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ARTICLE INFO ABSTRACT

Edited by: Yong Liang Fluorosis due to high fluoride levels in drinking water profoundly affects the development of human skeletal and

dental structures. Sodium butyrate (NaB) has been found to regulate overall bone mass and prevent pathological

Keywords: bone loss. However, the mechanism of NaB action on fluorosis remains unclear. In this study, a rat model of
S?d‘“m butyrate fluorosis induced by 100 mg/L sodium fluoride was used to investigate the impact of NaB on bone homeostasis
Fluorosis

and serum metabolomics. It was found that NaB significantly reduced the levels of bone resorption markers CTX-I
and TRACP-5B in fluorosis rats. Moreover, NaB increased calcium and magnesium levels in bone, while
decreasing phosphorus levels. In addition, NaB improved various bone microstructure parameters, including
bone mineral density (BMD), trabecular thickness (Tb. Th), trabecular bone separation (Tb. SP), and structural
model index (SMI) in the femur. Notably, NaB intervention also enhanced the antioxidant capacity of plasma in
fluorosis rats. Furthermore, a comprehensive analysis of serum metabolomics by LC-MS revealed a significant
reversal trend of seven biomarkers after the intervention of NaB. Finally, pathway enrichment analysis based on
differential metabolites indicated that NaB exerted protective effects on fluorosis by modulating arginine and
proline metabolic pathways. These findings suggest that NaB has a beneficial effect on fluorosis and can regulate
bone homeostasis by ameliorating metabolic disorders.

Bone homeostasis
Serum metabolism

1. Introduction that the symptoms can make the patient’s health condition progressively

worse and irreversible (Srivastava and Flora, 2020a).

Fluoride is an essential trace element that plays a vital role in human
metabolic processes. Ingestion of fluoride through drinking water is
often the primary source of fluoride intake for individuals (Podgorski
and Berg, 2022). According to the World Health Organization. (2017),
low concentrations of fluoride (0.5-1.0 ppmv) in drinking water can
help prevent dental caries, while high concentrations (>1.5 ppmv) can
lead to fluorosis.

Fluorosis can cause different degrees of lesions in various tissues and
organs of the whole body, mainly including bone-phase and non-bone-
phase damage. Among them, bone phase damage is primarily skeletal
fluorosis involving joints such as the neck, shoulders, knees, and hips,
resulting in significant stiffness and pain that can affect individuals of all
ages (Yadav et al., 2023). Unfortunately, there has been a lack of
effective prevention and treatment for skeletal fluorosis, despite the fact
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Recent studies have indicated that skeletal fluorosis development is
associated with oxidative stress and endoplasmic reticulum stress
(Garcia et al., 2021; Shashi and Thakur, 2022), overexpression or
imbalance of local regulatory networks of bone metabolism and related
factors (Collins et al., 2022). As with many chronic degenerative dis-
eases, fluoride-induced oxidative stress is considered a key mechanism
by which fluoride exposure produces various toxic effects (Babu et al.,
2022). Fluorosis leads to excessive production of reactive oxygen spe-
cies, which can interfere with bone cell metabolism and inhibit normal
bone cell functions, further promoting the development of skeletal
fluorosis (Jin et al., 2023).

Short-chain fatty acids (SCFA) are highly regarded metabolites pro-
duced by gut microorganisms and play an important role in the regu-
lation of body metabolism. Recent studies have shown that SCFA exerted
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Fig. 1. Experimental schedule. 24 SD male rats were divided into three groups of 8 rats each: Con group (distilled water), F100 group (Fluorosis group at 100 mg/L

NaF), and NaB group (1000 mg/kg/d NaB+100 mg/L NaF).

important regulatory effects on bone development and bone
metabolism-related disease (Lucas et al., 2018a; Montalvany-Antonucci
et al., 2019). As an important member of the SCFA family, butyrate and
its salts can improve bone mass and enhance bone microstructures in
vivo and in vitro (Tang et al., 2020a; Liu et al., 2023c). As early as 1993,
Iwami and Moriyama demonstrated that sodium butyrate (NaB) could
promote the proliferation and metabolic function of osteoblasts and
enhance alkaline phosphatase (ALP) activity (Iwami and Moriyama,
1993). Subsequently, it was found that NaB stimulated bone formation
by increasing the production of bone sialoprotein and osteopontin while
inhibiting osteoclast differentiation by increasing the production of
osteoprotegerin by human osteoblasts. (Katono et al., 2008). Moreover,
Tang et al. (Tang et al., 2020b) revealed that NaB prevented osteoporosis
in rats by promoting periosteal GSK-3p/Nrf2 signaling and mitochon-
drial function. Additionally, NaB treatment could enhance ALP activity,
mineralization capacity, and Coll-I, BMP2, and OCN expression levels in
MC3T3-E1 cells, whereas also suppressing PKC and NF-kB expressions,
intracellular ROS production and malondialdehyde levels within the
cytosol (Liu et al., 2023d). Meanwhile, an increase in bone mineral
density was found in NaB-treated rats (Liu et al., 2023d). Therefore, NaB
is hypothesized to play an important role in the prevention and treat-
ment of bone homeostasis imbalance and bone metabolism disorders
caused by fluorosis. However, its exact mechanism for the treatment of
fluorosis remains unclear.

