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ARTICLE INFO ABSTRACT

Edited by: Dr. Caterina Faggio Fluoride is widely present in the environment. Excessive fluoride exposure leads to fluorosis, which has become a

global public health problem and will cause damage to various organs and tissues. Only a few studies focus on

Keywords: serum metabolomics, and there is still a lack of systematic metabolomics associated with fluorosis within the
I}:}“"“d‘? main organs. Therefore, in the current study, a non-targeted metabolomics method using gas chromatography-
uorosis

mass spectrometry (GC-MS) was used to research the effects of fluoride exposure on metabolites in different
organs, to uncover potential biomarkers and study whether the affected metabolic pathways are related to the
mechanism of fluorosis. Male Sprague-Dawley rats were randomly divided into two groups: a control group and a
fluoride exposure group. GC-MS technology was used to identify metabolites. Multivariate statistical analysis
identified 16, 24, 20, 20, 24, 13, 7, and 13 differential metabolites in the serum, liver, kidney, heart, hippo-
campus, cortex, kidney fat, and brown fat, respectively, in the two groups of rats. Fifteen metabolic pathways
were affected, involving toxic mechanisms such as oxidative stress, mitochondrial damage, inflammation, and
fatty acid, amino acid and energy metabolism disorders. This study provides a new perspective on the under-
standing of the mechanism of toxicity associated with sodium fluoride, contributing to the prevention and
treatment of fluorosis.

Gas chromatography-mass spectrometry
Toxicity mechanism

Metabolomics

Biomarker

in the body also causes damage to other organs and tissues such as the
brain (Agalakova and Nadei, 2020), liver (Malin et al., 2019), kidney

1. Introduction

Fluorides are naturally widespread in the environment, in water,
soil, and plants (Jha et al., 2011; Singh et al., 2018). The main sources of
human fluoride exposure are drinking water, dental products and food
(Guissouma et al., 2017; Srivastava and Flora, 2020). Low-dose fluoride
exposure can prevent dental caries (Whelton et al., 2019), but high-dose
fluoride exposure and long-term accumulation may lead to fluorosis
(Wei et al., 2019). The limit of fluorine in drinking water is 1.5 mg/L,
according to the World Health Organization (Patil et al., 2018).
Nevertheless, the risk of chronic endemic fluorosis still exists in many
countries and regions on earth (McGill, 1995; Saeed et al., 2020; Yuan
et al., 2020). In addition to skeletal fluorosis (Sellami et al., 2020) and
dental fluorosis (Moimaz et al., 2015), excessive fluoride accumulation

(Dharmaratne, 2019), heart (Quadri et al., 2018), thyroid (Kher-
adpisheh et al., 2018), testes (Kumar et al., 2020), and spinal cord
(Qing-Feng et al., 2019).

Fluoride is mainly absorbed in the stomach and intestines (Buzalaf
and Whitford, 2011). Studies have shown that fluoride can penetrate the
blood-brain barrier, cause brain metabolic disorders, inhibit related
neural enzymes, and affect the morphology of brain synapses (Niu et al.,
2018). Fluoride can also affect the density, morphology and motility of
rat sperm (Gupta et al., 2007). Previous studies have shown that fluoride
may poison the immune system, reduce the number of macrophages (De
la Fuente et al., 2016), increase lipid peroxidation and increase
pro-inflammatory cytokines. Acute fluoride exposure may also lead to
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myocardial injury and induce myocarditis (Panneerselvam et al., 2019).

Fluoride has a systemic effect on the body, involving a variety of
organs and tissues, but there is still a lack of systematic and compre-
hensive studies on the observation of metabolite changes from the
perspective of metabolomics. Metabolomics are not only sensitive to
organ-specific toxicity but also provide information about the mecha-
nisms involved in organs and tissues (Johnson et al., 2016). To the best
of our knowledge, only two studies have investigated serum metabolites
of fluoride exposure in rats (Li et al., 2021; Yue et al., 2020), and there is
no metabolomic analysis of the main target organs of fluoride exposure.
The metabolomics study of eight organs and tissues in this study will
further explore the toxic mechanism of fluoride exposure and its impact
on metabolic levels, and provide new biological insights to promote the
diagnosis and treatment of fluorosis.

We carried out a metabolomics study on male Sprague-Dawley rats
exposed to sodium fluoride, using gas chromatography-mass spectrom-
etry (GC-MS). Changes in metabolite levels compared to the control
group were detected and confirmed by multivariate statistical analysis,
to investigate the relationship between differential metabolites and
metabolic pathways and mechanisms of fluorosis.

2. Material and methods
2.1. Chemicals and reagents

Sodium fluoride (purity > 99.99 %, metals basis) was purchased
from Aladdin Reagent Co., Ltd. (Shanghai, China). Heptadecanoic acid
(purity > 98 %) was purchased from Sigma-Aldrich Chemical Co., Ltd.
(MO, USA) as an internal standard compound in gas chromatography-
mass spectrometry analysis. Pyridine and methanol were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). O-
methylhydroxylamine hydrochloride (purity > 98 %) was purchased
from J&K Scientific Co., Ltd. (Beijing, China). N,O-Bis(trimethylsilyl)
trifluoroacetamide with trimethylchlorosilane (BSTFA + 1 % TMCS)
(v/v) was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China),
and the water was supplied from Hangzhou Wahaha Company (Hang-
zhou, China).

