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A B S T R A C T   

Fluoride (F) exposure was widely reported to be associated with renal diseases. Since absorbed F enters the 
organism from drinking water mostly through the gastrointestinal tract, investigating changes of gut microbes 
may have profound implications for the prevention of chronic F exposure because increasing evidence supported 
the existence of the gut-kidney axis. In the present study, we aimed to explore the potential positive effects of 
probiotics on high F exposure-induced renal lesions and dysfunction in mice by the modulation of the colonic 
microbiota. Mice were fed with normal (Ctrl group) or sodium-fluoride (F and Prob groups; 100 mg/L sodium 
fluoride (NaF)) drinking water with or without Lactobaillus johnsonii BS15, a probiotic strain proven to be pre-
ventive for F exposure. Mice fed with sodium-fluoride drinking water alone exhibited renal tissue damages, 
decreased the renal antioxidant capability and dysfunction. In contrast, L. johnsonii BS15 reversed these F- 
induced renal changes. 16S rRNA gene sequencing shows that L. johnsonii BS15 alleviated the increased com-
munity diversity (Shannon diversity) and richness index (number of observed features) as well as the distured 
structure of colon microbiota in F-exposed mice. A total of 13 OTUs with increased relative abundance were 
identified as the keystone OTUs in F-exposed mice based on the analysis of degree of co-occurrence and abun-
dance of OTUs. Moreover, Spearman’s rank correlation shows that the 13 keystone OTUs had negative effect on 
renal health and intestinal integrity. L. johnsonii BS15 reversed four of keystone OTUs (OTU 5, OTU 794, OTU 
1035, and OTU 868) changes which might be related to the underlying protected mechanism of L. johnsonii BS15 
against F-induced renal damages.   

1. Introduction 

Fluoride (F) is an essential chemical of social production (such as 
agriculture, food processing and industrial engineering) and maintains 

the organisms’ health. Despite these benefits, there is a growing 
awareness of the adverse body impacts arising from excessive F intake 
over a prolonged period. These included increased skeletal and dental 
fluorosis as a result of long-term excessive F exposure. Obvious damages 
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of kidney, liver, spleen, blood, gastrointestinal tract and nervous system 
were also observed in previous studies (Petersson et al., 2011). Many 
countries have reported that excessive F exposure is mainly due to the 
high fluoride groundwater linked to geological factors. Moreover, the 
number of people exposed to high fluoride is approximately 200 million 
in 25 countries around the world, especially in Asia, Europe, Africa, 
North and South America (Ayoob and Gupta, 2006). 

To date, many studies have demonstrated that high F exposure over a 
long period affects the kidney by histopathological changes and oxida-
tive stress. Basha and Rao et al. (2014) found that renal toxicity of 
fluoride is time-dependent. Furthermore, epidemiological investigation 
from the United States suggested that complex renal damages in the 
adolescent population are associated with F exposure (Malin et al., 
2019). However, the exact mechanism underlying F-induced renal 
damages remains unclear, which makes it difficult to find a preventive 
method against high F exposure. Nowadays, a lot of clinical trials and 
experimental results in nephropathic diseases have revealed that the 
administration of probiotics could attenuate colonic epithelial tight 
junction disruption and reduce the levels of uremic toxins and inflam-
matory mediators (Vaziri et al., 2014). In our previous study, we also 
found that excessive F intake affected the normal intestinal microbial 
communities, resulting in the damages of mucosal barrier function and 
intestinal villi development (Sun et al., 2020). Evidence is accumulating 
to consider gut microbiome as an essential role in the gut-kidney axis. 
The regulation of intestinal flora may be an effective way to alleviate 
kidney deleterious induced by high fluoride exposure by promoting or 
maintaining intestinal health. Nevertheless, more evidence based on 
animal experiments should be provided to demonstrate the relationship 
between the variations of intestinal tract and renal tissue under different 
conditions (Yang et al., 2018). The beneficial effects of gut microbiota in 
the colon against high F intake in drinking water remain unexplored. 

Previous researches demonstrated that the abundance of beneficial 
bacteria was decreased in nephropathic disease, which makes it possible 
to reverse the renal lesions by applying probiotics. Lactobacillus is one of 
the most common beneficial bacteria applied in renal diseases. Oral 
administration of an antibiotic-resistant Lactobacillus preparation 
(known as Lebenin) could restore the composition of intestinal microbial 
population to normal in patients with uremia and inhibit the accumu-
lation of uremia toxins in the blood (Hida et al., 1996). Such influences 
of lactic acid bacteria could be the result of its impacts on the immune 
status and permeability of the gut epithelium. Lactobacillus johnsonii 
BS15, a potential probiotic strain, has been reported its beneficial effects 
in preventing obesity-induced nonalcoholic fatty liver disease in mice 
(Xin et al., 2014). Our previous study reported L. johnsonii BS15 could 
effectively improve the dominant species abundance and gut develop-
ment of small intestine under high F environment, resulting in exerting 
beneficial effects on the gut-brain axis (Sun et al., 2020; Xin et al., 2021), 
but underlying mechanism still needs in-depth study. In addition, the 
effects of L. johnsonii BS15 on preventing renal dysfunction and the 
underlying mechanism are also necessary to be demonstrated. 

We thus investigated the influences of high F exposure and probiotic 
supplementation on colonic bacterial communities in mice using 
amplicon sequencing, tissue physiology and biochemistry analysis. 
From the perspective of physiological and pathological metabolic pro-
cesses, we evaluated the renal injury through excessive F exposure by 
observing histopathological lesions, functional changes and oxidative 
damage. In addition, it is unclear that whether or not community 
composition and diversity in colonic microbiome under high F envi-
ronment reconstruct corresponding species pattern. Therefore, an ani-
mal experiment combining these two aspects under the same 
experimental conditions allows to investigate the effects of excessive F- 
induced damages and probiotic treatment on microbial communities of 
colon and pathological changes of renal tissue. Using 16 S rDNA 
sequencing technique, we aimed to unravel how colonic microbial 
communities respond to excessive F exposure and probiotic supple-
mentation. We specifically asked: (1) Whether or not supplementation 

with L. johnsonii BS15 could play an important role in preventing renal 
lesions induced by high F exposure over a long period? (2) Do colonic 
microbes communities differ in their responses to high F exposure and 
L. johnsonii BS15 supplementation? (3) Which microbes could be 
considered as the indicator taxa for different conditions (high F exposure 
vs. L. johnsonii BS15)? (4) How do high F exposure and L. johnsonii BS15 
impact co-occurrence patterns of colon-associated microbes? 

2. Material and methods 

2.1. Cultrue and treatment with BS15 

The heterotrophic bacteria strain, Lactobacillus johnsonii BS15, was 
cultured in de Man, Rogosa and Sharpe (MRS) broth at 37 ℃. Plate count 
method was used to count the bacteria cells. Briefly, bacteria solution 
was diluted with PBS by a gradient of 10 times. The dilution gradient of 
10− 5, 10− 6, and 10− 7 were choosed and each gradient was drawn 10 μL 
to drop on the MRS agar medium, repeated three times. Then the MRS 
agar medium was cultured 36 h at 37 ℃. The appropriate gradient (easy 
for counting the bacteria) was selected for bacteria counting. Next, a 
centrifuge (3000×rpm, 4 ℃, 15 min) and wash separated the cells from 
the cultures and resuspended in phosphate buffered saline (PBS) (PH 
7.0) for experimental use. Concentration of suspension were 1 × 109 

CFU BS15/mL (daily consumption dose: 0.2 mL/mice) (Xin et al., 2014). 

