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ABSTRACT: The protective effect of resveratrol (RSV), a stimulator of the silent mating
type information regulation 2 homolog (SIRT1), on the neurotoxicity of rat brain induced
by chronic fluorosis was investigated. Thirty-two Sprague-Dawley (SD) rats were
divided randomly into four groups: (i) a control group; (ii) a RSV treatment group; (iii) a
fluoride-exposed group (50 ppm F- in drinking water); and (iv) a fluoride plus RSV group.
The experimental period was 7 months. The protein levels of SIRT1 in the cortex and the
hippocampus of the rat brains were determined by Western blotting, the SOD activity
and the MDA content in the brains by biochemical methods, and the 8-OHdG content by
ELISA. The spatial learning ability and the memory of the rats was examined by the
Morris Water Maze test. The results showed chronic fluorosis caused changes to the
brains of the rats with a reduced SIRT1 protein, elevated MDA and 8-OHdG contents,
inhibited SOD activity, and, in addition, decreased learning and memory. Interestingly,
RSV pretreatment attenuated the reduced SIRT1, the raised level of oxidative stress, and
the lowered ability for learning and memory resulting from the chronic fluorosis. The
results indicate that RSV may have a neuroprotective effect on fluoride toxicity.
Key words: Fluorosis; Oxidative stress; Rat brain; Resveratrol; Silent mating type information
regulation 2 homolog.

INTRODUCTION

A great deal of evidence suggests that the elevation of free radicals and the
inhibition of antioxidant defenses may be involved in the pathogenesis of chronic
fluorosis, which induces a vast array of symptoms and pathological changes in many
tissues and organs.1,2 Fluoride can cross cell membranes and affect various soft
tissues leading to impairment of organ functions.3 In addition, chronic fluorosis leads
to dysfunction of the central nervous system (CNS) with a high level of oxidative
stress, inhibited neuronal receptor expression, and a lowered ability of learning and
memory.3-5 Many studies have reported that antioxidants may play an important role
in protecting neurons from the injury of chronic fluorosis.6-10 Resveratrol (3,5,4’-
trihydroxystilbene, RSV), a polyphenol found in a wide variety of plants, has been
demonstrated to regulate cellular protection against oxidative stress in many disease
states, including neurodegeneration, aging, cardiovascular disorders, diabetes, and
cancer.11 It has been found that RSV treatment can down-regulate the damage in rat
brains induced by fluorosis to protein and DNA.10 Furthermore, a wide range of
pharmacological activities could be achieved by treatment with RSV, which might be
obtained, at least in part, by its direct or indirect antioxidant defense mechanism.12

Silent mating type information regulation 2 homolog (SIRT1) has been attracting a
great attention from scientists because it is involved in the physiological processes of
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many neurons and it has an important role in the antioxidant effects in neurological
diseases.13-15 RVS may regulate SIRT1 by a mechanism concerning an indirect
antioxidant defense. Overexpression of SIRT1 deacetylates Ac-p53 in LS8 cells to
attenuate fluoride-induced cell growth inhibition, mitochondrial damage, DNA
damage, and apoptosis.16

Based on previous research results, in the present study we employed rats with
chronic fluorosis to investigate whether prolonged exposure to fluoride can alter the
expression of SIRT1 in rat brain and whether RSV, via activating SIRT1, may
attenuate the neurotoxicity resulting from chronic fluorosis. 

MATERIALS AND METHODS

Materials: RSV (Sigma-Aldrich, USA); mouse monoclonal anti-SIRT1 and
anti-β-actin antibodies, and anti-mouse IgG conjugated with horseradish
peroxidase (Abcam, United Kingdom); Hyper Performance Chemiluminescence
(HPC) film and Electrochemiluminescence (ECL) Plus reagent (Amersham,
Sweden); kits for the activity of total-superoxide dismutase (T-SOD) and the
content of malondialdehyde (MDA) (Nanjing Jiancheng Bioengineering Institute,
China); sodium fluoride (NaF, analytical grade reagent), DNA/RNA Oxidative
Damage ELISA Kit (Cayman, USA); and all other general chemicals (Sigma
Aldrich, USA) were purchased from the sources indicated. 