2.2. Animals and treatment

Eight-week-old male Sprague Dawley rats were acquired from Jining
Medical University. After acclimatization to a standard diet for 1 week,
12 rats were randomly designated to the control group (n = 6) and
fluoride exposure group (n = 6). The exposure dose and length were
determined according to our research and reported literature (Jiang
et al., 2019; Faibish et al., 2016; Suzuki et al., 2015; Suzuki and Bartlett,
2014; Yue et al., 2020). The fluoride exposure group was provided with
water containing the sodium fluoride that is present in drinking water (a
concentration of 100 mg/L), for 6 weeks; the control group was provided
with water. After 6 weeks, blood was extracted from the rats and then
they were deeply anesthetized with isoflurane. Next, the rats were
dissected on the ice, and the tissues (liver, kidney, heart, hippocampus,
cortex, kidney fat, and brown fat) were quickly and carefully removed.
The tissue samples were washed with phosphate-buffer (pH 7.2),
immediately frozen in liquid nitrogen, and stored in a refrigerator at —
80 °C for later use. All experimental procedures were performed in
accordance with the Regulations of Experimental Animal Administra-
tion issued by the State Committee of Science and Technology of the
People’s Republic of China, and approved by the University Ethics
Committee (No. JNRM-2021-DW-052).

2.3. Sample preparation
Serum samples: The collected blood was immediately centrifuged at

5000 rpm for 5 min to obtain serum, then 100 pL serum was mixed with
350 pL methanol (containing 100 pg/mL heptadecanoic acid as an
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internal standard). The mixture was vortexed and centrifuged at 14,000
rpm for 15 min at 4 °C. Supernatant was taken and dried with nitrogen at
room temperature. Next, 80 pL of pyridine solution containing 15 mg/
mL of o-methylhydroxylamine hydrochloride was added and well
mixed, and then heated in a water bath at 70 °C for 90 min. The sample
was mixed with 100 pL of BSTFA + 1 % TMCS and incubated at 70 °C for
60 min to obtain a derivatization solution. After centrifugation and
filtration through a 0.22-pm millipore filter, the solution was used for
GC-MS analysis.

Tissue samples: 50-mg tissue samples were homogenized by adding
1 mL methanol. The tissue homogenate was added with 1 mg/mL in-
ternal standard, and then centrifuged at 14,000 rpm for 15 min at 4 °C to
obtain the supernatant. Information about the remaining preparation
steps are provided in the description of preparation of the serum
samples.

Quality control sample (QCs): The pooled QC samples were prepared
by combining the small aliquots of the control group and the fluoride
exposure group.

2.4. GC-MS analysis

Analysis was performed with a 7890B-7000C GC-MS (Agilent Tech-
nologies, CA, USA). The specific operation conditions of chromatog-
raphy were as follows: the chromatographic analysis was carried out
with a HP-5MS capillary column, and the carrier gas was high purity
helium flowing at 1 mL/min. The temperature of injection was 280 °C,
and the injection volume was 1 pL with the split mode (50:1). Using a
programmed heating method, the initial temperature was 60 °C for 4
min, which then increased to 300 °C at 8 °C/min, and was then main-
tained for 5 min. The conditions for mass spectrometry analysis were as
follows: The ionization method used electrospray ionization, the ion
source temperature was 230 °C, and the transfer line temperature was
250 °C. The ionization voltage was 70 EV and full scan mode was
adopted with a quality scanning range of m/z 50-800. QC samples were
inserted as every sixth sample to evaluate the stability of the instrument
and the reproducibility of the entire process of analysis.

2.5. Multivariate statistical analyses and data processing

The primary GC-MS data were processed by Agilent Unknowns
analysis software and Masshunter quantitative analysis software (Agi-
lent Technologies, CA, USA). These data included peak extraction,
removal of peaks with a signal-to-noise ratio less than three, and peak
deconvolution (Dunn et al., 2012). The metabolites were identified by
comparing the secondary mass spectrum of the compound with the NIST
14.0 database. The content ratio of various metabolites was quantified
by the peak area normalization method, which is the ratio of each peak
area to the total peak area. SIMCA-P 14.0 software (Umetrics,Umea,
Sweden) was used to perform principal component analysis (PCA),
partial least squares-discriminant analysis (PLS-DA), and orthogonal
partial least squares-discriminant analysis (OPLS-DA) of the control
group and the fluoride exposure group to determine whether there is a
significant difference between them. At the same time, two-tailed stu-
dent’s t-tests were performed using SPSS 19.0 (SPSS Inc, Chicago, IL,
USA) to further test the difference between the two groups. Metabolites
with variable importance in projection (VIP) values > 1.0 in the
OPLS-DA analysis and p values < 0.05 in the two-tailed student’s t-tests
were considered as potential discriminant metabolites. The finalized set
of discriminant metabolites were imported into MataboAnalyst 5.0
(http://www.metaboanalyst.ca) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG; http://www.kegg.jp) for metabolic pathway
analysis to understand the mechanisms of change in metabolic path-
ways. Pathways with impact values > 0 and P values < 0.05 were
considered to be significantly affected metabolic pathways.


http://www.metaboanalyst.ca
http://www.kegg.jp
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3. Results
3.1. Clinical parameters

The rats in both the fluoride exposure group and the control group
survived to the end of the experimental periods and without becoming
moribund. There was no significant difference in initial body weight
between groups, with a trend to lower final body weights in rats after six
weeks of fluoride exposure (Fig. 1A). The statistical changes in the water
intake and organ weight of the rats over six weeks are summarized
(Fig. 1B and Fig. 1C), which indicates that there was no significant
differences between the fluoride exposure group and the control group.
Fig. 1D showed the representative H&E-stained images of organs for
rats. The control group showed no significant signs of edema, inflam-
matory cell infiltration, or necrosis in the liver, kidney, heart and brain
tissues. However, pathological images of the fluoride exposure group
showed diffuse hydropic degeneration, swollen cells, sparse cytoplasm
(shown by black arrows), and irregular arrangement of hepatocyte cords
in the liver tissue. In the kidney tissue, the epithelial cells of renal tu-
bules showed hydropic degeneration. The cytoplasm was sparse (shown
by black arrows). And the tubular structure was unclear. Cardiac tissue
occasionally exhibited myocardial cell necrosis and calcification (shown
by black arrows), and no obvious gliosis in the hippocampus.