2.2. Animals treatment, study design and sampling 

Three-week-old male specific-pathogen-free ICR (Institute for Cancer 
Research) mice (Chengdu Dashuo Biological Institute, Chengdu, China) 
with similar body weights were bred at the Animal Microecology Insti-
tute in Sichuan Agricultural University in Sichuan, China. A total of 30 
SPF mice were randomly allocated to three groups (Ctrl, F and Prob 
groups) to characterize the change in tissues and local microbial com-
munity by different treatments. These mice were fed standard laboratory 
chow (Chengdu Dashuo Biological Institute) and allowed free access to 
water for 1 week to acclimatize new environment, in a controlled tem-
perature (22 ± 2 ℃) room with a 12-h light-dark cycle. After the 
adaptation period, mice were administered with either PBS (Ctrl and F 
groups) or BS15 (Prob group) by gavage throughout the whole experi-
mental period (98d). In addition, mice in F and Prob group were fed 
fluoride drinking water (100 mg NaF /L) during the high F exposure 
period (29–98d). As a result, a total of three treatments were included in 
this experiment: no treatment (Ctrl) mice, F alone treatment (F) mice, F 
and probiotic co-treatments (Prob) mice. All animal experiments were 
performed according to the guidelines for the care and use of laboratory 
animals approved by the institutional ethical committee (approval 
number: SYXKchuan2019–187). 

Urine of these mice were collected before sampling. At 105th day of 
the experiment, blood were sampled from the mice orbit before they 
were sacrificed. Serum was separated by incubation at 4 ℃ over night, 
followed by centrifugation at 3000 ×rpm for 20 min at 4 ℃ and stored at 
− 80 ℃. Subsequently, 10 mice per groups were sacrificed by cervical 
dislocation in accordance with institutional animal care guidelines. 
kidney and partial distal colon were collected and rinsed with ice-cold 
saline and immediately stored at − 80 ℃. Part of kidney and colonic 
tissues were fixed in 4% paraformaldehyde solution for histopathologic 
examination, villus morphology measurement and goblet cells 
observation. 

2.3. Histological analysis 

Kidney and colonic tissues were dehydrated with increasing con-
centrations of absolute ethanol, cleared with xylene, and saturated with 
and embedded in paraffin. 

Tissue samples were serial sectioned at 5 µm thickness, srained with 
hematoxylin and eosin (H.E.), and observed by light microscopy 
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(Olympus, Tokyo, Japan). 

2.4. Biochemical test 

The activity of N-acetyl-b-D-glucosaminidase (NAG) in the urine 
samples of mice were measured using a commercial kit by biochemical 
methods provided by Nanjing Jiancheng Bioengineering Institute 
(A301; Nanjing, Jiangsu, China). The contents of Blood urea nitrogen 
(BUN), Creatinine (Cr) and Uric acid (UA) in serum were quantified by 
biochemical methods following the instructions of the commercial kits 
(BUN, C013–2; Cr, C011–2; UA, C011–2; Nanjing, Jiangsu China). 

Right kidney were grinded into 10% homogenate with PBS (0.01 
mol/L) by glass homogenizer, and supernatant was obtained by centri-
fugation at 4 ℃ and 12,000g for 5 min. Then the liquid supernatant was 
collected for the determination of total protein, Na+ /K+ -ATPase, acid 
phosphatase (ACP), Lactate dehydrogenase (LDH), anti-superoxide 
anion (ASA), anti-hydroxyl radical (AHR), superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GSH-Px) activities and 
glutathione (GSH), malondialdehyde (MDA), and Protein carbonyls (PC) 
contents using a biochemical kits provided by Nanjing Jiancheng 
Bioengineering Institute (total protein, A405–2; Na+/K+-ATPase, 
A016–1; ACP, A060–2; LDH, A020–2; ASA, A052; AHR, A018; SOD, 
A001–1; CAT, A007–1; GSH-Px, A005; GSH, A006–2; MDA, A003–1; PC, 
A087; Nanjing, Jiangsu, China). 

2.5. Real-time quantitaive PCR (RT-qPCR) test of mRNA expression 
levels 

Total kidney and colon RNA were isolated by using E.Z.N.A.® Total 
RNA Kit (OMEGA BioTek, Doraville, GA, USA) according to the manu-
facturer’s guidelines. The quantity and quality of isolated RNA were 
assessed quantitatively and qualitatively from agarose gel electropho-
resis as well as absorbance ratios of 260 nm and 280 nm. In accordance 
with manufacturer’s instruction of the Prime Script TM RT reagent kit 
with gDNA Eraser (Thermo Scientific, Waltham, Massachusetts, USA), 1 
μg isolated RNA synthesized the first-strand complementary DNA 
(cDNA). Subsequently, the cDNA products were frozen at − 20 ℃ for 
further research of gene expression. RT-qPCR test was performed by 
using a LightCycle®96 Real-Time system (Boehringer Mannheim GmbH, 
Germany) with SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). 
The reaction mixture included cDNA products (1 μL), forward and 
reverse primers (2 μL), SYBR Green Supermix (5 μL) and sterile deion-
ized water (2 μL). And the RNA protocol was implemented predenatu-
ration for 5 min at 95 ℃, followed by 40 cycles of 10 s denaturation at 
95 ℃ and 30 s annealing at optimum temperature. The final melting 
curve analysis was monitored to the purity of the PCR products. primer 
sequences and optimum temperature of each target gene were consisted 
with Xin et al. (2021). And the relative gene expression levels was shown 
as fold changes after normalization to the β-actin, and the data were 
calculated by using Microsoft Excel Software with 2-△△Cq relative 
abundance method. The mRNA levels of Claudin-1, Occludin, and ZO-1 
in the colon were detected from each group. 

2.6. Statistical analysis of biochemical and RT-qPCR tests 

All results were reported by mean ± standard deviation. Normality 
was evaluated using the Shapiro -Wilk normality test. If data were not 
normally distributed they were log transformed for analysis. Data that 
remained not normally distributed were analyzed by Kruskal-Wallis test 
followed by Wilcoxon test. All data were assessed by one-way analysis of 
variance (ANOVA) followed bypost hoc least significant difference 
(LSD). Differences of p < 0.05 were considered as statistically signifi-
cant. Data were analyzed with IBM SPSS Statistics 25. 

2.7. 16S rRNA sequencing data analysis 

2.7.1. DNA extraction, 16S rRNA gene-targeted amplicon sequencing and 
DNA library preparation, and sequencing 

DNA was extracted from colon content using the E.Z.N.A. Stool DNA 
isolation in accordance with the manufacturer’s instruction. The con-
centration and purity of DNA were monitored on 1% (w/v) agarose gel 
electrophoresis. PCR amplification of the 16S rRNA gene was performed 
used specific primer (515F-806R) with the barcode. All PCR reactions 
were carried out in 30 μL reactions with 0.2 µM of forward and reverse 
primers, 15 μL of Phusion® High-fidelity PCR Master Mix (New England 
Biolabs), and about 10 ng template DNA. Mixture PCR products was 
purified with GeneJET™Gel Extraction Kit (Thermo Scientific). Subse-
quently, the amplified and purified DNA of each sample were enzy-
matically sheared, end-repaired and adapter ligated using Ion Plus 
Fragment Library Kit 48 rxns (Thermo Scientific) following manufac-
turer’s recommendations. Lastly, purified PCR product were sequenced 
using the IonS5™XL platform and 400 bp/600 bp single-end reads were 
generated by the Novogene company. 

Based on the unique barcode, single-end reads was assigned to 
different samples, and the barcode and primer sequence were truncated 
by cutting. Cutadapt then was used to quality filtering on the raw reads 
under specific filtering conditions. The reads were compared with the 
reference database (SILVA database, https://www.arb-silva.de/) using 
UCHIME algorithm (UCHIME Algorithm, http://www.drive5.com/us 
earch/manual/uchime_algo.html) to detect chimera sequences, and 
then the chimera sequences were removed to obtain the Clean Reads. 
Sequences anlysis about Operation Taxonomic units were performed by 
Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/), with a 
clustering threshold of 97%. For each representative sequence, taxon-
omy was assigned using the Mothur algorithm (v1.35.1, http://www. 
mothur.org/) against the Silva Database (SILVA database, http: 
//www.arb-silva.de/). In order to study phylogenetic relationship of 
different OTUs, and the difference of the dominant species in different 
samples (groups), multiple sequence alignment were conducted using 
the MUSCLE software (v3.8.31, http://www.drive5.com/muscle/). 
Following analyses of colonic microbes were performed in R v4.0.2. 

