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Abstract: Flurochloridone (FLC), as a novel herbicide, has been widely used in many countries
since 1980s. Current studies have shown that FLC has toxic effects on male reproduction and its
target organ is testis, while the underlying mechanism is still unknown. Mouse testis Sertoli cell line
TM4 cells were used as an in vitro model and treated with FLC at different doses (40, 80, 160 µM)
for different times (6, 12, 24 h). Cell viability, cytotoxicity and apoptotic cells were detected by
CCK-8 assay, LDH leakage assay and flow cytometry. The protein levels of GRP78, phosphorylated-
eIF2α, ATF4, ATF6, CHOP, Bim and Bax were observed by Western Blot and Immunofluorescence
staining. FLC inhibited cell viability and induced cytotoxicity in dose-dependent way in TM4 cells.
The percentage of apoptotic cells were 6.2% ± 0.6%, 7.3% ± 0.3%, 9.8% ± 0.4%, 13.2% ± 0.2%,
respectively. The expression levels of ER stress and UPR related proteins were activated over dose.
Meanwhile, the pro-apoptotic proteins (Bim and Bax) were also up-regulated in dose-dependent.
After pretreated with ISRIB, the inhibitor of eIF2α phosphorylation, the elevated expression of GRP78,
phosphorylated-eIF2α, ATF4, ATF6, CHOP and Bim was down to normal level accordingly. In
conclusion, FLC induced apoptosis in TM4 cells mediated by UPR signaling pathways.

Keywords: Flurochloridone; testicular toxicity; TM4 Sertoli cells; endoplasmic reticulum stress;
unfolded protein response; apoptosis

1. Introduction

As a pyrrolidone herbicide, Flurochloridone (FLC) has been widely used in the Eu-
ropean Union and North American countries since 1980s. It is relatively safe for crops
and has a huge potential market, mainly in winter wheat, cotton, sunflower and carrot
fields to control most broad-leaved weeds [1]. However, more and more concerning on
human health risk of FLC is coming with the release of toxicological studies on genotox-
icity and reproductive, etc. The target organs of FLC are testis and epididymis in male
animals [2]. FLC and its formulations could induce DNA damage [3,4], cytotoxicity [5]
and reproductive toxicity [6,7] in vivo and vitro. It was clear that FLC induced the vac-
uolation of Sertoli cells [6,7]. Sertoli cells are crucially important cells in testis. They can
maintain the normal immune environment by constructing blood-testis barrier (BTB) [8]
and regulate the process of spermatogenesis [9,10]. Many chemicals can destroy Sertoli
cells and even induce cell death [11–13]. In addition, many of those chemicals, such as
ZnSO4, Zearalenone, can cause ER stress in Sertoli cells [14,15]. Studies in vitro showed
that FLC induced the accumulation of reactive oxygen species (ROS), disturbed calcium
homeostasis, activated ERK1/2 signaling pathway in rat primary Sertoli cells [16], and
induced cell apoptosis via mitochondria pathway [17] and autophagy via AKT-mTOR
signaling pathway in mouse TM4 Sertoli cells [18]. The evidence so far has suggested
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that FLC maybe activate endoplasmic reticulum (ER) stress in the process of inducing
cell apoptosis.

Under the stimulation of exogenous chemicals, cells will initiate the stress response
to resist the toxic effects and maintain the cellular environmental homeostasis. When the
exogenous chemicals continue to stimulate cells, cells will undergo apoptosis or death [19].
Endoplasmic reticulum (ER) is a locus where proteins are modified, folded and calcium
saved. When misfolded proteins accumulate in ER, ER stress will occur and initiate un-
folded protein response (UPR) to clear the misfolded proteins [20,21].There are three UPR
signaling proteins attached to the membrane of ER, namely eukaryotic initiation factor 2α
(eIF2α) kinase (PERK), activating transcription factor 6 (ATF6) and type I transmembrane
protein inositol requiring 1 (IER1α) [22]. Once ER stress occurs, the three UPR signaling pro-
teins separate from immunoglobulin protein/Glucose-Regulated Protein 78 (BIP/GRP78)
and activate downstream proteins in different ways. One of the UPR signaling protein,
PERK, is activated by autophosphorylation and in turn phosphorylates eIF2α. Phosphor-
eIF2α activates the expression of ATF4 to promote the transcription of apoptosis related
genes to initiate apoptosis, such as the proapoptotic factor CCAAT/enhancer-binding pro-
tein homologous protein (CHOP). ATF6 also can activate the transcription of CHOP [23–25].
Long-term activation of CHOP can trigger cell apoptosis and induce cell apoptosis by
down-regulating the anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) and up-regulating
the pro-apoptotic proteins Bcl-2 interacting mediator (Bim), Bcl-2-associated X protein (Bax)
and Bcl-2 homologous antagonist/killer (Bak) [26,27].

