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ABSTRACT: Fluoride is a widespread environmental pollutant that can induce low sperm quality and fertilizing ability;
however, the underlying mechanism still remains unclear. Hence, we aimed to investigate the inﬂuence of ﬂuoride on the sperm
fertilizing ability via some key proteins in the epididymis. For this, 40 adult rats were assigned randomly into four groups. The
control group was given distilled water, while the other three groups were given 25, 50, and 100 mg of NaF/L via drinking water
for 56 days, respectively. After 1 day, epididymides were processed for sperm−egg binding, RNA extraction, western blot, and
immunoﬂuorescence analysis. Fluoride exposure reduced the ability of sperm to break down the egg cumulus cell layer. A
further study revealed that ﬂuoride altered the expression levels of genes and proteins related to acrosome reaction in vivo,
including SPAM1, ACR, and PRSS21. However, ﬂuoride only aﬀected the expression of the ACR protein only in the epididymis
but not in the testis. Fluoride also aﬀected the expression levels of the membrane proteins CD9 and CD81 of epididymosomes
in the epididymis. From the results, it can be concluded that ﬂuoride exposure reduced the ability of sperm to break down the
egg cumulus cell layer, which could be one of the reasons for decreased fertility ability in males treated with ﬂuoride. These
results provide some theoretical guidance and new ideas for treatments of low fertility, infertility, and other reproductive
diseases.
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■

INTRODUCTION
Fluorine, an extremely reactive non-metallic element, exists in
natural sources, including air, soil, water, food, coal, rock, and
others, such as inorganic or organic compounds, and daily life
environment widely in the form of diverse compounds.1
Fluoride is one among a few chemicals that has been shown to
cause eﬀects in humans through drinking water;2 nearly
hundreds of millions of people in developing countries, such as
China, India, and Bangladesh, are at risk of high ﬂuoride
toxicity.3,4 Besides drinking water, vegetables and fruits
normally have 0.1−0.4 mg/kg of ﬂuoride;2 barley, rice, taro,
yams, and cassava have been found to contain relatively high
ﬂuoride levels (e.g., about 2 mg/kg) and, thus, typically
contribute to exposure. It is also reported that ﬂuoride
accumulates in the bones of canned ﬁsh, such as salmon and
sardines. Fish protein concentrates may contain up to 370 mg/
kg of ﬂuoride.2 Hence, the ﬂuoride-induced toxicity has
attracted worldwide attention. Many studies have shown that
ﬂuorine has adverse impacts on various tissue systems,5−8
including the reproductive system, and fertility.3,9 As a result of
the overall fertility decline in industrialized countries, recent
investigations have focused on the reproductive eﬀects of
ﬂuoride. However, the mechanism underlying the ﬂuorideinduced toxicity in the male reproductive system still remains
unclear.
Mammalian spermatozoa undergo a series of complex
structural and functional changes in the epididymis to mature
and achieve fertilization capacity.9 The acrosome reaction,
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which is one of the comprehensive evaluation indicators for
sperm function, plays an essential role during the fertilization
process.10,11 Fluoride has been shown to cause a wide variety
of structural and functional defects in ﬂagella and acrosomes.12
Meanwhile, previous studies demonstrated that ﬂuoride could
induce alterations in the sperm fertilizing ability.13 However,
most of the studies dealing with the reproductive system of
ﬂuoride focus on the morphological indices of sperm and
spermatogenesis in testis;10−12 there are a few literature on
sperm function as well as sperm maturation in the epididymis.
The molecular mechanism of ﬂuoride aﬀecting sperm
fertilization is still not fully clear.
Acrosin (ACR), serine protease PRSS21, and SPAM1 have
been proven to play a vital role in sperm acrosomal response,
sperm motility, and the fertilization process.14−20 SPAM1
protein produced by epididymal epithelial cells and transported by epididymosomes is also secreted by epididymal
epithelial cells and installs into the sperm head.14,15 The
epididymosomes represented by CD9, CD81, and MFGE8 are
essential carriers for sperm maturation in the epididymis.21,22
The epididymosomes are responsible for the transport of
sperm motility and fertilization ability.23
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Table 1. Primer Sequences with Their Corresponding PCR Product Size
gene

sequence (5′ → 3′)

product size (bp)

