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4,4′-(9-Fluorenylidene) diphenol (BPFL, also known as BHPF and fluorene-9-bisphenol) is
a novel bisphenol A substitute that is used in the plastics industry as an organic synthesis
intermediate and is a potential endocrine disruptor. However, the deleterious effects of
BPFL on porcine Sertoli cells (SCs) and the possible underlying mechanisms are still
unclear. Chlorogenic acid (CA) is a free radical scavenger in the cellular antioxidant system
that prevents oxidative damage and apoptosis. In the present research, we found that
BPFL induced impairments in porcine SCs in a dose-dependent manner and that CA
protected porcine SCs against BPFL exposure-induced impairments. Cell viability,
proliferation and apoptosis assay results revealed that BPFL exposure could inhibit
porcine SC proliferation and induce apoptosis, while CA supplementation ameliorated
the effects of BPFL. Further analysis revealed that BPFL exposure induced oxidative
stress, mitochondrial membrane potential dysfunction and DNA damage accumulation.
Transcriptome analysis and further real-time quantitative PCR and Western blot results
showed that BPFL exposure induced endoplasmic reticulum stress and apoptosis.
Supplementation with CA dramatically ameliorated these phenotypes in BPFL-exposed
porcine SCs. Overall, the present research reveals the possible underlying mechanisms by
which BPFL exposure induced impairments and CA supplementation protected against
these impairments in porcine SCs.
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INTRODUCTION

Sertoli cells (SCs), which are sustentacular cells in the mammalian testicular seminiferous tubule,
play critical roles in the maintenance and regulation of spermatogenesis and provide a favorable
microenvironment for sperm development (Griswold, 1998). Germ cells at different stages in the
process from spermatogonial cells to sperm cells, such as primary spermatocytes and secondary
spermatocytes, are embedded in the surface of the SCs and receive physical support from the SCs
(França et al., 2016; Griswold, 2018). Some of the nutritional factors needed for germ cell
development, such as androgen binding protein (ABP) and inhibin (INH), are synthesized and
secreted by SCs (Hai et al., 2014). SCs are also involved in the formation of the blood–testis barrier
(BTB), which can prevent some substances from entering the spermatogenic epithelium to form and
maintain a microenvironment conducive to spermatogenesis and prevent spermatogenic antigens
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from escaping into the spermatogenic tubules and causing
autoimmune reactions (Smith and Walker, 2014; O’Hara and
Smith, 2015). Studies in different models of SC damage, such as
male Fischer rats and mice, suggest that spermatogenesis is
vulnerable to disruption when SCs are damaged and that
targeting key SC functions can lead to rapid and massive germ
cell death (Richburg and Boekelheide, 1996; Hasegawa et al.,
1997). In addition, each SC can support only a limited number of
germ cells; that is, the number of SCs largely determines the
number of spermatozoa produced (Sharpe et al., 2003;
Crisóstomo et al., 2018). Thus, SCs cultured in vitro are often
used as a cell model for studying the testicular toxicity of drugs
and compounds (Alves et al., 2014; Zhao et al., 2021).

Endocrine disruptor compounds (EDCs) are exogenous
ligands that are capable of binding to cellular receptors or
serum transport proteins and inducing estrogenic and/or anti-
androgenic responses, interfering with the endocrine system (Liu
et al., 2013; Skah et al., 2017). Bisphenols are common EDCs that
are frequently encountered in daily life, including in food and
water containers, plastics, feedbags, and beverage cans
(Dvorakova et al., 2018). Bisphenols such as bisphenol A, E,
and S have been reported in recent years to have adverse effects on
male animals’ reproductive development and function because of
their ubiquitous nature (Shi et al., 2019). BPFL (C25H18O2), also
known as BHPF, is a kind of bisphenol used in the plastics
industry that has estrogen-like activity and antiandrogen effects,
similar to BPA and BPE (den Braver-Sewradj et al., 2020). At
present, research on the reproductive toxicity of BPFL is mainly
focused on oocytes or embryos from pigs, mice, and zebrafish (Jia
et al., 2019; Jiao et al., 2019; Jiao et al., 2020). In addition, a recent
study of humans who spend considerable time in dense industrial
areas showed that their mean serum concentration of BPFL was
0.578 ng/ml and that serum BPFL was significantly correlated
with the levels of the oxidative stress indices MDA and 8-OHdG.
Another important finding was that the concentrations of BPFL
were higher in males than in females (Gao et al., 2021), which
suggests that the effect of BPFL needs to be given more attention.
Although the adverse effects of BPFL on the reproductive system
of female mammals and the underlying mechanism are well
documented, its relationship with the reproductive system of
male mammals has not yet been extensively examined.