The specific mechanism of FLC inducing the injury of Sertoli cells has not been clarified
yet. It is necessary to explore the role of ER stress played in FLC-induced apoptosis of Sertoli
cells, which can provide scientific evidence for the study of the toxic mechanism of FLC, and
also provide treatment methods for alleviating the toxic effects of FLC. The TM4 cell line
has been cultured as a proper model for mouse Sertoli cells in vitro and used in scientific
research since they possess many similarities to primary Sertoli cells on characterization
and gene expression [28,29]. In this study, the role of endoplasmic reticulum stress and
the possible UPR signaling pathways (eIF2α-ATF4-CHOP) in FLC-induced apoptosis was
explored in TM4 cells.

2. Materials and Methods
2.1. Cell Culture and Treatments

The TM4 cell line was obtained from National Infrastructure of Cell Line Resource
(NICR, Beijing, China) and cultured in Dulbecco’s modified eagle medium (DMEM, Gibco,
Waltham, MA, USA) with 10% (v/v) fetal bovine serum (FBS, Gibco, Waltham, MA,
USA) as described previously [17]. FLC was purchased from Duma Biotechnology Co.
Ltd. (Shanghai, China) and dissolved with dimethyl sulphoxide (DMSO, Sigma-Aldrich,
St. Louis, MO, USA) as described previously [18]. For cell viability assay and cytotoxicity
assay, cells were seeded in 96-well plates at a density of 5 × 103 cells/well and there were
6 duplicate wells in each group. For western blot and flow cytometry, cells were seeded in
6-well plates at a density of 2 × 105 cells/well, and there were 3 duplicate wells in each
group. Cells were treated with FLC at the concentration of 0, 40, 80, 160 µM for 6, 12, 24 h
before experiments. For fluorescence staining of proteins, cells were seeded in 24-well
plates with a cell slide in each well. For intervention experiment, cells were pretreated with
ISRIB (an inhibitor of eIF2α phosphorylation, purchased from Beyotime Biotechnology,
Jiangsu, China, at the concentrations of 200, 400 nM for 6 h) and followed by the treatment
of FLC (at the concentration of 160 µM for 6 h). All experiments were repeated at least
three times.

2.2. Cell Viability Assay

Cell viability assay was tested by cell counting kit-8 (CCK-8 kit, Beyotime Biotech-
nology, Jiangsu, China) according to the manufacturer’s protocol. Briefly, after TM4 cells
treated with FLC or/and ISRIB, the cells in each well were added with 10 µL reagent of
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CCK-8 kit at scheduled time point and then incubated at 37 ◦C for 1.5 h protected from
light. The optical density (OD) values were measured at the wavelength of 450 nm by
a Synergy HT Microplate Reader (BioTek, Winooski, VT, USA). Cell viability was calculated
by the relative OD values to the control group.

2.3. Cytotoxicity Assay

Cytotoxicity assay was determined by LDH (lactate dehydrogenase) Cytotoxicity As-
say Kit (Beyotime Biotechnology, Jiangsu, China) according to the manufacturer’s protocol.
In brief, 100 µL cell supernatants from each well were collected and transferred to a new
96-well plate. 50 µL LDH reagent was added to each well and then incubated at 37 ◦C
for 30 min protected from light. The OD values were measured at 490 nm by a Synergy
HT Microplate Reader. The cytotoxicity was calculated by the relative OD values to the
control group.