Fluorosis-induced bone damage is a disorder of bone tissue meta-
bolism that is closely related to changes in metabolites. Serum, as a
readily available biofluid containing a variety of endogenous small
molecule metabolites, has become an important indicator of physio-
logical and pathological status (Zhang et al., 2012). Wang et al. (2019a)
identified that several metabolites in serum were associated with bone
mineral density. Moreover, a recent study based on serum metabolomics

found that puerarin improved OVX-induced osteoporosis by regulating
phospholipid metabolism and unsaturated fatty acid biosynthesis (Li
et al., 2022). Therefore, it can be concluded that research based on
serum metabolomics contributes to a comprehensive understanding of
the effects of NaB on bone metabolism in rats with fluorosis.

This study aims to comprehensively investigate how NaB affects
bone homeostasis and serum metabolism to alleviate fluoride poisoning.
First, the levels of bone resorption markers, bone mineral content, bone
microstructure parameters, and plasma biochemical indicators were
determined to assess the impact of NaB on bone health indicators and
structure. Furthermore, serum metabolites were systematically analyzed
by LC-MS and pathway enrichment based on differential metabolites
was performed to reveal the metabolic pathways of NaB for alleviating
fluorosis. This will provide a theoretical basis for NaB to prevent the
occurrence of fluorosis and lay the foundation for the use of NaB as a
new therapeutic approach for fluorosis in the clinic.

2. Materials and methods
2.1. Chemicals and reagents

NaB (purity > 98.5%) was acquired from Sigma (MO, USA) and NaF
( purity 98%) was purchased from Shanghai McLean Biochemical
Technology Co ( Shanghai, China). Rat osteocalcin (OCN) ELISA kit, rat
collagen type I C-terminal peptide (CTX-I) ELISA kit, and rat anti-

tartrate acid phosphatase 5B (TRACP-5B) ELISA kit were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.2. Animals and treatment

All animal experiments were approved by the Laboratory Animal
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Ethics Committee of Shenyang Medical College  (No.
SYYXY2019040602). A total of twenty-four male Sprague-Dawley (SD)
rats, aged three weeks, with an average weight of 60+5 g, were pur-
chased from Liaoning Changsheng Biological Company (Liaoning,
China). The rats were housed in a standard laboratory environment with
a temperature of 23+2°C, relative humidity of 50-70%, and a light/dark
cycle of 12 h each.

After one week of acclimatization feeding, the rats were randomly
divided into three groups of 8 rats each based on body weight. During
the experiment, rats in the control group (Con) were given distilled
water for the entire duration of the experiment, while the rats in the
fluorosis group (F100) and the NaB group were provided with a 100 mg/
L solution of sodium fluoride (NaF). The dosage of sodium fluoride was
selected based on previous studies (Wang et al., 2020; Zhong et al.,
2021) and preliminary experiments. After ten weeks of fluoride expo-
sure, rats in the Con and F100 groups were administered a 0.9% NaCl
solution by gavage, while rats in the NaB group received NaB at a
concentration of 1000 mg/kg/d by gavage once a day for four weeks
(Fig. 1). The final dose and cycle of NaB administration were according
to previous studies (Egorin et al., 1999; Yang et al., 2014; Liu et al.,
2015; Khan and Jena, 2016) and pre-experiments.

The body weight, mental status, food consumption, and metabolite
status of the rats were monitored daily throughout the experiment. At
the end of the experiment, the rats were anesthetized and executed by
intraperitoneal injection of 2% sodium pentobarbital, followed by the
collection of whole blood from the abdominal aorta and the isolation
and preservation of serum and plasma. In addition, the hind limb bones
of the rats were removed and preserved at —80°C under freezing
conditions.