2.7.2. Alpha diversity 
Rarefaction analysis was conducted in QIIME (Version1.9.1) 

(Caporaso et al., 2021) and visualized with R software (Version 4.0.2). 
According to the sample with the least sequences, a standard of sequence 
number (44171, bacteria) per sample were used to normalized the OTUs 
abundance information, and alpha diversity was performed basing on 
this output normalized data. Complexity of species diversity (α-di-
versity) were evaluated for each sample based on observed OTUs rich-
ness and shannon diversity. We calculated the difference to different 
treatments on richness and diversity using Kruskal-Wallis test and 
pairwise Wilcoxon test from R software. 

2.7.3. Beta diversity 
We conducted exploratory analysis of beta diversity (β-diversity) on 

the bacterial communities of colon comparing different treatments. For 
the exploratory analysis, we used the following reads count threshold to 
the filtered absolute OTU table: we selected OTUs with at least two reads 
(avoiding single-count OTUs) in at least ten samples (the number of 
replicates per group). We considered OTUs remaining after this 
thresholding condition to be colonic communities of each treatment. 
Then, we normalized the filtered absolute OTU table for microbial 
communities using the "Relative log expression (RLE)" method with the 
BioConductor package DESeq2. Subsquently, we quantified the major 
variance components and visualized from multidimensional data by 
unconstrained principle coordinates analysis (PCoA) on Bray-Curtis 
dissimilarities in colonic bacterial communities. Ordination analyses 
were conducted by the R package phyloseq. For the in-depth assessment 
of all treatments, We conducted statistical analysis of microbial diversity 

J. Xin et al.                                                                                                                                                                                                                                       

https://www.arb-silva.de/
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://drive5.com/uparse/
http://www.mothur.org/
http://www.mothur.org/
http://www.arb-silva.de/
http://www.arb-silva.de/
http://www.drive5.com/muscle/


Ecotoxicology and Environmental Safety 228 (2021) 113006

4

based on the methods outlined by Hartman (Hartman et al., 2018). In 
short, This included a constrained analysis of principal coordinates 
(CAP) verifying the effects of high F exposure and L. johnsonii BS15 
treatment, statistical testing of the different treatment hypothesis, and 
identification of the species (OTUs) responsible for the effects of visu-
alization. Above all, ordination analyses were conducted using the 
package phyloseq of R. Then statistical significance of the CAP was 
analyzed by the permutest method in the R package vegan with 104 

permutations. And we tested for high F exposure and probiotic effects on 
microbial community using permutational analysis of multivariate dis-
persions (BETADISP) and permutational analysis of variance (PERMA-
NOVA) by the methods of betadisp and adonis, respectively, in the R 
package vegan with permutations. Lastly, we assessed the pairwise 
differences between the three groups with the pairwise.perm.manova 
function from the RVAideMemoire package. 

2.7.4. Species clustering analysis 
We performed species clustering analysis of relative abundance on 

the bacterial communities comparing each sample or group. Subse-
quently, we tested for the significant alterations of microbial taxa, 
including phylum and genus, between each treatments using pairwise 
wilcoxon test. Linear discriminant analysis effect size (LEfSe) was 
applied to identify biomarker(s) differentially represented in the colonic 
bacterial community by different groups. There are linear discriminate 
analysis with the standard test for statistical significance, including 
Kruskal-Wallis test and pairwise Wilcoxon test. For testing the most 
differentially abundant taxa between each treatments, LEfSe analysis 
was processed under the following conditions: microbial taxa whose p 
value (factorial Kruskal-Wallis test) and the threshold for discriminative 
features (logarithmic LDA score) were calculated among the each group 
at P < 0.05 and LDA Socre > 4.0, respectively. And additionally, we 
constructed the correlation network by Spearman rank algorithm in 
each group as implemented in the package igraph (Csardi G). In these 
networks, the nodes represented the genus of microbial taxa, where the 
edges corresponded to a positive (red) or negative (blue) correlation and 
significant value (P < 0.05) between the nodes. Moreover, the size of 
nodes and width of edges represented taxa abundance and correlation 
intension of microbial community in each group separately. 

2.7.5. Identification of high F exposure sensitive OTUs (fsOTUs), high F 
exposure and L. johnsonii BS15 co-sensitive OTUs (flsOTUs) 

Two complementary approaches were employed to identify the 
species (OTUs) responsible for the observed effects. Firstly, indicator 
species analysis was applied to calculate the coefficient r (point-biserial 
correlation coefficient) of an OTU’s positive related to one or more of 
different treatments. And this analysis was performed with 104 permu-
tations and filtrated significant at P < 0.05. Then, we identified the 
differential OTUs between each group using Wald Test (WT) analysis in 
the DESeq2 package. OTUs whose abundances were considered as 
differing between each group at a log2 Fold Change (log2FC) of |log2FC 
> 1, and a false discovery rate (FDR) corrected p value of q < 0.05 were 
selected to be different treatment responsive. Lastly, we defined OTUs 
that were identified by the complementary results of indicator species 
analysis and WT analysis as three groups of species responding differ-
ently. These included: the control specific OTUs (csOTUs), high F 
exposure sensitive OTUs (fsOTUs), as well as high F exposure and 
L. johnsonii BS15 co-sensitive OTUs (flsOTUs). 

2.7.6. Bipartite network and co-occurrence network 
Significant difference (P < 0.05) OTUs of which the differences were 

calculated using the indicator species analysis between one or more of 
the different treatments were visualized by bipartite network. Bipartite 
network were constructed by the Fruchterman-Reingold layout with 104 

permutations using the R package igraph. Then, we also visualized the 
results based on WT analysis to observe the differential OTU between 
each groups. 

For the in-depth comparison and analysis of bacterial communities, 
we constructed co-occurrence network to visualize correlations in all 
species. For this, we utilized the RLE normalized OTU counts and 
calculated Spearman rank correlations between OTUs, and visualized 
the high-positive, significant correlations (ρ > 0.6 and P < 0.01). And 
additionally, we calculated the topological network propertoes using the 
R package igraph. These included: (1) number of nodes of network; (2) 
number of edges (connections) between nodes; and (3) degrees of co- 
occurrence of a node. To explore bacterial community structure within 
the colonic microbial network, we identified network modules using the 
greedy optimization of modularity algorithm in the R package igraph. 
These modules are a collection of nodes with a higher density of edges in 
network within groups than between them. Similarly, co-occurrence 
network was constructed by the Kamada-Kawai layout with 104 per-
mutations in the igraph package of R software. 

Lastly, the microbes that constantly co-occur with other groups are 
considered to be important ecological significance and may play a key 
role in the microbial community in the co-occurrence network. For this, 
keystone OTUs were defined as the top 3% of node degree values and 
were confirmed in the co-occurrence network. In order to further 
observe the relationships between keystone OTUs and renal functions as 
well as colon permeability, We then constructed the visualized heatmap 
using Spearman rank correlations between them as implemented in 
packages psych. And all of the above microbial group analysis was 
implemented in R software. 

3. Results 

3.1. Effects of high F exposure and L. johnsonii BS15 on histopathological 
changes in the kidney tissue 

As shown in Fig. 1A, no obvious changes were observed in the renal 
tissue of Ctrl group. Fig. 1B showed that the epithelial cells of the renal 
tubules were swollen and there was severe granular as well as vaculolar 
degeneration in F group. In addition, the telangiectasia between 
glomeruli and renal tubules was hyperemia in the F group. However, 
change in the Prob group (Fig. 1C) were similar to those in the Ctrl 
group. It was only slight dilatation and congestion of capillaries between 
glomeruli and renal tubules. 

3.2. Changes of chemical parameters in the serum, urine and kidney tissue 

As shown in Fig. 2, although BUN content showed no significant 
difference (p > 0.05) (Fig. 1B), all other determined parameters 
changed significantly (P < 0.05 or 0.01) among three experimental 
groups. Fig. 1A shows that the NAG activity in the urine was signifi-
cantly increased (P < 0.01) in F group compared with that in Ctrl and 
Prob groups, whereas this parameter in Prob group significantly 
increased (P < 0.01) compared with Ctrl group.In addition, compared 
with the Ctrl and Prob groups, the serum Cr and UA contents were 
markedly increased (P < 0.01) in the F group, whereas the serum Cr 
content was significantly decreased (P < 0.05) in the Prob group in 
comparison with those in the Ctrl group (Figs. 1C and 1D). Significant 
changes (P < 0.01) of Na+ /K+ -ATPase activity between groups were 
detected in Fig. 1E. Moreover, results in Figs. 1F and 1G showed 
significantly higher (P < 0.05 or 0.01) LDH activity and lower (P < 0.05 
or P < 0.01) ACP activity in F group than those in the Ctrl and P group, 
but no significant difference (P > 0.05) was observed between Ctrl 
group and Prob group. 

