp (Shi et al.,
2024). It is suggested that the combined exposure of mevermectin
benzoate and microplastics can cause immune dysfunction in carp
midgut. Another study found that paraquat caused immune dysfunction
in fish kidney cells by reducing IL-2 mRNA expression and increasing
IL-6 mRNA expression (Shi et al., 2022). In our study, following expo-
sure to MEHP, the cytokines TNF-α, IL-1β, and IL-6 showed increased
expression, while IL-2 and IFN-γ showed decreased expression suggest-
ing immune dysfunction, while RSV could alleviate MEHP-induced im-
mune dysfunction. Finally, we further verified the effect of the Nrf2
pathway on mitophagy, ferroptosis, and immune dysfunction caused by
MEHP-induced oxidative stress in L8824 cells by adding Nrf2 inhibitors.
According to the experimental results, we concluded that RSV inhibited
mitophagy, ferroptosis, and immune dysfunction caused by
MEHP-induced oxidative stress on L8824 cell lines by activating the
Nrf2 pathway. Some studies have found that excessive mitophagy can
increase the iron content in the cell, which leads to the occurrence of
ferroptosis (Singh et al., 2021). For example, β-amyloid protein leads to
the occurrence of ferroptosis by inducing an increase in mitophagy (Li
et al., 2022b). In addition, ferroptosis can induce immune dysfunction.
For example, L-citrulline supplements inhibit ferroptosis-induced im-
mune dysfunction and thymus oxidative damage (Ba et al., 2022). In the
course of future research, we plan to further explore the exact associa-
tion between mitophagy, ferroptosis, and immune dysfunction induced
by MEHP.

In our study, MEHP induced L8824 cells to produce excessive ROS,
disrupting the balance of the antioxidant system of L8824 cells and thus
causing oxidative stress. L8824 cells undergoing oxidative stress
exhibited a decrease in mitochondrial membrane potential, which ulti-
mately led to the occurrence of mitophagy. Meanwhile, oxidative stress
in L8824 cells also led to ferroptosis and immune dysfunction. In
contrast, the addition of RSV activated the Nrf2 pathway and inhibited
the occurrence of oxidative stress in L8824 cells, thereby ameliorating
the MEHP-induced mitophagy, ferroptosis, and immune dysfunction. In
summary, this study confirmed that RSV can alleviate the toxic effect of
MEHP on L8824 cells by regulating the Nrf2 pathway. MEHP is the main
metabolite of environmental pollutant DEHP. We studied the toxicity
mechanism of MEHP to understand the harm of DEHP to aquatic or-
ganisms. RSV is a potential detoxification drug of MEHP, and the study
of its detoxification mechanism provides a valuable scientific basis for
alleviating the harm of phthalate plasticizers to aquatic organisms. The
main object of this study is L8824 cells. Although the mechanism of RSV

alleviating MEHP toxicity has been verified at the cellular level, there
are some limitations due to the lack of validation in vivo. However, this
does not mean that the value of this study is diminished; on the contrary,
it lays the foundation for further research. In future studies, we will
explore further by conducting in vivo experiments to validate and
extend the results of this study.
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