2.3. Determination of femoral bone mineral content

The calcium, magnesium, and zinc levels in bone minerals were
determined by atomic absorption spectrophotometry (AA-7000, Shi-
madzu, Japan) (Scancar et al., 2000). The femur was first carbonized to
separate its mineral content by removing organic substances. The
carbonized bone was heated in a muffle furnace at 550°C for 6 hours and
subsequently dissolved in a 65% nitric acid solution. The elemental
contents were determined under air-acetylene flame conditions at a
wavelength of 213.9 nm for zinc, 285.2 nm for magnesium, and
422.7 nm for calcium. The actual levels of calcium, magnesium, and zinc
in the bone mineral were calculated from the calibration curve.

The phosphorus content in the samples was determined using the
molybdenum blue colorimetric method (Chen et al., 1956). The deter-
mination of phosphorus in the samples was carried out according to the
instructions of the phosphate assay kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). First, 0.1 mL of the sample was mixed
with 0.4 mL of precipitant, followed by centrifugation at 3500 rpm for
10 minutes, and the supernatant was taken for measurement. The
sample supernatant or phosphorus standard solution was mixed with the
working solution respectively. The mixture was cooled to room tem-
perature after 30 minutes in a water bath at 37°C, and the absorbance
was measured at 660 nm.

The fluoride content in the sample solutions was determined by the
fluoride ion-selective electrode method (Lei Magnetic, Shanghai, China)
(Martinez-Mier et al., 2011). The method is based on the potentiometric
response of a fluoride ion-selective electrode to free fluoride ions in
solution. First, a series of fluoride standard solutions were prepared, and
the fluoride ion-selective electrode and reference electrode were
immersed in the standard solution and the sample solution. The stabi-
lized potential values for each solution were accurately measured and
recorded using an ion meter. The logarithm of the fluoride ion concen-
tration was used as the x-axis and the potential values as the y-axis to
obtain the standard working curve. The fluoride ion concentration of the
corresponding sample solution was calculated from the standard curve.
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2.4. Micro-computed tomography (micro-CT) analysis

The femoral microstructures were analyzed by micro-CT scanning
(SkyScan1276, Bruker, GER). Following 24 h of fixation of the left femur
with 40 g/L paraformaldehyde solution, the processed femur was placed
vertically into a micro-CT, specimen tube and fixed to prevent dehy-
dration or displacement of the specimen during the scanning process.
The scanning parameters were 55 kV voltage, 72 pA current, and a
rotation step of 0.4 degrees. The region of interest (ROI) for three-
dimensional reconstruction was selected in the area of bone marrow
cavity 0.215 mm from the growth plate. The chosen ROI had a thickness
of 1.72 mm and the necessary image data was retrieved for the recon-
struction process. The acquired images were subjected to quantitative
analysis using the system’s software. The analysis primarily encom-
passed the assessment of trabecular bone density (Tb. BMD), bone vol-
ume fraction (BV/TV), trabecular bone thickness (Tb. Th), trabecular
bone number (Tb. N), trabecular bone separation (Tb. SP), structural
model index (SMI), and trabecular bone connectivity density (Conn.D

n).
2.5. Determination of plasma biochemical indicators

The determination of malondialdehyde (MDA) level, catalase (CAT)
activity, glutathione peroxidase (GSH-Px) activity, total superoxide
dismutase (T-SOD) activity, reduced glutathione (GSH) level, and total
antioxidant capacity (T-AOC) level was conducted following the in-
structions provided by the respective kits (Elabscience Biotech Co,
Wuhan, China). For MDA assay, 50 pL of standard solution or sample
solution was added to a 96-well plate, followed by 50 pL of biotinylated
detection antibody and incubation at 37°C for 45 minutes. After
washing, 100 pL of HRP conjugate was added to each well and the mixed
system was incubated at 37°C for 30 minutes. Following another wash,
the wells were then treated with 90 pL of substrate reagent and incu-
bated at 37°C for 15 min. Finally, 50 pL of termination solution was
added to the wells and the absorbance was measured at 450 nm. CAT
activity was determined at a wavelength of 405 nm by measuring the
residual reaction between Hy0, and ammonium molybdate, which
forms a yellow complex, indicating the efficacy of CAT in decomposing
hydrogen peroxide. Regarding GSH-Px activity, the sample was mixed
with the extraction reagent, followed by centrifugation at 500 g for
5 min at room temperature. Then the obtained supernatant was mixed
with the corresponding detection reagent, and the absorbance was
measured at 412 nm after standing at room temperature for 15 min. T-
SOD activity was gauged at 550 nm based on its ability to inhibit the
reaction between WST-8 salt and superoxide anions. GSH levels were
assessed colorimetrically at a wavelength of 405 nm based on the pro-
duction of yellow TNB ions by the DTNB reaction. T-AOC levels were
measured at 520 nm using spectrophotometry.

