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Quercetin has numerous functions including antioxidant and anti-inflammatory effects. The
beneficial effect of quercetin against microcystin-LR (MC-LR)-induced testicular tight junctions
(TJs) defects in vitro and in vivo were investigated. Significant reductions in transepithelial
electrical resistance, occludin, and zonula occludens-1(ZO-1) levels were detected in the MC-
LR-treated TM4 cells, and quercetin attenuated these effects. Interestingly, quercetin
suppressed MC-LR-induced phosphorylation of protein kinase B (AKT). It effectively
inhibited the accumulation of reactive oxygen species (ROS) in cells stimulated by MC-LR.
In addition, ROS inhibitors blocked the TJ damage that is dependent on the AKT signaling
pathway induced by MC-LR. In conclusion, our results suggest that alleviates MC-LR-
impaired TJs by suppressing the ROS-regulated activation of the AKT pathway.
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INTRODUCTION

Microcystins (MCs), a cyclic heptapeptide, regard as major hazards to mammals (Hu et al., 2016). It
has detected more than 100MCs variants, of which microcystin-LR (MC-LR) is the most widely
studied (Zhou et al., 2014). Accumulating evidence has shown that MC-LR has various toxic effects
containing hepatotoxicity and neurotoxicity (Hinojosa et al., 2019; Wang et al., 2019). In decades,
laboratory experiments suggest that male gonad is a considerable target of MC-LR. The blood-testis
barrier (BTB) is mainly composed of tight junctions (TJs), adherent junctions, and gap junctions
(Squadrito et al., 2016). TJs which are observed between Sertoli cells play a pivot role in BTB integrity
(Zhou et al., 2018). MC-LR induces TJ dysfunction, resulting in sperm abnormality (Zhang et al.,
2013; Chen et al., 2018; Zhang et al., 2018).

Since the impairment of TJs induced byMC-LR is serious and irreversible, effective methods seem
necessary. Several available MC-LR antidotes, such as antioxidant enzyme resultants and calcium
channel blockers have been applied to reduce MC-LR toxic effects (Zhang et al., 2014; Augusti et al.,
2017). Reactive oxygen species (ROS), a group of reactive, transient oxygenated substances, can
regulate intracellular signal transduction pathways (Jiang et al., 2018). MC-LR-mediated Sertoli cells
damage has been demonstrated to be associated with ROS production (Li and Han, 2012). Quercetin,
a prominent dietary antioxidant abundantly present in vegetables, is the most active scavenger of
ROS (Boots et al., 2011; Ganesan et al., 2012). It has multiple biological effects against many diseases,
including renal injury and ischemic heart disease (Liu et al., 2013). Moreover, quercetin is beneficial
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for sperm quality and serum male hormones in diabetic rats
(Abarikwu et al., 2012; Abd-Ellah et al., 2016). In addition,
quercetin can prevent MC-LR-induced immune toxicity in fish
lymphocytes (Zhang et al., 2014). Thus, it is hypothesized that
quercetin may have a protective effect on Sertoli cells. Above all,
the present study aimed to evaluate the possible beneficial effects
of quercetin against MC-LR-induced TJs dysfunction.

MATERIALS AND METHODS

Toxins
MC-LR with a purity of >96% was from Enzo Life Science
(Lausen, Switzerland). MC-LR was dissolved in dimethyl
sulfoxide and then kept at −20°C and diluted into media on
the day of the experiment.

Animals Experiment
Themice used in this studyweremale C57BL/6Jmice aged from 8 to
10 weeks (Vital River Laboratory Animal company, Shanghai,
China). The animals were kept in a controlled environment of
20–24°C, the humidity of 45–65%, with a 12 h day/night cycle. Forty
male mice were randomly divided into four groups, each group
contains 10 mice. The first group received 0.2 ml saline for 21 days.
The second group was treated with 75mg/kg quercetin for 7 days
and was followed by concomitant administration of 0.2 ml saline for
14 days. In the third group, intraperitoneal injection withMC-LR at
the dose of 30 μg/kg body weight was started on day 7 after the daily
administration of 0.2 ml saline and was followed for 14 days. The
fourth group first got 75mg/kg quercetin for 7 days and then
followed by 30 μg/kg MC-LR for 14 days. After that, testes were
collected and weighted. All experiments were conducted in
accordance with the protocols approved by the Animal Care and
Use Committee in the Nanjing University of Chinese Medicine.