Animal model with chronic fluorosis: Thirty-two SD (Sprague Dawley) rats
(clean grade) weighing 120–150 g were provided by the Animal Experimental
Center of Guizhou Medical University of China. These animals were divided
randomly into four groups (8 for each group with half male and half female): (i) a
control group with normal tap-water (containing <0.5 ppm F-); (ii) a RSV
treatment group with 50 mg RSV/kg/ once daily by gavage; (iii) a fluoride-
exposed group with 50 ppm F- (prepared with NaF) in drinking water; and (iv) a
fluoride exposure plus RSV group with 50 ppm F- and 50 mg/kg RVS (gavage).
The experimental period for the rats in the control and the fluoride groups was 7
months; while, for the RVS alone or the fluoride plus RVS groups, after 4 months
of the experiment, the rats in the RVS group were treated for three months with
either (i) no exposure of fluoride, or (ii) exposure to fluoride (50 ppm F- in
drinking water). Each group was fed standard nutrient food containing <6 ppm of
fluoride. The experiments were pre-approved by the Ethical Committee of
Guizhou Medical University, China.

Fluoride contents in brain and bone: After the rats were sacrificed, the cerebral
cortex and hind limb femur were taken, ashed and ground into powder, and dissolved
in 0.25 mol/L of hydrochloric acid. The fluoride content in the brain and bone were
then determined by using a CSB-FI fluoride ion electrode (Changsa Analysis
Instrumentation, China).17

Protein level of SIRT1 in brains determined by Western blotting: The total protein
was extracted from the ipsilateral side of the cerebral cortex using RIPA lysis buffer
(Thermo Scientific, USA) and the protein concentrations of the supernatants were
determined by using the BCA protein assay kit (Thermo Scientific, USA). Protein
extracts were separated on a 10% SDS-PAGE gel and transferred electrophoretically
to polyvinylidene difluoride membranes. After blocking for 1 hr, the membranes
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were incubated with rabbit polyclonal anti-SIRT1 (1:500 or 1:1,000 dilution), or anti-
β-actin antibodies (1:5000 or 1:10,000 dilution) overnight at 4ºC in Tris-buffered
saline with Tween 20. After incubation with a goat anti-mouse secondary antibody
conjugated to horseradish peroxidase for 1 hr, the membranes were visualized with
ECL and the signals thus obtained visualized by exposure to HPC film.14

The activity of T-SOD and the contents of MDA and 8-OHDG in brain tissues: The
brain tissues of the rats were homogenized in normal saline (1:100 dilution).
Homogenates were centrifuged to get supernatant. The protein concentrations of
supernatants were determined by using the BCA protein assay kit (Thermo Scientific,
USA). The activity of T-SOD and the content of MDA were measured by using kits
for these parameters. The contents of 8-OHdG were measured by a DNA/RNA
Oxidative Damage ELISA Kit. 

The ability of spatial learning and memory of rats: The spatial learning and
memory ability of the rats was evaluated by using the Morris Water Maze test.18 The
maze consists of a circular pool (180 cm in diameter) with dark walls and is filled
with tap water colored by dark ink. An escape platform (9 cm in diameter) made of
stainless steel with dark walls is submerged 0.5 cm below the surface of the water.
Each rat was subjected to four trials each day, with a 5 to 7 min interval of rest
between trials, for a training period of 4 days. The movement of the rats was
monitored with a Videotrack software (Viewpoint). During the navigation test, the
time required to locate the escape platform (escape latency) was determined, and
after locating this platform, the animal was allowed to sit on it for 2 sec. Rats who
failed to find the platform within 60 sec were guided to the platform and then allowed
to remain on it for 2 sec as well, in which case the escape latency was recorded as 60
sec. The four trials on each individual day were averaged for statistical analysis.
Furthermore, on day 5 when the platform was removed, the time of first crossing the
site where the original platform located was recorded. All of the behavioral tests were
conducted in a quiet environment with subdued lighting.

Data analysis and statistics: All data are presented as means±SD, and analysis was
conducted by using GraphPad Prism 5.0 and SPSS 22.0 (SPSS Inc., USA). Multiple
comparisons between the vehicle and the treatment groups were performed by one-
way analysis of variance (ANOVA) followed by the Bonnferoni test or the two-
paired Student's t test. Differences were considered statistically significant when P
values were less than 0.05.

RESULTS

Fluoride contents in brains and bones: At the end of the 7 month experimental
period, the contents of fluoride in the brain (Figure 1A) and the bone tissue (Figure
1B) of the rats in the fluoride-exposed and the fluoride plus RSV groups were
significantly increased as compared to the control group. No significant differences
were present in the fluoride content of the fluoride-exposed and the fluoride plus
RSV groups.

