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Abstract
Fluorosis can induce neurotoxicity. Sodium butyrate (SB), a histone deacetylase inhibitor, has important
research potential in correcting glucose metabolism disorders and is widely used in a variety of
neurological diseases and metabolic diseases, but it is not yet known whether it plays a role in combating
�uoride-induced neurotoxicity. This study aims to evaluate the effect of SB on �uoride neurotoxicity and
the possible associated mechanisms. The results of HE staining and Morris water maze showed that in
mice exposed to 100 mg/L �uoride for three months, the hippocampal cells arranged in loosely with large
cell gaps and diminished in number. In addition, 1000 mg/kg/day SB treatment improved �uoride-
induced neuronal cell damage and spatial learning memory impairment. Western blotting showed that
the abundance of malate dehydrogenase 2 (MDH2) and pyruvate dehydrogenase (PDH) in the
hippocampus of mice increased after �uorosis, while the abundance of pyruvate kinase M (PKM), lactate
dehydrogenase (LDH) and hexokinase (HK) decreased. SB treatment reversed the decreased glycolysis in
the hippocampus of �uorosis mice. We suspected that the PI3K/AKT/HIF-1α pathway may be involved in
mediating the protective effects of SB against �uorosis invasion in the hippocampus. These results
suggested that SB could ameliorate �uorosis-induced neurotoxicity, which might be linked with its
function in regulating glycolysis as well as inhibition of the PI3K/AKT/HIF-1α pathway.

1. Introduction
Fluoride is one of the essential trace elements for human health and is found throughout the
environment, for example, in soil, air, and tap water[1]. Although �uoride has been used around the world
to prevent and control dental caries, long-term excessive �uoride intake can cause damage to many
systems in the body[2, 3]. Nowadays, the toxic side effects of �uoride on the brain have become a topic
of research focus in environmental toxicology[4]. High dosage of �uoride can penetrate many areas of
the brain, such as the hippocampus, cerebellum, and cortex, by crossing the blood-brain barrier[5],
eventually leading to drowsiness, insomnia, headache, dizziness, and deterioration in learning and
memory capacity[6]. Currently, the possible mechanisms underlying such effects involve cholinergic
pathways, oxidative stress, hippocampal calcium signaling, and synaptic plasticit[7, 8, 9].

In recent years, several studies have found that decreased glucose utilization occurs in a variety of
neurological diseases. Improving the status of brain glucose metabolism has become an emerging
strategy in the treatment of many chronic nervous system diseases such as Alzheimer’s disease, stroke,
and depression[10, 11, 12]. As one of the major pathways of glucose metabolism, abnormal glycolysis is
considered to be an initiating or promoting factor in many neurological diseases[13]. Compared with
those in normal mice, the protein expression and transcription levels of the glycolysis enzymes lactate
dehydrogenase A (LDHA), pyruvate kinase M (PKM), and hexokinase 2 (HK) are inhibited in Alzheimer’s
disease mice, and the contents of lactate and NAD + are decreased. However, measurement of cell oxygen
consumption rates indicated the activation of mitochondrial OXPHOS levels when glycolysis in�ow was
insu�cient and energy supply was low. Promoting glycolysis and reducing OXPHOS activation can thus
improve the role of astrocytes in supporting neuronal activity and function[14].
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In addition to the glycolysis catalyzed by LDH, pyruvate (an intermediate of glucose metabolism) is also
metabolized by OXPHOS[15]. Recent studies have shown that pyruvate dehydrogenase A1 (PDHA1),
dihydrolipoamide acetyltransferase (DLAT), and dihydrolipoamide dehydrogenase (DLD), which encode
either subunit E1, E2, or E3 of the pyruvate dehydrogenase (PDH) complex respectively, are promoted to
different degrees in traumatic brain injury[16]. Isocitrate dehydrogenase (IDH), succinate dehydrogenase
(SDH), and malate dehydrogenase 2 (MDH2) enzymes related to the tricarboxylic acid cycle showed a
similar increasing trend with the extension of injury time[17]. Glycolysis preconditioning of astrocytes
attenuates trauma-induced neurodegeneration and shifts brain metabolic patterns from neuron-
dominated mitochondrial respiration to astrocyte-mediated glycolysis[18].

