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This  study  was  to elucidate  DNA  damage  in  rats  treated  with  sodium  fluoride  (NaF)  by  performing  8-
Hydroxy-2-deoxyguanosine  (8-OHdG)  immunohistochemical  staining  assays  on  seminiferous  tubules  of
rats’ testis,  and  also  to evaluate  the  protective  effects  of  N-acetylcysteine  (NAC)  on spermatogenesis.
Male  Sprague  Dawley  (SD)  rats  were  exposed  to a single  dose  of  NaF  (25  mg/kg/day)  with  or  without  NAC
(150 mg/kg/day)  for 7 weeks  (7W) by gastric  gavage.  Testicular  fluorine  content  was  detected  by  fluorine
ion  selective  electrode  method.  Oxidative  damage  to  DNA  was  evaluated  by  measuring  the  increase  in
8-OHdG  formation  in  testicular  tissue  through  immunohistochemical  staining  assays  and  also  the effects
of  NAC  pretreatment.  The  biochemical  indicators  about  oxidative  stress  were  detected  by colorimet-
ric  assays,  sperm  parameters  and  the morphological  changes  of  testis  were  studied.  NaF  significantly
increased  serum  levels  of oxidative  stress,  markedly  elevated  testicular  fluorine  and  8-OHdG  expression
levels  as well  as the  rate  of  sperm  aberration  compared  to saline  group.  Testosterone  in serum,  sperm
permatogenesis counts  and the mobility  of  sperm  were  lower  than  those  of the  rats  in control  group.  The  pathological
morphological  changes  in  testicular  seminiferous  tubule  were  also  obvious  in the  rats  with  NaF  treatment.
Pretreatment  with  NAC  did  not  reduce  the  contents  of  fluoride  content  in testis,  but  significantly  reduced
8-OHdG  formation  and  lipid  peroxidation.  This  study  suggests  that  NAC  may  have  certain  antagonism  on
the reproductive  damage  induced  by  NaF.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

As we all know, excessive fluorine could induce skeletal toxicity,
uch as dental fluorosis and skeletal fluorosis [1]. Besides, excessive
uoride consumption could cause damage to non-skeletal tissue,
uch as brain, kidney, liver and testis, especially to male reproduc-
ive system. Animal experimental studies reported fluoride exerted
n adverse effect on sperm quantity and quality, sperm chemotaxis
2], serum testosterone, follicle stimulating hormone and luteiniz-
ng hormone levels, spermatogenesis and steroidogenesis [3,4],
esticular cell cycle [5]. Moreover, high doses of fluoride could
esult in apoptosis of Leydig cells [6], and vacuolar dystrophy in
eminal cells and necrosis in mice [7]. Besides, excessive fluoride

ould induce disruption of reproductive hormones and low birth
ates in humans [8,9]. Due to exposure to environmental pollutants
nd physical stress, the rate of male infertility has been increasing,
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383-5718/© 2015 Elsevier B.V. All rights reserved.
which has become a very serious social problem [10,11]. Therefore,
it is vitally significant to further investigate the molecular mecha-
nism of reproductive toxicity induced by fluorosis and explore the
proper antidote.

Currently, oxidative stress induced by NaF is still recognized
to be associated with fluorosis formation. Researches suggested
that fluorosis may  cause excessive oxidative stress which impaired
the balance of antioxidant system, hence induced oxidative dam-
age to rat testes [12,13]. Recent study [14] showed that reactive
oxygen species (ROS) caused the oxidation of DNA, proteins, and
lipids, resulting in the formation of 8-OHdG and MDA. 8-OHdG
is a product of oxidative damage following specific enzymatic
cleavage after 8-hydroxylation of the guanine base, which has a
biological role, in that it is capable of inducing G:C to T:A conver-
sion during DNA replication. 8-OHdG could be used as a typical
biomarker of oxidative DNA damage produced by ROS [15]. Some

researches discovered that 8-OHdG was a biomarker of oxida-
tive damage in benzopyrene carcinogenesis [16], diabetes mellitus
[17], ageing [18]. Besides recent studies showed that 8-OHdG was
a novel biomarker of inflammatory activity in patients with car-
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http://www.sciencedirect.com/science/journal/13835718
http://www.elsevier.com/locate/gentox
http://www.elsevier.com/locate/mutres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mrgentox.2015.09.004&domain=pdf
mailto:m13703980133@163.com
dx.doi.org/10.1016/j.mrgentox.2015.09.004


36 D. Feng et al. / Mutation Research 792 (2015) 35–45

Table 1
Body weight and major organs coefficient after 7 weeks exposure (n = 15; mean ± SD).