3.2. GC-MS total ion chromatograms of serum and tissue samples

The total ion chromatograms of QCs are shown in Fig. 1E. All sam-
ples had a strong signal response, and a variety of metabolites were
detected with large peak capacity within the running time. The retention
time was stable and the chromatogram of each organ had good
reproducibility.
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3.3. Multivariate statistical analysis

OPLS-DA was established to analyze the data differences between the
two groups. It can be seen from the score chart that the control group
and the fluorine exposure group are clearly separated, indicating sig-
nificant differences. Moreover, the differences within each group were
small. The model parameters of each organ (Table S1) were all greater
than 0.5 and close to 1, indicating that the fitting accuracy of the model
was good. The reliability of the model was further verified by permu-
tation tests. Fig. 2 shows that the intercept of the Q2 regression line on
the y axis was less than 0, and all the Q2 values on the left were lower
than the original points on the right.

Cluster analysis of the metabolite levels showed that although there
was a slight overlap, most of the samples of the control group and the
fluoride-exposed group were clustered into their two groups. The dif-
ference in metabolite levels between the two groups was large, and the
difference between samples within each group was small (see Fig. 3).

3.4. Discriminant metabolites

The metabolites of the control group and of the fluoride exposure
group were analyzed by SIMCA software and SPSS software (VIP>1,
P < 0.05). There were 68 metabolites in the two groups showing sig-
nificant differences. As the final metabolic site of all organs, serum is of
great significance for finding biomarkers of fluoride exposure or fluo-
rosis. The levels of 16 metabolites in the serum of the two groups were
different, and most of these differences involved amino acids and
organic acids. Fluoride exposure had a greater impact on the levels of
metabolites in major organs such as the liver, kidney, heart, and brain.
Specific information about metabolite changes is provided in Table 1.
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Fig. 1. Effect of fluoride on (A) body weight, (B) organ coefficient, (C) daily water intake, (D) pathological examination, (E) TIC images of QCs: (a) serum, (b) liver,
(c) kidney, (d) heart, (e) hippocampus, (f) cortex, (g) kidney fat, and (h) brown fat. Values displayed are the mean + SD, *p < 0.05 and **p < 0.01 indicate dif-
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Fig. 2. OPLS-DA score chart and 200 permutation tests chart: (A) serum, (B) liver, (C) kidney, (D) heart, (E) hippocampus, (F) cortex, (G) kidney fat, and (H)

brown fat.
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Fig. 3. Cluster analysis and heatmap of differential metabolites in the (A) serum, (B) liver, (C) kidney, (D) heart, (E) hippocampus, (F) cortex, (G) kidney fat, and (H)
brown fat samples in the fluoride-exposed group compared to the control. The color indicates the significance of the different metabolites (blue, down-regulated; red,

up-regulated). The rows represent samples and the columns represent metabolites.

3.5. Metabolic pathway analysis

The expression of 15 metabolic pathways were significantly different
between the control group and fluoride exposure group (raw P < 0.05,
impact > 0.05). The details of metabolic pathway analysis are presented

in Table 2 and Fig. 4.