SIRT1 expressions in the brains: As shown in Figures 2A and 2B, the protein levels
of SIRT1 were significantly decreased in the cortex (Figure 2A) and the hippocampus
(Figure 2B) of the rats with chronic fluorosis as compared with the controls.
Interestingly, the expressions of SIRT1 at the protein level were significantly
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enhanced in both the cortex and hippocampus of the rats treated with RSV alone. In
addition, the decreased level of SIRT1 in the brains of the rats by the treatment of
fluoride was significantly attenuated by the treatment with fluoride plus RSV as
compared with the rats treated with fluoride exposure alone.

 

  1B

Figures 1A and 1B. The contents of fluoride in the brain (1A) and bone (1B) of rats in the different
groups. NC=Normal control; NR=Normal plus RSV; F=fluoride; and FR= fluoride plus RSV.
Results are expressed as the means±SD. *p<0.05 and **p<0.01 in comparison to the normal
control group as determined by the analysis of variance (ANOVA), followed by the Student-
Newman-Keul's test.

1A
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Figures 2A and 2B. Expression of Sirt1 at the protein level in the frontal cortex (2A) and the
hippocampus (2B) of rat brains in different groups. 2A, the frontal cortex and 2B, the
hippocampus; NC=Normal control; NR=Normal plus RSV; F=fluoride; and FR= fluoride plus
RSV. The values are shown as the means±SD. **p<0.01 in comparison to the control group,
#p<0.05 and ##p<0.01 in comparison to the fluorosis group as determined by the analysis of
variance (ANOVA), followed by the Student-Newman-Keul's test.

2A

2B
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The activity of T-SOD, and the content of MDA and 8-OHdG in the brains:

Compared to the control group, the fluoride-exposed rats had a significantly
decreased activity of T-SOD, and an increased content of MDA, and 8-OHdG. RVS
attenuated the high level of oxidative stress induced by chronic fluorosis by
significantly ameliorating these changes in T-SOD, MDA, and 8-OHdG (Figures 3A-
3C). 

3A

3C

3B

Figures 3A-3C. The activity of T-SOD (3A), and the contents of MDA (3B), and 8-OHdG (3C) in
the brains of rats from the different groups. NC=Normal control; NR=Normal plus RSV; F=fluoride;
and FR= fluoride plus RSV. The activity of T-SOD and the content of MDA were measured by
biochemical method; and the content of 8-OHdG was measured by ELISA. The results are
expressed as the means±SD. *p<0.05 and ** p<0.01 in comparison to the control group, #p<0.05
and ##p<0.01 in comparison to the fluorosis group as determined by the analysis of variance
(ANOVA), followed by the Student-Newman-Keul's test.

http://www.fluorideresearch.org/epub/files/017.pdf


Research report 
Fluoride 52(2):149-160. 

Resveratrol attenuated the oxidative stress in rat brains with fluorosis
                       Zeng, Deng, Xiang, Dong, Cao, Liu, Chen, Ran, Yang, Guan 155155

Fluoride 2019 Feb 12. www.fluorideresearch.org/epub/files/017.pdf [Epub ahead of print]
April 2019
The ability of spatial learning and memory of rats: Compared to the control group,

the fluoride-exposed rats with chronic fluorosis had an increased escape latency time,
a decreased number of crossings of the platform site, and a decreased time of staying
on the site of the platform. The treatment by RVS alone did not induce an increase of
learning and memory of the rats, but RVS attenuated the decreased ability for
learning and memory in the rats with chronic fluorosis (Figures 4A-4C).

4A

4B

4C
Figures 4a-4C. Escape latency (4A), the number of crossing the original site of the platform (4B)
and the time spent staying on the original site of the platform (4C) of the rats in the different
groups. NC=Normal control; NR=Normal plus RSV; F=fluoride; and FR= fluoride plus RSV.
Values in the bar graphs are expressed as means±SD. *p<0.05 and ** p<0.01 in comparison to
the control group, #p<0.05 and ##p<0.01 in comparison to the fluorosis group as determined by
analysis of variance (ANOVA), followed by Student-Newman-Keul's test. 
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The correlation between oxidative stress and the level of SIRT 1 in the rat brains
with the treatment of high fluoride plus RVS: There was a significant correlation
between the level of oxidative stress and the expression of SIRT1 in the brains of the
rats with fluoride exposure plus RSV treatment (Figures 5A-5C).