2.6. Metabolomics of biological samples by LC/MS

After thawing at room temperature, 400 pL of acetonitrile was added
to each 100 pL serum sample to precipitate proteins, followed by an
overnight incubation at —20 °C. The precipitated proteins were sepa-
rated from the supernatant by centrifuging at 20,000 g for 10 minutes.
Subsequently, the supernatant was subjected to freeze-drying in prepa-
ration for further metabolomics analysis. QCs for the LC/MS analysis
were prepared by taking 5 pL aliquots of each treated sample to ensure
the reproducibility and validity of the experiments. The separation was
performed on an X Bridge BEH C18 column (3.5 pm, 2.1 mm x 100 mm)
with gradient elution using a dual-solvent system, which was solvent A
(water plus 0.1% formic acid) and solvent B (acetonitrile plus 0.1%
formic acid). Gradient elution conditions were as follows: 0-0.5 min, 5%
B; 0.5-5 min, 5%-80% B; 5-7 min, 80%-100% B; 7-8 min, 100% B;
8-8.1 min, 100%-5% B; and 8.1-10 min, 5% B.

The temperature of the column was maintained at 50 °C, the flow
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Fig. 2. Effect of NaB on final body weight and bone mineral content. (A) Final body weight of rats; (B-F) Bone mineral content in rats. B, Fluoride; C, Calcium; D,
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rate was set at 0.30 mL/min, and the injection volume for each sample
was 2 pL. The mass spectrometry voltages were set to 5000 V (ESI+) and
4500 V (ESI-), and the primary scan range was 50-1200 Da. The tem-
perature of the ion source was adjusted to 650 °C and the dynamic
exclusion time was configured at 4 seconds.

2.7. Statistical analysis

The statistical analysis was conducted using SPSS software (version
27.0) and expressed as mean =+ standard deviation (x + s). The signifi-
cance levels were denoted as *P< 0.05, **P< 0.01, ***P < 0.001,
respectively, compared with the control group, and *P < 0.05, *#p <
0.01, ###p < 0.001, respectively, compared with the fluorosis group.
Metabolomics original data files were normalized and converted into.
CSV format using MultiQuant MD software. Principal component anal-
ysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA)
were conducted to provide an overview of the metabolic data and screen
for differential metabolites. Moreover, univariate analysis was then
performed using the MetaboAnalyst 5.0 platform to further compare the
preliminary differential metabolites in the Kyoto Encyclopaedia of
Genes and Genomes (KEGG) and Human Metabolite Database (HMDB)
databases. Finally, metabolites with Variable Importance Projection
(VIP) > 1, P < 0.01, and fold change (FC) > 2 or < 0.5 were selected as
differentially expressed metabolites with significant differences between
groups, followed by identified metabolites being imported into Metab-
oAnalyst 5.0 ( http://www.metaboanalyst.ca) and Kyoto Encyclopaedia
of Genes and Genomes (KEGG; http://www.kegg.jp) for pathway
analysis.

3. Results and discussion
3.1. Effects of NaB on body weight and bone mineral content

During the experiment, no mortality occurred in any of the experi-
mental groups, and there were no significant differences observed in
diet, water consumption, fur condition, or behavioral patterns among
the rat groups. Nevertheless, the F100 group exhibited a statistically
significant decrease in body weight compared to the Con group at the
end of the experiment (P = 0.001; Fig. 2A). However, the treatment with
1000 mg/kg/day of NaB resulted in a notable increase in body weight
compared to the F100 group (P = 0.009; Fig. 2A). Furthermore, the F100
group exhibited a significant reduction in bone calcium, magnesium,
and zinc levels in comparison to the Con group (P = 0.001, 0.003,
0.006), while there was a considerable increase in bone fluoride and
phosphorus contents (P=0.001, 0.003; Fig. 2B-F). Compared with the
F100 group, the NaB group had increased bone calcium and magnesium
(P=0.005, 0.005), whereas fluoride and phosphorus levels were
decreased (P=0.005, 0.02; Fig. 2B-F).