3.3. Peroxidation damage and antioxidant capacity in the kidney tissue 

As shown in Fig. 3 A and 3B, the MDA and PC contents in the F group 
were significantly higher (P < 0.01) than those in the Ctrl and Prob 
groups. Similarly, significant changes (P < 0.01) were detected in those 
peroxidation damage related parameters between Ctrl group and F 
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group. In addition, there were significantly reductions (P < 0.01) in the 
ASA and AHR activities of the kidney tissue in the F group compared 
with the Ctrl group, but those indexes show no signicant difference 
(P > 0.05) in the Prob group compared with the other two groups 
(Fig. 3 C and 3D). According to results shown in Fig. 3E-3 H, the activ-
ities and contents of antioxidases and antioxidant substances (SOD, CAT, 
GSH-Px and GSH) in the kidney were significantly lower (P < 0.01 or 
P < 0.05) in the F group compared with the other two groups except for 
CAT activity which shows no significant difference between the F and 
Prob group (P > 0.05). Meanwhile, significant changes (P < 0.01 or 
P < 0.05) of SOD, CAT and GSH-Px activities as well as GSH content 
were observed between Ctrl and Prob groups. 

3.4. Effect of L. johnsonii BS15 on Claudin-1, Occludin and ZO-1 mRNA 
expression levels in the colon 

In the results of intestinal permeability of colon tissue (Fig. S1A-B), 
significantly lower (P < 0.05 or P < 0.01) mRNA levels of Occludin and 
ZO-1 were found in F group compared with those in Ctrl and Prob groups 
(Fig. S1B and S1C), but there was a slight reduction (P > 0.05) in the 
mRNA level of Claudin-1 (Fig. S1A). Although significant difference 
(P < 0.01) was observed in the mRNA level of Occludin between Ctrl 
and Prob groups (Fig. S1B), the mRNA level of Claudin-1 showed sig-
nificant higher (P < 0.01) than that in Ctrl and F group (Fig. S1A). 

Fig. 1. Histopathological changes in the kidney tissue of mice. Histological observation of ileum under original magnification (100 ×). (A)Kideny tissue in Ctrl 
group; (B) Kideny tissue in F group; (C) Kideny tissue in Prob group. The swell, severe granular degeneration as well as vacuolization of the epithelial cells of fluoride- 
exposure mice was indicated by white arrows. 

Fig. 2. Changes of chemical parameters in the serum, urine and kidney tissue. (A) NAG activity in urine (F2, 27 =115.92, P < 0.001). (B) BUN content in serum (F2, 27 
=3.022, P = 0.065). (C) Cr content in serum (F2, 27 =26.98, P < 0.001). (D) UA content in serum (F2, 27 =400.13, P < 0.001). (E) Na+/K+-ATPase activity in kidney 
tissue (F2, 27 =32.90, P < 0.001). (F) ACP activity in kidney tissue (F2, 27 =8.08, P = 0.002). (G) LDH activity in kidney tissue (F2, 27 =7.40, P = 0.003). Data are 
presented with the mean ± standard deviation (n = 10). Significance between groups was indicated with asterisk(* p < 0.05, ** p < 0.01). NAG, N-acetyl-b-D- 
glucosaminidase; BUN, blood urea nitrogen; Cr, creatinine; UA, uric acid; Na+ /K+ -ATPase, sodium-potassium adenosine triphosphatase; ACP, acid phosphatase; 
LDH, lactate dehydrogenase. 
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3.5. L. johnsonii BS15 alleviated the fluoride-induced disturbation of 
colon microbial diversity 

Bacteria community in colonic luminal contents was measured using 
Illumina Miseq sequencing to investigate the effects of high F exposure 
and L. johnsonii BS15. A total of 1028 OTUs, with an average of 448 
OTUs per sample, were identified from 2,327,431 quality-filtered se-
quences in the all samples. To evaluate the within-community (α-di-
versity) in colonic microbiome, we rarified the communities to the least 
sequences (44171 reads) per sample, which represent most of the 
observed species richness were captured at microbiota community 
(Fig. S1D). Observed OTU richness and shannon diversity was highest in 
F samples with significant effect (P < 0.05) for bacterial communities 
than that in Ctrl sample, whereas no significant difference was observed 
between the Ctrl and Prob group (P ＞ 0.05; Fig. S1E and S1F). 

Similarly, the colon presents different microbial community 
composition among samples. We tested the patterns of separation be-
tween microbial communities (β-diversity) by unconstrained principal 
coordinate analysis (PCoA) on Bray-Curtis dissimilarities (Fig. S1G). 
Microbial communities of Ctrl and F samples clearly separated along the 
first principal coordinate (27.8%). Prob samples showed a significantly 
separation with the other two groups. Compared with the F group, Prob 
samples seems to be nearer to the Ctrl group (Fig. S1G). The separation 
among the three groups were also demonstrated by canonical analysis of 
principal coordinates (CAP) (Fig. S1H) and permutational multivariate 
analysis of variance (PERMANOVA) (Table S1). The result of PCoA 
analysis corroborates that high F exposure comprises the largest source 
of variation within the colonic microbiome when using a Bray-Curtis 
distance metric. Since β-diversity can be influenced by differences in 
true biological impact, group dispersion (variance), or both, we 

calculated and identified the differences in dispersion for colonic 
microbiota using BETADISP (Table S1). The lack of significance in this 
dispersion results revealed difference among three groups were influ-
enced primarily by true biological impacts and not an artifact of impact 
of within-group dispersion. Therefore, F-driven alone difference were 
seen in the F and Ctrl bacterial communities. Similarly, probiotics also 
appeared to be the new driving factor in colonic bacteria. 

3.6. L. johnsonii BS15 inhibited the fluoride-induced changes of dominant 
bacteria taxa 

Microbial taxa difference among Ctrl, F and Prob groups were 
evident in the taxonomic analysis of all sample types. We noted 16 
bacteria phyla present in colonic samples, with Firmicutes, Bacter-
oidetes and Actinobacteria having the highest relative abundances 
(Fig. S1I). Other bacterial phyla were classified as low abundance levels 
(less than 1%), including Proteobacteria, Tenericutes and Melanina-
bacteria. Firmicutes was the most prominent gut bacterial community in 
the Ctrl and prob group, accounting for an average of 80.3% and 68.7% 
sequence, respectively (Fig. S1I and S1K). The relative abundance of 
Firmicutes was significantly decreased in F group compared to the Ctrl 
group (wilcoxon test, P < 0.01; Fig. S2a), and the percentage of Firmi-
cutes in the F group was 37.1%. However, adequate probiotic intake 
significantly alleviated the decrease in the proportion of Firmicutes 
(wilcoxon test, P < 0.01; Fig. S2A). Bacteroidetes represented the sec-
ond dominant gut microbiome in the Ctrl and P group, accounting for an 
average of 12.9% and 25.9% sequences, respectively (Fig. S1I and S1K). 
The percentage of Bacteroidetes in the F group was 52.8%, demon-
strating that the relative abundance of Bacteroidetes was significantly 
increased under the influence of F alone comparied with control mice 

Fig. 3. Change of peroxidation damage and antioxidant capacity in the kidney. (A) MDA content. (F2, 27 =37.37, P < 0.001). (B) PC content (F2, 27 =53.38, 
P < 0.001). (C) ASA activity (F2, 27 = 4.52, P = 0.020). (D) AHR ability (F2, 27 =14.83, P < 0.001). (E) SOD activity (F2, 27 =25.38, P < 0.001). (F) CAT activity (F2, 27 
=7.85, P = 0.002). (G) GSH-Px activity (F2, 27 =9.06, P = 0.001). (H) GSH content (F2, 27 =12.33, P < 0.001). Data are presented with the mean ± standard deviation 
(n = 10). Significance between groups was indicated with asterisk(* p < 0.05, ** p < 0.01). MDA, malondialdehyde. PC: protein carbonyls. ASA: anti-superoxide 
anion; AHR: anti-hydroxyl radical. SOD, superoxide dismutase. CAT, catalase. GSH-Px, glutathione peroxidase. GSH, glutathione. 