Chlorogenic acid (CA) is a quinic acid conjugate of caffeic acid
and is mainly extracted from plants such as honeysuckle,
strawberry, and coffee (Gonthier et al., 2006; Naveed et al.,
2018). This phytochemical constituent has a variety of
biological functions, such as antioxidant activity, as well as
reactive oxygen species (ROS) and free radical scavenging
capacity (Priftis et al., 2018). CA was shown to regulate redox
balance and inhibit mitochondrial damage by modulating Sirt1 in
paraquat-treated lung epithelial cells (Kong et al., 2019). A recent
study found that CA limits apoptosis by reducing ROS
production and increasing intracellular glutathione levels in
HepG2 cells under oxidative stress (Granado-Serrano et al.,
2007). Namula et al. (2018) suggested that CA
supplementation improved certain sperm parameters,
including viability, plasma membrane integrity, and motility,
during boar sperm freezing. Nguyen et al. (2019) found that

CA supplementation during in vitro maturation could protect
porcine oocytes from DNA damage induced by oxidative stress
and improve their subsequent developmental competence after
fertilization.

Herein, we hypothesized that BPFL exposure would have
detrimental effects on porcine SCs and that CA
supplementation would ameliorate the detrimental effects of
BPFL. We adopted a porcine SC line as the model in which to
explore these effects. Our results suggested that BPFL has adverse
effects in porcine SCs, leading to oxidative stress, mitochondria-
ER dysfunction, DNA damage and apoptosis, and that CA
supplementation has potential protective effects against the
impairments induced by BPFL exposure.

MATERIALS AND METHODS

Chemicals and Reagents
BPFL (399981, purity >97%) and chlorogenic acid (C3878, purity
≥97%) were purchased from Sigma-Aldrich Chemical Company
(United States). BPFL was dissolved in an appropriate amount of
dimethyl sulfoxide (DMSO, 67–68–5, purity ≥99.5%), and the
final concentration of DMSO was equal to that of the control
treatment (0.1%). Then, cell culture medium was used to dilute
BPFL to the desired concentrations before cell treatment. CA was
dissolved in fetal bovine serum (FBS)-free cell culture medium.
The main antibodies used were as follows: anti-CHOP rabbit pAb
(1:1,000, WL00880, Wanleibio), anti-GRP78/BiP rabbit pAb (1:
2,000, WL03157, Wanleibio), anti-PERK rabbit pAb (1:1,500,
WL03378, Wanleibio), anti-caspase3/cleaved-caspase3 rabbit
pAb (1:500, WL02117, Wanleibio), LC3A/B (D3U4C) rabbit
mAb (1:1,000, 12741, Cell Signaling Technology), β-tubulin
polyclonal antibody conjugate (1:5,000, 10094-1-AP,
Proteintech), and goat anti-rabbit IgG (H + L) HRP conjugate
(1:20,000, SA00001-2, Proteintech).

Cell Culture and Cell Viability and
Medication
The swine testicular (ST) cell line (ATCC® CRL-1746), which has
been reported as a collection of immature SCs, was purchased
from ATCC (Ma et al., 2016). SCs were cultured at 37°C in a 5%
CO2 atmosphere using DMEM (BISH1711, Biological Industries)
with 10% fetal bovine serum (S711-001S, Lonsera). For the cell
viability assay, when cells reached ∼60% confluence, the cell
medium was replaced with fresh medium, and SCs were
exposed to BPFL at different concentrations (25, 50, 75, or
100 μM), with or without CA (50, 100, 150, 200 μM). Then,
100 μl fresh medium and 10 μl CCK-8 detecting solution (CK04,
Solarbio) were added to each well of a 96-well plate and incubated
for 1 h at 37°C. Then, the optical density was measured by a
microplate reader (Bio-Rad, United States) with absorbance at
450 nm. For further experiments, including cell proliferation
assays, flow cytometry, real-time quantitative polymerase chain
reaction (RT-qPCR), Western blot analyses and so on, SCs were
plated at a concentration of ∼106/well into six-well cell culture
plates (3516, Corning). When SCs reached 70-80% confluence,
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the medium was replaced with fresh drug-containing medium,
and the appropriate assay was performed.

Cell Proliferation Assay
The proliferation of porcine SCs was assayed by a BeyoClick™
EdU-555 cell proliferation assay kit (C0075S, Beyotime). Briefly,
the original cell medium was used to dilute 1 μl EDU to prepare
EDU working fluid, the remaining cell medium was discarded,
and 1 ml of fresh medium was added again. Then, the newly
prepared EDU working solution was added, and the cells were
incubated for 2 h at 37°C in the dark. After that, the SCs were fixed
with 4% paraformaldehyde for 15 min, and after washing three
times, the SCs were permeabilized with 0.3% Triton X-100 for
15 min. Then, the SCs were washed twice and incubated with
0.5 ml click additive solution in the dark for 30 min. Finally, the
SCs were counterstained with 1 × Hoechst 33342 (10 μM) in the
dark for 10 min, washed three times and imaged by fluorescence
microscopy (TS2-S-SM, Nikon). The images were analyzed by
NIH ImageJ software (National Institutes of Health, Bethesda,
MD, Unites States).

Flow Cytometry for Cell Apoptosis
Detection
Porcine SC apoptosis was detected by flow cytometry using a
FITC Annexin V Apoptosis Detection Kit (556547, BD
Biosciences). After treatment, the cells were washed with PBS
(SH30256.01B, HyClone), harvested using TrypLE Express
(Gibco, Invitrogen) and centrifuged at 800 g for 6 min. Then,
the cells were resuspended in 1 × binding buffer at a
concentration of 1 × 106 cells/ml, and 100 µL of the
suspension (1 × 105 cells) was transferred to a culture tube.
The solution was stained with 5 µL of FITC Annexin V and
5 µL PI for 15 min at RT in the dark. After incubation, 400 µL of
1 × binding buffer was added to each tube and gently mixed with
the cell suspension. The cells were analyzed by flow cytometry
(FACSCalibur, BD Biosciences) within 1 h.