β-actin

F: CTGGGTATGGAATCCTGTGG
R: GCACTGTGTTGGCATAGAGG
F: CTTTTGGAGGAGCTTTGCTG
R: CCAGACCCAAACGAAAGTTG
F: AGCCGTCTTCAGTCCATACC
R: GTAGACGCCGAGCAAAAGAC
F: GTTGTGAGCTGGGGAATAGG
R: CATCCCGTTTCGGATCATAG
F: CCGCACTTAACACCGTCCT
R: CTGGGTGAGCTCGGAGAGAA
F: AGGAACAAGGAACCAGCAAG
R: CACATAGCGAGCCATGAAAG
F: AGATCGCAGCCATCATATCC
R: TCAATCCAGCCAGTTTCTCC
F: GCAAGTTTGCTGAGGTGGAG
R: GCAAAGCGGAACCAGTAGTC
F: CGGTCAAAGGAGGTAGCAAG
R: AGCCATAGTCCAATGGCAAG
F: AGATCGCCAAGGATGTGAAG
R: CAGTGTGGTCAGCGTATTGG
F: CCAAGCAGACCCAGACTTTC
R: TGGCCCTTTCACCTTCATAC

97

NM_031144.3

133

NM_053967.2

138

X59254.1

108

NM_181477.2

103

NM_031051.1

Spam1
Acr
Prss21
Mif
Mfge8
Atp2b4
Dcxr
Cd9
Cd81
Hsc70

95
124

NM_001040186
NM_001005871.1

87

NM_134387.1

100

NM_053018.1

143

NM_013087.2

81

NM_024351.2

The sperm−egg binding experiment was performed according to
the study of Ohto et al.24 The individual experiment in each group
were repeated 5 times. Brieﬂy, after sperm collection, sperm was
rinsed into a plate with 1 mL of phosphate-buﬀered saline (PBS) in a
Petri plate, and then PBS containing sperm was collected into a 1.5
mL EP tube, followed by centrifugation at 600g/min for 5 min. A total
of 20 μL of sperm was taken into the bottom of the tube containing
380 μL of TYH medium with Hoechst 33342 (2.5 μg/mL, Solarbio
Science & Technology Co., Beijing, China) and incubated for 10 min
at 37 °C with 5% CO2. Then, 20 μL of sperm was taken from 400 μL
of TYH medium into 100 μL of TYH medium, followed by
incubation for 50 min at 37 °C with 5% CO2. A total of 20 μL of
sperm was taken from 120 μL of TYH medium into 200 μL of TYH
medium with the eggs and then incubated for 2 h at 37 °C under 5%
CO2. Finally, the eggs and sperm were ﬁxed by 8% paraformaldehyde
(PFA) for 15 min. Then, images were taken immediately under a
ﬂuorescence microscope (DMI3000 B, LEICA, Oskar-Barnack-Straße,
Germany).
Quantitative Real-Time Polymerase Chain Reaction (PCR).
Total RNAs were extracted from cauda epididymides and testis with
TRIZOL reagent (Takara, Dalian, Liaoning, China). The concentration and quality of total RNA were analyzed by a NanoDrop 2000
spectrophotometer (Thermo Fisher, Wilmington, DE, U.S.A.). RNA
was reverse-transcribed using a PrimeScript Reverse Transcription
(RT) Master Mix kit. Quantitative real-time PCR was performed
using the QuantStudio 7 Flex quantitative real-time PCR system (Life
Technologies, Carlsbad, CA, U.S.A.) and SYBR Premix Ex Taq II kit.
The primers were designed with Primer3Plus online (http://www.
primer3plus.de/cgi-bin/dev/primer3plus.cgi) and biosynthesized by
Sangon Biotech Co., Ltd. (Shanghai, China) according to the
complete cDNA sequences deposited in GenBank (Table 1). The
ampliﬁcation conditions were maintained as follows: after initial
denaturation at 95 °C for 120 s, 40 PCR cycles were started with
thermocycling conditions at 95 °C for 15 s, 60 °C for 30 s, and 72 °C
for 6 s. Each sample was measured in duplicate. Data were analyzed
using the 2−ΔΔCT method.
Western Blotting Analysis. The cauda epididymis tissue samples
(50 mg of tissue; n = 6/group) were homogenized in radioimmunoprecipitation assay (RIPA) buﬀer (KeyGEN Biotech,
Nanjing, Jiangsu, China) with 1% phenylmethylsulfonyl ﬂuoride
(PMSF, Beyotime Biotechnology, Shanghai, China). The homogenate

Therefore, in this study, the fertilizing ability of sperm
exposure to ﬂuoride was evaluated ﬁrst through in vitro.
Second, the morphological structure of epididymal epithelial
cells, the expressions of key proteins SPAM1, ACR, and
PRSS21 related to acrosome reaction, and epididymosome
functional genes, including CD9, CD81, and MFGE8, were
investigated to elucidate the mechanism of ﬂuoride-induced
male reproductive toxicity and infertility.