Groups Body weight (g) Testis weight (g) Epididymis weight (g) Organs coefficient

Testis/body weight (%) Epididymis/body weight (%)

Control 475.15 ± 34.77 1.71 ± 0.17 0.63 ± 0.05 0.36 ± 0.04 0.13 ± 0.01
NAC 472.23 ± 21.32 1.72 ± 0.16 0.61 ± 0.02 0.36 ± 0.03 0.13 ± 0.01
NaF  442.18 ± 31.06* 1.56 ± 0.12* 0.53 ± 0.07* 0.36 ± 0.03 0.13 ± 0.02
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NaF+ NAC 459.54 ± 34.51 1.69 ± 0.18 0.59 ± 0

* P < 0.05, compared with the control group.

iac sarcoidosis [19]. Animal and human studies revealed that the
revalence of 8-OHdG-immunostained germ cells was positively
orrelated with clinical grades of varicocele [20,21]. Oxidative
amage in testicular DNA is associated with poor semen quality,
educed fertility and increased risk of stillbirths and birth defects.
herefore, the study was conducted to evaluate the genetic toxic
ffect of NaF on male reproductive system by immunohistochem-
stry for 8-OHdG expression in testicular tissue, and speculate

hether NaF could cause DNA damage.
N-Acetylcysteine (NAC) is widely used as a mucolytic agent and

n antidote for acetaminophen overdose in the clinic. Besides, NAC
ould be involved in the regulation of oxidative stress related gene
xpression, hence it had an antagonistic effect on oxidative dam-
ge [22]. It was reported that NAC may  prevent the exogenous
oxicant-induced male reproductive injury through antagonizing
xidative damage [23,24]. However, the related domestic and for-
ign literatures about the regulating role of NAC in the NaF-induced
ale reproductive toxicity were few, and the specific mechanism

f action was not clear yet.
The purpose of this study was to explore whether NaF induce

xidative stress and DNA damage in rats’ testis, and examine the
rotective effects of antioxidant on the development of testicular
ysfunction under such conditions. Through establishing animal
odel of sub-chronic fluorosis and using NAC as intervention agent,

his research provided theoretical basis for revealing the patho-
enetic mechanism of male reproductive toxicity induced by NaF
nd exploring the possible antidotes relieving fluorosis.

. Materials and methods

.1. Materials and chemicals

NaF and NAC were purchased from Sigma–Aldrich (St. Louis, MO,
SA). Oxidative stress related biochemical indicator detection kits

or SOD, CAT and MDA  were provided by the Nanjing Jianchen Insti-
ute of Biotechnology (Nanjing, China). Serum testosterone ELISA
est kit was purchased from ShangHai HengYuan Biological Tech-
ology Co., Ltd. (Shanghai, China). Rabbit anti-8-OHdG antibody
as purchased from Bioss (Beijing, China). Computer-aided Semen
nalysis System (CASA) was purchased from Hamilton Thorne Bio-
ciences (Cummings Center, USA). PF—type 1 fluorine ion selective
lectrode was purchased from Shanghai Reunion Scientific Instru-
ent Co., LTD (Shanghai, China). ELx808 Absorbance Reader was

btained from BioTek Instruments, Inc. (USA).

.2. Animals and treatment

Sixty SD male specific pathogen free (SPF) rats that were 28
ays old, weighing 100–150 g, were obtained from the Experimen-
al Animal Center of Henan province (Zhengzhou, China) [License
o. SCXK (Yu) 20100002]. Animals were housed in sterilized plas-
ic cages with corncob bedding in a controlled-environment animal
oom (temperature, 23 ± 1 ◦C; relative humidity, 50 ± 10%; pho-
operiod, 12 h light/dark cycle). Free access to distilled water and
terilized food was allowed at all the time. Animals were allowed
0.36 ± 0.05 0.13 ± 0.02

to acclimatize for the inspection and quarantine for 7 days prior
to treatment. All animal procedures were performed in compli-
ance with the regulations and guidelines of the international ethics
committee on animal welfare.

In this experiment, 60 rats were randomly divided into four
different treatment groups (15 rats per group). 0.09% physiologi-
cal saline was  used as solvent to prepare 2.5 g/L NaF solution and
15 g/L NAC solution, respectively. All solutions were administrated
to rats in accordance with the principle of isovolumetric gavage
(10 ml per kilogram of body weight) once per day for 7W.  Animals
in group 1(saline, saline control group) were administrated orally
with saline(10 ml/kg) to determine the basal values for biochem-
ical comparisons; the group 2 (NaF treated group) in which rats
received a single dose of 2.5 g/L NaF, corresponding to 25 mg/kg/d,
in order to induce sub-chronic fluorosis features; A single dose
of 15 g/L NAC solution, corresponding to 150 mg/kg/d, was given
to the third group (NAC treated group), in order to act as bio-
chemical comparisons with the fourth group; the fourth group
(the protective group, NAC + NaF) which received 150 mg/kg/day
of NAC 0.5 h prior to oral NaF exposure (25 mg/kg/d). Since one
spermatogenic cycle in the rat is 50 ± 2 days [25], in this way, we
ensured that the fluoride-exposure duration contained at least a
complete period of spermatogenesis in the rat. The symptom and
mortality were observed and recorded carefully throughout the
experimental schedule. Final body weights of the animals were
recorded on the day of sacrifice after being anesthetized by chlo-
ral hydrate. Blood samples were obtained from abdominal aorta
using vacuum tube after light anesthesia. Serum samples were sep-
arated by centrifugation and stored at −20 ◦C until determination of
plasma testosterone. Testes and epididymides were dissected out
and organ weights were measured by electronic balance. Sperms
were quickly flushed out from the caudal part of both epididymides
of each rat with 10 ml  suspension medium and the resulting sperm
suspension was  used for determination of the quantity, the activity
and malformation rate of sperm. Testes were frozen at −80◦C.