Transcriptome Sequencing (RNA-Seq)
RNA-seq, which captures all mRNAs transcribed in a specific
tissue or cell at a certain period, was performed with the Illumina
sequencing platform. After SCs were exposed to 0.1% DMSO
(control group) or 50 μMBPFL (BPFL group) for 48 h, total RNA
was extracted from the control group and BPFL group. RNA
quality, including integrity and total volume, was measured using
an Agilent 2100 Bioanalyzer. Library preparation for
transcriptome sequencing used the NEBNext® Ultra™ RNA
Library Prep Kit for Illumina®. After library quality inspection,
Illumina sequencing was conducted by pooling different libraries
according to the effective concentration and the demands of the
target offline data volume. The basic principle of the sequencing
method is sequencing-by-synthesis. Clustering of the index-
coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina)
according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on an
Illumina NovaSeq platform, and 150 bp paired-end reads were

generated. After that, the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway terms
assigned to the reads were compared with those of the whole
transcriptome, which constituted the functional enrichment
analysis.

Detection of Intracellular Reactive Oxygen
Species Levels
The generation of intracellular ROS was detected by a Reactive
Oxygen Species Assay Kit (WLA070a, Wanleibio), a DCFH-DA
probe. ROS in the cell can oxidize nonfluorescent DCFH to
produce the strong green fluorescent substance DCF, and the
resulting fluorescence intensity is proportional to the level of
intracellular ROS. Briefly, 1 ml PBS was used to dilute 1 μl DCFH-
DA to prepare the EdU working solution. The cells in the six-well
plate were treated with the indicated compounds for 48 h. For the
observation of intracellular ROS by fluorescence microscopy, the
cells were washed twice, DCFH-DA working solution was added,
and then the cells were incubated at 37°C for 30 min, washed with
PBS twice and observed. For the detection of the fluorescence
intensity of ROS, cells were harvested using TrypLE Express
(12604, Gibco), and then the cells were centrifuged at 1,000 g for
6 min. After that, the cells were resuspended and diluted to a
suitable density using DCFH-DAworking solution, transferred to
an opaque 96-well plate and incubated for 30 min. Fluorescence
intensity was detected by using a SpectraMax Paradigm
(SpectraMax M5 Microplate Reader, Molecular Devices), and
the results were expressed as fluorescence intensity/mg protein.
The whole operation was performed in the dark.

Detection of Total Superoxide Dismutase
Activity
After incubation with BPFL (50 μM) or BPFL with CA (150 μM)
for 48 h, porcine SCs were harvested and washed with precooled
PBS, homogenized with precooled PBS and centrifuged to obtain
supernatant. Then, the enzyme activity of SOD was detected by
the Total Superoxide dismutase Assay Kit with WST-8 according
to the manufacturer’s instructions (S0101S, Beyotime). The
absorbance was assessed at 450 nm using a microplate reader.

Detection of DNA Damage by Comet Assay
DNA damage in individual cells was measured by the comet assay
or single-cell gel electrophoresis assay (STA-350, Cell Biolabs).
Briefly, porcine SCs were digested by trypsin, washed twice with
ice-cold PBS, and then resuspended at 1 × 105 cells/ml in ice-cold
PBS. Then, comet agarose was pipetted onto the OxiselectTM

comet slide to form a base layer; cells were mixed with Oxiselect
comet agarose at 37°C, and then the mixture was pipetted on top
of the base layer. The slide was soaked in prechilled lysis buffer for
1 h at 4°C in the dark, and after lysis, the slides were treated with
alkaline electrophoresis solution for 30 min and electrophoresed
for 15 min under alkaline conditions at 4°C. Porcine SCs were
stained with propidium iodide (ST511, Beyotime) for 15 min in
the dark, and slides were viewed by epifluorescence microscopy
(TS2-S-SM, Nikon). DNA damage was quantified by measuring
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the displacement between the genetic material of the nucleus
(“comet head”) and the resulting “tail”. Tail moment was the
parameter selected to analyze the comet assay results in this study
and was measured by Open Comet in ImageJ software.

Mitochondrial Membrane Potential Assay
The cellular Mitochondrial Membrane Potential (MMP) was
measured using the MMP assay kit with JC-1 (C2006,
Beyotime). The proportion of mitochondrial depolarization is
often measured by the relative ratio of red (JC-1 J-aggregates) to
green (JC-1 monomer) fluorescence. Briefly, cells were incubated
in JC-1 working solution at 37°C for 20 min. After incubation, the
cells were washed three times with PBS. The red and green
fluorescence signals were captured using a fluorescence
microscope. The image fluorescence intensity was analyzed
using NIH ImageJ software.