■

GenBank accession number

MATERIALS AND METHODS

Animal Treatment. A total of 40 healthy adult male Sprague
Dawley (SD) rats, weighting about 160−180 g, along with the
standard diet were purchased from the Experimental Animal Center
of Shanxi Medical University (Taiyuan, Shanxi, China) After
acclimatization for 1 week, the animals were randomly divided into
four groups, including the control group (drinking the distilled water)
and three NaF-treated groups (drinking the distilled water containing
25, 50, and 100 mg/L NaF, respectively). All rats had free access to
food and water under standard room temperature (RT, 22−25 °C),
12/12 h light/dark cycle, ventilation, and hygienic conditions. The
drinking water intake was recorded to calculate the daily ﬂuoride
intake. After exposure for 8 weeks, all rats were sacriﬁced by cervical
dislocation. The epididymides were removed, frozen quickly in liquid
nitrogen, and stored at −80 °C for total RNA extraction and western
blotting analysis. All animal experiments were performed in strict
accordance with the regulations and guidelines of the Institutional
Animal Care and Use Committee of Shanxi Agricultural University.
Sperm−Egg Binding. Four female SD rats (8 weeks old) were
purchased from the Experimental Animal Center of Shanxi Medical
University. A total of 25 units of pregnant mare serum gonadotropin
(PMSG) and human chorionic gonadotropin (hCG), which were
provided by Nanjing AIBI Biotech Co., Nanjing, Jiangsu, China, were
given to each rat by intraperitoneal injection at an interval of 48 h.
Metaphase-II-arrested eggs tightly packed with cumulus cells were
collected from the oviductal ampulla 14 h after hCG injection and
placed in a 200 μL tyramine hydrochloride solution (TYH medium,
Nanjing AIBI Biotech Co., Nanjing, Jiangsu, China) covered with
mineral oil; each TYH medium contains four to six eggs. The TYH
medium was placed at 37 °C with 5% CO2 incubator overnight prior
to use.
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Figure 1. Water intake and bone ﬂuorine levels in rats. (A) Water intake per gram of body weight of rats in all groups. (B) Fluoride intake per gram
of body weight of rats in all groups. (C) Fluoride contents in the femur of rats in all groups. The values are presented as the mean ± SEM (n = 6).
(∗∗∗) p < 0.001 and (∗∗) p < 0.01 indicate signiﬁcant diﬀerences compared to the control.

Figure 2. Eﬀects of ﬂuorine on the function of sperm to break down the cumulus cell layer. (A) Images from normal mature eggs prepared for
fertilization. (B) Images of spermatozoa stained with Hoechst 33324 (blue) obtained from rats treated with 0, 25, 50, and 100 mg/L NaF for 8
weeks. The ﬁrst line is the blank control without spermatozoa. (C) Representative images of eggs after sperm−egg binding for 120 min. The black
arrows represent a small number of granulosa cells on the surface of the egg. The red arrows indicate that the cumulus cell layers have not been
dispersed and a large number of granulosa cells gather together on the surface of the eggs. (D) Morphological images of sperm after sperm−egg
binding for 120 min. The ﬁrst line is the group without sperm. (E) Merged images from panels C and D. The red circle shows the sperm that are
blocked by the radiation crown.
solutions were incubated on ice for 40 min and then centrifuged at
12000g for 10 min at 4 °C. Supernatants were used for western
blotting analysis. Protein concentrations of the epididymis tissue
samples were determined by the bicinchoninic acid (BCA) protein
assay kit (KeyGEN Biotech, Nanjing, Jiangsu, China), at 562 nm
wavelength. A total of 60 μg of total protein per sample was loaded on
12% sodium dodecyl sulfate (SDS) polyacrylamide electrophoresis
gels, and then proteins were transferred to nitrocellulose (NC)