Histology
Histopathological evaluation was conducted (Chen et al., 2011).
In brief, the mice were anesthetized and perfused with 0.1 M ice-
cold phosphate buffer solution (PBS) and 4% paraformaldehyde
(PFA). Testis was collected and fixed in 4% PFA overnight,
followed by 30% sucrose solution. The tissues were embedded
in an optimum cutting temperature compound (OCT, Leica,
Buffalo Grove, IL) for the frozen section. The images were
observed under a microscope (Carl Zeiss, Thornwood, NY).

Serum Hormone Assay
The blood samples (about 1.0 ml) were obtained from the mice’s
eye. Blood samples were incubated at 25°C for 4 h. Then the
samples were centrifuged at 3,000 rpm for 30 min serum was
collected. A total of 10 mice per group were detected. Serum
testosterone was measured by radioimmunoassay according to
previous studies (Chen et al., 2011).

In vivo BTB Integrity Assay
As described previously (Zhou et al., 2019), the BTB integrity was
investigated by a biotin tracer. The right testes of mice were
injected with i30 μl of EZ-Link Sulfo-NHS-LC-Biotin (Thermo

Fisher, Rockford, IL) in the saline. The frozen section was made
the same as previously and subsequently incubated with Alexa
Fluor® 568-conjugated streptavidin (Thermo Fisher) at room
temperature for 2 h. The sections were observed under a
fluorescence microscope (Carl Zeiss). The localization of the
biotin tracer was examined in 30 cross-sectioned seminiferous
tubules and was expressed as mean ± SD (n� 4). The percentage
over total tubes in each group.

Measurement of Reactive Oxygen Species
Formation
Dichloro-dihydrofluorescein diacetate (DCFH-DA) kit was
applied to measure the concentration of ROS according to the
manuscript instructions (Beyotime, Shanghai, China). Briefly,
Sertoli cells were cultured in a 6-well culture plate (105 cells
per well). After treatment with Nac (10 mmol/L, 2 h) and
exposure to MC-LR. The cells treated with different conditions
were harvested and homogenized in PBS. DCFH-DA with a final
concentration of 10 μM was added to the Sertoli cells, and the
mixture was incubated in 37°C for 30 min. Then, the cell was
washed with PBS. The percentage of ROS-positive cells were
determined via an Accuri C6 plus flow cytometer (Franklin Lakes,
NJ) at 485 nm excitation and 535 nm emission wavelength.

Measuring Transepithelial Electrical
Resistance
TM4 cells were plated (106 cells/mL) in a transwell chamber with pore
diameter 0.4 μm in a12-well plate (Corning, NY) and treated with
various conditions for 24 h. The TER was detected with a Millicell
ERS (Millipore, Bedford, MA) based on the previous study (Hu et al.,
2016). The values were measured in each unit at three different areas
and were recorded as “R”. Convert the blank corrected value to the
Unit Are of Resistance bymultiplying it by the effective surface area of
the transwell filter insert. Resistance of a unit area � Resistance (Ω) ×
Effective Membrane Area (cm2). Four wells in each group were
detected. Three independent experiments were performed.

Western Blot
Total protein was isolated from Sertoli cells following various
treatments. Homogenates of cells were prepared in lysis buffer
contained with protease inhibitors cocktails (Beyotime). Protein
concentration was measured by bicinchoninic acid (BCA) protein
assay kit (Beyotime). 50 μg protein for each sample was
separated on SDS/PAGE and electrophoretically transferred to
a polyvinyoidene fluoride (PVDF) membrane (Millipore) by
standard procedures. The membrane was blocked in 5%
bovine serum albumin for 1 h at room temperature. MC-LR
(1:500) (Enzo), zonula occludens-1 (ZO-1) (1:500), occludin (1:
1,000), protein phosphatase 2A catalytic subunit (PP2Ac) (1:
1,000), protein kinase B (AKT) (1:1,000), phosphorylation of
AKT (p-AKT) (1:1,000), and GAPDH (1:1,000) primary
antibodies and secondary anti-rabbit antibody labelled with
horseradish peroxidase (HRP) were applied. The antibodies
were purchased from Univ-bio (Shanghai, China).
Immunoreactive bands were visualized using enhanced
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FIGURE 1 | MC-LR affects TJs and p-AKT expression in TM4 cells. TM4 cells were cultured for 24 h, and then subjected to various concentrations of MC-LR for
24 h. (A) TER values were detected in TM4 cells. The protein level of occludin (B), ZO-1(C), AKT, and p-AKT (D) are determined through western blot (upper panels), and
the protein levels were quantified with Image J (down panels). The loading control images are re-used for illustrative purposes. The results were obtained from three
independent experiments. (* p < 0.05, ** p < 0.01, compared with control.)