RNA Extraction, Reverse Transcription and
RT-qPCR
Total RNA was extracted from porcine SCs using the RNAprep
Pure Cell/Bacteria Kit (DP430, TIANGEN) according to the
manufacturer’s instructions. The quality and concentration of
the RNA were detected with a spectrophotometer
(NANODROP 2000; Thermo Scientific). Next, cDNA was
synthesized by reverse transcription using the
PrimeScriptTM RT Reagent Kit with gDNA Eraser (RR047A,
Takara) according to the manufacturer’s instructions. RT-
qPCR was performed on an Eppendorf AG-5341 instrument
(Eppendorf, Germany) using SYBR Green Master Mix
(04913914001, Roche). The primers used for RT-qPCR were
designed using Primer Premier 5.0 software. The qRT-PCR
primers of each gene are shown in Table 1. The relative mRNA
expression levels were determined using the 2−△△Ct method
and normalized to TBP.

Western Blotting Analysis
Total protein was extracted from porcine SCs using RIPA lysis
buffer (AR0102, Boster) with a broad-spectrum protease
inhibitor mixture (AR1182, Boster) according to the
manufacturer’s instructions. Then, the protein concentration
of each group was measured by a BCA Protein Assay Kit
(S7705, TIANGEN) according to the manufacturer’s

instructions, and 30–40 µg of total protein was separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride
(PVDF) membrane. Blocking buffer (WLA066a, Wanleibio)
was used to block the transferred membranes, and the
membranes were incubated overnight with primary antibodies.
After washing three times with Tris-buffered saline with Tween
20 (TBST), the PVDFmembranes were incubated with secondary
antibodies. The immunoblots were developed using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(34580, Thermo), and the signal intensities were captured by a
Tanon 5200 chemiluminescence/fluorescence image analysis
system. Protein levels were quantified using ImageJ software.

Statistical Analysis
Results are expressed as means ± S.E.M. Comparative analysis
among the means was performed by one-way ANOVA. Statistical
analysis was carried out by SPSS 19.0 software. Each experiment
was performed in triplicate. Ns (p > 0.05) indicates no significant
difference from the control (0.1% DMSO); *(p < 0.05) indicates a
difference from the control; and **(p < 0.01) indicates a
significant difference from the control.

RESULTS

BPFL Induces Dose-Dependent Decline in
Cell Viability
We first examined the effect of BPFL on SC viability. SCs were
treated with BPFL at various concentrations (0–100 μM) for
24 and 48 h, as shown in Figures 1A,B. BPFL exposure
reduced cell viability in a dose-dependent manner.
Compared with the control group (0.1% DMSO, group:
Control), the 50 μM BPFL group had nonsignificantly
decreased cell viability at 24 h and significantly reduced
cell viability at 48 h, whereas the viability in the 75 and
100 μM BPFL groups was dramatically decreased at both
24 and 48 h, with almost no cellular activity. Therefore, we
chose 50 μM BPFL (group: BPFL) as the dose and 48 h as the
treatment time. Then, CA supplementation was performed to
investigate its effects on SC viability following BPFL
exposure. As shown in Figure 1C, compared with the
50 μM BPFL group, 50 and 100 μM CA could restore some
cell viability but not significantly, 150 μM CA significantly
improved cell viability, and the effect of 200 μM CA on cell
viability was not different from that of the control group.
Based on these results, 50 μM BPFL and 150 μM CA (group:
BPFL + CA) were used for subsequent experiments.

Effects of Chlorogenic Acid on Cell
Proliferation and Apoptosis in
BPFL-Exposed Sertoli Cells
The thymine deoxyriboside analog EdU (5-ethynyl-2′-
deoxyuridine) was incorporated in the DNA synthesis process
and labeled by Alexa Fluor-555 through a click reaction to detect
cell proliferation. As shown in Figures 2A,B, the proliferation of

TABLE 1 | Primers used for RT-qPCR analysis.

Symbol Primer Primer Sequence (59–39) Gene ID (NCBI)

TBP F-primer GCGATTTGCTGCTGTAATCA 110259740
R-primer CCCCACCATGTTCTGAATCT

Bax F-primer GCCGAAATGTTTGCTGACG 396633
R-primer CAGCCGATCTCAAGGAAG

Bcl-2 F-primer CAAGCCTTCAACCATTATCTCAGT 100049703
R-primer GGGGGGTAAAGAAAACAGCAT

Caspase 8 F-primer CCTGGTATATCCAATCACTGTGC 595105
R-primer CTCAGGGTGAAAGTAGGTTGTGG

100518913Caspase 9 F-primer AACTTCTGCCATGAGTCGGG
R-primer CCAAAGCCTGGACCATTTGC
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FIGURE 1 | Chlorogenic acid (CA) ameliorates the BPFL exposure-induced decrease in cell viability in porcine Sertoli cells (SCs). (A, B) Porcine SCs were exposed
to 0–100 μM for 24 and 48 h at 37°C, and cell viability was detected by CCK-8 assay respectively. (C) The viability of porcine SCs after 48 h of treatment with BPFL
(50 μM) with/without CA (0–200 μM). (**p < 0.01) indicates a significant difference from the control (0.1% DMSO).