membranes. The NC membranes were blocked with 5% (w/v) nonfat dry milk in Tris-buﬀered saline (TBS) containing 0.05% Tween 20
for 2 h at RT and then incubated with the primary antibodies against
SPAM1 (1:1000 dilution), ACR (1:1000 dilution), PRSS21 (1:1000
dilution), CD9 (1:500 dilution), CD81 (1:500 dilution), and β-actin
(1:1000 dilution) overnight at 4 °C. Primary antibodies were used as
follows: mouse anti-β-actin monoclonal antibody (60008-1-Ig) was
purchased from Proteintech Group (Wuhan, Hubei, China); rabbit
5242
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Figure 3. Eﬀects of ﬂuoride on morphology of caudal epididymides and expressions of acrosome-reaction-related proteins. (A) Cauda lepididymal
luminal epithelial cells were detected by hematoxylin and eosin (HE) stain. The second line of pictures is an enlarged version of the black square in
the ﬁrst line. Red arrows marked the missing nuclei. (B, C, D, E, and F) Levels of Acr, Prss21, Mif, Atp2b4, and Dcxr mRNA expression,
respectively, were detected by real-time PCR. β-actin was used as a control. The values are presented as the mean ± SEM (n = 5). (∗∗∗) p < 0.001,
(∗∗) p < 0.01, and (∗) p < 0.05 indicate signiﬁcant diﬀerences compared to the control.
to ﬁx the dried sperm. Afterward, the sections were blocked with 5%
BSA for 1 h at RT.
All sections and sperm smears were incubated with the primary
antibodies overnight at 4 °C. After rinsed 3 times with PBST (1×, pH
7.5), the sections and sperm smears were incubated with FITCconjugated secondary antibody (Proteintech Group, Wuhan, Hubei,
China) for 1 h at RT and then rinsed 3 times with PBST. Finally, the
sections and sperm smears were sealed with a sealant containing 4′,6diamidino-2-phenylindole (DAPI, Solarbio Science & Technology
Co., Beijing, China), and images were taken immediately under a
ﬂuorescence microscope (BX53F, Olympus, Japan).
Statistical Analysis. GraphPad Prism7 software was employed to
statistical analysis. Each data was expressed as the mean ± standard
error of mean (SEM) of at least three independent experiments.
Statistical diﬀerences were determined using one-way analysis of
variance (ANOVA), and diﬀerences were considered statistically
signiﬁcant with a p value of <0.05.

anti-PRSS21 polyclonal antibody (A16100), rabbit anti-SPAM1
polyclonal antibody (A2120), and rabbit anti-CD9 monoclonal
antibody (A10789) were purchased from AB clonal (Wuhan,
Hubei, China); rabbit anti-ACR antibody (bs-5151R) was purchased
from Bioss (Beijing, China); and rabbit anti-CD81 antibody (DF2306) was purchased from Aﬃnity (Changzhou, Jiangsu, China). The
membranes were washed 3 times with phosphate-buﬀered saline
containing Tween 20 (PBST) for 5 min each, followed by incubation
with ﬂuorescein isothiocyanate (FITC)-conjugated secondary antibody (Proteintech Group, Wuhan, Hubei, China) at RT for 2 h.
Protein bands on membranes were detected by enhanced
chemiluminescence (ECL, Beyotime Biotechnology, Shanghai,
China). A FluorChem Q Imaging System and its analysis software
system (ProteinSimple, San Jose, CA, U.S.A.) were used to acquire,
quantify, and analyze the intensity of the protein bands.
Immunoﬂuorescence. Epididymis tissue samples were ﬁxed in
4% PFA for 24 h, washed in a vessel with tap water for 10 h, and
dehydrated in a series of graded ethanol. Samples were subsequently
embedded in paraﬃn and sectioned at 5 μm thickness onto slides.
Sections were washed with a decreasing series of ethanol (from 100 to
50%) and rinsed with distilled water for 5 min. Sections were boiled
for 15 min in sodium citrate buﬀer for antigen retrieval, rinsed in PBS,
and blocked with 5% bovine serum albumin (BSA) for 1 h at RT;
Sperm was collected from the cauda epididymal of male rats in all
groups, centrifuged at 600g/min for 5 min, and washed twice with 10
mL of PBS. After that, 20 μL of sperm was taken in the bottom of the
tube into 1 mL of PBS; 10 μL of sperm was taken from PBS for
smears; and then smears were incubated in 100% methanol for 30 min

■

RESULTS

Fluoride Intake and Bone Fluoride Levels in Rats.
During the 8 week exposure period, the weekly drinking water
intakes and ﬂuoride intakes were calculated in rats of all groups
once and the data were shown graphically in Figure 1. From
the results, the water consumptions did not signiﬁcantly
change among four groups, and the ﬂuorine intake [mg of
NaF/body weight (BW)] levels via drinking water were
increased in a dose-dependent manner in three NaF-treated
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Figure 4. Eﬀects of ﬂuoride on PRSS21 and ACR expression in the epididymis and testes. (A) Changes in expression levels of PRSS21 in caudal
epididymides induced by ﬂuoride detected by western blot. (B1 and B2) Levels of protein expression of ACR in caudal epididymides and testis of
rats treated with 0, 25, 50, and 100 mg/L NaF, respectively. β-actin was used as a control. The values are presented as the mean ± SEM (n = 4).
(∗∗∗) p < 0.001 and (∗) p < 0.05 indicate signiﬁcant diﬀerences compared to the control.