Increasing evidence has shown that sodium butyrate (SB) can enhance neuronal activity by promoting
the transport of lactic acid, a glycolytic product of astrocytes, and further maintains the energy
metabolism homeostasis of the central nervous system, ultimately reducing cognitive decline in
Alzheimer’s disease mice[19, 20]. Butyric acid, the active ingredient of SB, belongs to the short-chain fatty
acids (SCFAs), which are produced by intestinal �ora fermenting dietary �ber[21]. Butyric acid is an
endogenous substance in the human body and therefore has little toxicity[22]. According to the gut–brain
axis hypothesis, SCFAs can achieve bidirectional communication between the brain and the gut by
regulating intestinal homeostasis and neuroimmunology[23]. In addition, SB is one of the most
commonly used histone deacetylase inhibitors and has been shown to have neuroprotective effects in
various neurological disease models, such as of Alzheimer’s disease, ischemic stroke, and neonatal
hypoxic encephalopathy[24, 25, 26]. However, whether SB can protect the hippocampus from �uoride-
induced neurotoxicity and imbalanced metabolism, and the possible mechanism of its potential
protective effect, has not been studied in depth.

The PI3k/AKT signaling pathway is involved in the maintenance of central nervous system
homeostasis[27]. In addition, PI3K/AKT/HIF-1α may be involved in the transformation of cell metabolism.
The activation of PI3K/AKT/HIF-1α can directly promote the transition in cancer cell metabolism from
OXPHOS to aerobic glycolysis[28, 29]. In addition, the mechanism involves alterations in the
PI3K/AKT/HIF-1α signaling pathway, and the addition of the PI3K inhibitor LY294002 leads again to
inhibition glycolysis, which had been restored after treatment with antagonists[30]. Therefore, we
speculate that the neuroprotective effect of SB is related to PI3K/AKT/HIF-1α.

In this study, HE staining and Morris water maze con�rmed that long-term excessive �uoride exposure
induced hippocampal damage and spatial learning and memory impairment in mice. The results of
Western blot and biochemical tests showed that glycolysis was inhibited in the hippocampi of �uorosis
mice and SB could ameliorate �uorosis-induced neurotoxicity, which might be linked with its function in
regulating glycolysis and pyruvate metabolism as well as inhibition of the PI3K/AKT/HIF-1α pathway.

2. Materials And Methods

2.1. Animals and Treatment
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A total of 50 newly weaned ICR male mice were purchased from Liaoning Changsheng Biotechnology
Co., Ltd (Shenyang, China)., and bred at the Animal Experiment Center of Shenyang Medical College. All
animals were fed standard food in the laboratory, and the laboratory temperature was set to 21–24°C, the
humidity to 50 ± 5%, and the light and dark cycle to 12 h. After one week of adaptation, the mice were
randomly divided into �ve groups: a control group (C), �uorosis group (F), sodium butyrate group (S),
�uorosis and 500 mg/kg sodium butyrate treatment group (F + S1), and �uorosis and 1000 mg/kg
sodium butyrate treatment group (F + S2), with 10 mice in each group. According to the previous
literature, 100mg/L sodium �uoride can cause brain damage in mice [9, 31, 32]. Except for groups C and
S, all groups were provided with distilled water containing 100 mg/L �uoride (Sigma-Aldrich, St. Louis,
MO, USA). Three months after exposure, mice in groups S, F + S1, and F + S2 were treated by intragastric
administration of sodium butyrate (Macklin, Beijing, China) at 500 or 1000 mg/kg/day for eight weeks.
Groups C and S were treated by intragastric administration of normal saline. After �ve months, mice were
subjected to a water maze experiment, and then the hippocampi of each group were removed, washed
with normal saline, and preserved at − 80°C for subsequent analysis.

All animal procedures were approved by the Experimental Animal Ethics Committee of Shenyang Medical
College (SYYXY2021031502) and implemented in accordance with the Provisions on the Management of
Experimental Animals in Liaoning Province.