2.4. Determination of Apoptotic Cells by Flow Cytometry

Apoptotic cells were determined by flow cytometry using Annexin V-FITC Apoptosis
Detection Kit (Beyotime Biotechnology, Jiangsu, China) according to the manufacturer’s
protocol. After treated with FLC/ISRIB for 6 h, TM4 cells were collected by Trypsin-EDTA
solution (Beyotime Biotechnology, Jiangsu, China) and resuspended in 195 µL annexin-
binding buffer. Then cells were incubated with 5 µL Annexin V and 10 µL PI in the dark for
15 min. Apoptotic cells were detected by BD LSRFortessa flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) and the apoptotic rates were calculated by FlowJo software
(v10.0.7r2, BD Biosciences, Franklin Lakes, NJ, USA).

2.5. Determination of ER Stress, UPR Signaling Pathways and Apoptosis Related Proteins by
Western Blot

The preparatory work for western blot including: extracting total proteins by the
histiocyte lysate (RIPA: PMSF = 9:1, v/v, Beyotime Biotechnology, Jiangsu, China) for
20 min in an ice bath after cell treatments, determining the concentration of total proteins by
BCA Protein Assay Kit (Beyotime Biotechnology, Jiangsu, China), and boiling the proteins
for 5 min with SDS-PAGE Sample Loading Buffer (Beyotime Biotechnology, Jiangsu, China).
All protein samples were stored at −80 ◦C for usage.

For western blot, each sample with 30 µg proteins was separated in SDS PAGE gel (6%
or 10%, Beyotime Biotechnology, Jiangsu, China), running the gel at 80 V for 30 min and
switching to 100 V for 60 min, and then the proteins were transferred to Polyvinylidene
Fluoride (PVDF) membranes (0.22 µm, Millipore Corporation, Billerica, MA, USA) by
electro-transfer at 100 V for 100 min. The blotting membranes were blocked with 5% (m/m)
non-fat milk (Beyotime Biotechnology, Jiangsu, China) for 120 min at room temperature
and then were incubated with the primary antibodies in an appropriate dilution (GRP78
(1:1000), ATF4 (1:1000), ATF6 (1:1000), phosphorylated-eIF2α (1:1000), CHOP (1:1000), Bim
(1:1000), Bax (1:1000)) at 4 ◦C overnight and then incubated with the HRP-conjugated
secondary antibody (1:2000) for 1 h at room temperature. All of the antibodies were
purchased from Cell Signaling Technology (CST, Danvers, MA, USA). Then the blots were
visualized with BeyoECL Plus TM reagent (Beyotime Biotechnology, Jiangsu, China) and
detected by ECL detection system. The protein levels were analyzed by ImageJ software
(1.52v, National Institutes of Health, Bethesda, MD, USA). We used ImageJ software to
subtract the background of the western blot image and calculate the mean density of each
protein sample. Then the density of the target protein was standardized by divided by the
mean density of β actin. Subsequently, the density of each group was compared with the
control group to obtain the relative change level, which was convenient for the comparison
between different repeated experiments. The relative change level were the quantitative
data for further analysis.
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2.6. Determination of GRP78 by Immunofluorescence Staining

After the treatments of FLC, cells were fixed with 4% paraformaldehyde (PFA, Boster
Biological Technology, Wuhan, China) for 10 min at room temperature and incubated
with the primary antibody (GRP78, 1:200, CST) and Alexa Flour 488-labled secondary
antibody (1:1000, CST). Cell nuclei were stained with DAPI Staining Solution (Beyotime
Biotechnology, Jiangsu, China). Images were obtained using a fluorescence microscope and
counted in five different fields each group with a 400× magnification. The fluorescence
intensity was analyzed by ImageJ software.