Subsequently, protein expression levels of PRSS21 and ACR
in caudal epididymides were validated by western blot. The
results revealed a signiﬁcant decrease in PRSS21 expression
levels in epididymides of all NaF-treated groups; however,
ACR expression was decreased signiﬁcantly in epididymides of
rats exposed to 50 and 100 mg/L NaF groups (p < 0.05 and p
< 0.001) only compared to the control group (panels A and B1
of Figure 4). With the results of ACR expression in both
epididymides and testicular tissues, the levels of ACR
expression in testis were determined further. The result
demonstrated that ﬂuoride exposure did not alter the levels
of ACR protein in testis of rat (Figure 4B2). These results
suggest that ﬂuoride exposure downregulated the transcripts
and protein expression of sperm acrosome response functional
proteins ACR and PRSS21, which further resulted in alteration
in the structural morphology of the epididymis and decreased
fertility.
Fluoride Reduces SPAM1 Protein Expression in
Epididymosomes and Spermatozoon. SPAM1, transcribed in testis and translated in epididymides, plays a key
role during sperm acrosome reaction and maturation. Therefore, the mRNA expression levels of Spam1 in testis and
SPAM1 expression in epididymides tissues were examined by
real-time PCR, immunoﬂuorescence, and western blot,
respectively. The results showed that both Spam1 mRNA
expression in testes and protein levels in epididymides were
decreased signiﬁcantly in 50 and 100 mg/L NaF-treated
groups compared to the control group (panels A and B of
Figure 5). The immunoﬂuorescence analysis showed that
SPAM1 expression was located in the epithelial tissues of
caudal epididymides (white arrows in Figure 5C), which is
consistent with the luminal epithelial-secreting cells (red
triangle). The ﬂuorescence intensity of SPAM1 in epididymides tissues of 50 and 100 mg/L NaF-treated groups reduced
signiﬁcantly compared to the controls (Figure 5E). Meanwhile,
the expressions of SPAM1 were observed in spermatozoon of
caudal epididymides of the control and three ﬂuoride-treated
groups (Figure 5D). On the basis of the ﬂuorescence intensity
levels, the expression levels of SPAM1 in spermatozoon of the
caudal epididymides were found to be decreased signiﬁcantly
in both 50 and 100 mg/L NaF-treated groups compared to the
control group (Figure 5F). These results suggest that ﬂuoride
exposure downregulated the SPAM1 expression in both
epididymosomes and spermatozoon of epididymides, which
interfered with sperm acrosome reaction and maturation.
Expressions of Epididymosome Functional Proteins
Induced by Fluoride. Epididymosomes, located in the

groups compared to the controls. Meanwhile, after 8 weeks of
exposure, the femur ﬂuorine contents were elevated signiﬁcantly in NaF groups in a dose-dependent manner. From the
results, it was obvious that the ﬂuoride exposure model was
established successfully.
Fluoride Interferes with the Fertilizing Ability of
Sperm. The fertilizing ability of sperm exposed to ﬂuoride was
evaluated by the sperm−egg bind experiment. The morphology of egg and sperm at the beginning and end of the sperm−
egg binding reaction was shown in Figure 2. The cumulus cell
layer of the egg was almost completely decomposed in control
groups; only a small amount of undetached granulosa cells
adhered to the surface of the egg; and the matrix between the
granulosa cells has been broken down (Figure 2C). Similarly,
the same situation was also observed in the 25 mg/L NaFtreated group. However, the cumulus cell layer of the egg was
not completely decomposed in 50 and 100 mg/L NaF-treated
groups (red arrowa in Figure 2C). A large number of granulosa
cells were observed to be clustered together, and the matrix of
these cells was not broken down in 50 and 100 mg/L NaFtreated groups. The large number of unseparated granulosa
cells still adhered to the surface of the egg (circle in Figure 2E),
blocking the sperm to move forward, and hence, the sperm
(blue) was observed outside the radiation crown. These
ﬁndings indicate that ﬂuoride reduces the ability of sperm to
break down the cumulus cell layer, which decreased the
fertilizing capability of sperm.
Changes in the Morphology of the Epididymis and
Expressions of Acrosome-Reaction-Related Proteins
Induced by Fluoride. The closely packed nuclei in epithelial
cells of epididymis tissues were detected in the control and
NaF-treated groups. The results showed that the some of the
nuclei were found to be missing in the epithelial cells that
occurred in the 50 and 100 mg/L NaF-treated groups (red
arrows in Figure 3A). The mRNA expression levels of
acrosome-reaction-related genes, such as Acr, Prss21, Mif,
Atp2b4, and Dcxr, were examined by real-time PCR. The
results demonstrated that mRNA expression levels of Prss21 in
epididymides of rat exposed to 50 and 100 mg/L NaF-treated
groups decreased signiﬁcantly compared to the controls (p <
0.01 and p < 0.001; Figure 3B). Meanwhile, the signiﬁcant
decreases in the levels of Acr mRNA expression were noted in
the 25, 50, and 100 mg/L NaF-treated groups (p < 0.01 and p
< 0.001; Figure 3C). Nevertheless, no signiﬁcant changes were
observed in Mif, Atp2b4, and Dcxr mRNA expression levels in
the epididymis of rats administrated to ﬂuoride (panels D−F of
Figure 3).
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Figure 5. continued

epididymis. The green color ﬂuorescence is SPAM1 positive cells, and
cell nuclei were stained with DAPI (blue). The white square shows
the ﬁelds of original magniﬁcation (200×). (E) Analysis results of
average optical density of SPAM1 expression in the epithelium of the
caudal epididymides. (F) Analysis results of average optical density of
SPAM1 expression in spermatozoa of sperm. The data are presented
as the mean ± SEM (n = 6). (∗∗∗) p < 0.001 indicates signiﬁcant
diﬀerences compared to the control.