J. Xin et al.                                                                                                                                                                                                                                       



Ecotoxicology and Environmental Safety 228 (2021) 113006

7

(wilcoxon test, P < 0.01; Fig. S2B). At the genera level, the most 
prominent colonic microbiota community in the Ctrl and Prob groups 
was Lactobacillus, while it was Bacteroides in F group. The percentage of 
Lactobacillu was respectively,54.6%, 2.9% and 46.2% in the Ctrl, F and 
Prob groups. while Bacteroides was 2.1%, 19.9% and 11.5% respectively 
(Fig. S1J and S1K). The next dominant genus were composed of Dubo-
siella, Helicobacter and unidentified Lachnospiraceae, contributing 8.2%, 
4.1% and 1.6% of the Ctrl group, 2.5%, 5.4% and 4.0% of the F group, 
and 2.9%, 2.0% and 3.0% group, respectively (Fig. S1J and S1K). As 
shown in Fig. S2, F group had significantly higher (wilcoxon test, 
P < 0.01 or P < 0.05) abundance of Bacteroides, Alistipes, Alloprevotella, 
Erysipelatoclostridium, unidentified Ruminococcaceae, . Moreover, the 
abundance of Lactobacillus was significantly (wilcoxon test, P < 0.01) 

reduced in F group compared with the Ctrl and Prob group. Differing 
greatly from the results in F group, supplementation with L. johnsonii 
BS15 after high F exposure has a significantly greater proportion of 
Lactobacillus (wilcoxon test, P < 0.01; Fig S2C). 

Biomarkers in colonic microbiota between different groups were 
detected using the Linear discriminant analysis Effect Size (LefSe;  
Fig. 4). The histogram generated from the LEfSe analysis showed the 
most differentially abundant taxa enriched in colonic microbiota from 
three groups (Fig. 4A and 4B). Meanwhile, The cladogram indicated that 
a difference of microbial phylotypes was observed between different 
treatments (Fig. 4C and 4D). LefSe analysis might serve as an effective 
analysis that define biomarkers to differentiate between Ctrl, F and Prob 
populations. As shown in Fig. 4A and 4C, Firmicutes, Bacilli, 

Fig. 4. Linear Discriminant Analysis Effect Size Analysis. Significantly discriminative taxa (Biomarkers) between the Ctrl and F groups of mice were displayed by 
LDA value distribution histogram (A) and cladogram (C). Significantly discriminative taxa (Biomarkers) between the F and Prob groups of mice were displayed by 
LDA value distribution histogram (B) and cladogram (D). Only taxa meeting the LDA significance thresholds (>4) are shown. Different coloured bars and regions 
represent different groups. From the interior to the exterior, each layer represents the phylum, class, order, family, and genus levels. 
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Lactobacillaceae, Lactobacillus, Carnobacterium, Lactobacillus intestinalis, 
Carnbacterium maltaromaticum, Lactobacillus reuteri, Firmicutes bacte-
rium M10 2 and Lactobacillus animalis were more enriched in the Ctrl 
group (LDA score > 4.0), whereas Bacteroidetes, Bacteroidia, Clostridia, 
Clostridiales, Bacteroidaceae, Muribaculaceae, Lachnospiraceae, Rumino-
coccaceae, Prevotellaceae, Rikenellaceae, Bacteroides, Alloprevotella, Alis-
tipes, Bacteroides acidifaciens and Bacteroides vulgatus were more 
abundant in the F group in the comparison between the Ctrl and F 
groups (LDA score > 4.0). In addition, we found that Alistipes, Allopre-
votella, Rikenellaceae, Ruminococcaceae, Muribaculaceae, Clostridia, Clos-
tridiales, Bacteroidales, Bacteroidia and Bacteroidetes were biomarkers in 
the F group (LDA score > 4.0, Figs. 4B and 4D). Additionally, Bacilli, 
Lactobacillales, Lactobacillus, Lactobacillaceae, Firmcutes, Lactobacillus 
reuteri, Lactobacillus animalis and Lactobacillus intestinalis were bio-
markers in the Prob group (LDA score > 4.0; Figs. 4B and 4D). 

Lastly, we showed that the differing treatment mode markedly 
altered microbial correlation patterns of genera levels in colon (Fig. S3; 
Table S2). Network connectivity (connections between nodes repre-
senting highly correlation, significant correlations between genus) was 
highest in the Prob group than the Ctrl and F bacteria networks. The 
bacterial network of F group comprised the fewest genus (node 
numbers) and was the least complex (identified by number of connec-
tions per genus). 

In summary, although highly F-driven impacts were seen in the 
colonic bacterial community, the supplementation with L. johnsonii 
BS15 appeared to be the main mitigating factor in the variation of mi-
crobial taxa. 

3.7. Identifying of Ctrl group specific OTUs (csOTUs), high F sensitive 
OTUs (fsOTUs), and high F and L. johnsonii BS15 co-sensitive OTUs 
(flsOTUs) 

We performed indicator species analysis to select individual bacteria 
(OTUs) in colonic community whose abundances markedly altered in 
different treatments, and we visualized the analysis with a bipartite 
network (Fig. 5 A). The high number of colonic bacteria OTUs that were 
shared between F and Prob groups reflects the similar clustering of two 
sample types in the bacteria communities. Conversely, the little number 
or no number of bacteria OTUs were shared between Ctrl and F samples 
or Ctrl and Prob samples. 

Since indicator OTUs were solely confirmed based on correlation, we 
further identified key species using Wald Test implemented in DESeq2 
(Fig. 5B). Significant enrichment or depletion of the filtered OTUs were 
identified between each treatments as determined by differential species 
analysis. As shown in Fig. 5B, each points in comparison between groups 
represents an individual OTU. The position along the x axis represents 
the abundance log2 Fold Change (log2FC), and the position along the y 
axis represents the -log10 p value compared with the other groups. 
Consistent with the conclusion of LEfSe and principal coordinates 
analysis that high F exposure and L. johnsonii BS15 affected colonic 
communities differently, we observed that the colon in mice present 
different microbial habitats with specific sets of microbes. Subsequently, 
we defined the OTUs that were chosen by both methods as control 
specific OTUs (hereafter: csOTUs), high F exposure sensitive OTUs 
(hereafter: fsOTUs, significantly changed compared with Ctrl group), as 
well as high F exposure and L. johnsonii BS15 co-sensitive OTUs (here-
after: flsOTUs, significantly changed compared with Ctrl group), 
respectively. In colon, we identified a total of 114 differential bacteria 
OTUs. As evaluation for an “effect value” of different treatments on 
microbial communities, we found 20, 86 and 18 bacteria for csOTUs, 
fsOTUs and flsOTUs, corresponding to an effect value of 5.9%, 21.1% 
and 13.4%, respectively (Fig. 5 C). Mean relative abundance of csOTUs, 
flOTUs, flsOTUs and their phyla level were showed by heatmap to 
observe how they’re distributed in different groups (Fig. S4). To 
conclude, each experimental treatments supports a specialized subset of 
colonic bacteria, while the majority of the microbial communities are 

shared in three groups. 