2.7. Statistical Analysis

There were 6 replicates in Western blot and 3 replicates in flow cytometry experiment.
All data was described as mean ± SD and analyzed with the GraphPad Prism 8.3.0 software
(GraphPad Software, Inc., San Diego, CA, USA). The difference of treatment groups with
the corresponding controls was analyzed using One-way analysis of variance (ANOVA)
followed by LSD t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results
3.1. FLC Inhibited Cell Viability and Induced Cytotoxicity in TM4 Cells

After treated with FLC at different concentrations from 20 to 200 µM for 6, 12, 24 h,
cell viability was detected by CCK-8 assay and cytotoxicity was detected by LDH assay.
The results showed that the cell viability of TM4 cells was significantly inhibited in dose-
dependent, and began to decline at 40 µM, 12th hour. Cell viability was more damaged
at 6th hour than 12th and 24th hour in time relationship. (Figure 1a). The cytotoxicity of
TM4 cells was also significantly increased dose-dependent and increased at 20 µM, 6th and
24th hour and more seriously at 160 µM, 12th hour. Cytotoxicity was more damaged at 12th

hour than 6th and 24th hour in time relationship. (Figure 1b).
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Figure 1. FLC inhibited cell viability and induced cytotoxicity in TM4 cells. TM4 cells were treated 

with serial concentrations of FLC (20–200 μM) for 6, 12, 24 h. (a) Cell viability (6, 12, 24 h) was 
Figure 1. FLC inhibited cell viability and induced cytotoxicity in TM4 cells. TM4 cells were treated
with serial concentrations of FLC (20–200 µM) for 6, 12, 24 h. (a) Cell viability (6, 12, 24 h) was detected
by CCK-8 assay; (b) Cytotoxicity (6, 12, 24 h) was detected by LDH assay. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 vs. control group (0 µM FLC), n = 6.



Int. J. Environ. Res. Public Health 2022, 19, 4564 5 of 12

3.2. FLC Induced Apoptosis and Up-Regulated the Level of Pro-Apoptotic Proteins

To further prove the impair of FLC on TM4 cells, the apoptotic cells were detected by
flow cytometry after treated with FLC at 0, 40, 80, 160 µM for 6 h. Positioning of quadrants
on Annexin V/PI dot plots was performed (Figure 2a) and living cells (Annexin V−/PI−),
early apoptotic cells (Annexin V+/PI−), late apoptotic cells (Annexin V+/PI+) and the
necrotic cells (Annexin V−/PI+) were distinguished. The proportion of apoptotic cells
was 6.2% ± 0.6%, 7.3% ± 0.3%, 9.8% ± 0.4%, 13.2% ± 0.2%, respectively, and increased
in dose-dependent (Figure 2b). The levels of pro-apoptotic proteins (Bim and Bax) were
up-regulated in dose-dependent (Figure 2c,d). The protein level of Bim was up-regulated
in 6, 12, 24 h while Bax was up-regulated just in 6 and 12 h. There was no significant
up-regulation in 24 h for Bax.
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Figure 2. FLC induced apoptosis and altered up-regulated the level of pro-apoptotic proteins. TM4
cells were treated by FLC at the concentrations of 0, 40, 80, 160 µM for 6, 12, 24h. Apoptotic cells
(6 h) were detected by flow cytometry and apoptosis protein levels (6, 12, 24 h) were determined by
Western Blot with indicated antibodies. (a) The apoptotic cells were detected by Annexin V-PI double
staining using Flow cytometer; (b) The quantitative data was analyzed by FlowJo and GraphPad
Prism software (n = 3); (c) The representative blots were shown; (d) The quantitative data was
analyzed by ImageJ and GraphPad Prism software (n = 6). * p < 0.05, ** p < 0.01,**** p < 0.0001 vs.
control group (0 µM FLC).
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3.3. FLC Induced Endoplasmic Reticulum (ER) Stress and Activated Unfolded Protein Response
(UPR) Signaling Pathways