luminal ﬂuid of the epididymis, are secreted by epididymal
epithelial cells and play a vital role in sperm maturation.
Hence, the mRNA expression levels of the functional proteins
Cd9, Cd81, Mfge8, and Hsc70 in epididymosomes were
examined by real-time PCR. The results showed that the
levels of Cd9 mRNA expression decreased in epididymides of
rats exposed to 25, 50, and 100 mg/L NaF (p < 0.01 and p <
0.001; Figure 6A). Meanwhile, a signiﬁcant increase in Cd81

Figure 6. Eﬀects of ﬂuoride on the expression of functional genes of
epididymosomes in cauda epididymis. (A−D) mRNA expression
levels of Cd9, Cd81, Mfge8, and Hsc70 in epididymides of rat exposure
to the diﬀerent concentrations of 0, 25, 50, and 100 mg/L NaF
detected by real-time PCR. β-actin was used as the control. The
values are presented as the mean ± SEM (n = 5). (∗∗∗) p < 0.001,
(∗∗) p < 0.01, and (∗) p < 0.05 indicate signiﬁcant diﬀerences
compared to the control.

mRNA expression was observed in epididymides from the 100
mg/L NaF-treated group compared with the control group (p
< 0.05; Figure 6B). However, no signiﬁcant changes were
observed in mRNA expression levels of Mfge8 and Hsc70
(panels C and D of Figure 6).
Subsequently, CD9 and CD81 expression in caudal
epididymides was evaluated by western blot. The results
showed that a signiﬁcant decrease in CD9 expressions of
epididymides was observed in 50 and 100 mg/L NaF-treated
groups. However, CD81 expression decreased signiﬁcantly
only in the rats exposed to the 100 mg/L NaF group (p < 0.01,
p < 0.05, and p < 0.001) compared to the control group
(panels A and B of Figure 7). Furthermore, the immuno-

Figure 5. Eﬀects of ﬂuoride on SPAM1 expression in testis, cauda
epididymis, and sperm. (A) mRNA expression of Spam1 in testis
detected by real-time PCR. (B) Expression levels of SPAM1 in cauda
epididymides detected by western blot. β-actin was used as a control.
The data are presented as the mean ± SEM (n = 5). (∗∗) p < 0.01
and (∗) p < 0.05 indicate signiﬁcant diﬀerences compared to the
control. (C and D) Representative images of SPAM1 expression in
the epididymal luminal epithelial and spermatozoa in cauda
epididymis of rats exposed to 0, 25, 50, and 100 mg/L NaF,
respectively. The white arrows indicate the epididymal luminal
epithelial, and the red triangles show the epithelial cells of the
5245
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Figure 7. continued

CD81 positive cells, and cell nuclei were stained with DAPI (blue). (E
and F) Analysis results of average optical density of CD9 and CD81
expression in the caudal epididymides of rats. The data are presented
as the mean ± SEM. (∗∗) p < 0.001 and (∗∗∗) p < 0.001 indicate
signiﬁcant diﬀerences compared to the control.

ﬂuorescence analysis showed that CD9 and CD81 expression
was located in the epithelial tissues and the epididymal lumen
of caudal epididymides (panels C and D of Figure 7). The
ﬂuorescence intensity of CD9 in epididymides tissues from 50
and 100 mg/L NaF-treated groups reduced signiﬁcantly, and
the ﬂuorescence intensity of CD81 in epididymides tissues of
100 mg/L NaF-treated groups reduced signiﬁcantly compared
to their respective control groups (Figure 7F). This suggests
that altered levels of CD9 and CD81 induced by ﬂuoride may
be responsible for the decreased fertilizing ability of sperm.