2.3. Body weight, organ coefficient of testis and epididymis
analysis

At the end of 7-week exposure, the body weights of all the rats
were measured, the weights of testis and epididymis were mea-
sured when the rats were sacrificed and the organ coefficients of
testis and epididymis were calculated according to the equation:
organ coefficient = wet weight of organ (g)/body weight (g) × 100%.

2.4. Sperm quality assessment

Sperm from the cauda epididymis and vas deferens were
allowed to disperse into HTF medium at 37 ◦C. Sperm were diluted
to 5 × 106/ml  in phosphate-buffered saline (PBS) and incubated
at 37 ◦C, 5% CO2 for further experiments. Direct smear of sperm

suspension was  conducted with computer-aided semen analysis
system (CASA) to detect sperm count, sperm motility ratio. For
sperm morphology, a drop of sperm suspension in medium was
smeared on a slide, air dried, and fixed with methanol. After fix-
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Table  2
Sperm quality after 7 weeks exposure (n = 15, mean ± SD).

Groups Sperm
count
(106)/ml

Sperm
motility (%)

Sperm mal-
formation
ratio (%)

Control 10.69 ± 2.40 66.67 ± 4.07 2.14 ± 0.65
NAC 10.71 ± 2.58 70.45 ± 3.50 2.32 ± 1.24
NaF 5.71 ± 1.47** 33.33 ± 3.42** 6.68 ± 1.27**

NaF+ NAC 8.42 ± 2.13* 50.62 ± 3.14* 5.37 ± 1.35*
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* P < 0.05, compared with the control group.
** P < 0.01, compared with the control group.

tion, the sample was stained with 1% Eosin-Y solution for 1 h.
he morphological change of sperm was observed with a micro-
cope. Sperms differing from normal structure can be considered
s abnormal sperms. Two hundred sperms from each sample were
xamined to assess the percentage of morphologically abnormal
perms and the percent of abnormality was calculated accord-
ng to the equation: sperm abnormality rate = abnormal sperm
ount/total sperm count × 100%.

.5. Testis fluorine content analysis

The testes were removed from the freezer (−80 ◦C) and thawed.
reheat oven to 60 ◦C and bake testes for 24 h in the oven until testes
ere dried to constant weight, then measure the weight. The testic-
lar tissue was cut up with ophthalmic scissors and homogenized
ith grinders. Then it was digested with 1 mol/l HCL solution and

nalyzed for the fluoride elemental content by fluoride selection
lectrode.

.6. Determination of testosterone levels

The serum levels of testosterone were assayed by the method
f double- antibody sandwich ELISA using rat-specific ELISA Kits
HengYuan Biotech Co., Ltd, ShangHai, China). All the operations
ollowed the protocols provided in the kits. The sensitivity of the
ssays for testosterone was 0.5 nmol/L and the detectable range
as 5 nmol/L–160 nmol/L. All samples were measured in duplicate

nd run in a single assay, which had an inter-assay coefficient of
ariation (CV) of 9.0% and an intra-assay CV of 11.0%.

.7. Biochemical analysis of serum

The CAT activity determination method was based on the deter-
ination of the rate constant of the H2O2 decomposition rate at

05 nm.  The principle of the SOD activity determination method is
ased on the inhibition of nitroblue tetrazolium reduction by the
anthine–xanthine oxidase system as a superoxide radical genera-
or. One unit of SOD was defined as the enzyme activity causing 50%
nhibition of the nitroblue tetrazolium reduction rate. The results
f CAT and SOD activity are expressed as units per milliliter. The
DA  levels in serum were analyzed by a method based on the reac-

ion with thiobarbituric acid at 90–100 ◦C. In the thiobarbituric acid
est reaction, MDA  or MDA-like substances and thiobarbituric acid
eact together to produce a pink pigment with an absorption maxi-
um of 532 nm.  Serum MDA  level was expressed as nanomole per
illiliter.

.8. Observation of testicular morphological structure

First, those chosen testicular tissue were routinely fixed by 4%

araformaldehyde and then embedded in paraffin. The paraffin-
mbedded samples were sectioned at a thickness of 4 �m.  Some
ections were stained with hematoxylin and eosin for observing
esticular morphological structure, and the other sections were
rch 792 (2015) 35–45 37

used for immunostaining of 8-OHdG. Those sections which were
stained with hematoxylin and eosin were used to observe the con-
dition of the testicle histomorphology under 200 and 400 magnified
visual fields with ordinary light microscope.