2.2 Fluoride Ion Selective Electrode
Fluoride concentrations in urine and blood were measured according to the People's Republic of China
Health Industry Standard (WS/T 89-2015 and WS/T 212–2001)[33, 34]. The mice were placed in a
metabolic cage and deprived of water for 24 hours to collect urine. Subsequently, the mice were sacri�ced
by cervical dislocation and blood was collected from the orbit. Blood samples were centrifuged (3000rpm,
10min) for serum. Calibrate the ionometer (Leici Instrument, Shanghai, China) with standard solutions of
different concentrations of �uoride. The sample and total ion concentration buffer (Leici Instrument,
Shanghai, China) were added at a rate of 1:1 and placed under a �uoride ion meter for 30 seconds to
measure the mean concentration.

2.3. Morris water maze
Mice were subjected to a Morris water maze (Taimeng, Sichuan, China) test for six days. The maze
consists of a circular pool, escape platform, and recording equipment. The pool was divided into four
quadrants, and the water was stained with edible white pigment. The walls of the quadrants were marked
with different shapes to facilitate positioning, and the escape platform was hidden 2 cm under the water.
The experiment consisted of �ve days of directional navigation and one day of spatial exploion. During
the directional navigation experiment, the time it took the mice to �nd the platform was recorded as the
escape latency period every day. If the mice could not �nd an escape platform within 120 s, the
researchers guided them to it and left them there for 15 s. During the spatial exploration experiment, the
platform was removed, and the researchers recorded the percentage of time the mice spent in the
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platform’s quadrant and how many times they crossed the platform. The automatic monitoring system
recorded the swimming time and movement path of the mice.

2.4. HE Staining
The brain tissue was repaired and rinsed with water for 4 h. Alcohol gradient dehydration was performed,
and the dissolved para�n was in�ltrated into the tissue blocks, which became hard wax blocks after
cooling. The wax blocks were placed on a slicer (Leica, Heidelberg, Germany), cut into 5 µm slices, and
transferred to slides. The wax blocks were placed in a temperature box at 60°C for 2 h and dried. After
para�n sections were dehydrated, hematoxylin (Solarbio, Beijing, China) was added and soaked in for 5
min. Then, the sections were rinsed with distilled water, soaked in eosin (Solarbio, Beijing, China) for 3
minutes, and sealed with neutral gum. The pathological changes in mice hippocampi were assessed by
microscopy (Olympus, Tokyo, Japan).

2.5. Western blotting
After the mice were sacri�ced, the hippocampus and cortex were separated, and the hippocampus was
subsequently used for Western blotting. The total protein concentration was measured using a BCA
protein quantitation kit (Dingguochangsheng Biotechnology, Senyang, China). The proteins were
separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (Dingguochangsheng
Biotechnology) and transferred to PVDF membranes (Millipore, Billerica, MA, USA) by Trans-Blot Turbo
(Hercules, CA, USA) at a constant voltage of 100 V for 1 h. The TBST diluted primary antibodies were:
LDH (1:500, Wanleibio, Shenyang, China), PDH (1:1000, CST, MA, USA), MDH (1:1000, CST, MA, USA), HK
(1:1000, CST, MA, USA), PKM (1:1000, Wanleibio), β-actin (1:5000, Abclone, Wuhan, China), GAPDH
(1:5000, Abclone), HIF-1α (1:1000, Abclone), PI3K (1:500, Wanleibio), AKT (1:500, Wanleibio), and P-AKT
(1:500, Wanleibio). The membrane was incubated with primary antibody at 4°C for 12 h, then incubated
with secondary antibody goat anti-rabbit IgG and HRP (1:6000, Wuhan, Abclone). ImageJ 1.4 (Bethesda,
Maryland, USA) was used to analyze the signal strength.

2.6. Test kits

2.6.1. Lactate dehydrogenase
The LDH activity per gram of protein in mice hippocampal tissue was measured according to the LDH
activity test kit (Wanleibio, Shenyang, China). Assay principle: LDH catalyzes the generation of pyruvate
from lactate. Pyruvate reacts with 2,4-dinitrophenylhydrazine to form pyruvate 2,4-
dinitrophenylhydrazone, which is brownish red, in an alkaline solution, and the enzyme activity can be
determined according to a colorimetric enzyme standard. We added the following to a 96-well plate, in the
indicated order: 20 µL of 0.01% mouse brain tissue homogenate, 25 µL of 2,4-dinitrophenylhydrazine, and
250 µL of 0.4 mol/L NaOH solution, and incubated the mixture at 37°C for 30 min. The absorbance value
at 450 nm was detected using a microplate reader (Bio-Rad), and LDH activity was calculated according
to the formula of the test kit. The LDH activity in tissues is expressed as U/gprot.