■

DISCUSSION
In general people tend to be exposed to high levels of ﬂuoride
through drinking water, food, and air, although the U.S. Health
and Human Services Department recommended 0.7−1.2 mg
of ﬂuoride/L of water as the safe range in 2015.2 Even ﬂuoride
ion concentrations in groundwater have been reported to be as
high as 48 mg/L.3 Hence, in the present study, rats were
maximally treated with 100 mg/L NaF, corresponding to 45.2
mg/L ﬂuoride ion, which is considered as the risk of actual
ﬂuoride exposure on a human. The results from the ﬂuoride
levels in drinking water and femur indicate that the ﬂuoride
exposure model is successful.
Mammalian fertilization is a complex cascade process
consisting of sperm migration through the female reproductive
tract, physiological changes to sperm, such as sperm
capacitation and acrosome reaction, and sperm−egg interaction in the oviduct in vivo.25 It is well-known that sperm has
a very signiﬁcant genetic function and profound eﬀect on
fertility, embryos, and heredity.9 Previous studies demonstrated that ﬂuoride induced alterations in multiple functions
of sperm during fertilization, including morphology,13
capacitation,13 hyperactivation,26 and chemotaxis.27 Furthermore, the spermatogenesis, sperm concentration, sperm
survival, sperm motility, and overall fertility decreases were
aﬀected by ﬂuoride administration in rodents.2,10,13 After 4
weeks of 100 mg/L NaF exposure in male mice, the pregnancy
rate of untreated female mice is reduced by 10%; however, it
was increased to 50% after 10 weeks.28 An in vitro fertilization
experiment showed that the spermatozoa fertilization ability of
ﬂuoride-exposed rats was signiﬁcantly reduced (13 ± 5.10%) in
comparison to the control group (72 ± 4.69%).29 Our previous
studies also observed that the pregnancy rate of females was
decreased by 36.5%, and the litter rate also decreased
signiﬁcantly when the healthy females mated with the male
mice treated with 150 mg/L NaF for 105 days (unpublished
data). Hence, in the present study, we aimed to assess whether
ﬂuoride exposure eﬀects sperm fertilization via altering with
the acrosome reaction of spermatozoa and key protein
expressions in the epididymis.
The acrosome reaction is a series of changes in the sperm
acrosome before fertilization. In this process, the sperm needed
to erode the cumulus cell layer and the zona pellucida (ZP),
opening a channel to access the egg.11 Kim et al. reported that
the rate of capacitation and the acrosome reaction were altered

Figure 7. Eﬀects of ﬂuoride on CD9 and CD81 expression in caudal
epididymides. (A and B) Changes in CD9 and CD81 expression in
caudal epididymides of rats treated with 0, 25, 50, and 100 mg/L NaF
by western blot. β-actin was used as the control. The values are
presented as the mean ± SEM. (∗) p < 0.05, (∗∗) p < 0.001, and
(∗∗∗) p < 0.001 indicate signiﬁcant diﬀerences compared to the
control. (C and D) Representative images of CD9 and CD81
expression localizations in cauda epididymides of rats by immunoﬂuorescence, respectively. The green color ﬂuorescence is CD9 and
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Figure 8. Schematic diagram of ﬂuoride interfering with the sperm fertilizing ability. Proteins highlighted in red color decreased signiﬁcantly by
ﬂuoride. PRSS21 and ACR expression in sperm and SPAM1 protein were produced by epididymal epithelial cells and transported by
epididymosomes, which install into the sperm head in the rat epididymis. Epididymosomes are secreted by epididymal epithelial cells and present in
the luminal ﬂuid of the epididymis. CD81, CD9, and MFGE8 are located on the membrane of epididymosomes, and HSC70, MIF, ATP2B4, and
DCXR exist in the inside of the epididymosomes.

matozoa show decreased motility and angulated and fragile
necks.20 The sperm in double-knockout ACR/PRSS21 mice
were defective in penetration through the cumulus matrix to
reach ZP.16 The present study further conﬁrmed that ﬂuoride
exposure downregulated the expressions of ACR and PRSS21
in mature sperm acrosome of the cauda epididymis. On
account of the importance of ACR in the spermatogenesis
stage of testis,17 we also evaluated the expression levels of ACR
in testis of rat exposed to ﬂuoride. From the results, we found
that ﬂuoride only aﬀects the expression of ACR protein in the
epididymis but not in the testis. In addition, MIF, ATP2B4/
PMCA4, and DCXR/P34H are important to sperm motility
and fertilization. For instance, MIF was involved in sperm
motility and was associated with sperm ﬁber density.35,36
ATP2B4 mainly regulates the vitality of sperm.37,38 DCXR
increases the rate penetration of sperm into the cumulus cell
layer.39 However, in the present study, ﬂuoride did not aﬀect
the expression of Mif, Atp2b4, and Dcxr protein mRNA levels
in the whole cauda epididymis.
It is well-known that sperm protein SPAM1/PH20 is closely
related to the ability of sperm to break down the cumulus cell
layer.14,15,40 Fertilization in mammals requires the sperm to
pass through the layer consisting of the extracellular matrix of
cumulus cells and reach the ZP in eggs. The egg cumulus cell
layer was abundant in hyaluronic acid.40 Hyaluronic acid was a
major component of the extracellular matrix, and it was
hydrolyzed by hyaluronidase into oligosaccharides.41 SPAM1
was glycosylphosphatidylinositol anchored only on the plasma
membrane of sperm and has hyaluronidase activity.15 When
the enzyme activity of SPAM1 was blocked, sperm were
incapable of entering into the cumulus cell layer.14 The loss of
SPAM1 activity resulted in a remarkable increased accumu-