FIGURE 2 | ROS/AKT pathway-dependent TJs injury induced by MC-LR. (A) The percentage of ROS-positive cells was measured with DCFH-DA after treatment
with MC-LR. The percentage of ROS-positive cells (B) and the TER values (C) were determined with or without Nac. The proteins level of occludin (D), ZO-1(E), and
p-AKT (F) were detected by western blot. (* p < 0.05, ** p < 0.01, compared with control.)
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chemiluminescence (Tigen, Beijing, China). The figures shown
represent at least three independent assays. The densitometric
data were collected using Image J software (National Institutes of
Health) for further statistical analysis. GAPDH was used as the
loading control. Band density of interested proteins was
normalized in relation to control and the results showed in
percentage over relative values.

PP2A Activity Assay
PP2A activity was determined using a serine/threonine
phosphatase assay kit (Promega, Madison, WI) (Huang et al.,
2017). Cells were washed with PBS and lysed on ice lysis buffer
containing protease inhibitor complex for 30 min. Free
phosphate was removed by Sephadex G25 column. Protein
concentration was detected using the BCA method. Protein
samples (2.5 μg) were evenly distributed in the 96-well plates
with the PP2A-specific reaction buffer contained specific peptide
substrate and incubated at 37 C for 30 min. Then 50 μl molybdate
dye/additive mixture was added and allowed to incubate for
30 min. The samples were analyzed through a plate reader at
an absorbance of 600 nm. The absorbance was corrected by
determining that of control reactions without phosphoprotein

substrate. The amount of phosphate released (pmol) was
calculated from a stander curve and normalized to control. All
determinations were measured in triplicate. The assay was
repeated three times independently.

Statistical Analysis
All the data are presented as mean ± SD from three independent
experiments. SPSS (SPSS Inc., Chicago, IL) performed all
calculations and statistical analyses. One-way analysis of
variance (ANOVA) was used to analyze the difference between
groups, followed by Dunnett’s t-test. The significance level was set
at p < 0.05.

RESULTS

Microcystin-LR Affects Testicular Tight
Junctions and p-AKT Expression in TM4
Cells
The level of TER attenuated significantly at 5 and 10 μM. No
statistically significant difference was observed in TER at 0 and

FIGURE 3 | Effect of quercetin on TER and TJs protein expression. (A) Representative chemical structure of quercetin. (B) Representative the TER values of TM4
cells treated with 0.1–20 μM quercetin. (C) TER values of the cells exposed with quercetin (1 μM) and MC-LR (5 μM). The protein level of occludin (D) and ZO-1 (E)was
measured with Western blot. Three independent experiments were performed. Each colored symbol in panel C represents one copy for three experiments after various
treatments. (* p < 0.05, ** p < 0.01, compared with control.)
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0.5 μM. Considering the TER reduction associated with TJs
protein level, the occludin and ZO-1 protein expression were
analyzed. The occludin and ZO-1 protein level was remarkably
compromised following exposure to 5 and 10 μMMC-LR, while
the protein level of p-AKT increased (Figure 1).

Reactive Oxygen Species /AKT
Pathway-dependent Testicular Tight
Junctions Injury Induced by Microcystin-LR
The concentration of ROS and phosphorylation of AKT were
measured. The ROS level was elevated in a dose-dependent
manner in the cells exposed to MC-LR (Figure 2A). Since a
decrease in antioxidase activity was observed, ROS inhibitor Nac
was further used to confirm that ROS/AKT participated in MC-
LR-induced TJs injury. Nac resulted in a reduction in the
percentage of ROS-positive cells, and an increase in the TER
as compared with the MC-LR treatment group (Figures 2B,C).
As demonstrated by the above results, MC-LR triggers the
accumulation of ROS, and Nac can inhibit these effects.
Pretreatment with Nac was found to rescues the MC-LR-
induced downregulation of occludin (Figure 2D) and ZO-
1(Figure 2E). Similarly, the p-AKT was significantly decreased
with Nac pretreatment, compared with the MC-LR treatment
only group (Figure 2F).

Quercetin Alleviates
Microcystin-LR-Caused Sertoli Cells Injury
The structure of quercetin was present in Figure 3 A. To determine
the cell membrane integrity, the TER values were detected in TM4
cells following by various treatments (Figure 3B). Quercetin
treatment resulted in an obvious increase in the TER of TM4
cells at 1 μM, while a decrease at 10 and 20 μM. In addition,
MC-LR remarkably attenuated the TER of TM4 cells. Treatment
with quercetin, however, partially rescued the MC-LR-induced
reduction in TER (Figure 3C). To further analyzed the protective
effects of quercetin againstMC-LR toxicity, the protein expression of
occludin and ZO-1 were measured in vitro. MC-LR exposure
downregulated the TJs protein level, whereas this decrease was
reversed by quercetin administration in TM4 cells (Figures 3D,E).