2.9. Determination of 8-OHdG content in rat testis by
immunohistochemistry

Some sections were used for immunostaining of 8-OHdG. The
expression degree of 8-OHdG and its localization in the testes
were detected by immunohistochemistry using anti-8-OHdG anti-
body (rabbit polyclonal IgG, affinity purified by protein A; reacts
with: 8-OHdG; immunogen: KLH conjugated to 8-OHdG; predicted
mocular weight: 0.283 kDa). After antigen repairing, preventing
endogenous peroxidase and blocking with normal goat serum,
the tissue sections were incubated with anti-8-OHdG antibody
(dilution, 1:100) overnight at 4 ◦C, Following incubation in the sec-
ondary antibody at a concentration of 1:100 at 37 ◦C for 30 min.
The reacting results were colored with diaminobenzidine (DAB) as
chromogenic reagent and then counterstained the cells by hema-
toxylin. Image-manipulation system IPP6.0 was used to analyze the
mean optic density of 8-OHdG positive cells with strong or mod-
erate brown staining through selecting the mesurements (Area,
Average Optical Density, Integrated Optical Density) and setting
corresponding parameters (H: 0–30; S: 0–255; I: 0–230) in the
window of selecting colors, in this way could the brown–yellow
staining solely be analyzed by blocking out other colors during the
quantification. In regard to the immunohistochemical control, we
could appeal to the document [14]. Two  sections were chosen ran-
domly from each rat, 5 randomly selected high power fields in each
slice was  observed in light microscope, which was to investigate the
distribution and expression of immunoreactive 8-OHdG in the rat
testis.

2.10. Statistical analysis

All parameters were expressed as mean ± standard deviation
(SD). Statistical analysis was conducted using GraphPad Prism 5
software (GraphPad Software Inc., San Diego, USA). Differences
between groups were evaluated by one-way ANOVA followed by
Students–Newman–Keuls (SNK)-q test using SPSS 21.0 software
(USA). The correlation between the two  variables was  analyzed by
line correlation analysis. A two-tailed P value < 0.05 was considered
statistically significant.

3. Results

3.1. Effects of NAC on body weight, major organ coefficient of
NaF-treated rats

After 7 weeks exposure, NaF exposure induced a significant
decrease in body weight, testis and epididymis weight compared
with the control group (P < 0.05) (Table 1). Through NAC treatment,
the body weight, testis and epididymis weight increased but not
with significant difference compared with the NaF treated group
(Table 1). Furthermore, no significant difference in organ coeffi-
cient of testis and epididymis was  observed between four groups
(P > 0.05).

3.2. Effects of NAC on sperm quality of NaF-treated rats
Effects of NAC on sperm count, sperm motility and sperm mal-
formation ratio in experimental NaF-treated rats was shown in
Table 2. In the sperm quality examination, compared with the con-
trol group, a significant decrease in sperm count and sperm motility
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Fig. 1. Levels of fluoride in the rat testis from each group. Notes: F, fluorine element.
Levels of fluoride were expressed as �g of fluorine per gram of wet  tissue. Values
represented mean ± SD. The symbol (*) upon the bars indicated that the mean flu-
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Fig. 2. Effects of NAC on serum testosterone level of NaF-treated rats. The unit
of  serum testosterone level was expressed by nmol/L. Serum testosterone level in
NAC  treated group was comparable to that of the control group. NaF significantly
lowered serum testosterone levels compared with the control group. Serum testos-
terone level in NaF+ NAC group was similar to NaF group (P > 0.55), but lower than
the control group significantly. *P < 0.05, **P < 0.01, comparing to control. Data were
presented as mean ± SD.

Table 3
Serum MDA content (nmol/ml) and SOD, CAT activity (U/ml) in male rats from four
groups (n = 15; mean ± SD).

Groups MDA  SOD CAT

Control 8.00 ± 0.93 19.60 ± 1.50 14.51 ± 1.30
NAC  5.33 ± 1.32** 22.60 ± 1.38* 17.96 ± 1.42*

NaF 10.67 ± 0.98** 16.87 ± 3.90* 11.86 ± 2.10*

NaF+ NAC 8.48 ± 1.31# 20.53 ± 1.90 12.72 ± 2.10

*

rine level in fluoride exposure group was significantly greater than control group.
ignificant level was at 0.05. *P < 0.05, **P < 0.01, compared with the control group.
umber of rats in each group was 15.

rom NaF and NaF+ NAC group was observed, the sperm malfor-
ation ratio showed significant increase; No statistical difference
as observed between NAC treatment group and control group.
eanwhile, compared with NaF treated group, the sperm count

nd sperm quality showed no significant difference in the NaF+
AC group, but the result showed improving trend in the sperm
ount and sperm quality. These results implied that NaF affected
esticular spermatogenic function and decreased sperm count and
perm quality, and NAC could improve sperm quality parameters.

.3. Fluoride content in testis

Fluoride content in rat testis of each group was shown in Fig. 1.
esticular fluoride content in the NaF treated group and NAC+ NaF
roup was significantly increased compared with the control group
P < 0.01). Meanwhile, fluoride content in NAC group was  similar
o those of the control group (P > 0.57). Fluoride content in NAC+
aF group was lower slightly than NaF group, the difference was
ot significant (P > 0.15). This obvious accumulation of fluoride sug-
ested that fluoride enter the testicular tissue, and animal models
f sub-chronic fluorosis in rats were successfully established.

.4. Effects of NAC on serum testosterone level of NaF-treated rats

As seen in Fig. 2, administration of NaF significantly low-
red serum testosterone levels compared with the control group
P < 0.01). Through NAC pretreatment, serum testosterone levels
lightly increased relative to the NaF treated group with non-
ignificant difference (P > 0.55), but still lower than control group
ignificantly (P < 0.01).