when mouse spermatozoa were incubated with a range of
concentrations of 2.5, 5, and 10 mM NaF.30 Another
experiment of combining sperm and the egg without cumulus
cells reported that ﬂuoride maybe interfered with the
segmental processes of the acrosome reaction.29 As we know,
the acrosome reaction in vivo is essential for sperm to break
down this layer of cells and then reach ZP.14 Therefore, in the
present study, the binding experiment with sperm in vivo
models and intact eggs was conducted to assess the true
acrosome reaction status caused by ﬂuoride. The result
provides new evidence that ﬂuoride exposure reduced the
ability of sperm to break down the egg cumulus cell layer.
The epididymis was an important reproductive organ that is
responsible for transmission, concentration, and storage of
sperm in male mammals.31,32 Spermatozoa attain fertilization
ability after undergoing a series of structural and functional
alterations in the epididymis.31,33,34 Therefore, we ﬁrst
observed the morphological features of the epididymal luminal
epithelial cells after ﬂuoride exposure. The results of the
current study revealed that ﬂuoride exposure led to the loss of
nuclei in epithelial cells. This phenomenon indicates that
ﬂuorine may impair the ability of sperm to break down the
cumulus cell layer by aﬀecting the secretion of multiple key
proteins in the epididymis.
Sperm serine protease and proteasome have long been
believed to play an important role in the fertilization
process.15−20 ACR was the trypsin-like serine protease in the
sperm acrosome.18 An in vitro fertilization study revealed that
the ACR-disrupted sperm spread more slowly to cumulus cells
than wild-type sperm.19The serine protease PRSS21, also
known as testosterone, directs epididymal sperm cell
maturation and sperm fertilization.20 PRSS21-deﬁcient sper5247
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276.
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lation of sperm on the surface or outer edge of the cumulus cell
layer.42 In the present study, SPAM1 expression in whole
cauda epididymis was decreased signiﬁcantly by NaF. On the
basis of the results of SPAM1 expression levels in both
epididymal epithelium and sperm of cauda epididymis,43 we
further examined the expression of SPAM1 protein in the
epididymal luminal epithelial cells and sperm by immunoﬂuorescence. The results showed that expression of SPAM1
protein in epididymal luminal epithelial cells was signiﬁcantly
aﬀected by ﬂuoride, which seems to be explained by the
phenomenon of the missing nuclei in epididymal luminal
epithelial cells (Figure 3A); after all, SPAM1 protein was
secreted by epididymal luminal epithelial cells.44 Interestingly,
the expression of SPAM1 protein in sperm was also reduced by
NaF, indicating that the process of transferring SPAM1 to the
sperm head may be aﬀected by ﬂuoride.
As we all know, the epididymosomes, which are an exosome
and secreted by epididymal epithelial cells in the epididymis,
play a crucial role in the transfer of SPAM1 protein from the
epididymal luminal to the sperm head.23 The epididymosomes
promote sperm maturation mainly by transporting proteins
and RNA required for sperm maturation and fertilization.23
The formation of epididymosomes includes the following
steps: (1) secretion of apical vesicles by epithelial cells, (2)
release of vesicles into the lumen of the epididymis, and (3)
release of epididymosomes by vesicle rupture.45 CD9 and
CD81 were transmembrane junction proteins on the
membrane of epididymosomes, which can promote interand intracellular signal transduction.21 MFGE8 was also a
membrane protein, whose domain C2 can bind to
phosphatidylserine residues exposed on the surface of sperm
cells.22 In our study, ﬂuoride aﬀected the expression of the
membrane proteins CD9 and CD81 in the whole cauda
epididymis. These results suggest that the changes in the key
protein SPAM1 expression in sperm by ﬂuoride may be
evaluated via aﬀecting the epididymosomes (Figure 8).
As stated above, our current study provides the evidence
that ﬂuoride aﬀects the ability of sperm to break down the
cumulus cell layer of the egg. Moreover, the eﬀects of ﬂuoride
on the expressions of acrosomal reaction key proteins SPAM1,
ACR, and PRSS21 and membrane proteins CD9 and CD81
were evaluated, and these results contribute to the elucidation
of the underlying mechanisms of ﬂuoride-induced male
reproductive toxicity.
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