4. Discussion

Excessive fluoride exposure in the environment or drinking water
can lead to chronic fluorosis (DenBesten and Li, 2011; Yuan et al., 2020).
This can cause nervous system toxicity, and the heart, liver and kidneys
are the most susceptive soft tissues to fluorosis. However, there are few
studies on organ fluoride toxicity at the metabolic level. GC-MS has high
detection sensitivity and can identify a large number of metabolites in
the body (Papadimitropoulos et al., 2018). Through multivariate
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Table 1
List of metabolites with changes in serum, liver, kidney, heart, hippocampus, cortex, kidney fat, and brown fat following fluoride exposure.
Metabolite HMDB Serum Liver Kidney Heart Hippocampus Cortex Kidney fat Brown fat
VIP FC VIP FC VIP FC VIP FC VIP FC VIP FC VIP FC VIP FC
3-Hydroxybutyric acid HMDBO0000357 2.134 3.230 2.153 2.557
4-Hydroxyproline HMDB0000725 1.065 1.454
11-Eicosenoic acid HMDB0034296 1.374 0.391
Alpha-tocopherol HMDB0001893 1.240 1.418
Arachidonic acid HMDB0001043 1.756 1.469 1.386 1.614 1.832 0.407
Beta-alanine HMDB0000056 1.354 1.822 1.532 0.311
Cadaverine HMDB0002322 1.328 1.633
Cholesterol HMDB0000067 1.421 1.788 1.402 1.085 1.006 1.380 1.528 0.093 1.140 0.560 1.666 1.575 1.731 1.880
Cis-aconitic acid HMDB0000072 1.003 2.597
Citric acid HMDB0000094 1.141 0.268 2.210 11.311
D-lactic acid HMDB0001311 1.321 1.711
Docosahexaenoic acid HMDB0002183 1.196 0.723
Dodecanoic acid HMDB0000638 1.458 0.133
Ethanolamine HMDB0000149 1.426 0.995 1.226 0.795
Ethylamine HMDB0013231 1.214 1.302
Gamma-aminobutanoic acid HMDB0000112 1.573 2.201
Gentisate aldehyde HMDB0004062 1.224 0.603
Gluconic acid HMDB0000625 1.260 1.544
Glycerol HMDB0000131 1.480 1.608 1.206 0.537
Glycine HMDB0000123 1.033 0.650 1.189 0.544 2.020 1.468 1.618 2.844
Hypoxanthine HMDB0000157 1.102 0.587
Inosine HMDB0000195 1.157 3.326
L-alanine HMDB0000161 1.563 1.986 1.439 1.631 2.371 1.904 1.064 1.416
L-aspartic acid HMDB0000191 1.578 1.955 2.106 0.367 1.423 0.145 1.206 0.491
L-cysteine HMDB0000574 1.251 0.631
L-glutamic acid HMDB0000148 1.432 1.752 1.393 1.885 1.326 0.193 1.213 0.650
L-glutamine HMDB0000641 2.159 5.811 1.325 0.194
Linoleic acid HMDB0000673 1.578 1.955 1.523 1.539 1.441 7.024 1.742 2.087
L-isoleucine HMDB0000172 1.001 0.662
L-lactic acid HMDB0000190 1.633 2.214 1.512 10.107 3.313 1.995 1.938 2.860
L-lysine HMDB0000182 1.283 3.729 1.089 0.555
L-phenylalanine HMDB0000159 1.349 1.545 1.793 1.852 1.326 1.470
L-proline HMDB0000162 1.751 2.370 1.605 1.645
L-serine HMDB0000187 1.328 1.546 1.169 0.331
L-threonine HMDB0000167 1.259 1.308
L-tyrosine HMDB0000158 1.543 1.539 1.110 0.582
L-valine HMDB0000883 1.091 1.338
Maleic acid HMDB0000176 1.277 0.479
Malic acid HMDB0000156 1.071 1.380 1.361 1.695
MG(0:0/16:0/0:0) HMDB0011533 1.357 1.142 1.188 1.425 1.047 0.621
MG(16:0/0:0/0:0) HMDB0011564 1.474 1.287 1.062 1.345
MG(0:0/18:0/0:0) HMDB0011535 1.615 1.432 1.113 0.574 1.233 1.428 2.341 1.404
MG(18:0/0:0/0:0) HMDB0011131 1.391 1.209 1.008 1.297 1.018 0.636
MG(0:0/18:2(9Z,127)/0:0) HMDB0011538 1.940 1.375
MG(18:1(97)/0:0/0:0) HMDB0011567 1.141 1.551
Myo-inositol HMDB0000211 1.070 1.358 1.115 1.351 1.610 0.045
Myristic acid HMDB0000806 1.053 1.290
Myristoleic acid HMDB0002000 1.763 0.380
N-acetyl-L-aspartic acid HMDBO0000812 2.247 3.855
N-alpha-acetyllysine HMDB0000446 1.510 1.552 1.318 0.432
Niacinamide NMDB0001406 1.020 0.616 1.387 1.601
Oleamide HMDB0002117 1.328 1.549 1.615 0.221 1.842 0.382 1.517 1.832

(continued on next page)
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Table 1 (continued)

Kidney fat Brown fat

Cortex

Liver Kidney Heart Hippocampus

Serum

HMDB

Metabolite

FC

VIP

FC

VIP

FC

VIP

FC

VIP

FC

VIP

FC

VIP

FC

VIP

FC

VIP

1.426 1.010 1.312 1.317 0.241 1.342 0.454
1.672

1.788
1.238

HMDB0000207

Oleic acid

0.305

1.115

HMDB0000224

O-phosphoethanolamine

Ornithine

1.589

1.082

HMDB0000214

0.548

1.211

1.329 1.129 1.320

1.053

HMDB0000220

Palmitic acid

0.739

1.004

3.279

1.193

HMDB0000210

Pantothenic acid

Phenol

8.483

2.238

HMDB0000228

3.117

1.116

HMDB0001414

Putrescine

1.903

2.397

0.523

1.198

2.040

1.694

HMDB0000276

Pyroglutamic acid
Sebacic acid

2.739

1.853
1.532
1.410

HMDB0000792

0.509
0.326

1.268
1.452

1.216 1.459

1.336
2.070

HMDB0000827

Stearic acid

2.091

1.533

HMDB0000254

Succinic acid
Taurine

7.478
0.277

1.492
1.098

HMDB0000251

0.658 1.707 1.361

1.182

HMDB0003231

Vaccenic acid

3.308

2.114

HMDB0000888
HMDB0000300

Undecanedioic acid

Uracil
Urea

3.017

1.847

0.512

1.166

HMDB0000294

VIP, variable importance in projection; FC, fold change = fluoride/control.
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statistical analysis, 68 differential metabolites were found in the control
group and the fluoride exposure group, and 15 metabolic pathways were
affected. The interaction between pathways can be seen in Fig. 5.
Herein, we discussed the metabolic effects of fluoride exposure in the
whole body and major organs, respectively, and looked for potential
biomarkers and the mechanism of organ damage, to explore the mech-
anism of toxicity and the methods of treatment intervention for
fluorosis.