Quercetin Inhibits Reactive Oxygen
Species /AKT Pathways
We confirmed the association of quercetin with TM4 cells following
incubation of the cells with MC-LR by western blot. However,
quercetin did not affect the transportation of MC-LR into the cell
(Figures 4A,B). MCs are considered to be strong inhibitors of PP2A.
The expression of PP2Ac (Figures 4A,C) with MC-LR was
remarkably increased and the activity of PP2A (Figure 4D) was
substantially attenuated in MC-LR-exposed TM4 cells while

FIGURE 4 | Effect of quercetin on the ROS/AKT signaling pathways. (A) Representative western blots showing the expression of MC-LR, PP2Ac, p-AKT, and
GAPDH. (B, C, E) The expression levels were quantified with Image J. (D) PP2A activity was measured using commercially available assay kits. (F) The percentage of
ROS-positive cells was determined with DCFH-DA. Three independent experiments were performed, each examined at least in triplicate. (*p < 0.05, ** p < 0.01 vs the
control group; # p < 0.05, ## p < 0.01 vs the MC-LR treatment group.).
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quercetin had no significant difference in reversing these phenomena.
To assess whether quercetin could inhibit MC-LR-induced TJs injury
via suppressing AKT pathways, a remarkable decrease in the ratio of
p-AKT/AKT was observed with quercetin treatment, compared with
the MC-LR treatment only group (Figures 4A,E). To investigate
whether quercetin could reduce the ROS production, TM4 cells
were pre-incubated with quercetin for 2 h, and then exposed with
MC-LR for 24 h. Quercetin had a similar effect on the protein level of
p-AKT, which was obviously lower than that in theMC-LR treatment
only group (Figure 4F).

Quercetin Protects the Structure of Testis,
Sperm Quality and Testosterone
The bodyweights of mice were not remarkably increased while
the concentration of serum testosterone was upregulated in MC-

LR/quercetin group compared with control in Figures 5A,B
Histological staining was performed to assess the effect of
quercetin on MC-LR-induced damage (Figure 5C), exhibiting
that the seminiferous tubules had abnormal histological features
including disorganization of the germinal epithelium and few
spermatozoa in the MC-LR-treated mice compared with control.
Interestingly, quercetin administration partially rescued the MC-
LR-induced testicular dysfunction. The abnormality of spermwas
diminished after co-treatment with MC-LR and quercetin
(Figure 5D).

Quercetin Protect the Structure of
Testicular Tight Junctions
The integrity of the BTB structure was also examined. As
shown in Figures 6A,B the junctions between Sertoli cells

FIGURE 5 | Effects of quercetin on the structure of testis, sperm quality, and testosterone. (A) The bodyweight. (B) Effect of MC-LR and quercetin on serum
testosterone. (C) Representative illustration of histological morphology of mice testes. (D) Representative illustration of mice sperm. Scale bar � 50 μM. (*p < 0.05, ** p <
0.01, compared with control.)
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formed tight barriers that prevent large molecules from
passing through. The BTB barrier was opened after MC-LR
treatment. However, Quercetin partially protected the BTB
integrity from MC-LR. Similar to the in vitro study, quercetin
rescued MC-LR-induced decrease in ZO-1 protein level
(Figures 6C,D).

DISCUSSION

MC-LR has recently been proved to be taken up by Sertoli cells,
leading to male reproductive system dysfunction (Chen et al.,
2016). TJs which are the primary junctions of BTB play critical
roles in an immunological barrier of host animals (Squadrito
et al., 2016). MC-LR can destroy the integrity of the BTB by
regulating TJs (Zhou et al., 2020). It is well known that ZO-1,
claudin, and occludin are the main protein of TJs (Qiu et al.,
2016), and their changes could arrest spermatogenesis, leading to
the decline of sperm concentration. In our previous study, the
results show that occludin and ZO-1 are significantly altered by
MC-LR, while there is no effect on claudin in the in vitro study
(Zhou et al., 2018). Therefore, ZO-1 and occludin were selected to
investigate in this study. In the present study, MC-LR decreased
TER values and altered the expression of TJ protein in the Sertoli
cells exposure to MC-LR, which was consistent with the previous
studies (Chen et al., 2018; Zhou et al., 2020). Since MC-LR has
server reproductive toxicity, it is necessary to find effective drugs
against the impairment of TJs induced by MC-LR.