3.8. Identification of keystone OTUs and correlation between the keystone 
OTUs and renal- and TJ-related parameters 

Next, we confirmed the extent to which high F exposure and 
L. johnsonii BS15 impacted microbial co-occurence patterns in colonic 
bacteria. For this, we constructed the co-occurrence network, identified 
network properties, and mapped the node of csOTUs, fsOTUs and flsO-
TUs for colonic bacterial community. As shown in Fig. 6 A, we tested for 
six modules contained relatively high proportions of differential species 
in the bacterial network. And we noted in the colonic network that 
differential species agglomerating according to different practical sig-
nificance. The type of sensitivity of these module members to the spe-
cific practical significance (Fig. 6B) and their distribution in the 
bacterial co-occurrence network partially presented the drivers of bac-
teria dissimilarity shown in the result of CAP ordination. These models 
were consisted by different bacterial species (Fig. 6 C). The effect of high 
F exposure in the bacterial community was most apparent with three 
discrete modules (M2, M3 and M4), containing fsOTUs specific to high F 
induced variance. Additionally, these modules (M2, M3 and M4) were 
separated from three other modules (M1, M5 and M9) that primarily 
contained csOTUs and flsOTUs specific to the response patterns of No- 
treatment and probiotics-treament, respectively (Fig. 6D). Further-
more, we found the highly overlap of co-sensitive OTUs in the M2 
comparing fsOTUs and flsOTUs. Finally, we identified keystone OTUs 
for the colonic network and visualized them by relative abundance and 
node degree (Fig. 6E). According to the results of Fig. 6E, we observed 
that partial fsOTUs and flsOTUs exhibited higher node degrees of co- 
occurrence than csOTUs. In bacterial communities, all OTUs were 
detected among low to high abundance along axis Y. The keystone OTUs 
were from the Bacteroidetes, such as Bacteroidaceae (OTU5, OTU794, 
OTU1035, and OTU48) and Prevotellaceaefamily (OTU18, OTU1005, 
OTU741, OTU651, OTU902, OTU170, OTU868, and OTU57) (Table S3). 
Subsequently, we observed that these keystone OTUs were correlated 
positively or negatively with renal clinical chemical parameters, per-
oxidation damage and antioxidant capacity as well as colonic perme-
ability (Fig. 6F-H). The relative abundance of these keystone OTUs in 
were significantly higher in F group than that in Ctrl group, and the 
tendency was reversed in Prob group except OTU57 and OTU170. 

In summary, we observe that high F exposure markedly influence 
colonic co-occurrence patterns of numerous bacteria, but supplemen-
tation with L. johnsonii BS15 effectively improve these negative in-
fluences. Additionally, these impacts altered, to a great extent, intestinal 
permeability and renal health largely independent of colonic bacterial 
abundance and their correlation relationships. 

4. Discussion 

The previous studies have revealed profound effects of drinking high 
F water by induced pathology of tissue and organs. As one of the most 
important metabolic and excretory organ to F, kidney is peculiarly prone 
to lesions under long-term high F exposure (Basha and Rao, 2014). In the 
previous studies on the changes of kidney in the state of fluorosis, most 
researches have reported altered cell signaling pathways, lipid peroxi-
dation, autophagy and apoptosis (Luo et al., 2017a, 2017b). Our moti-
vation was to demonstrate the mechainsm of the impact of drinking high 
F water by examining the alteration of gut microbiome. We also detected 
the preventive effect of priobiotic (L. johnsonii BS15). The maintenance 
of kidney health relies upon a delicate change among gut microbial 
communities, intestinal mucosa barrier and blood circulation system. 
Ritz (2011) proposed the concept of “Intestinal-renal syndrome”, trying 
to illuminate the special association between gut and kidney. Intestinal 
inflammation and renal injury are inseparably linked as each causes and 
intensifies the other (Meijers and Evenepoel, 2011). Though various 
factors, such as oxidative stress, immune response and hypertension, can 

J. Xin et al.                                                                                                                                                                                                                                       



Ecotoxicology and Environmental Safety 228 (2021) 113006

9

Fig. 5. Defining control specific and sensitive bacterial OTUs in colonic samples. (A) Bipartite networks of indicator species analysis. It display different treatment 
specific OTUs in the colonic bacterial communities using indicator species analysis. Circle represent individual bacteria and OTUs that are positively and significantly 
associated (p < 0.05) with one or more of different grouping factor (association(s) given by connecting lines). OTUs are colored according to their Phylum 
assignment. (B) Different treatments are enriched and depleted for certain OTUs. Enrichment and depletion of bacterial OTUs included in differential abundance 
analysis for each treatments compared with other treatments were determined using DESeq2 analysis. Each point represents an individual OTU, and the position 
along the x axis and y axis represents the abundance fold change and p value, respectively, compared with other group. (C) Venn diagrams show the number of OTUs 
responding to different grouping factor identified with indicator species analysis (red) and by DESeq2 analysis (blue). OTUs identified by both methods were defined 
as control specific OTUs (csOTUs), high F exposure sensitive OTUs (fsOTUs) as well as high F exposure and L. johnsonii BS15 co-sensitive OTUs (flsOTUs). 
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Fig. 6. Characteristics of co-occurrence networks and sensitive OTUs. (A) Co-occurrence networks visualizing significant correlations (ρ > 0.6, P < 0.01; indicated 
with gray lines) between OTU pairs in the Ctrl, F and Prob colonic bacterial communities. OTUs were colored by their association to the different representative 
meaning. Shaded areas represent the network modules containing csOTUs, flOTUs and flsOTUs. (B) Cumulative relative abundance of bacteria of different grouping 
sensitive modules in colonic network. The cumulative relative abundance in samples of csOTUs (red), flOTUs (blue) and flsOTUs (green) indicates the overall 
response of grouping sensitive modules to different treatments. (C) Qualitative taxonomic composition of grouping sensitive modules is reported as proportional 
OTUs numbers per phylum and compared to the overall taxonomic distribution in the entire dataset (column “all”). (D) Defining network modules. Plot showing the 
number of OTUs in the top 10 most populated modules for the colonic co-occurrence networks. OTUs were colored by their association to the different grouping 
factor. Percentages on the X-axis indicate the proportion of csOTUs, flOTUs and flsOTUs present in each module. (E) Degree of co-occurrence and abundance of 
csOTUs, flOTUs and flsOTUs. Relative abundance of all OTUs from the colonic microbial co-occurence network was plotted as a function of their degree of co- 
occurrence. OTUs were colored by their association to the different grouping and keystone OTUs (top 3% degree of co-occurrence) have yellow background. Side 
panels recapitulate the distributions of co-occurence degrees and abundance for the csOTUs, flOTUs and flsOTUs (circle colored by association to different treat-
ments). Spearman’s rank correlation between the keystone OTUs and (F) clinical biochemical parameters, (G) Oxidative stress and antioxidant damage, and (H) 
mRNA expression levels of colon tight junction proteins. (I) keystone OTUs that are significantly altered by excess fluoride intake compared with the control group 
and reverted by L. johnsonii BS15. The results were presented as heatmaps using R package pheatmap. Heatmap showed that partial microbial modules was intimately 
associated with renal and colonic functions, which was positively or negatively related to functional paramrter. Rho in the color key represented Spearman rank 
correlation coefficient. * P < 0.05 denoted statistical significance between the correlations of keystone OTUs and functional parameters. 
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affect the normal metabolism of the kidney, intestinal microbiota still 
plays an essential role as one of the main drivers (Andersen et al., 2017). 
Moreover, as the main organs for expelling toxins, kidney and colon are 
also closely related to each other in terms of integrity and functions. 
Hatch and Vaziri (1994) demonstrated that when renal metabolism 
declines, the colonic tissue replaces the kidney as the important site to 
get rid of toxins. Deficits in kidney function associated with colonic 
permeability exacerbate the accumulation of enterogenic toxin and 
other metabolic material in the blood and may eventually induce 
uraemia (Yang et al., 2018). Probiotic provides novel possibility to 
prevent and treat renal injury caused by long-term F exposure. However, 
a specific application of the presented treatment method requires further 
studies with greater grouping design, from multiple bowels, across 
different time points and accounting for the variation of metabolic 
material in the intestines, blood as well as damaged organs. 