4.1. Serum metabolism analysis

The serum metabolome represents the final output of all organs and
is a detailed systematic characterization of physiological state. The study
of biomarkers in serum is helpful for the diagnosis of fluoride exposure
and the changes in physiological state. A total of 16 differential me-
tabolites, which may be used as potential biomarkers, were screened out
through multivariate statistical analysis. The related metabolic path-
ways include arginine synthesis and proline metabolism, and gluta-
thione metabolism, involving amino acid metabolism disorders, and
urea cycle and energy metabolism disorders. The eight differential me-
tabolites were amino acids, including L-alanine, L-proline, L-serine, L-
glutamic acid, L-phenylalanine, L-asparagine, L-glutamine, and
ornithine.

The levels of L-proline and 4-hydroxyproline in the serum of rats
exposed to fluoride were both elevated. Proline can be synthesized from
arginine and glutamic acid, and is the main amino acid constituting
collagen, which helps maintain the strength and normal structure of
connective tissues (including bones, cartilage, and the cardiovascular
system) (Karna et al., 2020; Li and Wu, 2018; Wu et al., 2011). Abnormal
metabolism of proline may affect the synthesis of collagen and further
affect the structure of bone tissue. It is speculated that this may also be
one of the causes of skeletal fluorosis. It has been proposed that proline
may act as a neurotoxin and a metabotoxin, causing damage to nerve
cells and nerve tissues (Nadler et al., 1988). The increase in mild or high
levels of proline may be related to cancer and mental illness (Fonteh
et al., 2007; Phang, 2019). Hydroxyproline is formed by hydroxylation
of proline on a peptide chain under the action of proline hydroxylase. At
the same time, collagen can be decomposed under the action of colla-
genase, hydroxyproline is then released, and in turn hydroxyproline in
the blood increases (Wu et al., 2019). Hydroxyproline content can be
used to characterize the content of collagen in tissue or biological
samples (Li and Wu, 2018). The increase of hydroxyproline content in
serum may be due to the increase of collagen catabolism, bone ab-
sorption, and bone tissue degradation, which is related to bone injury
caused by fluorine. Hydroxyproline is related to Paget’s disease (Zanglis
et al.,, 2005), Alzheimer’s disease (Chatterjee et al., 2021), and
hydroxyprolinemia (Staufner et al., 2016). The levels of L-proline and
4-hydroxyproline can be used as potential biomarkers of fluoride
exposure.

Ornithine, the core part of the urea cycle, plays an important role in
the excretion of ammonia nitrogen in the body. Ornithine is the pre-
cursor for the synthesis of citrulline and arginine. The increased accu-
mulation of ornithine in the blood of fluoride-exposed rats may be due to
the decreased transport of ornithine to mitochondria, resulting in the
reduction of ammonia load capacity. High concentrations of ammonia
may have toxic effects on cells. High concentrations of ornithine have
also been confirmed to be related to diseases such as hyperammonemia
(Salvi et al., 2001), cancer (Ni et al., 2014), and gyrate atrophy of the
choroid and retina (Simell and Takki, 1973). The high concentration of
ornithine detected in our study was also similar to the results of Yue’s
study (Yue et al., 2020). The possibility of ornithine as a potential
biomarker of fluoride exposure was demonstrated.