FIGURE 2 | CA ameliorates BPFL exposure-induced proliferation arrest and apoptosis in porcine SCs. (A) Micrographs showing the incorporation of EDU in
porcine SCs treated with BPFL and CA after 48 h. The proliferating cells fluoresce in red. The nuclei (Hoechst) are shown in blue. (B)Quantitative analysis of proliferation
level was calculated by the percentage of red cells versus blue cells. (C) Cell apoptosis was detected by flow cytometry with Annexin V-FITC/PI double staining. (D)
Analysis of the percentage of apoptotic cells after different treatments is shown in a histogram. (**p < 0.01) indicates a significant difference from the control (0.1%
DMSO).
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FIGURE 3 | RNA-seq analysis of the effects of BPFL exposure on SCs. (A) The number of genes differentially expressed after BPFL treatment. (B) Volcano plot
analysis of genes differentially expressed after BPFL treatment. (C)GeneOntology enrichment analysis of the differential gene expression after BPFL treatment. (D)Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of genes downregulated after BPFL treatment. (E) KEGG enrichment analysis of genes upregulated
after BPFL treatment.
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SCs was significantly decreased after 50 μM BPFL exposure, and
150 μMCA supplementation rescued the BPFL-induced decrease
in the proliferation capacity of SCs. Compared with the control
group, after exposure to 50 μM BPFL, the apoptosis rate of SCs
was increased significantly (p < 0.01). In the BPFL + CA group,
cells were exposed to 50 μM BPFL and 150 μM CA. As shown in
Figure 2D, CA significantly attenuated BPFL-induced apoptosis.
The results suggested that BPFL inhibited cell proliferation and
induced cell apoptosis and that CA protected SCs from BPFL
exposure.

RNA-Seq Analysis of the Functional Effects
of BPFL Exposure on Sertoli Cells
To explore the functional mechanism of BPFL toxicity on SCs,
the difference in general gene expression after BPFL treatment
by RNA-seq was analyzed. As shown in Figure 3A, after 48 h of
culture, transcriptome analysis found 8,720 genes with
significantly changed expression due to BPFL treatment
compared with the control group. Among these changed
genes, 4,305 genes were downregulated, and 4,415 genes
were upregulated (Figures 3A,B). Ten genes (five
upregulated and five downregulated) that were differentially
expressed after sequencing according to the PADJ value
(adjusted p-value) were selected for fluorescence
quantitative PCR to verify the accuracy of the sequencing
results (Supplementary Figure S1). The number of
differentially expressed genes assigned given GO terms,
including biological processes, cellular components and
molecular function, was analyzed. As shown in the
histogram, BPFL mainly influenced the function of the
electron transport chain (GO: 0022900), intracellular
organelle part (GO: 0044446), and oxidoreductase activity
(GO: 0016491) (Figure 3C). The results of KEGG pathway
functional enrichment showed that genes downregulated in
SCs upon BPFL exposure were mainly concentrated in the cell
cycle (ssc04110) pathway (Figure 3D), whereas the
upregulated genes were mainly enriched in protein
processing in the endoplasmic reticulum (ssc04141) and
peroxisome (ssc04146) and in apoptosis (ssc04210)
(Figure 3E). These results provide reference information
enabling us to understand the possible pathway through
which BPFL induces cytotoxicity in SCs.

Effects of Chlorogenic Acid on Oxidative
Stress and DNA Damage in BPFL-Exposed
Porcine Testicular SCs
The level of intracellular ROS was detected to reflect the degree of
cellular oxidative stress. Typical fluorescent images are shown in
Figure 4A. Compared with the control, treatment with BPFL
(50 μM) was associated with a high fluorescence intensity, and
CA rescued the ROS increase induced by BPFL. The data analysis
was consistent with the results observed from the images
(Figure 4B). To further determine the effects of BPFL and CA
on oxidative stress, the total SOD (superoxide dismutase) activity
was tested after cells were treated for 48 h. The results are shown
in Figure 4C. The addition of CA ameliorated the decrease in
SOD activity in the BPFL group, and SOD activity was not
significantly different between the BPFL + CA group and the
control group.

ROS can cause oxidative damage and attack DNA, which
causes DNA damage (Meira et al., 2008). The degree of DNA
damage was further evaluated by alkaline comet assay, in which
damaged cellular DNA yielded a “comet tail” shape. Figure 4D
shows the damaged DNA separated from intact DNA in the BPFL
group. In Figures 4E,F, tail moment and tail DNA% were
calculated as parameters to measure DNA damage. The two

FIGURE 4 | CA ameliorates BPFL exposure-induced oxidative stress
and DNA damage in porcine SCs. (A) Fluorescence photomicrographs of
reactive oxygen species in cultured SCs after BPFL and CA treatment for 48 h.
(B) Analysis of the relative reactive oxygen species levels in different
treatment groups. (C) SOD activity of SCs after treatment. (D) Representative
images of DNA damage in porcine SCs after single-cell gel electrophoresis
assay. (E, F) The tail moment values and the tail DNA% of the comet tails were
analyzed by ImageJ. (*p < 0.05) indicates a difference from the control (0.1%
DMSO); (**p < 0.01) indicates a significant difference from the control (0.1%
DMSO).
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results also showed that the BPFL group had severe DNA damage
and that CA supplementation significantly decreased the DNA
damage levels caused by BPFL These results indicated that BPFL
caused DNA damage by inducing ROS production and that CA
effectively prevented this damage.