.5. Oxidative stress of serum

As we all know, oxidative stress occurs in a cellular system
hen the production of free radical moieties exceeds the antioxi-
ant capacity of that system. The common reactive oxygen species
ROS) including superoxide anion free radicals (O2−), hydroxy free
adical (•OH), lipid free radical, hydrogen peroxide (H202), Singlet
xygen (O2), ozone (O3) and so on. MDA  is the product of lipid oxi-
ation induced by ROS. SOD and CAT are enzymes to counteract
xidative stress. SOD could catalyze O2− and generate H202. CAT

ould catalyze H202 and generate H20 and O2. Excessive genera-
ion of ROS could elevate MDA  content and expend SOD and CAT
n vivo. Therefore, MDA, SOD and CAT could be used as parame-
ers of assessing oxidative stress. Effects of NAC on serum MDA
P < 0.05, compared with the control group.
** P < 0.01, compared with the control group.
# P < 0.05, the NaF+ NAC group versus the NaF treated group.

content and SOD, CAT activity in experimental NaF-treated rats
were shown in Table 3. As was shown, compared with the con-
trol group, NAC could increase SOD, CAT activity and decrease MDA
content significantly (P < 0.05), exposure of NaF could elicit eleva-
tion of MDA  content and decrease of SOD, CAT activity significantly
in serum (P < 0.05). Although, through NAC treatment, MDA  con-
tent decreased significantly (P < 0.05), the activities of SOD and
CAT were not significantly increased relative to the NaF treated
group (P > 0.15). However, the above oxidative stress parameters
in NAC+ NaF group did not show significant improvement com-
pared to the control group (P > 0.05). These results indicated that
oxidative stress occurred in blood exposed to fluorine for 7W and
NAC had certain anti-oxidative stress effects.

3.6. Histopathology evaluation of testes

Representative hematoxylin and eosin-stained light photo
micrographs of seminiferous tubules in fluorosis rats were shown
in Fig. 3. As was shown, the seminiferous tubules of the control
group [Fig. 3(A)], was full in shape and tubule wall was smooth
with non-crimp. The epithelial cells of seminiferous tubule were
about 5 ∼ 8 layers, consisted of spermatogenic cells and sertoli cells.
The arrangement of basal epithelial cells was  tight and orderly,
spermatogonia with a large nucleus and deep stain were along
with the periphery of the seminiferous tubules. Spermatogenic cells
arranged in turn towards inside, a large number of mature sperms
were in tubule space. The seminiferous tubules structure of NAC
treatment group [Fig. 3(B)] was normal and similar to that of the

control group, normal leydig cells could be seen in interstitial tis-
sue [Fig. 3(B1), arrow]. The shape of seminiferous tubules wall in
NaF treatment group was irregular and collapsed with interstitial
thickening [Fig. 3(C1), arrow]. Serious degeneration of seminiferous
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ig. 3. Representative hematoxylin and eosin-stained light photo micrographs of sem
C)  and NAC+ NaF (D) groups. Right Fig. (A1, B1, C1 and D1) is an amplified view of 

pithelium and the depletion of sperm cells were observed. Cell gap
rew bigger than control, the layers of cells significantly reduced,
lmost 2 ∼ 3 layers. Spermatogonia aligned loosely and disorderly,
ounts of mature sperm in tube decreased [Fig. 3(C)]. The semi-
iferous tubules structure of NAC plus NaF group was fairly well.
he layers of cells were about 4 ∼ 5 layers and cells arranged well.
owever, sperm counts were lower than control group [Fig. 3(D)].

.7. The localization and expression levels of 8-OHdG in rat testis
y immunohistochemistry

The cross section of a testis contains many different seminif-
rous tubules in different stages (stages I to XIV), As shown in
ig. 4, saline control group was taken as an example, we  classified
he seminiferous tubules of the mature rat testes in saline control
roup into five groups(stages I–III, IV–V, VII–VIII, X–XII, XIII–XIV)
ccording to the method of Dym & Clermont (1970). It showed that,

t stage VII–VIII seminiferous tubules stained with hematoxylin
nd eosin in each treatment group (Fig. 5a–d), spermatogenic cells
rranged regularly and its morphologic character was  clear (elon-
ating spermatids in the basilar part of seminiferous epithelium
rous tubules in the male rats from the control (A), NAC treatment (B), NaF treatment
 the black box. All figures have been magnified ×200.

were moved close to tubule space, cytoplasm was stripped away
from the spermatids in elongating process and thus hyperchro-
matic residual plasmids were formed near the tubule space) [26].
Consequently, we sorted out the high power fields of stage VII-VIII
seminiferous tubule from seminiferous tubules immunostained
with anti-8-OHdG antibody in each treatment group [Fig. 5(A–D)]
and analyzed the localization of 8-OHdG. 8-OHdG is an important
biomarker for assessing DNA damage, first, we investigated the
expression levels and localization of 8-OHdG in the testis spec-
imens by means of immunohistochemistry. The visible immune
staining intensity of 8-OHdG in the control group and NAC treated
group [Fig. 5(A,B)] was  both lower than NaF treated group and NaF+
NAC group [Fig. 5(C,D)]. As was shown, in stage VII–VIII seminif-
erous tubules, the late pachytene spermatocytes in control group
and NAC treatment group [Fig. 5(A1,B1), arrow] showed no pos-
itive reaction, so did the spermatids [Fig. 5(A1,B1), arrowhead].
The late pachytene spermatocytes [Fig. 5(C1), arrow] and the sper-