4.1. Differential changes in renal tissue and function of high F exposed 
and probiotic treated mice 

In the present study, we first observed the histopathological lesions 
of kidney. The results showed that high F exposure could induce sig-
nificant increase of the contents of Cr and UA as well as the activities of 
urinary NAG and renal LDH. The results of NAG activities are consistent 
with previous study by Xiong et al. (2007) which showed that high F 
exposure could increase the urine NAG activities of children. Supple-
mentation with L. johnsonii BS15 significantly reduced the activities of 
urinary NAG and renal LDH as well as the contents of serum Cr and UA. 
Furthermore, high F exposure decreased the activities of 
Na+/K+-ATPase and ACP in kidney, while L. johnsonii BS15 significantly 
alleviated the reduction of these indexes, indicating that the application 
of probiotics could be effective to inhibit F-induced renal damages to 
structure and metabolic function. Recent studies have shown that renal 
structure is closely linked to its function (Xiong et al., 2007). Deficits in 
renal function were found in this study, suggesting that excessive F can 
result in morphological structure damages of kidney tubular and 
glomerular (Welling and Welling, 1988), whereas the kidney of the mice 
in Prob group only appears slight dilatation and congestion of capillaries 
between glomeruli and renal tubules. Additionally, there was a signifi-
cant increase in the MDA and PC contents in the kidney of F group. 
Previous studies have reported that PC and MDA are the representative 
products of protein oxidation and lipid peroxidation, respectively 
(Kohen and Nyska, 2002). Therefore, our experimental results indicated 
that L. johnsonii BS15 effectively exerted beneficial effects against high 
F-induced lipid oxidative damages in the kidney. Meanwhile, ASA and 
AHR abilities, which can remove superoxide anion and hydroxyl racd-
ical (Jiang et al., 2014), were significantly decreased by high F exposure 
in renal tissue. Nevertheless, a slight improvement of these total scav-
enging capabilities was detected by L. johnsonii BS15 in the kidney. In 
general, it is widely accepted that free radical balance between pro-
duction and scavenging is dynamic and stable. In the present study, we 
measured antioxidant-associated enzymes (SOD, CAT, GSH-Px and GSH) 
to evaluate the effects of high F exposure and L. johnsonii BS15 on 
enzymatic and non-enzymatic antioxidant. As shown in the results, we 
found that high F exposure depleted these enzymes activities. With the 
exception of the slight change of CAT activity, L. johnsonii BS15 signif-
icantly improved the activities of the other three determined antioxidant 
enzymes in the renal tissue. SOD is considered as a main enzyme against 
superoxide radical, which can converts superoxide radical to hydrogen 
peroxide (Eraslan et al., 2007). And the significance of CAT in the or-
ganism is to breakdown hydrogen peroxide and reduce the potential 
toxicity of hydroxyl free radicals on tissues (Luo et al., 2012). Therefore, 
their functions are actually complementary to each other. According to 
the experimental results, we found F-induced accumulation of super-
oxide radicals and hydroxyl radicals in the kidney was protected by 
supplementation with L. johnsonii BS15. GSH is responsible to remove 
various reactive species by a non-enzymatic mechanism, whereas the 

alteration of the redox status of GSH (GSH-Px) could result in higher 
levels of oxidative stress and tissue injury (Kehrer and Klotz, 2015). 
Study by Eraslan et al. (2007) proved that CAT and GSH-Px scavenged 
excess of hydrogen peroxide and lipid peroxide under the influence of 
sodium fluoride together. Taken together, through these results in the 
present study, we found high F exposure can induce structural lesions 
and dysfunctions to the renal tissue by increasing the contents of MDA 
and PC, and reducing the capability in free radical-scavenging as well as 
the activities of antioxidant enzymes. However, supplementation with 
L. johnsonii BS15 can effectively protect the negative effects against high 
F exposure. 

4.2. Differential responses of colon permeability, microbial composition 
and diversity 

The toxicity of high F concentration on various tissues and organ has 
been reported and considered to be mediated by intestinal microbiota 
imbalance (Liu et al., 2019). Excessive F intake was reported to impair 
the intestinal development in rats (Wang et al., 2019), and the microbial 
structure in the intestines has been accepted to be closely related to the 
condition of intestinal development, which indicates the link between 
high F exposure and gut microbiota (Kåhrström et al., 2016). Previous 
work also showed that disruption or defects in intestinal barrier integrity 
could result in the instability of microorganism balance and other 
harmful substances may cross the epithelial barrier, leading to many 
intestinal and extraintestinal diseases (Kabat et al., 2014). In the present 
study, constant exposure of colonic tight junction proteins to excessive F 
reduced their levels of mRNA expression and decreases epithelial barrier 
function in mice. But beneficial changes caused by the supplementation 
with L. johnsonii BS15 on the mRNA expression of intestinal tight junc-
tion proteins in the colon were evaluated. Deficits in renal function 
induced by a leaky gut exacerbate the accumulation of endotoxins and 
bacterial products in the blood and may eventually cause diseases of 
various tissues and organs (Al Khodor and Shatat, 2017). Furthermore, 
the present study provided a characterization of the colonic microbiome 
of mice exposed to high F, involving the combination of more specific 
bacterial composition and deeper species association than previous F 
intake studies on modulating colonic microbiota environment. Detailed 
characterization of gut microbiota in relation to the renal injury induced 
by high F exposure has not been previously reported. In the present 
study, the different treatments of mice in Ctrl and F groups displayed 
distinct separations by compartment through the unconstrained PCoA 
ordinations analysis of bacteria. Similarly, such a differential distribu-
tion of colonic microbiota in Prob group was also found, although the 
separation is not obvious compared with the other two groups. To 
further conceptualize this, we also tested specific responses of bacteria 
to different treatments. This analysis method differs from unconstrained 
principal coordinate analysis in that technical factors can be controlled 
in the application process and it can be constrained to any interested 
factor to better comprehend the quantitative influence of the factor on 
the colonic microbial composition. Using this analysis to control indi-
vidual difference, environment and technical factors (improper opera-
tion, biological replicate and sequencing batch), we found that in 
accordance with the PERMANOVA results, partial CAP-constrained by 
different treatment methods-highlighted both high F exposure and 
L. johnsonii BS15 effects on bacteria community. According to the result 
of CAP analysis, we observed significant effects of high F exposure and 
L. johnsonii BS15 on colonic microbial community, explaining approxi-
mately 25% of the total variation in bacteria. High F exposure was the 
most influential factor for the colonic bacteria, while L. johnsonii BS15 
altered most of the variation induced by F. Additionally, we found the F 
group to be more diverse than the other two groups in colonic microbial 
communities, whereas L. johnsonii BS15 treatment affected species 
richness and diversity to small degree than community composition. 
This is consistent with previous research that observed species number 
and shannon index in the F group increased compared with control 
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group (Liu et al., 2019). Actually, variations in microbial community 
composition may not cause richness or diversity alteration because 
variations of some microbial taxa may be compensated by variation in 
others and single-variable measures of richness and diversity could mask 
relationships between individual relations and groups of microbial taxa 
(Hartmann and Widmer, 2006). Therefore, our results indicated that 
high F exposure and L. johnsonii BS15 affect colonic microbial commu-
nities differently. 