2.6.2. Pyruvate kinase
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The PK activity of tissue protein per gram of mice hippocampus was detected using a PK activity assay
kit (Jiancheng Biological Institute, Nanjing, China). Detection principle: PK catalyzes
phosphoenolpyruvate and ADP to generate ATP and pyruvate. Lactate dehydrogenase further catalyzes
NADH and pyruvate to produce lactic acid and NAD+. The NADH decline rate can re�ect PK activity. To a
96-well plate, we sequentially added 5% tissue homogenate, 20 mM Tris-HCl (pH 7.5), 150 mM KCl, 5 mM
MgCl2, 0.25 mM NADH, 5 U/mL LDH, 2 mM ADP, and 1 mM phosphoenolpyruvate followed by incubation
of the mixture at 37°C for 30 min. The absorbance value at 340 nm was detected using a microplate
reader, and the PK activity was calculated according to the formula in the instructions. The PK activity in
tissues is expressed as U/mgprot.

2.6.3. Hexokinase
The HK activity per gram of tissue protein in the hippocampus of mice was detected using the HK activity
test kit (Jiancheng Biological Institute). Detection principle: HK catalyzes glucose to produce glucose-6-
phosphate, and glucose-6-phosphate dehydrogenase further catalyzes glucose-6-phosphate to produce
NADPH. The NADPH decline rate re�ects HK activity. We added 10ul of 5% tissue homogenate, 180ul of
Reagent II,10 ul of Reagent II to 96-well plates and incubated the mixture at 37°C for 5 min. The
absorbance value at 340 nm before and after incubation was detected separately by a microplate reader,
and the activity of HK was calculated according to the instructions. The HK activity in tissues is
expressed as U/gprot.

2.6.4. Lactate content
The lactate remaining in the mice hippocampus was determined, per gram of protein, using a lactate
content test kit (Jiancheng Biological Institute). Detection principle: lactate in the role of lactate
dehydrogenase produces pyruvate, while reducing NAD + to NADH and H+. The PMSH2 generated by the
transfer of H + to PMS can generate purple substances by reducing MTT. The absorbance of the colored
substance is linearly related to the lactic acid content at 530 nm; 8% tissue homogenate and a color
reagent were added to a 96-well plate in turn. After mixing, the 96-well plates were incubated in a 37°C
incubator for 30 min. The absorbance value at 530 nm was detected by a microplate reader, and the
lactate content was calculated according to the formula in the instructions. The lactate content in tissues
is expressed as mmol/mg protein.

2.7. Statistical analysis
GraphPad Prism 8 (San Diego, CA, USA) was used for statistical analysis. All the data were expressed as
the mean ± SEM. One-way ANOVA was used for comparison among multiple groups, and two-way ANOVA
was used for escape latency in the Morris water maze. P < 0.05 was considered to indicate statistically
signi�cant differences.

3. Results

3.1. General
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All mice survived during the experiment. After �ve months of feeding, mice in the control group and
sodium butyrate group had smooth fur, good appetite and yellowish teeth. The mice treated with �uoride
had reduced appetite, body and brain weight. The mice in the �uorosis group had chalky white teeth and
lost their luster, and some of them had curled bodies and missing teeth. In addition, we measured the
�uoride content in the blood and urine of mice. The results showed that compared with the control group,
the �uoride content in blood and urine of �uoride-treated mice increased signi�cantly, and high
concentration of sodium butyrate treatment could reduce this difference (P < 0.01) (Table.1).

3.2. Sodium butyrate improves spatial learning and memory
in �uorosis-treated mice
Morris water maze was performed after seven weeks of sodium butyrate treatment. The results showed
that, compared with the control group, the latency of escape was signi�cantly increased in the �uorosis
and sodium butyrate treatment groups (P < 0.01); after sodium butyrate treatment, the ability of mice to
�nd the platform was improved (P < 0.05) (Fig. 1a). In the space exploration experiment, the percentage of
swimming time in the target quadrant and the times of crossing the escape platform in �uorosis group
were reduced, to some extent, by pretreatment with 1000 mg/kg sodium butyrate (P < 0.05) (Fig. 1c,d). In
addition, there was no signi�cant difference in the swimming speed of mice in each group, indicating that
there was no difference in the athletic ability of the mice (Fig. 1b). In conclusion, sodium butyrate had no
effect on the learning and memory ability of normal mice, while the spatial learning ability and memory
of mice in the �uorosis group were impaired. After sodium butyrate treatment, the spatial learning ability
and memory of the mice were restored to a certain extent. The typical swimming trajectories of the mice
in each group are shown in Fig. 1e.