matids [Fig. 5(C1), arrowhead] in NaF treatment group both showed
a strong positive reaction. Meanwhile, the late pachytene sperma-
tocytes [Fig. 5(D1), arrow] in NaF+ NAC group showed a positive
but slightly weaker reaction than the late pachytene spermato-
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Fig. 4. Representative light photo micrographs of seminiferous tubule sections at the 14 stages of the rat seminiferous epithelium in the saline control group. Images were
from  testis tissue fixed by 4% paraformaldehyde, embedded in paraffin, and stained with hematoxylin and eosin. The seminiferous tubules (stages I–XIV) were classified
into  five categories (stages I–III, IV–V, VII–VIII, X–XII, XIII–XIV) according to the method of Dym & Clermont (1970). At stages I–III, the seminiferous epithelium consisted of
spermatogonia (SP), early pachytene spermatocytes (EPS), round spermatids (RS) and elongating spermatids (ES), besides, ES were dispersedly localized in epithelial cells of
each  layer. At stages IV–V, the structure was similar to I–III except that ES became more and move towards the tubular space. At stages VII–VIII, some SP became leptotene
spermatocytes (LS) and some EPS became late pachytene spermatocytes (LPS), ES in the basilar part of seminiferous epithelium were moved close to tubule space, cytoplasm
was  stripped away from the spermatids in elongating process and thus hyperchromatic residual plasmids (HRP) were formed near the tubule space. At stages X–XII, the cell
size  of LPS increased, RS could not be seen. At stages XIII–XIV, the primary spermatocytes were divided into two  secondary spermatocytes, and meiosis phases could be seen.
All  figures have been magnified ×400.

Fig. 5. Immunohistochemical localization of 8-OHdG in rat testes. Representative light photo micrographs of stages VII–VIII seminiferous tubule sections stained with
hematoxylin and eosin in the control (a), NAC treatment (b), NaF treatment (c) and NAC+ NaF (d) groups. The high power fields of stage VII–VIII seminiferous tubule
immunostained with anti-8-OHdG antibody in each treatment group [Fig. 5(A–D)]. Immunostaining sections in control group (A), NAC treatment group (B), NaF treatment
group  (C) and NAC+ NaF group (D) labeled using antibodies for 8-OHdG (brown–yellow). The merged image shows that 8-OHdG is located in cytoplasm. The pictures (A1, B1,
C1  and D1) are an amplified view of Fig in the black box. (line: spermatogonia, arrow: late pachytene spermatocytes, arrowhead: spermatids, double arrow: hyperchromatic
residual plasmids) All figures have been magnified ×400.
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Fig. 6. Immunohistochemical expression level of 8-OHdG in rat testes. The mean
optical density of immunostaining sections that express 8-OHdG could reflect 8-
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HdG content in testes tissue. Values represented mean ± SD. Significant level was
t  0.05. **P < 0.01, compared with control group. ##P < 0.01, compared between rats
xposed to NaF and NaF+ NAC.

ytes in NaF treatment group [Fig. 5(C1), arrow], and the spermatids
Fig. 5(D1), arrowhead] showed a very weak or no positive reac-
ion. The reactive substance mainly distributed in cytoplasm, the
ositive performance of the seminiferous tubules appeared as
iffuse cytoplasmic brown–yellow or brown particles. Spermato-
onia did not show a positive reaction in all treatment groups
Fig. 5(A1,B1,C1,D1, line)]. One other thing to note is that hyper-
hromatic residual plasmids in NaF treatment group and NaF+ NAC
roup [Fig. 5(C1,D1), double arrow] showed strong positive reac-
ion. Though meanwhile, residual plasmids in control group and
AC treatment group [Fig. 5(A1,B1), double arrow] showed a slight
ositive reaction.

The expression levels of 8-OHdG was shown in Fig. 6. The testis
-OHdG content was expressed as average optical density of high
ower fields with immunoreactive 8-OHdG. NaF exposure and
aF plus NAC exposure both induced a significant increase in the
xpression levels of 8-OHdG (P < 0.01) in rat testes compared with
he control group, 8-OHdG content in NAC group was  similar to
ontrol group (P > 0.28). Compared with NaF treatment group, the
xpression levels of 8-OHdG in NaF+ NAC group showed a sig-
ificant decrease (P < 0.01). These results suggested NaF lead to

ncrease of 8-OHdG in rat testes, and NAC administration alleviated
he upregulation of 8-OHdG considerably.

.8. Correlation analysis between oxidative stress and DNA
amage

The expression levels of 8-OHdG in testis were positively cor-
elated with serum MDA  content (P < 0.001, r = 0.707) (Fig. 7). We
ound that the higher MDA  content in serum was, the higher the
xpression of 8-OHdG in testis was. The testicular 8-OHdG con-
ent was inversely correlated with serum SOD activity (P < 0.01,

 = −0.619) (Fig. 8) and CAT activity (P < 0.01, r = −0.638) (Fig. 9).
oreover, SOD, CAT and MDA  are the typical parameters of

xidative stress. 8-OHdG is an important biomarker for assessing
NA damage. The data suggested that DNA damage in testis was
ositively correlated with oxidative stress induced by excessive
uoride.