Effects of BPFL on MMP, Endoplasmic
Reticulum Stress of Sertoli Cells
ROS accumulation can affect cell apoptosis by depolarizing
the mitochondrial membrane (Meng et al., 2021). We
evaluated the change in mitochondrial membrane potential
by observing the change in JC-1 fluorescence color. As shown
in Figure 5A, cells in the BPFL group underwent more JC-1

fluorescence transition from red to green. Figure 5B also
confirmed that the ratio of red fluorescence to green
fluorescence in the BPFL group was significantly lower
than that in the control group and that CA could inhibit
the decrease caused by BPFL.

The results of the KEGG pathway enrichment analysis
mentioned above indicated that many differentially expressed
genes in the control group and the BPFL group were enriched in
protein processing in endoplasmic reticulum pathways
(Figure 3E). Therefore, we speculated that BPFL might cause
endoplasmic reticulum stress (ERS). To test our hypothesis, the
expression levels of ERS-related proteins GRP78 (78 kDa glucose
regulated protein/BiP), CHOP (C/EBP-homologous protein),
and PERK (protein kinase R-like ER kinase) in different

FIGURE 5 | CA ameliorates BPFL exposure-induced mitochondrial dysfunction, ERS, apoptosis and autophagy in porcine SCs. (A) Fluorescence
photomicrographs of JC-1 aggregates (green) and JC-1 monomers (red) of cultured SCs after BPFL and CA treatment for 48 h. (B) Analysis of the proportion of
mitochondrial depolarization in different treatment groups. (C)Western blotting was used to detect the protein expression levels in each treatment group. (D) Histogram
showing the relative expression of several proteins in each group compared to the reference proteins in the control group. (E)Relative mRNA expression of genes in
different treatment groups. ns indicates no difference from the control (0.1% DMSO); (*p < 0.05) indicates a difference from the control; and (**p < 0.01) indicates a
significant difference from the control.
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treatment groups were detected by Western blot. Compared with
that in the control group, the protein expression of GRP78,
CHOP, and PERK was increased significantly in the BPFL
group, and the protein expression of GRP78 and CHOP was
not significantly changed in the BPFL + CA group. Compared
with those in the BPFL group, the protein expression levels of
GRP78 and CHOP were significantly decreased after CA
supplementation, while PERK expression was not significantly
changed. These results provide some basis for us to speculate that
BPFL induces apoptosis through ERS.

Autophagy is an important mechanism for the
maintenance of cell homeostasis, and the expression level
of the autophagy marker LC3 (light chain 3) was detected to
preliminarily explore the role of autophagy in the process of
BPFL-induced apoptosis. As shown in Figures 5C,D,
compared with that in the control group, LC3 expression
showed an upward trend in the BPFL group, but no
statistically significant difference was reached, while LC3
expression was significantly decreased in the BPFL + CA
group. Compared with that in the BPFL + CA group, LC3
expression was significantly decreased in the BPFL + CA
group. The results suggested that autophagy may be involved
in the mitigation of BPFL-induced apoptosis by CA. In
addition, we detected the expression of CASP3 (caspase 3)
at the protein level and the expression of BAX (BCL2-
associated X protein), BCL2 (B cell lymphoma 2), CASP8
(caspase 8), and CASP9 (caspase 9) at the mRNA level to
verify the effects of BPFL and CA on apoptosis in different
respects. Compared with that in the control group, the
protein expression of CASP3 (caspase 3) was increased
significantly in the BPFL group and decreased in the BPFL
+ CA group. The ratio of the mRNA expression of the
proapoptotic gene BAX and the antiapoptotic gene BCL2
was increased significantly after BPFL treatment. There
was no significant difference in CASP8 expression among
all groups, whereas there were significant differences in the
mRNA expression of CASP9 among all groups.

DISCUSSION

In the present research, we used a porcine SC line as a model to
investigate the protective effect of CA on porcine SCs after BPFL
exposure and the potential underlying mechanism. We found
that CA supplementation could alleviate the impairments of
porcine SCs induced by BPFL exposure due to its antioxidant
and antiapoptotic properties. The potential pathways by which
CA ameliorates BPFL exposure-induced impairments in porcine
SCs are summarized in Figure 6.

The effective concentration of the drug may vary in different
experimental animals or cell types. Jiao et al. (2019) found that a
concentration of 50 μM had no significant effect on meiosis in
mouse oocytes; however, 100 or 150 μM BPFL, also known as
BHPF, significantly hindered the breakdown of germinal vesicles,
leading to the failure of the first polar body extrusion. Mi et al.
(2019) reported that 0.1 and 10 nm BPFL had little effect on
zebrafish embryonic development, whereas 1000 nM BPFL
delayed the development and increased the mortality of
zebrafish embryos. In the present study, the viability of
porcine SCs was significantly inhibited by 50 μM BPFL, and
more serious toxicity was observed at 75 and 100 μM BPFL;
therefore, we chose 50 μM for subsequent experiments.