3.3. Sodium butyrate ameliorates nervous system damage
in �uorosis-treated mice
The HE staining results show that the neuronal cells in the DG, CA1, and CA3 regions of the hippocampi
of the control and sodium butyrate-treated mice were normal in morphology, closely arranged, and
hierarchical. In the �uorosis group, a small number of neuronal cells in the CA3 area of the hippocampus
were solidly stained. The hippocampal cells in CA1 area arranged in loosely with large cell gaps and the
number of hippocampal cells in DG area was reduced. In the low-and high-dose sodium butyrate-treated
�uorosis mice, the degree of atrophy of neuronal cells in the CA3 area was reduced, the cell gaps in the
CA1 area were basically similar to that of the control group, cell strati�cation was clear, and the number
of neuronal cells in the DG area increased. (Fig. 2).

3.4. Sodium butyrate promotes hippocampal glycolysis in
�uorosis-treated mice
The glycolysis rate is regulated by the activity and abundance of glycolysis enzymes. HK, PKM and LDH
are the key enzymes to control the rate of glycolysis. We veri�ed the protein expression and activity of HK,
PKM and LDH by immunoblotting and activity assay kit. The results showed that LDH, PKM, and HK
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protein expressions were decreased (Fig. 3); PK, HK, and LDH activities were inhibited in the hippocampus
of �uorosis mice compared with the control group (Fig. 4A-C). At the same time, the content of glycolysis
product lactate was also reduced in the hippocampus of �uorosis mice (Fig. 4D). This trend was reversed
in the �uorosis and sodium butyrate-treated mice compared with the �uorosis group, where the
glycolysis-promoting function was more pronounced in the high-dose antagonist group (P < 0.05).

3.5. Sodium butyrate inhibits hippocampal pyruvate
metabolism in �uorosis-treated mice
Under the condition of su�cient oxygen supply, the intermediate product of glucose metabolism,
pyruvate, can be decomposed into ATP through two pathways. One is glycolysis catalyzed by LDH, and
the other is oxidative phosphorylation catalyzed by PDH. It is well known that there is some competitive
inhibition of glycolysis and oxidative phosphorylation, which are the two major metabolic modes of cells.
We examined the protein expression of two negative regulators of glycolysis, PDH and MDH, and the
results showed that 1000 mg/kg sodium butyrate treatment promoted the inhibited PDH and MDH in the
hippocampal tissues of �uorosis mice (P < 0.05) (Fig. 5).

3.6. Sodium butyrate promotes inhibited PI3K/AKT/HIF-1α
in �uorosis -treated mice
In addition, PI3K/AKT/HIF-1α signaling pathway is involved in the regulation of glycolysis in cells, HIF-1α
is a key upstream regulator of glycolysis. LDH, HK, PDH and other metabolic enzymes are HIF-1α target
genes. we also detected components of the glycolysis-related pathway PI3K/AKT/HIF-1α. The data show
that the protein expressions of PI3K, AKT, P-AKT, and HIF-1α in the �uorosis group decreased; 500 and
1000 mg/kg sodium butyrate treatment could activate PI3K/AKT/HIF-1α signaling pathway and
ultimately induce increased glycolysis in the hippocampi of �uorosis mice (P < 0.05) (Fig. 6).

4. Discussion
Fluoride is a trace element found widely in the natural environment[35]. Long-term excessive �uoride
intake can lead to central nervous system disorders, induce neuronal apoptosis, impair hippocampal
dentate gyrus neurogenesis, and eventually lead to ataxia, a decline in learning and memory, cognitive
impairment, and other forms of central nervous system damage[36, 37, 38]. SB is one of numerous
histone deacetylase inhibitors, and its extensive neuroprotective effect and synaptic remodeling function
have great research potential[39, 40]. The present study investigated the protective role of Sodium
butyrate (SB) in counteracting the effects of �uoride toxicity on the nervous system.