In this study, a rat model of high fluoride exposure was successfully
established by adding 100 mg/L NaF to the drinking water of rats. The
results showed that rats exhibited impaired bone mineral metabolism
under a high fluoride environment, which is consistent with previous
research findings (Sharma et al., 2022). However, intervention with
1000 mg/kg/day of NaB significantly improved the bone homeostasis of
fluorosis rats, as evidenced by a significant reduction in bone fluoride
and phosphorus content and a significant increase in bone calcium and
magnesium content. These results suggest that NaB can effectively
restore the changes in body weight and bone mineral content induced by
fluoride in rats.
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3.2. Effects of NaB on femur development

To investigate the anti-fluorosis effects of NaB treatment, we
analyzed the morphology of bone trabeculae, changes in bone density,
and three-dimensional structure by micro-CT. As can be seen in Fig. 3A,
the trabecular structure of the femur in the F100 group was sparse and
heterogeneous compared with the Con group and fractured and missing
trabeculae were observed in the ROI region. However, compared with
the F100 group, the NaB group exhibited a relatively denser trabecular
structure and increased trabeculae in the ROI region. Moreover, some
microstructural damages to bone were relatively less severe. It can be
seen from Fig. 3B-H that BMD, BV/TV, Tb. Th, Tb. N, and Conn. Dn in
the F100 group was significantly lower than in the Con group (P=0.01,
0.009, 0.002, 0.02, 0.02), while Tb. Sp and SMI values were significantly
increased (P=0.01, 0.01). However, there was a significant increase in
femoral BMD and Tb. Th in the NaB group compared to the F100 group
(P=0.04, 0.04), whereas Tb. Sp and SMI values were significantly
decreased (P=0.04, 0.04).

Overall, micro-CT analysis revealed abnormal femoral trabecular
morphology in fluorosis rats, indicating impaired bone quality and
structural characteristics, which is in accordance with the findings of Li
et al.(Li et al., 2023). Nevertheless, the morphology of bone trabeculae
showed a significant improvement after administering NaB. These

findings suggest that NaB can effectively improve bone loss caused by
fluorosis.

3.3. Effects of NaB on plasma biochemical indicators

To further investigate the regulatory effects of NaB in fluorosis rats,
biomarkers related to bone formation and resorption were examined. As
shown in Fig. 4A-C, plasma biochemical analysis indicated that the OCN
levels in the F100 group showed a decreasing trend but were not sta-
tistically significant, whereas the CTX-I and TRACP-5 levels in the F100
group were significantly higher (P=0.005, 0.001) compared with the
con group. Moreover, compared with the F100 group, the OCN levels in
the NaB group showed a slight upward trend, while the CTX-I and
TRACP-5B levels in the NaB group were significantly decreased
(P=0.007, 0.001).

Bone metabolism refers to the dynamic balancing of bone formation
and resorption. When bone resorption exceeds bone formation, bone
loss is manifested as osteoporosis. BALP, OCN, TRACP-5B, and CTX-I are
specific markers reflecting bone formation and resorption (Garnero,
2006). OCN is synthesized and secreted by osteoblasts, and its level can
reflect the process of bone formation (Han et al., 2018). CTX-I, a sen-
sitive marker for bone resorption, is associated with type I collagen,
while TRACP-5B promotes bone resorption. The present study
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Fig. 6. Fluoride exposure altered the metabolite profile of serum contents. (A, C) Plots of PLS-DA scores of metabolic changes in serum samples for Con vs. F100
group and F100 vs. NaB group in positive ion mode, respectively, n = 6 per group; (B, D) Plots of PLS-DA scores of metabolic changes in serum samples for Con vs.
F100 group and F100 vs. NaB group in negative ion mode, respectively; (E, G) Differential expression Volcano Plots in serum samples for Con vs. F100 group and
F100 vs. NaB in positive ion mode, respectively; (F, H) Differential expression Volcano Plots in serum samples for Con vs. F100 group and F100 vs. NaB in negative

ion mode, respectively.
<
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demonstrated that 100 mg/L fluoride affected the levels of biomarkers
of bone resorption thereby disrupting bone homeostasis, which is in line
with Wang’s findings that high fluoride levels lead to abnormal bone
activity (Wang et al., 2019b). Interestingly, the above results confirmed
that NaB could reverse this disturbance in bone growth and alleviate
fluorosis by regulating bone resorption.

3.4. Effects of NaB on oxidative stress indicators

To clarify how NaB alleviates bone tissue damage in rats with fluo-
rosis, we conducted a detailed analysis of its effects on oxidative stress
indicators. As depicted in Fig. 5A-F, compared to the Con group, the
F100 group exhibited a significant decrease in the levels of T-SOD, GSH,
CAT, GSH-Px, and T-AOC (P=0.02, 0.01, 0.001, 0.01, 0.001), indicative
of impaired antioxidant defenses. Additionally, there was a significant
increase in MDA content (P=0.001), suggesting heightened oxidative
damage and lipid peroxidation. In contrast, the NaB group showed
significantly higher T-SOD, CAT, and T-AOC levels (P=0.02, 0.002,
0.002) and a significantly lower MDA level (P=0.003) than the F100
group.