4.2. Liver metabolism analysis

The damage mechanism of fluoride exposure is different for different



S. Zhao et al.

Ecotoxicology and Environmental Safety 242 (2022) 113888

Table 2
Metabolic pathways related to the fluoride exposure intervention mechanism.
Pathway name Tissue Match Hit Raw p FDR Impact
status
Alanine, aspartate and glutamate Serum 5/28 L-asparagine, L-alanine, L-glutamic acid, L-glutamine, 5.7548E- 2.4170E- 3.1090E-1
metabolism Succinic acid 6 4
Arginine biosynthesis 3/14 L-glutamic acid, L-ornithine, L-glutamine 3.3204E- 9.2972E- 1.7766E-1
4 3
Arginine and proline metabolism 4/38 Hydroxyproline, L-proline, L-glutamic acid, L-ornithine 5.0173E- 1.0536E- 3.3542E-1
4 2
D-Glutamine and D-glutamate 2/6 L-glutamic acid, L-glutamine 1.5432E- 2.1605E- 5.0000E-1
metabolism 3 2
Glutathione metabolism 2/28 L-glutamic acid, L-ornithine 3.3941E- 3.1678E- 1.9660E-2
2 1
Phenylalanine, tyrosine and tryptophan 1/4 L-phenylalanine 4.1783E- 3.5098E- 5.0000E-1
biosynthesis 2 1
Butanoate metabolism Liver 4/15 (R)— 3-Hydroxybutanoate, 4-Aminobutanoate, L-glutamic ~ 3.4354E- 2.8857E- 3.175E-2
acid, Succinate 5 3
Glutathione metabolism 3/28 Glycine, L-glutamic acid, Cadaverine 6.0881E- 1.2785E- 1.0839E-1
3 1
Alanine, aspartate and glutamate 3/28 4-Aminobutanoate, L-glutamic acid, Succinate 6.0881E- 1.2785E- 2.8366E-1
metabolism 3 1
Phenylalanine, tyrosine and tryptophan Kidney 2/4 L-phenylalanine, L-tyrosine 7.077E-4 2.9723E- 1.0000E+ O
biosynthesis 2
Phenylalanine metabolism 2/12 L-phenylalanine, L-tyrosine 7.3816E- 1.5501E- 3.5714E-1
3 1
Glutathione metabolism 2/28 L-cysteine, Pyroglutamic acid 3.8030E- 6.3891E- 1.052E-2
2 1
Glyoxylate and dicarboxylate metabolism Heart 5/32 Cis-aconitic acid, Citrate, L-serine, L-glutamic acid, L- 6.3350E- 5.3214E- 9.7890E-2
glutamine 5 3
Alanine, aspartate and glutamate 4/28 L-aspartate, L-glutamic acid, L-glutamine, Citrate 5.5239E- 1.5467E- 5.3446E-1
metabolism 4 2
Arginine biosynthesis 3/14 L-aspartate, L-glutamic acid, L-glutamine 8.8344E- 1.8552E- 1.1675E-1
4 2
D-Glutamine and D-glutamate 2/6 L-glutamic acid, L-glutamine 2.9391E- 4.1148E- 5.0000E-1
metabolism 3 2
Pantothenate and CoA biosynthesis 2/19 Pantothenate, L-aspartate 2.9873E- 2.7527E- 7.1400E-3
2 1
Citrate cycle (TCA cycle) 2/20 Cis-aconitic acid, Citrate 3.2901E- 2.7527E- 1.4041E-1
2 1
Nicotinate and nicotinamide metabolism Hippocampus  2/15 L-aspartate, Nicotinamide 2.0691E- 4.3450E- 1.9430E-1
2 1
Pantothenate and CoA biosynthesis 2/19 L-aspartate, Beta-alanine 3.2474E- 5.4556E- 2.1430E-2
2 1
beta-Alanine metabolism 2/21 Beta-alanine, L-aspartate 3.9152E- 5.4813E- 3.9925E-1
2 1
Pantothenate and CoA biosynthesis Cortex 2/19 Pantothenate, L-valine 9.1995E- 1.9319E- 7.1400E-3
3 1
Alanine, aspartate and glutamate 2/28 N-acetyl-L-aspartic acid, L-alanine 1.9541E- 3.2830E- 8.6540E-2
metabolism 2 1
Phenylalanine, tyrosine and tryptophan 1/4 L-phenylalanine 3.1463E- 4.4048E- 5.0000E-1
biosynthesis 2 1
Linoleic acid metabolism 1/5 Linoleate 3.9185E- 4.7022E- 1.0000E+ 1
2 1
Glutathione metabolism Kidney fat 2/28 Glycine, 5-oxoproline 4.7583E- 1.9985E- 9.5820E-2
3 1
Primary bile acid biosynthesis 2/46 Cholesterol, Glycine 1.2616E- 3.5325E- 5.5630E-2
2 1
Alanine, aspartate and glutamate Brown fat 3/28 L-alanine, L-glutamic acid, Citrate 8.5565E- 5.3543E- 1.9712E-1
metabolism 4 2
Glyoxylate and dicarboxylate metabolism 3/32 Citrate, Glycine, L-glutamic acid 1.2748E- 5.3543E- 1.3757E-1
3 2
Glutathione metabolism 2/28 Glycine, L-glutamic acid 1.6472E- 3.1593E- 1.0839E-1
2 1
Primary bile acid biosynthesis 2/46 Cholesterol, Glycine 4.1980E- 4.5169E- 5.5630E-2
2 1
D-Glutamine and D-glutamate 1/6 L-glutamic acid 4.3018E- 4.5169E- 5.0000E-1
metabolism 2 1

Raw p, the original p value calculated from the enrichment analysis; FDR, false discovery rate.

organs. The liver, the body’s main metabolic organ, is a soft tissue
sensitive to fluorosis. Animal experiments have confirmed that excessive
intake of fluoride can cause abnormalities in the structure and function
of liver (Pereira et al., 2018). The volume of fatty acids in the liver of rats
exposed to fluoride increased significantly, including arachidonic acid,
stearic acid, linoleic acid, oleic acid, vaccenic acid, and palmitic acid.

Free fatty acid is the main mediator of hepatic steatosis. Patients with
non-alcoholic fatty liver disease commonly have elevated fatty acid
levels (Vergani, 2019). High levels of arachidonic acid, linoleic acid and
their derivatives may be closely related to inflammation (Buckley et al.,
2014). Arachidonic acid is the precursor of many pro-inflammatory
substances and mediates the production of inflammatory cytokines
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Fig. 4. Pathway analysis diagram of (A) serum, (B) liver, (C) kidney, (D) heart, (E) hippocampus, (F) cortex, (G) kidney fat, and (H) brown fat performed using
MetaboAnalyst 5.0. (a) Alanine, aspartate and glutamate metabolism; (b) arginine biosynthesis; (c) arginine and proline metabolism; (d) D-glutamine and D-
glutamate metabolism; (e) glutathione metabolism; (f) phenylalanine, tyrosine and tryptophan biosynthesis; (g) butanoate metabolism; (h) phenylalanine meta-
bolism; (i) glyoxylate and dicarboxylate metabolism; (j) pantothenate and CoA biosynthesis; (k) citrate cycle (TCA cycle); (1) nicotinate and nicotinamide meta-
bolism; (m) beta-zlanine metabolism; (n) linoleic acid metabolism; (o) primary bile acid biosynthesis.