. Discussion

.1. The major route of human exposure to fluoride in China
Fluoride widely distributes on earth as the essential microele-
ent in human body, which plays an important role in regulating

one growth, development and remodeling. Excessive fluoride
ay  enter to the residents who live in high fluorine environ-
rch 792 (2015) 35–45 41

ment through water, food and air, and drinking water intake is
the main way, which induced dental fluorosis and crippling flu-
orosis as the main characteristics of endemic fluorosis diseases.
In China, previously according to the epidemic range and charac-
ters, endemic fluorosis diseases could be divided into three types
which consisted of drinking water type fluorosis wards, burning
coal pollution-type fluorosis wards and drinking brick-tea type flu-
orosis wards. Among this drinking-water type endemic fluorosis
was the most destructive endemic and has the largest number of
sufferers in China, especially in north China. Although the defluori-
dation projects has got the remarkable effects on the improvement
of endemic fluorosis diseases, however, some researches revealed
that the atmospheric emissions of fluorine from coal combustion
by power and heat generation in China were large in recent years
[27,28], and the fluorine in the atmosphere transported to the sur-
face water or groundwater by the rain. Because there was  no piped
water in some rural areas of China, the residents still drank shal-
low contaminated groundwater in which fluoride concentration
was over the regulated criteria 1.0 mg/L. Excessive fluoride expo-
sure could cause damage to non-skeletal tissue. Fluoride-induced
male reproductive damage has been reported by multiple studies.
The present study was  aimed to explore the mechanism of male
reproductive damage induced by NaF, and determine whether NAC
could resist the reproductive damage induced by fluorosis. The gas-
trointestinal tract is a major route of human exposure to fluoride.
Therefore, intragastric administration was  chosen as the fluoride
exposure mode in this study. Here were the explanations of the
questions about the dose of fluoride exposure and NAC interven-
tion, median lethal dose (LD50) of sodium fluoride through orally
administration in rats is 172 mg/kg [29], the exposure dose in sub-
chronic toxicity experiment is usually 1/20–1/5 of LD50, therefore,
25 mg/kg/day was  chosen as fluoride exposure dose. According to
the clinical administration dose of NAC as expectorants and rele-
vant studies [30,31], we chose 150 mg/kg/day as NAC intervention
dose.

4.2. Sub-chronic fluorosis caused oxidative stress and DNA
damage

Some researches revealed that there was a close connection
between fluoride-induced male testicular toxicity and oxidative
stress [25,32]. In the present study, exposure of NaF elicited eleva-
tion of MDA  content and decrease of SOD, CAT activity significantly
in serum, which indicated fluoride exposure caused enhanced
oxidative stress to the rats. This finding is consistent with those of
previous studies [5,12,13]. Oxidative stress leading to the genera-
tion of ROS in metabolizing cells could attack DNA base guanine and
induce the hydroxylation of guanine at C-8, finally forming 8-oxo-G
lesions namely 8-OHdG. Under the normal body repairing mecha-
nism, 8-hydroxyl-guanine-DNA glycosidase (hOGG1) could excise
8-OHdG from the double-stranded DNA and add normal guanine
bases, the removed 8-OHdG was moved into the blood and excreted
through urine [33]. Therefore, 8-OHdG in serum, urine or tissue was
routinely used as a biomarker for DNA damage and carcinogene-
sis. Previous animal experiment data showed that NaF exhibited
genotoxic activity in bone marrow, liver and kidney cells by the
comet assay [34–36]. Nevertheless, some rodent studies suggested
NaF did not result in systemic genotoxic effect in multiple organs,
including liver and kidney [37], which had contradiction between
these researches. In this study, fluoride exposure induced the high
expression levels of 8-OHdG in rat testis, which implied fluoride
exposure caused DNA damage in male reproductive system. This

experiment result was  consistent with previous studies [38,39],
though the methods of detecting DNA damage were different. We
could clearly observed the accurate position of DNA damage in the
seminiferous tubules by the localization of 8-OHdG, spermatogonia
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ig. 7. Correlation between the expression levels of 8-OHdG in testis and serum MD
y  line correlation analysis.

id not show a positive reaction and the late pachytene sperma-
ocytes showed a strong positive reaction, which was  similar to
he previous report [14]. The probable reason was  that DNA was

ainly replicated in spermatocytes not in spermatogonia and eas-
ly attacked by ROS in replicating process. Besides, present study
uggested that DNA damage in testis was positively correlated
ith oxidative stress induced by excessive fluoride. Taking all those

ffecting factors into account, we could come to the conclusion that
uorosis caused DNA damage by the mechanism of oxidative stress

n male reproductive system.