In these subsequent experiments, we found that BPFL
exposure inhibits proliferation and induces apoptosis, thus
impairing the in vitro cultured SCs. Previous studies have
shown that porcine oocytes exposed to BPFL undergo early
apoptosis, indicating that BPFL hinders oocyte maturation and
reduces oocyte quality by inducing early apoptosis (Jia et al., 2019;
Jiao et al., 2020). Our results also showed that BPFL induced
apoptosis, suggesting that BPFL may have a negative effect on
male fertility, raising our interest in further exploration. Then,
RNA-seq was used to further explore the potential mechanisms of
BPFL cytotoxicity. The RNA-seq analysis results showed that
BPFL altered the expression of more than 8,000 genes in porcine
SCs after BPFL exposure, reflecting that BPFL had extensive
influence on transcription and translation in porcine SCs. Among
the results of RNA-seq, it was shown that a large number of genes
are enriched in the peroxisome (ssc04146) pathway (Figure 3D);
moreover, the KEGG pathways enriched among differentially
expressed genes included many metabolic pathways, such as
carbon metabolism (ssc01200), amino sugar and nucleotide
sugar metabolism (ssc00520) and choline metabolism in
cancer (ssc05231), which showed that BPFL exposure may
affect mitochondrial function (Valcarcel-Jimenez et al., 2017;
van der Bliek et al., 2017). This may be because peroxisomes
are essential organelles that play a crucial role in redox signaling
and lipid homeostasis and many crucial metabolic processes such
as free radical detoxification (Rottensteiner and Theodoulou,
2006). In the present study, by detecting the ROS content, we
found that the content of ROS was increased after BPFL exposure.
Our findings were consistent with those of Jia et al. (2019), who
found that BPFL-exposed oocytes accumulate excess ROS and
undergo oxidative stress, apoptosis, and ultimately an inability to
mature.

Cellular antioxidant defenses molecules, such as the enzyme
scavengers SOD (CuZnSOD, MnSOD, EC-SOD; recombinant or

FIGURE 6 | Schematic diagram illustrating the effect of CA in
ameliorating BPFL exposure-induced impairments in porcine SCs. BPFL
exposure impaired porcine SCs by inducing oxidative stress, mitochondrial
function, DNA damage, ERS and apoptosis. CA supplementation
ameliorated the impairments induced by BPFL exposure in porcine SCs.
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purified), function to eliminate excess ROS and maintain cell
homeostasis (Halliwell, 2011). On this basis, we detected the
activity of SOD. We found that after SC exposure to BPFL, the
SOD activity was also decreased. Similar results were found in the
brain tissues of male Sprague-Dawley rats exposed to quinolinic
acid (1.5 mmol/kg/day) for 28 days (Loganathan and
Thayumanavan, 2018) and in BJAB cells exposed to triclosan
(25–75 μM) for 24 h (Alfhili et al., 2021). ROS are recognized as
mediators of DNA damage (Moloney and Cotter, 2018; Srinivas
et al., 2019). It has been reported that ROS can induce DNA
damage directly by oxidizing nucleoside bases (formation of 8-
oxoguanine), and if this damage is not repaired, G-T or G-A
transversions will occur (Salehi et al., 2018). Oxidative stress can
be caused by the overproduction of ROS, which can oxidize DNA
and lead to DNA damage and eventually trigger cell apoptosis
(Yen and Klionsky, 2008). This may be one of the pathways by
which BPFL induces apoptosis in the present study.

Endogenous ROS are mainly produced by mitochondria,
NADPH oxidase, peroxisomes and the endoplasmic reticulum
(Meitzler et al., 2014). When cells are subjected to exogenous
stressors, such as drug treatment or environmental
contamination, they produce ROS through the above
organelles or enzymes (Ziech et al., 2011; Meitzler et al.,
2014). Mitochondria are the main sites of ROS production
and the main organelles attacked by ROS (Chen et al., 2003;
Grivennikova and Vinogradov, 2006). In this study, we found
that BPFL induced an increase in ROS content increased and a
decrease in mitochondrial membrane potential. In addition, the
upregulated expression ratio of BAX to BCL2 and the upregulated
expression levels of CASP3 and CASP9 in this study are also
consistent with the mitochondrial pathway of apoptosis activated
by ROS described in a previous study by Redza-Dutordoir et al.
(2016). Other mechanisms that may be involved in this process,
such as the release of calcium homeostasis and the activation of
JNK pathways (Putcha et al., 2003; Orrenius et al., 2015), are also
worth further exploration in subsequent studies. According to the
results of our study, we hypothesized that BPFL induces oxidative
stress and mitochondrial damage, which is one of the causes of
apoptosis in SCs.