(Korotkova and Lundberg, 2014). The increase of palmitic acid content
may lead to a toxic effect on hepatocytes (Joshi-Barve et al., 2007).
Palmitic acid can cause oxidative stress by destroying the mitochondrial
respiratory chain. Studies have shown that palmitic acid can activate
endoplasmic reticulum stress, and induce tissue inflammation and in-
sulin resistance (Lu et al., 2013). Animal experiments showed that
fluorine can cause lipid peroxidation damage in the liver, generate a
large number of free radicals and lipid peroxide, and affect the normal
functions of cell membrane structural proteins, membrane transport
proteins, receptor proteins, and contact channel proteins, resulting in

abnormal cell membrane biological functions and damage to biological
macromolecules (Zhao et al., 2018; Zhou et al., 2015). Therefore,
inflammation and oxidative stress may be the mechanisms of hepato-
toxicity arising from fluoride exposure.

Fluoride exposure also changed the level of amino acids in the liver
of rats. Compared with the control group, the level of glycine in the liver
of rats exposed to fluoride decreased. Glycine may have a significant
hepatoprotective effect which can protect liver parenchymal cells and
sinusoidal endothelial cells (Qu et al., 2002; Zhang et al., 2000; Zhong
et al.,, 1996). The abnormal increase of beta-alanine in the liver may
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Fig. 5. Metabolic pathways of major organs affected by fluoride processing (black arrows indicate energy metabolism pathways, including TCA cycle and glycolysis;
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indicate arginine and proline metabolism; yellow arrows indicate glutathione metabolism; pink arrows indicate arachidonic acid metabolism; orange arrows indicate
phenylalanine metabolism; light blue arrows indicate fatty acid metabolism). Metabolites marked in red indicate upregulation of metabolite levels due to fluoride

exposure, and downregulated metabolite levels are marked in green.

have adverse effects on liver cells. High levels of alanine may confer
mitochondrial toxicity and metabolic toxicity. Alanine can reduce the
level of taurine in liver cells, and taurine plays an important role in
maintaining mitochondrial respiratory function and reducing the pro-
duction of superoxide (Shetewy et al., 2016). In addition to its neuro-
toxicity, gamma-aminobutyric acid, a metabolic toxin, can also
adversely affect the body when present at high levels (Ikegami et al.,
2018).

4.3. Kidney metabolism analysis

The kidney is the main excretion route of sodium fluoride. At a high
concentration, sodium fluoride will target the kidney, especially the
proximal tubular epithelial cells, resulting in renal injury (Wahluyo
et al., 2017). The mechanism may involve oxidative stress and energy
metabolism disorders. Metabolomics results showed that the content of
L-aspartic acid in the kidney decreased, the levels of pyroglutamic acid
and L-cysteine changed, and the level of glutathione metabolism
decreased in the fluoride exposed group. L-aspartic acid is the precursor
of cell signaling compounds, and is also a metabolite in the urea cycle
and participates in gluconeogenesis. In addition, aspartic acid carries a
reducing equivalent in the mitochondrial malate-aspartic acid shuttle,
which plays an important role in the glycolysis process (Altinok et al.,
2020). The reduction of its content may inhibit the glycolysis process,
thereby causing renal metabolic disorders and affecting signal

10

transduction. Metabolic pathway analysis showed that the glutathione
metabolism pathway in the kidney was affected. Glutathione is the main
antioxidant in the body. It has antioxidant effects and integrated
detoxification effects (Wu et al., 2004). On the one hand, as an impor-
tant antioxidant in the body, it can remove free radicals. On the other
hand, it participates in biotransformation so as to convert harmful poi-
sons into harmless substances and excrete them from the body (Sies,
1999). Pyroglutamic acid is a cyclized derivative of L-glutamic acid,
which can be used as an acidogen and metabotoxin. Long term high
levels of pyroglutamic acid may lead to metabolic acidosis (Luyasu et al.,
2014). The increase in the level of pyroglutamic acid may be related to
the abnormal metabolism of glutathione. Cysteine is very important in
energy metabolism. It is a structural component of many tissues and
hormones, a precursor of protein synthesis, and an antioxidant. In the
body, cysteine can produce glutathione (Paul et al., 2018). Studies
showed that sodium fluoride significantly decreased the activity and
total antioxidant capacity of antioxidant enzymes (glutathione peroxi-
dase and superoxide dismutase), increased lipid peroxidation, and
increased cell apoptosis (Lu et al., 2017). In addition, an increase in the
content of the toxic substance ethylamine in the kidney was detected,
which may also be one of the causes of kidney damage caused by sodium
fluoride.
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4.4. Heart metabolism analysis

Fluoride may cause cardiotoxicity, and an increased probability of
heart disease and its complications was observed in fluorosis endemic
areas (Adali et al., 2013). Myocardial damage caused by fluorosis may
be caused by oxidative stress, lipid peroxidation, inflammation, and
metabolic disorders (Quadri et al., 2018). In the heart tissue, the levels
of L-serine, L-glutamine, L-aspartic acid, and L-glutamic acid in
fluoride-exposed rats were reduced. Metabolic pathway analysis showed
that the heart related arginine synthesis pathway and tricarboxylic acid
circulation pathway were disordered. These changes may affect the
physiological function of the heart and induce cardiomyocyte apoptosis.
L-glutamine plays an important role in cardiovascular physiology and
pathology (Durante, 2019). As a donor in protein and nucleic acid
synthesis, glutamine can participate in important activities in heart and
vascular cells, maintain the concentration of glutamic acid and adeno-
sine triphosphate, and protect cardiomyocytes from oxidative stress by
inducing the synthesis of GSH (Watanabe et al., 2021). Glutamine can
enhance the activity of antioxidants by inducing the expression of heat
shock proteins, balance the expression of pro-inflammatory factors and
anti-inflammatory factors, have an important anti-inflammatory and
antioxidant effect in the circulatory system, improve myocardial energy
supply and cellular energy metabolism, and prevent the accumulation of
lactic acid in myocardial cells (Wischmeyer, 2002). The decrease of
L-glutamine and L-glutamic acid content and the increase of L-lactic acid
levels have indicated that the heart has suffered oxidative stress damage
and energy metabolism disorders.