The relative abundance of Firmicutes is increased in Prob samples 
compared with F samples, and the relative abundances of Bacteroidetes 
and Actinobacteria decrease from F samples to Prob samples, similar to 
previous study in which abundance of intestinal predominant flora 
influenced by L. johnsonii BS15 gradually restored to the control level 
(Sun et al., 2020). Metastats analysis was conducted to further observe 
differential abundant taxa between the three groups. As shown in the 
results, the mice exposed to high F showed significant alternation of the 
colon microbiome. Bacteroides, Alloprevotella and Alistipes were the most 
dominant bacterial genus in the colon in mice exposed to high F, and 
Lactobacillus was the most dominant bacterial genus from Prob group. By 
using LEfSe analysis, we also observed that the L. johnsonii BS15 serve an 
enrichment role for Firmicutes and Lactobacillus relative to high F 
exposed mice. The biomarkers enriched in the Prob group are simulta-
neously appeared in the colon microbes of Ctrl group compared with F 
group. The composition and diversity of gut microbial community are 
reported to be significantly affected by environmental condition (Chang 
et al., 2019). These results are same as the previous microbiome study, 
where Firmicutes, Bacteroidetes and Lactobacillus showed significant 
alteration in species difference analysis after high F exposure (Lin et al., 
2019; Luo et al., 2016). Firmicutes is demonstrated to play an important 
role in the digestion of proteins and fat and can regulate the absorption 
of nutrients (Simpson and Campbell, 2015). Evidence supported that 
alteration of Firmicutes in the gut of mice might be associated with 
decreased weight induced by F exposure (Wang et al., 2017). Bacter-
oidetes is related to the metabolism of carbohydrate, bile acid and ste-
roid, and promoting mucosal formation in the intestines (Li et al., 2017; 
Wu et al., 2018). Lactobacillus is involved in fibrinolytic, enzymatic and 
broad-spectrum antimicrobial activity, which can inhibit other bacterial 
growth especially harmful bacteria (Eom et al., 2015). Given that, 
L. johnsonii BS15 was considered as the first largest source of variation 
within the colon microbial communities of Prob samples under high F 
conditions. Next, we explored the changes of correlation between 
colonic microbial genus under different treatments. One of the striking 
alterations of the microbial taxa in Prob group shown in the correlation 
network was higher relevance of Lactobacillus with other genus, which 
has little or no strong correlation with other taxa in other two conditions 
(non-treatment and high F exposure). The connections between genera 
levels representing positive, significant correlation in the F group was 
clearly decreased comparing to that in the Ctrl group, but supplemen-
tation with L. johnsonii BS15 led to much stronger correlation among 
different bacterial genera levels, suggesting L. johnsonii BS15 enhanced 
the degree of correlation between difference species in the colon. 
Increasing lines of evidence showed that alternation in the intestinal 
microbial composition could be considered as a pathologic mediator in a 
variety of diseases (Sartor and Wu, 2017). As a common public hazard 
substance in the environment, excessive F has been demonstrated to be 
associated with gastrointestinal symptoms, such as intestinal damage 
and enteritis, which could be related to gut microbial community. 
Above mentioned results indicated that L. johnsonii BS15, as a probiotic 
strain, might be a effective preventive measure that modulate the colon 
microbiota to improve renal injury and its complications. 

4.3. Effects of high F exposure and L. johnsonii BS15 treatment on 
keystone OTUs of colon microbiota 

The concept of probiotics treatment postulates optimizing the 
composition and function of gut microbiota to maintain intestinal health 

and prevent the occurrence of visceral diseases. Its primary potential is 
targeted and specific interventions with intestinal microbial community. 
As a basis for implementing probiotics strategies into high F exposure 
mice, we demonstrated here to which extent and how the different 
processing conditions permit the manipulation of colonic microbiota. In 
the following study, we identified control specific OTUs (csOTUs), high 
F exposure sensitive OTUs (fsOTUs) as well as high F exposure and 
L. johnsonii BS15 co-sensitive OTUs (flsOTUs), respectively, in colonic 
microbial communities to explain the β-diversity patterns by different 
treatments. For example, the significant changes in bacterial abundance 
of sensitive bacteria OTUs under high F treatment were consistent with a 
separation by different factors in CAP analysis between F group and 
other groups. 

In colonic co-occurrence network, 6 modules containing high pro-
portions of control specific and sensitive OTUs were identified fsOTUs 
and flsOTUs responded to specific experimental condition (high F 
exposure and L. johnsonii BS15 treatments). Meanwhile, we found that 
keystone OTUs identified by relative abundance and node degree belong 
to module 2 and show negative effects on renal health and intestinal 
integrity. Among these keystone OTUs, OTU 5, OTU 794, OTU 1035, and 
OTU 868 were fsOTUs but not flsOTUs, suggesting that L. johnsonii BS15 
reversed changes of these fsOTUs. We infer that reversed changes of 
OTU 5, OTU 794, OTU 1035 and OTU 868 in BS15-treated mice may be 
the underlying protected mechanism of L. johnsonii BS15 on kidney. 
Moreover, most of all fs-flsOTUs grouped were in module 2, which re-
flected that these sensitive species were consistently different from 
baseline under high F exposure or L. johnsonii BS15 treatment. And we 
infer that fs-flsOTUs and csOTUs were contributed to the unrecon-
sitution of colon microbiota in L. johnsonii BS15-treated mice. Study by 
Mao et al. (2018) proved that the impaired barrier function is closely 
related to colonisation and composition of intestinal commensal bacte-
ria. Effects of feeding condition on intestinal health were proved by 
directly modifying the integrity of intestinal mucosal and the structure 
of mucin or indirectly by regulating intestinal microbial compositions 
(Biasato et al., 2018; Llewellyn et al., 2018). In the co-occurrence 
network, we noted that the effects of high F exposure and L. johnsonii 
BS15 were mostly limited to non-keystone taxa in spite of significant 
influence of different grouping factor on β-diversity and network pat-
terns. Partial fsOTUs exhibited high degrees of co-occurrence in the 
colonic network, revealing that high F intake could affect the highly 
co-occurring colonic species, which could belong to “core microbiome” 
members. Similarly, the flsOTUs, especially the species also sensitive to 
high F exposure separately, also included members with high degrees of 
co-occurrence. A subset of the most influential colonic community 
members (M2: fl-flsOTUs) may be widely manipulated with high F 
exposure, yet supplementation with L. johnsonii BS15 did not restored 
these high degree of co-occurrence species to control level. These phe-
nomenon could possibly be one of the reasons why kidney biochemical 
indexes of Prob group did not completely restored to the level of Ctrl 
group, that is, L. johnsonii BS15 intake established a new structure and 
network of microbial community that different from the Ctrl and F 
groups. Keystone defined as a important taxa in the overall community 
that frequently associate with many other taxa (Ma et al., 2016). We 
finally identified 8 keystone OTUs to be high F exposure sensitive and 4 
keystone OTUs to be L. johnsonii BS15 sensitive in the colonic bacteria. It 
is well known that most healthy adult and animal microbial commu-
nities in the intestines are dominated by only two phyla of bacteria, 
Gram-positive Firmicutes and Gram-negative Bacteroidetes, that 
together form the majority of the microbial structure of many in-
dividuals (Huttenhower et al., 2012). To date, Bacteroidetes, which 
predominantly metabolize protein, has been shown to be associated 
with the occurrence of chronic kidney disease (Jiang et al., 2017). And 
the colonization of Bacteroidetes is critical for inducing immune 
response in the intestinal tract, such as the balance between TH1 and 
TH2 responses (Ivanov et al., 2009). Through the subsequent results, it is 
obvious to find that high F exposure and L. johnsonii BS15 had profound 
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impacts on the species with high co-occurrence of Bacteroidetes in 
colon. In view of the above, we hypothesized that these keystones 
altered from Bacteroidetes might significantly affect the community of 
the entire colon network and alter the intergrity and permeability of the 
gut, thereby increasing the burden of renal metabolism in high F envi-
ronment. The involvement of L. johnsonii BS15 could optimize the mi-
crobial structure by affecting the core and peripheral species in the 
colon, thus playing a certain protective role in the renal tissue under 
high F environment. 

4.4. Strengths and limitations of this study 

In this study, the preventive effect of BS15 on fluoride induced kid-
ney injury was found, also indirectly suggesting that intestinal micro-
biota may be one of the key pathways and preventive methods of F 
induced renal injury. Meanwhile, through various analysis methods, 
four key OTUs involved in the regulation of BS15 on fluoride induced 
renal injury were detected, which provided theoretical support for the 
subsequent mechanism exploration. However, further studies are still 
needed to identify the exact strains from the identified four key OTUs 
that directly mediated F-induced renal damages. Since it remains very 
difficult to find out the key strain only based on 16 S rDNA sequencing, 
more methods (such as culture omics) should be applied in the subse-
quent studies to improve the possibility of eventurally finding this strain. 
(Weiss et al., 2016) Meanwhile, it is also important to further reveal the 
intermediate metabolite which connects the changes of intestinal 
microbiota and renal function. 

5. Conclusion 

These results demonstrated that supplementation with L. johnsonii 
BS15 could reverse high F induced renal oxidative damages through 
increasing the free-scavenging abilities and activities of antioxidant 
enzymes, which protects the kidney tissue from renal lesion and 
dysfunction. High F exposure and L. johnsonii BS15 treatment had 
marked effects on microbial structure and diversity in colon, and sen-
sitive and well-connected species, which might be closely related to 
renal health under high F environment could be considered as key 
species among different treatments. The present study contributed to 
understand the link between colon microbiome and kidney health in 
high F environments and provided insights for applications of future 
probiotic therapy. 
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