Fluoride exposure increases the generation of reactive oxygen spe-
cies (ROS) and diminishes antioxidant capacity (Srivastava and Flora,
2020Db), leading to fluoride-induced oxidative stress. In the experiment,
a significant decrease in serum levels of T- SOD, GSH, CAT, GSH-Px, and
T-AOC was observed in fluoride-exposed rats, along with a marked in-
crease in MDA. These findings suggested that high levels of fluoride
decreased the antioxidant enzyme activity, thereby increasing MDA
levels, which in turn led to oxidative stress. However, it was observed
that the administration of NaB effectively alleviated the oxidative stress
in rats with fluorosis. To sum up, NaB can improve antioxidant capacity
and reduce lipid peroxidation and oxidative stress.

3.5. Serum metabolomics

Fluorosis-induced bone damage is a type of bone tissue metabolism
disorder closely associated with changes in metabolites, but the specific
metabolic features associated with it remain unclear. In order to inves-
tigate the mechanism by which NaB alleviated fluorosis in rats, LC-MS
analysis of small molecule endogenous metabolites was conducted to
reveal changes in the metabolic profile, thereby elucidating the poten-
tial mechanisms underlying NaB intervention in fluorosis.

The ion flow charts of the total serum and quality control samples are
illustrated in Figure S1. The PCA score plots in Figure S2A-B, distinctly
separated the Con and F100 groups, demonstrating clear clustering,
which was also observed between the F100 and NaB groups
(Figure S2C-D). Further analysis with PLS-DA, revealed the model’s
stability and predictability through the evaluation parameters R? and Q?
(Figure S2E-H). This analysis revealed significant clustering in both ion
modes for the Con vs. F100 group comparison, indicating a deviation
from normal metabolic levels in the F100 group due to fluorosis. Simi-
larly, clear clustering between the F100 vs. NaB groups indicates that
NaB treatment potentially counteracts the metabolic changes induced
by fluorosis, as shown in Fig. 6A-D.

Volcano plots were employed as a screening tool for identifying
differential metabolites. In both positive ion mode (Fig. 6E) and nega-
tive ion mode (Fig. 6F), 1689 and 1487 metabolites were up-regulated,
and 1712 and 1614 metabolites were down-regulated in the F100 group
compared with the Con group, respectively. Comparatively, in the pos-
itive ion mode (Fig. 6G), the NaB group up-regulated 1650 metabolites

and down-regulated 1557 metabolites, whereas, in the negative ion
mode (Fig. 6H), the NaB group up-regulated 1517 metabolites and
down-regulated 1440 metabolites, respectively.

For deeper metabolic pathway analysis, we selected metabolites
based on variables with VIP > 1 and FC > 2 or < 0.5 with P < 0.01. By
comparing the data between the Con vs. F100 and F100 vs. NaB groups,
a total of 1438 and 1542 differentially expressed metabolites were
identified, respectively. Subsequently, KEGG metabolic pathways were
used to analyze the potential metabolic pathways of NaB for alleviating
fluorosis. As shown in Fig. 7A-B, larger log(p) values and redder colors
indicate higher importance of the metabolite and more significant ef-
fects, indicating the involvement of more nodes affected by the metab-
olite. Pathways with impact values > 0.1 and -log10(p) values >1.0
were considered to be significantly affected metabolic pathways. The
results showed that fluorosis may be related to arginine and proline
metabolism and glycerophospholipid metabolism, consistent with pre-
vious research (Zhao et al., 2022b) (Yue et al., 2020). Arachidonic acid
metabolism, steroid hormone biosynthesis, and arginine and proline
metabolism were found to be the most important pathways involved in
the prevention of fluorosis by NaB. In these comparative groups, there is
a certain degree of overlap between the pathways of arginine and pro-
line metabolism. This suggests that NaB may affect this metabolic
pathway and be associated with these seven biomarkers (Fig. 7C-D) to
antagonize fluorosis. A detailed analysis of the metabolic pathways and
associated metabolites can be found in Table 1 and Table S1-2.