Citric acid and cis-aconitic acid are important components of the
tricarboxylic acid cycle, and participate in the common metabolic
pathways of carbohydrate, fat, and protein. The changes in their levels
indicated that the tricarboxylic acid cycle was disturbed. Therefore,
fluoride exposure may lead to mitochondrial damage. This conclusion
has been confirmed by other studies (Wang et al., 2020). In addition,
citric acid can reduce lipid peroxidation and inflammation and have a
cardioprotective effect (Abdel-Salam et al., 2014). The synthesis and
metabolism of arginine in the fluoride exposed group were also
disturbed. Arginine is not only an important raw material for protein
synthesis, but also a precursor for the synthesis of creatine, polyamine,
and nitric oxide (NO) in the body. Arginine plays an important regula-
tory role in the prevention and treatment of cardiovascular diseases, and
in reducing common cardiovascular dysfunction caused by coronary
heart disease, ischemic injury, and heart failure (Wu and Meininger,
2000). NO can also control platelet aggregation and regulate cardiac
contractility. These effects are mediated by the activation of soluble
guanylate cyclase, which in turn increases the concentration of cGMP in
target cells (Sudar-Milovanovic et al., 2016).

4.5. Brain metabolism analysis

Sodium fluoride is neurotoxic and can cause damage to the brain and
nervous system because it can penetrate the blood-brain barrier. Fluo-
ride exposure may lead to brain metabolism disorders. In this study,
metabolites in the hippocampus and cortex were detected, and the re-
sults showed that the levels of various amino acids changed. The content
of glycine and L-lysine in the hippocampus of rats exposed to fluoride
decreased significantly. Glycine is the simplest amino acid in the body
and can participate in signal transmission as a neurotransmitter in the
central nervous system (Rajendra et al., 1997). Hippocampal glycine
signal dysfunction is related to neuropsychiatric disorders. Glycine is a
constituent amino acid of GSH, which can inhibit the formation of
reactive oxygen species (ROS) and reduce the occurrence of oxygen
stress. It also has broad-spectrum anti-inflammatory, cell protection, and
immune regulation effects (Weinberg et al., 1987). The disorder of
glycine metabolism may be related to oxidative stress in brain tissue. As
an essential amino acid, lysine is involved in the synthesis of various
proteins such as skeletal muscle, enzymes, serum proteins, and peptide
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hormones in the body. Low lysine levels have been found in patients
with Parkinson’s disease, asthma, kidney disease, hypothyroidism, and
depression (Barbot et al., 1997; Engelborghs et al., 2003; Ntontsi et al.,
2020).

Fluoride exposure affected the metabolism of nicotinate and nico-
tinamide in the rat brain. Nicotinamide is the amide form of nicotinic
acid, which is the precursor for the synthesis of coenzyme I and coen-
zyme II (Rennie et al., 2015). By participating in cell energy metabolism,
it plays a protective role during oxidative stress or inflammatory dam-
age, effectively preventing cells and cell membranes from free radical
damage, and is closely related to metabolic processes such as glycolysis,
pyruvate metabolism and fatty acid metabolism (Li et al., 2006; Maiese
et al., 2009). Fluoride exposure also affects the synthesis pathways of
pantothenic acid and coenzyme A (CoA) in the hippocampus and cortex.
Pantothenic acid is an important part of the synthesis of CoA, which is a
key cofactor involved in many pathways including fatty acid biosyn-
thesis and the tricarboxylic acid cycle, and plays a role in transferring
acyl groups in metabolism (Tahiliani and Beinlich, 1991). CoA is
involved in the synthesis of many important substances in the brain,
such as acetylcholine, neuromuscular messengers, and melatonin. In
pantothenic acid deficiency, the oxidation of fatty acids is inhibited and
may induce brain damage.

Our study systematically studied changes of metabolites in the whole
body and main organs of rats under fluoride exposure through metab-
olomics methods. These findings can be used to speculate on potential
biomarkers or the possible toxicity mechanism of fluorosis. However,
while GC-MS technology can detect most of the metabolites in the body,
there are still certain limitations, although detection can be improved by
also using nuclear magnetic resonance and liquid chromatography-mass
spectrometry. In addition, this study lacked examination of the dose
response relationship, and used a single metabolomics method. How-
ever, the single metabolomics method can be set dose groups or com-
bined with proteomics, genomics and other multiple omics methods to
further verify our findings in the future.

5. Conclusion

In our study, metabolomics methods were used to screen out the
differential metabolites in the serum and major organs of fluoride
exposed rats, and the metabolic pathways affected by fluoride exposure
were analyzed. Proline, ornithine, etc. can be used as potential bio-
markers of fluorosis. The mechanisms of fluoride damage to different
organs may include oxidative stress, inflammation, mitochondrial
damage, fatty acid, amino acid, and energy metabolism disorders. This
study deepens the understanding of the toxicity mechanism of sodium
fluoride and provides new avenues for the diagnosis and prevention of
fluorosis.
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