5A

5B

5C

Figures 5A-5C. The correlations between SIRT1 and oxidative stress in the rat brains. There
were significantly positive-linear correlations between the activities of T-SOD (5A), the contents
of MDA (5B), and 8-OHdG (5C) in the brains of rats treated by fluoride plus RVS as revealed by
the Pearson correlation test.
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DISCUSSION

Oxidative stress, an unbalance between the production of free radicals and the level
of antioxidants, has been detected in many tissues and organs in chronic fluorosis,
especially in the CNS. Chronic fluorosis leads dysfunction of the CNS, which results
in lethargy, insomnia, behavioural change, depression, and deterioration of learning
and memory, and aggravation of neural damage in rodents as well as in humans.19,20

Numerous investigations carried out in vivo and in vitro have confirmed that
prolonged exposure to excessive fluoride can promote oxidative stress in the brains
of rats. As a free radical inducer, high F- results in increased ROS and lipid
peroxidation and a decreased level of chemical elimination of them in neurons and
glial cells, which may therefore have an important role in the pathogenesis of
fluorosis.5,8,9,21 Moreover, long-lasting oxidative stress leads to an increasing
concentration of lipid peroxidation, protein oxidation, and DNA damage.10,22,23 In
the present study, the higher levels of MDA and 8-OHdG, and the decreased activities
of T-SOD in the brain tissues of the rats with chronic fluorosis is similar to previous
findings,16,24 suggesting that the high level of oxidative stress in the rat brains was
induced by fluoride. At the same time, the deteriorated learning and memory in rats
with chronic fluorosis is associated with alterations in the oxidative stress and the
cholinergic system.5,8,9

A short-term increase in ROS can induce SIRT1 activation, which in turn causes a
decrease in ROS, whereas long-term high levels of ROS cause a decrease in SIRT1
activity.25 SIRT1 may interfere with the reduction of ROS through modulation of
several cellular antioxidant pathways, including FOXO and the proliferator-activated
receptor gamma coactivator 1 to directly up-regulate the expression of antioxidant
enzymes (such as catalase and Mn-SOD) to promote cellular resistance to oxidative
stress.26,27

The results of several investigations concerning interventions by using compounds
or drugs with an antioxidant effect to fight against chronic fluorosis indicate that
using different types of antioxidants can inhibit the toxicity induced by a high level of
fluoride through attenuating the level of oxidative stress.7,28,29

RSV is a natural polyphenolic compound that can reduce oxidative stress. Several
lines of evidence indicate that treatment with RSV is beneficial in ameliorating the
toxicity induced by fluoride exposure in both in vivo and in vitro conditions.10,30,31

The antioxidant defense by RSV could be achieved, at least in part, by its ability as a
direct antioxidant, which is able to scavenge both free radicals and non-free
radicals.12 RSV confers an ability to down-regulate the lipid peroxidation
represented with MDA, the protein oxidation shown with the carbonyl group, and the
DNA oxidation indicated by 8-OHdG.32,33 

Our results here support the previous findings, in which the levels of MDA and 8-
OHdG in the brains of rats exposed to high fluoride were clearly higher than those of
controls, while the activity of T-SOD was lower. Interestingly, RSV decreased the
production of MDA and 8-OHdG and raised the activity of T-SOD in the brains of
rats with the treatment of fluoride plus RSV as compared to the rats exposed to
fluoride alone. The mechanism by which RSV protects against the neurotoxicity of
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fluoride may involve stimulating SIRT1 since it can ameliorate the symptoms of
neurodegeneration and regulate numerous forms of neuroprotection.34,35

CONCLUSION

In conclusion, exposure to a high level of fluoride reduced the protein level of
SIRT1 and the activity of T-SOD, and elevated the levels of MDA and 8-OHdG in rat
brains, and inhibited the abilities of learning and memory of the rats. Interestingly,
pretreatment with RSV attenuated the reduced SIRT1 and the raised level of
oxidative stress in the rat brains with chronic fluorosis and the lower ability of
learning and memory of the animals, suggesting that the stimulatory effect of RSV
may play a neuroprotective effect against the toxicity of fluoride. 
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