In addition to the previously mentioned mitochondrial
pathways, oxidative stress also induces cell surface death
receptor pathways and endoplasmic reticulum pathways,
leading to downstream caspase activation and ultimately to
cell apoptosis (Jin and El-Deiry, 2005). In the present study,
we used RNA-seq to identify the differential expression of several
genes associated with protein processing in the endoplasmic
reticulum (ssc04141) during BPFL-induced SC damage. The
phenomenon of endoplasmic reticulum homeostasis being
disrupted by adverse environmental stimuli or drug treatment
and resulting in the accumulation of luminal misfolded and
unfolded proteins in the ER is known as ERS (Haynes et al.,
2004). The unfolded protein response (UPR) protects cells from
short-term or mild ERS-induced damage (Simard et al., 2016),
which is mediated by an endoplasmic reticulum chaperone
(GRP78) and three ERS receptor proteins (PERK, ATF6, and
IRE) (Scheuner et al., 2001). Some reports have shown that
oxidative stress can cause ERS (Haynes et al., 2004). On the

other hand, ERS can also cause ROS production (Malhotra and
Kaufman, 2007). When severe or prolonged ERS fails to restore
the stability of the internal environment in a timely manner,
downstream apoptotic signaling molecules such as CHOP can
be activated to clear damaged cells (Rutkowski et al., 2006).
There is evidence that the accumulation of CHOP can promote
apoptosis by inhibiting several antiapoptotic proteins in the
BCL2 family. ERS induced by persistent oxidative stress leads to
the activation of CHOP and further production of additional
ROS (Zeeshan et al., 2016), which is a vicious cycle. In our study,
the upregulated expression levels of PERK and GRP78 proteins
confirmed that BPFL induced ERS, and the upregulation of
CHOP expression indicated that BPFL could induce ERS-
mediated apoptosis, which is consistent with the observation
by Yang et al. (2015) that NaF induces apoptosis through ERS
mediated by ROS in rat SCs.

Autophagy is another mode of cell death that is mediated by
oxidative stress. Some external stimuli that cause apoptosis can
also lead to autophagy (Maiuri et al., 2007). It has also been
reported that autophagy is usually an adaptive pathway to
promote cell survival under stress conditions or as a defense
mechanism against different environmental stresses (Chiarelli
et al., 2016). According to the different degradation pathways,
there are three types of autophagy, namely, macroautophagy,
microautophagy and chaperone-mediated autophagy
(Mizushima, 2007). Although their mechanisms differ, they
are all related to lysosomal degradation. “Autophagy” usually
refers to macroautophagy, which is the most studied kind of
autophagy at present (Mizushima, 2007). In macroautophagy,
cells form autophagosomes by wrapping proteins, organelles and
other components that need to be degraded in a bilayer
membrane structure; these autophagosomes fuse with
lysosomes to form autophagy lysosomes, in which the internal
components of autophagosomes are degraded (Mizushima,
2007). Microtubule-associated protein light chain 3 (LC3) was
the first identified autophagosome-labeling protein. It exists in
two forms, LC3-I and LC3-II, and has been used as a specific
marker for autophagy activity monitoring (Kabeya et al., 2000;
Mizushima et al., 2008). In this study, as increased oxidative stress
was observed in BPFL-treated SCs, we argued that BPFL may
induce an autophagic mode of cell death, but no significant
increase in LC3 expression was observed in the 50 μM-treated
cells compared to the control group, indicating that the effect of
BPFL on autophagy of SCs was weak. This was similar to the
results obtained when endosulfan was added to Sertoli germ cells
(Rastogi et al., 2014). In contrast to the results in this study, BPFL
was found to induce increased expression of the autophagosome-
forming protein LC3B in oocytes, which leads to the failure of
in vitro maturation of oocytes (Jia et al., 2019; Jiao et al., 2019).
The effect of BPFL on autophagy may be due to the cell type or
other potential molecular mechanisms, which will be studied in
the future.

CA is a kind of polyphenolic substance that can be extracted
from many plant species (Naveed et al., 2018). CA scavenges free
radicals in vitro and prevents the spread of the oxidation process,
and it is an effective scavenger of ROS (Priftis et al., 2018). For
instance, the addition of CA to rat pheochromocytoma cells
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protected the cells from H2O2-mediated oxidative damage (Yao
et al., 2019). The results of this study showed that CA can reduce
BPFL-induced ROS production in SCs and mitigate BPFL-
induced apoptosis through ROS-mediated mitochondrial and
endoplasmic reticulum pathways. In this process, the
antioxidant effect and cell protection effect of CA in SCs were
similar to those of paraquat in A549 cells (Kong et al., 2019),
dexamethasone in osteoblastic cells (Han et al., 2019), and 6-
hydroxydopamine in SH-SY5Y cells (Shan et al., 2019). In this
experiment, the function of CA was consistent with that of CA in
improving Cd-induced kidney and liver injury, such as,
increasing SOD and CAT activities and improving the balance
of redox reactions (Ding et al., 2021).

CONCLUSION

In conclusion, these results suggest that BPFL exposure induces
ROS production, causes mitochondrial function damage and
ERS, and causes caspase activation, which eventually leads to
cell apoptosis. In addition, because of its antioxidant properties,
CA could reduce the accumulation of ROS induced by BPFL and
ultimately reduce the impairments of SC exposure to BPFL. In the
future, animal experiments should be conducted to confirm the
effect of CA supplementation on ameliorating BPFL exposure-
induced impairments in porcine testicular SCs and reduce the
limitations of cell tests.
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