Metabolomics analysis of rat serum revealed significant deviations in
the metabolite profile of fluorosis rats, indicating metabolic distur-
bances. NaB treatment shifted the metabolite profiles towards normal
levels, indicating its antagonistic effect on fluorosis-related metabolic
changes. Further analysis revealed that NaF primarily affected pathways
associated with arginine and proline metabolism and glycer-
ophospholipid metabolism, whereas NaB mainly influenced pathways
related to arachidonic acid metabolism, arginine and proline meta-
bolism, and steroid hormone biosynthesis. Obviously, arginine and
proline metabolism emerged as a shared pathway, suggesting its crucial
role in the NaB treatment of fluorosis. After NaB intervention in fluorosis
rats, several metabolites in arginine and proline metabolism showed
significant changes, including 1-Pyrroline-4-hydroxy-2-carboxylate, 4-
Hydroxyproline, cis-4-Hydroxy-D-proline, L-1-Pyrroline-3-hydroxy-5-
carboxylate, L-Glutamic gamma-semialdehyde, S-Adenosylmethionine,
4-Hydroxyproline, and Trans-3 hydroxy-L-proline.

Previous research has linked arginine and proline metabolism to
protecting against bone loss (Onuora, 2023). In this study, we observed a
significant increase in the blood metabolites 1-pyrroline-4-hydroxy-2--
carboxylate and L-1-pyrroline-3-hydroxy-5-carboxylate, which are in-
termediate products in the arginine synthesis pathway and can be
converted to arginine by arginine synthase. This finding is consistent
with recent studies showing increased arginine biosynthesis in saliva
samples of dental fluorosis patients (Liu et al., 2023a). Arginine and
proline play a crucial role in protecting against oxidative stress by
maintaining intracellular redox homeostasis and increasing catalase
activity (Lin et al., 2005; Zhang et al., 2015). Proline has been found to
regulate oxidative metabolism during osteoblast development and serve
as a source of energy. In the case of fluorosis, proline contributes to the
production of additional ATP to meet the increased energy demands of
cells caused by oxidative stress (Phang et al., 2008). These findings
suggest a potential link between fluoride exposure and oxidative stress.
Further research is needed to explore the specific mechanisms involved
in arginine and proline biosynthesis in response to oxidative damage.
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Table 1
Potential biomarkers associated with NaB treatment in rat serum in the metabolic pathway.
No Metabolite MODE Formula Kegg ID Fold change F100 vs NaB Trend F100 vs NaB
Con vs F100 Con vs F100
1 1-Pyrroline-4-hydroxy-2-carboxylate + C5H7NO3 C04282 6.74 0.14 Pk
2 4-Hydroxyproline + C5HONO3 C01157 5.39 0.2
3 cis-4-Hydroxy-D-proline + C5HONO3 C03440 4 0.24 Pk
4 L-1-Pyrroline-3-hydroxy-5-carboxylate + C5H7NO3 C04281 4 0.24
5 L-Glutamic gamma-semialdehyde + C5HONO3 C01165 4 0.24
6 S-Adenosylmethionine - C15H23N605S C00019 0.12 7.04 el
7 Trans-3-hydroxy-L-proline + C5H9NO3 C05147 4 0.24 [l [kl

@Fold change equals the fold difference in concentration observed between two groups. 1: upregulated. |: downregulated. *P < 0.05, **P < 0.01, ***P < 0.001.

S-adenosylmethionine (SAM) is an essential substance in the arginine
synthesis pathway, contributing to DNA and protein synthesis in bone
cells and playing a critical regulatory role in bone formation. Previous
studies have shown that high levels of SAM increase the risk of fragility
fractures and osteoporosis (McLean et al., 2004; Van Meurs et al., 2004).
During osteoclast differentiation, the oxidative metabolism of the cells
tends to increase, meaning that they become more reliant on oxidative
pathways to generate energy, accompanied by an increase in SAM levels
(Nishikawa et al., 2015). Increases in serum collagen cross-linked pep-
tides (CTX) and TRACP-5B positively correlate with enhanced osteoclast
activity and increased systemic bone resorption (Rissanen et al., 2008;
Both et al.,, 2018). Conversely, serum osteocalcin (OCN) content is
negatively correlated with enhanced osteoclast activity and increased
systemic bone resorption, as confirmed by our findings (Liu et al.,
2023b). Herman’s study suggested that SAM-induced tissue-specific
accumulation of homocysteine in bone by binding to collagen, accom-
panied by bone loss and decreased bone strength. This may be related to
the pathological mechanism of decreased methylation capacity of oste-
oblasts (Herrmann et al., 2009). Therefore, we speculate that SAM may
be involved in the intracellular methylation reactions in NaB group rats
by providing methyl groups, regulating redox balance, and ameliorating
the pathological mechanisms of fluorosis.