Firstly, we characterized the protective effect of SB on �uoride-induced neurotoxicity based on the Morris
water maze test and HE staining. Fluoride markedly increased the latency of escape and decreased the
time of crossing the escape platform and swimming time in mice. HE staining also showed that
signi�cant atrophy and a decreased number of nerve cells in the hippocampal CA3, CA1 and DG regions
of �uorosis mice, which is consistent with previous reports[8, 41, 42]. Fernando et al. found that SB can
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restore cognitive dysfunction by reducing the level of amyloid-β in the brain of Alzheimer’s disease
mice[43]. We also found that SB could antagonize �uoride-induced neurological behavioral and
pathological injuries.

In recent years, with the deepening of research on the microbial-gut-brain axis, SB has been shown to
correct disordered glucose metabolism in cells and has obvious therapeutic potential in metabolic
diseases[44, 45, 46]. The main metabolic modes of glucose include glycolysis and oxidative
phosphorylation (OXPHOS). Glucose is decomposed into pyruvate step by step under the catalysis of HK,
PKM, PFK and other enzymes[47]. Pyruvate, which could undergo glycolysis and be converted to lactate
under the catalysis of LDH, plays an important role in memory via the astrocyte-neuron lactate shuttle
(ANLS)[48, 49]. It has been reported that glycolysis is inhibited in the hippocampus of Alzheimer’s disease
mice, and glycolytic-related enzymes and products such as PKM, HK, LDH, and lactic acid show a
downward trend[14]. Pyruvate can also undergo OXPHOS under the catalysis of PDH and MDH and
produce a large amount of ATP through the tricarboxylic acid cycle for e�cient energy supply[50].
Glycolysis has certain competitive inhibition with OXPHOS. PDH, a negative regulator of glycolysis, is
strengthened in Alzheimer’s disease, Parkinson’s disease, and other neurodegenerative diseases, whereas
high levels of OXPHOS can promote excessive oxidative stress, increase ROS generation, and further
aggravate cell damage[51, 52]. In addition, PDH and MDH act as keepers and terminators of the
mitochondrial tricarboxylic acid cycle, respectively. The E1, E2, and E3 subunits (E1 (PDH), E2 (DLAT), and
E3 (DLD)) of PDH and MDH are con�rmed to be enhanced in traumatic brain injury[17]. Our results
showed that the activity and abundance of HK, PKM and LDH were inhibited in the hippocampus of
�uorosis mice, while the expression of PDH and MDH was enhanced. SB can improve nervous system
injury by promoting inhibited glycolysis in �uorosis mice.

How does SB play its role in promoting glycolysis? Recent studies have found that when PI3K/AKT/HIF-
1α is over-activated, the metabolic pattern of cancer cells shifts from OXPHOS to aerobic glycolysis, a
signaling pathway that is critical in regulating cell metabolism[53, 54]. Under PI3K/AKT activation, the
expression of FOXO (an inhibitor of PDK) could be repressed, activating HIF-1α to promote glycolysis[14].
HIF-1α is a key upstream regulator of glycolysis. Ldh-a and PDK1 are the direct targets of HIF-1α[55, 56].
HIF-1α is involved in regulating the expression of LDH, PKM, PDK, HK, and other glycolysis-related genes.
HIF-1α overexpression can induce PDK1 phosphorylation to inactivate PDH, inhibit pyruvate entry into
mitochondria, and promote glycolysis of K562 cells against 1,4-benzoquinone-induced toxicity[57]. In
middle cerebral artery occlusion (MCAO) rats, treatment with SB can play a neuroprotective role by
promoting the expression of PI3K and P-AKT, reducing the infarct volume after occlusion[58]. In our study,
the activation of PI3K/AKT and HIF-1α by SB notably attenuated �uorine downregulation of glycolysis,
indicating that the administration of SB promotes glycolysis via the PI3K/AKT and HIF-1α signaling
pathways.

In conclusion, our data provide evidence con�rming the protective effects of SB, which attenuates
�uorine-induced neurotoxicity in vivo. In addition, SB could regulate glycolysis as well as PI3K/AKT/HIF-
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1α. Our data, therefore, suggest that SB represents a novel therapeutic candidate for populations at high
risk of �uorine poisoning.