To explore the potential involvement of ER stress in FLC-induced TM4 cell apoptosis,
the UPR signaling pathway proteins (GRP78, phosphorylated-eIF2α, ATF4, ATF6) were
determined by Western Blot (Figure 3a). The expression of ER stress marker protein (GRP78)
was up-regulated, and downstream proteins (phosphorylated-eIF2α, ATF4, ATF6) were
activated over time (Figure 3b). To observe the up-regulated expression of GRP78, the
protein was detected with specific antibody and observed by a fluorescence microscope,
which was in green and the nuclear was in blue (400×) (Figure 3c). The fluorescence
intensity was stronger significantly in FLC-treated groups (Figure 3d).
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Figure 3. FLC induced Endoplasmic Reticulum (ER) stress and activated Unfolded Protein Response
(UPR) signaling pathways. TM4 cells were treated by FLC at the concentrations of 0, 40, 80, 160 µM
for 6, 12, 24 h. ER stress and UPR related protein levels were determined by Western Blot with
indicated antibodies. (a) The representative blots were shown; (b) The quantitative data was analyzed
by ImageJ and GraphPad Prism software. GRP78 protein level were detected by immunofluorescence
staining in green and the nuclear was stained with DAPI in blue; (c) The representative images of
GRP78 (Magnification, 400×; scale bar, 10 µm) were shown; (d) The quantitative data was analyzed
by ImageJ and GraphPad Prism software. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control
group (0 µM FLC), n = 6.

3.4. FLC Upregulated the Protein Level of CHOP

CHOP is a key molecular in ER stress-mediated apoptosis, and it is necessary to
investigate whether CHOP is involved in FLC-induced apoptosis. The protein level of
CHOP was also examined by Western Blot (Figure 3a) and it was up-regulated in dose-
dependent (Figure 3b).

3.5. ISRIB Inhibited UPR Signaling Pathways and Alleviated ER Stress

To determine the role of UPR signaling pathways played in FLC-induced TM4 cell
apoptosis, we used 200 and 400 nM ISRIB (the phosphorylation inhibitor of eIF2α) to
pre-treat TM4 cells for 6 h. After then, TM4 cells were treated with FLC for another 6 h,
and the expression of ER stress and UPR signaling pathways related proteins (GRP78,
phosphorylated-eIF2α, ATF4, ATF6), CHOP and the pro-apoptotic protein (Bim) were
determined by Western Blot (Figure 4a). ISRIB inhibited the phosphorylation of eIF2α and
the up-regulation of ER stress and apoptosis related proteins induced by FLC (Figure 4b).
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Figure 4. ISRIB inhibited UPR signaling pathways and ER stress. TM4 cells were treated by ISRIB at
the concentration of 200, 400 nM for 6 h before treated by FLC at the concentration of 160 µM for 6 h.
UPR and apoptosis related protein levels were determined by Western Blot with indicated antibodies.
(a) The representative blots were shown; (b) The quantitative data was analyzed by ImageJ and
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3.6. ISRIB Alleviated FLC-Induced Cytotoxicity and Apoptosis

Then we detected the cytotoxicity and apoptosis induced by FLC once again to de-
termine the impact of ISRIB in alleviating cell damage. The Cell viability was increased
significantly (Figure 5a) and the cytotoxicity was alleviated significantly (Figure 5b). The
percentage of apoptotic cells were decreased significantly (Figure 5c,d). ISRIB could al-
leviated the cytotoxicity induced by FLC in TM4 cells via inhibiting ER stress and UPR
signaling pathways.
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(n = 3). * p < 0.05, *** p < 0.001, **** p < 0.0001 vs. corresponding group.

4. Discussion

The impair of herbicides on male reproduction and testicular toxicity has been con-
cerned [30–32] and many studies focus on Sertoli cells since they are crucial important for
homeostasis of testis by establishing blood-testis barrier and secreting active substance [10].
As a novel herbicide, FLC has been widely used in many countries and studies have
shown that the target cell of FLC may be Sertoli cell for it can induce ROS cumulative
damage [17,18,33], and disturb calcium homeostasis [16], which suggests the possible
occurrence of ER stress [34]. In this study, the role of ER stress in FLC-induced apoptosis
of mouse TM4 Sertoli cells was explored. It was found that FLC could activate ER stress
and unfolded protein response (UPR), promote the phosphorylation of eIF2α, up-regulate
the protein levels of ATF4 and ATF6, and promote the protein expression of CHOP, Bim
and Bax, finally induce apoptosis. The inhibitor of eIF2α phosphorylation, ISRIB, can
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effectively inhibit UPR signaling pathway (eIF2α-ATF4-CHOP), alleviate the cytotoxicity
and apoptosis induced by FLC, and protect TM4 cells from the toxic effects of FLC.