Fluorosis is a bone metabolism disorder due to excessive fluoride
intake. Our study found increased serum levels of 4-hydroxyproline, cis-
4-hydroxy-D-proline, and trans-3-hydroxy-L-proline, consistent with
previous findings (Zhao et al., 2022). Proline is an essential amino acid
involved in collagen synthesis, which plays a crucial role in maintaining
the structure and strength of connective tissues like bones and cartilage
(Li and Wu, 2018; Karna et al., 2020). Disrupted proline metabolism
may affect collagen production and, thus, bone tissue structure, sug-
gesting a potential mechanism for fluorosis development. Hydroxypro-
line is produced by proline hydroxylation within the peptide chain by
prolyl hydroxylase. Collagenases can break down collagen, releasing
hydroxyproline into the bloodstream and increasing its concentration
(Wu et al., 2019). The increased serum hydroxyproline levels observed
in fluorosis rats may indicate increased collagen breakdown, enhanced
bone resorption, and degradation of bone tissue, which are associated
with fluoride-induced bone damage. In the case of fluorosis, hydroxy-
proline can transfer the redox potential of the pentose phosphate
pathway to the mitochondria via the proline cycle, which helps generate
additional ATP to provide cells with the energy needed to cope with
metabolic changes induced by oxidative stress (Phang et al., 2008). In
brief, the NaB intervention restored the levels of bone homeostasis in-
dicators and the levels of the above serum metabolites, indicating NaB
may prevent fluorosis in rats by regulating bone homeostasis and serum
metabolism.

Moreover, NaB affects metabolites in various metabolic pathways,
such as arachidonic acid metabolism and steroid hormone biosynthesis.
However, the analysis of metabolic pathways suggests that the impact of
metabolites on these pathways is relatively weaker compared to argi-
nine and proline metabolism. This could be attributed to the relatively
lower importance of these metabolites within their respective pathways.
Arginine and proline metabolism primarily contribute to osteoblast
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differentiation and synthesis, potentially improving bone mass and
skeletal structure by mitigating oxidative stress. Nevertheless, the up- or
down-regulation of differential metabolites analyzed using LC-MS in the
present study is a relative change, and quantification of key differential
metabolites in serum metabolism is necessary for future studies to
determine in depth the potential mechanisms by which NaB regulates
bone homeostasis and serum metabolism.

Altogether, our study demonstrates the protective effect of NaB
against fluorosis in rats by modulating bone homeostasis and serum
metabolism, which corroborates previous findings that SCFA signifi-
cantly modulates the development of skeletal and bone metabolism-
related diseases (Lucas et al., 2018b; Montalvany-Antonucci et al.,
2019). Although clinical studies of butyrate have shown results that are
much more complex than experimental models, there is some evidence
to support a protective role for butyrate in disease (Patz et al., 1996;
Luceri et al., 2016; Elfadil et al., 2023). However, direct supplementa-
tion with butyrate differs from endogenous butyrate production, which
is combined with circadian rhythmic fermentation (Leone et al., 2015;
Kaczmarek et al., 2017). Therefore, forms of supplementation that
match physiologic patterns are promoted for the future (Sobh et al.,
2022; Hodgkinson et al., 2023). It is also important to note that exog-
enously administered NaB interferes with the patient’s own butyrate
metabolism and it remains to be demonstrated whether the health
benefits conferred derive solely from the presence of butyrate. Future
promising clinical studies are therefore necessary to elucidate in depth
the role of butyrate in various diseases.

4. Conclusion

In this study, we have demonstrated that NaB effectively improves
bone homeostasis in rats affected by fluorosis. Specifically, NaB treat-
ment increased bone mineral density and content, improved bone tissue
morphology and microstructure, modulated bone resorption, and
reduced oxidative stress. Furthermore, this research offers a novel
perspective through serum metabolomics, showing that NaB treatment
alters the endogenous metabolic profile in fluorosis rats. Key metabolic
pathways, particularly those involving metabolites such as 1-Pyrroline-
4-hydroxy-2-carboxylate and 4-Hydroxyproline, which play a role in
arginine and proline metabolism, emerge as primary characteristics of
the metabolic profile post-NaB treatment. In conclusion, this study
deepens our understanding of NaF toxicity mechanisms and sheds light
on the metabolic profile after NaB treatment. Furthermore, it contrib-
utes to identifying potential biomarkers for fluorosis, developing inter-
vention strategies, and paving the way for new therapeutic approaches
to treating fluorosis.
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