Quercetin is a bioactive compound that is widely used in
botanical medicine due to its potent antioxidant activity (Xu et al.,
2019). Jahan et al. have demonstrated that quercetin has a

therapeutic effect on bisphenol A-induced cytotoxicity in the
male gonad (Jahan et al., 2016). Therefore, it is interesting to
investigate whether and how quercetin counteracts MC-LR-
caused Sertoli cell damage. To select the optimal doses of
quercetin to alleviate MC-LR-induced Sertoli cells toxicity
in vitro, TER was measured in the cells upon treatment to
MC-LR from 0.1 nM to 20 μM following previous studies
(Ganesan et al., 2012; Abd-Ellah et al., 2016). In our results,
the TER was remarkably elevated in TM4 cells upon exposure to
1 μM quercetin. 75 mg/kg quercetin could significantly improve
histological criteria and sperm parameters including sperm
number, motility in NtiO2-intoxicated mice according to the
previous researches (Khorsandi et al., 2017). Therefore, 1 μM
and 75 mg/kg quercetin were chosen for in vitro and in vivo study,
respectively. However, the concentrations of 10 and 20 μM
quercetin decreased the TER. Thus, we cannot rule out that
quercetin provides antioxidant effects at lower concentrations
while inducing pro-oxidation at higher concentrations.
Supplementation with quercetin inhibited MC-LR-induced TJs
injury through the upregulation of ZO-1 protein level both in
cells and testis. Previous studies show that MC-LR causes declines
in sperm quality, decrease serum testosterone, and injury to the
testis (Chen et al., 2011; Zhou et al., 2013). Treatment with
quercetin could effectively reverse these phenomena.

A low level of endogenous ROS is required for the regulation
of vital sperm functions (Agarwal et al., 2014). In the present
study, large amounts of ROS were produced in TM4 cells exposed
to MC-LR. Pretreatment with Nac (ROS-specific scavenger)
could effectively inhibited the generation of ROS, increase
TER value, and notably promoted the expression of TJs
proteins. AKT plays an important role in anoikis resistance

FIGURE 6 | Effects of quercetin on the BTB. (A) Blood-testis barrier (BTB) permeability. Biotin diffusion into seminiferous tubules is marked with red fluorescence.
(B) Percentage of seminiferous tubules with intact or permeable BTBmouse testes. The localization of the biotin tracer was examined in 30 cross-sectioned seminiferous
tubules (n � 4). (C) The localization of ZO-1 (green) in the testis was examined by immunofluorescence analysis. (D)Quantification of the intensity of ZO-1 by image J. The
cell nucleus is indicated in blue. Scale bar, 50 μM. (* p < 0.05, **p < 0.01, compared with control.)
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through its phosphorylation. Zhou et al. indicate that AKT has a
commanding role in the regulation of TJs dynamics in Sertoli cells
(Zhou et al., 2018). In our previous study, the AKT signaling
pathway regulated the effects of MC-LR on TJ proteins, as
inhibition of p-AKT could obviously rescue the MC-LR-
induced downregulation of TJ protein (Zhou et al., 2018).
Sufficient evidence indicates that ROS mediate intracellular
signal transduction pathways (Jiang et al., 2018). Accordingly,
LPS causes cell malfunction by mediating ROS-mediated PI3K/
AKT (Jiang et al., 2018). Additionally, Nac attenuated the protein
level of p-AKT under the MC-LR treatment condition. Taken
together, these results indicate that ROS was an upstream factor
of p-AKT in male Sertoli cells exposed to MC-LR.

Quercetin can remove ROS, which can resist oxidative damage
induced by radiation and sperm change associated with ROS (Xu
et al., 2019). Ganesan et al. have proven that pretreatment of cells
with quercetin decreased with AKT phosphorylation in human
airway epithelial cells (Ganesan et al., 2012). In addition,
LY294002 is a potent inhibitor of AKT based on the structure
design of quercetin (Zhang et al., 2014). Our results found that
quercetin obviously suppressed the accumulation of ROS and
reduced the expression of the phosphorylation AKT. MCs are
regard as activators of oxidative stress and potent inhibitors of
cellular PP2A (Meng et al., 2019). MC-LR inhibits PP2Aactivity,
resulting in AKT signaling pathways activation in Sertoli cells
(Zhou et al., 2018). However, the results indicated that PP2A
activity was not significantly reversed by quercetin in MC-LR-
treated TM4 cells.

In summary, we have shown that quercetin can protect MC-
LR-induced Sertoli cell toxicity by restoring the function of TJs.

Taken together, treatment with antioxidants, such as quercetin,
could help maintain the high male reproductive capacity by
protecting Sertoli cells from MC-LR-induced injury.
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