5. Conclusions
Our study con�rmed that high �uoride exposure in mice can inhibit hippocampal glycolysis and decrease
brain lactic acid content, leading to nervous system damage and spatial learning and memory
impairment. SB can exert neuroprotective effects by promoting inhibited glycolysis. Provide new ideas for
the study of mechanisms of �uoride neurotoxicity. In addition, based on previous literature studies, PI3K /
AKT / HIF-1α signaling pathway can regulate cell glycolysis metabolism. This study observed that SB
treatment promoted the inhibited PI3K / AKT / HIF-1α signaling pathway in the hippocampus of �uorosis
mice, which also created a direction for further research.
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Tables
Table 1  Body weight, brain weight, and �uorine content in blood and urine of mice.

Experimental
group

Body weight
(g)

Brain weight
(g)

Fluoride content in
serum (mg/L)

Fluoride content in
urine (mg/L)

C 48.58±0.749 0.4218±0.006 0.1790±0.005 1.131±0.167

SB 45.70±1.009 0.4199±0.008 0.1771±0.003 1.069±0.172

F 40.20±1.652** 0.3915±0.006* 0.2185±0.008** 8.908±0.316**

F+SB1 43.69±1.494 0.3970±0.007# 0.2055±0.005** 8.599±0.440**

F+SB2 45.10±0.8781# 0.4263±0.009# 0.1905±0.010** 8.023±0.430**

All values are expressed as the mean ± SEM (n = 10). *p < 0.05, **p < 0.01 vs. C mice, #p < 0.05, ##p <
0.01 vs. F mice.
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Figure 1

After 8 weeks of sodium butyrate treatment, mice in each group were subjected to Morris water maze to
observe the changes of spatial learning and memory. 1000mg/kg sodium butyrate improves spatial
learning and memory in �uorosis-treated rats. (A) escape incubation period, (B) swimming speed, (C)
number of times the escape platform was crossed, (D) the percentage of swimming time in the target
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quadrant, and (E) representative swimming tracks. All values are expressed as the mean ± SEM (n = 6).
*p< 0.05 vs. C mice, #p < 0.05 vs. F mice.

Figure 2

The results of HE staining showed that sodium butyrate ameliorated the damage of hippocampus in
�uorosis mice, ×300. (DG: dentate gyrus, CA1: hippocampal CA1 region, CA2: hippocampal CA2 region,
the green arrow indicates cell shrinkage and the yellow arrow indicates cell gap enlargement and loose
arrangement n=3)
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Figure 3

Effects of sodium butyrate and �uorosis on glycolysis key enzymes (HK, PKM and LDH) in hippocampus
by western blot. The expression of PKM, LDH, and HK in hippocampus (A) and the quantitative analysis
of optical density(B-D). All values were expressed as the mean ± SEM (n = 4). *p < 0.05 vs. C mice, #p <
0.05, ##p < 0.01 vs. F mice.
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Figure 4

Effects of sodium butyrate and �uorosis on glycolysis key enzymes (HK, PKM and LDH) in hippocampus
by Assay Kit. The activity of HK (A), PK (B), and LDH (C) and content of lactate (D) in hippocampus. All
values were expressed as the mean ± SEM (n = 6). *p < 0.05, **p< 0.01 vs. C mice, #p < 0.05, ##p < 0.01
vs. F mice.
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Figure 5

Effects of sodium butyrate and �uorosis on pyruvate metabolism in hippocampus by western blot. The
expression of PDH (A) and MDH (B) in hippocampus and the quantitative analysis of optical density. All
values were expressed as the mean ± SEM (n = 4). *p < 0.05 vs. C mice, #p < 0.05, ##p < 0.01 vs. F mice.
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Figure 6

Effects of sodium butyrate and �uorosis on PI3K/AKT/HIF-1α pathway in hippocampus by western blot.
The expression of PI3K (A), AKT (B), P-AKT (C) and HIF-1α (D) in hippocampus and the quantitative
analysis of optical density. All values were expressed as the mean ± SEM (n = 4). *p < 0.05 vs. C mice, #p
< 0.05, ##p < 0.01 vs. F mice.