.3. Excessive fluoride could induce male reproductive damage

In the research, we found that the animal models of sub-chronic
uorosis in rats were successfully established. After 7 weeks fluo-
ide exposure, the rat sperm quality and serum testosterone level
ere decreased significantly, which were consistent with previous

esearch results [3,5,40]. In addition, NaF exposure decreased the
ody weight, testis and epididymis wet weight significantly, but
he organ coefficient of testis and epididymis did not show sig-
ificant change. The experimental results were mostly consistent
ith previous existing literature which demonstrated that no sig-
ificant difference in body weight and major organ coefficient was
bserved after 24 mg  NaF/L treatment in drinking water for 8 weeks
2]. Whereas, the research results were completely at odds with

nother material which demonstrated that sodium fluoride treat-
ent at 20 mg/kg/day for 29 days by oral gavage led to significant

ecrease in the relative wet  weight of the testis, prostate, and semi-
al vesicle without alteration in the body weight gain [32]. The most
tent. Testis 8-OHdG content and serum MDA  content in 24 rats: P < 0.001, r = 0.707

probable cause of the differences was that fluoride exposure modes
and times were different in our experiment from previous studies.
In our study, qualitative analysis of testicular histology suggested
that fluorosis induce shriveled seminiferous tubule and the diminu-
tion of mature sperm in the lumen of the seminiferous tubule.
This was  in conformity with Ghosh’s report [32] which elucidated
that fluoride treatment was  associated with a reduction in mature
sperm in the lumen of the seminiferous tubule, except the different
results in Ghosh’s report that fluoride treatment induced dilated
seminiferous tubule. Besides, it was  reported that spermatogonia
and primary spermatocytes were normal in appearance but there
was widespread degeneration of the other spermatogenic cells in
the seminiferous epithelium in NaF-treated rats [12]. In addition
to that, population-based data indicated that a fluoride exposure
of 3–27 mg/day induces a subclinical reproductive effect [8]. How-
ever, some research suggested that exposure to NaF at the dose of
25 ppm does not adversely affect testis structure or spermatogen-
esis in the rat [41]. Our research results proved that oral exposure
to 25 mg/kg/day NaF for 7 weeks could induce male reproductive
damage.

4.4. NAC pretreatment reduced fluoride-induced oxidative stress
and DNA damage

Based on the literature information, substances which antago-

nized the toxicity of fluoride were summarized as follows. Some
researches showed that vitamins C and E [42], resveratrol [43],
arjunolic acid (AA) [44] and epigallocatechin gallate (EGCG) [45]
could protect endometrium, brain and hepatocytes against the
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fluorosis and NAC might act as an antidote against fluoride-induced
male reproductive toxicity. However, as in response to fluorosis,
ig. 8. Correlation between the expression levels of 8-OHdG in testis and serum SO
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uoride-induced damage in rats. Moreover, it could be seen that
hese antidotes exhibited the role of resisting fluorosis mainly
hrough the mechanism of inhibiting oxidative stress and DNA
amage. Some animal researches showed that NAC could prevent
ostischaemic reperfusion injury in hepatic tissue, CCl4 -induced

iver damage and brain intoxication induced by propionic acid
PPA) by reducing DNA damage and oxidative stress [46–48].

oreover recent human studies implied that NAC could atten-
ate pesticide-induced DNA damage in human peripheral blood
ononuclear cells, and age-related increases in genetic damage

n human T lymphocytes, in vitro and ex vivo [49,50]. Thus, we
ypothesized that NAC may  act as an antidote of fluorosis through
he same mechanism of reducing oxidative stress and DNA dam-
ge. To test this hypothesis, NAC was used as an intervention factor
n our study and the results indicated that NAC played a critical
ole in the antagonism against oxidative stress induced by fluorosis,
hich was in agreement with previous studies that demonstrated
AC pre-treatment ameliorated fluoride-induced oxidative stress

n hepatocytes [51]. In addition to animal tests, our study in vitro
lso showed that NAC restored the reduced cell viability and exces-
ive oxidative stress in NaF-treated sertoli cells [52]. In our study,
AC could significantly decrease the expression levels of 8-OHdG

n testicular tissue, which is a typical biomarker of the oxidative
NA damage. This suggested that our hypothesis is valid. Taken

ogether, a conclusion that NAC resisted oxidative stress and geno-

oxicity induced by fluorosis in testes could be drawn, which was
n consistent with previous research results that elucidated NAC
ivity. Testis 8-OHdG content and serum SOD activity in 24 rats: P < 0.01, r = −0.619

pre-treatment significantly reduced fluoride-induced genotoxicity
in mouse bone marrow cells [53].

4.5. NAC pretreatment protected male reproductive function
against fluorosis

After using interference factors NAC, the representative param-
eters which indicated the male rat reproduction function improved
a lot. Although some indicators did not show statistically sig-
nificant improvements, there was  still a tendency to improve in
male reproductive function, including the increase of body weight,
testis and epididymis weight, sperm count, sperm motility, serum
testosterone levels and the decrease of sperm malformation. The
treatment of NAC improved the structure of seminiferous tubule in
testicular tissue compared with the NaF group, but did not improve
that compared with the control group. We could see that NAC
relieve reproductive damage induced by fluorosis to some extent
but could not completely inhibit the toxic effects of fluoride.

In summary, this study partly demonstrates that NaF exposure
induces male reproductive damage by the mechanism of oxida-
tive stress and oxidative DNA damage. Furthermore, our study also
implies that the intervention of NAC might be an essential role in
inhibiting the male reproductive damage caused by sub-chronic
except the mechanism of inhibiting oxidative stress and DNA dam-
age, the specific signal pathways which are probably regulated by
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AC are still unknown. Our further study will explore the special
ignal transduction pathways.
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