Cell viability began to decline at 40 µM FLC for 12 h, while cytotoxicity detected by
LDH leakage assay began to increase at 20 µM for 6 h, suggesting that cytotoxicity can
occur when TM4 cells were treated by lower dose of FLC for short time, which is consistent
with the results of previous study in rat primary Sertoli cells [16]. The result of LDH
leakage assay had a peak in 24 h since the content of LDH released by cells in the culture
medium would accumulate along with prolonged time. Overall, the results suggested that
the damage induced by FLC in TM4 cells is in dose-dependent. Taken into account cell
viability and cytotoxicity, we selected 40, 80 and 160 µM as the treated concentrations of
FLC for further study. The percentage of apoptotic cells and the expression of pro-apoptotic
proteins (Bim and Bax) were also increased in dose-dependent way. The pro-apoptotic
proteins (Bim and Bax) can be activated by CHOP [35,36]. We further detected the protein
levels of CHOP and it was increased in dose-dependent as expected. The results suggested
that the apoptosis induced by FLC was mediated by CHOP in TM4 cells.

CHOP is a key molecule in the process of ER stress-induced apoptosis [25,37]. The
expression of CHOP is regulated by UPR signaling pathways [38]. Under normally physio-
logical conditions, the UPR related proteins bind to the ER chaperone binding GRP78 and
are in an inactive state [39]. Once ER stress occurs, the dissociated UPR related proteins
which were separated from GRP78 activate downstream proteins by three different ways,
namely inositol-requiring enzyme 1 (IRE1), protein kinase RNA-like ER kinase (PERK)
and activating transcription factor 6 (ATF6) [40]. PERK and ATF6 signaling pathways are
reported to increase the expression of CHOP and then induce apoptosis [22,24,41]. In this
study, the up-regulated protein levels of CHOP indicated that the UPR signaling pathways
may be activated. To explore whether UPR was activated, the protein levels related to UPR
signaling pathways were detected. The protein levels of phosphorylated-eIF2α, ATF4 and
ATF6 were increased, indicating the ATF4 and ATF6 pathways were activated. Meanwhile,
the expression level of ER stress marker protein GRP78 also increased in a dose-dependent
manner, suggesting that FLC activated ER stress.

To verify whether ER stress and UPR signaling pathways are involved in FLC-induced
apoptosis in TM4 cells, the inhibitor of eIF2α phosphorylation (ISRIB) was used in interven-
tion experiment. ISRIB is a drug-like compound which can alleviate ER stress derive from
interference with UPR signaling pathways in mouse models [42]. We noted that different
concentrations of ISRIB were used in different experiments [43,44], and therefore we chose
two concentrations of 200, 400 nM to pre-treat TM4 cells for 6 h. The results showed that
ISRIB could inhibit the up-regulated levels of phosphorylated-eIF2α and ATF4 induced by
FLC. Meanwhile, the expression of ATF6 also can be affected since the regulatory networks
of UPR signaling pathways are fully integrated and the activation of ATF6 are associated
with the expression of ATF4 [45]. As the suppression of UPR pretreated with ISRIB, the
protein level of CHOP has also been down-regulating and the same changes took place in
the levels of pro-apoptotic protein (Bim) in dose-dependent. The results of intervention
experiments also showed that ISRIB could alleviate FLC-induced apoptosis and increase
cell viability in TM4 cells. These findings confirmed that ER stress and UPR signaling
pathways were involved in FLC-induced apoptosis in TM4 cells.

5. Conclusions

FLC impaired cell viability and induced cytotoxicity and apoptosis mediated by ER
stress via activating eIF2α-ATF4/ATF6-CHOP-Bim/Bax signaling pathways inTM4 cells.
This study proved the possible mechanism of FLC-induced apoptosis in TM4 cells and
provided a reliable direction for further study in vivo to verify ER stress maybe a target to
alleviate the toxic effects of FLC.
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