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A B S T R A C T

Many “hot spot” geographic areas across the world with drinking water co-contaminated with inorganic arsenic
(iAs) and fluoride (F-), two of the most common natural contaminants in drinking water. Both iAs and F- are
known neurotoxins and affect neurodevelopment of children. However, very few studies have investigated the
neurodevelopmental effects of concurrent exposure to iAs and F-, which could potentially pose a greater risk than
iAs or F- exposure alone. Further, perturbations of gut microbiota, which plays a regulatory role in neurode-
velopment, resulting from iAs and F- exposure has been reported in numerous studies. There is lacking of in-
formation regarding to the relationship among concurrent iAs and F- exposure, microbiome disruption, and
neurodevelopmental impacts. To fill these gaps, we treated offspring rats to iAs (50 mg/L NaAsO2) and F-

(100 mg/L NaF), alone or combined from early life (in utero and childhood) to puberty. We applied Morris water
maze test to assess spatial learning and memory of these rats and generated gut microbiome profiles using 16S
rRNA gene sequencing. We showed that concurrent iAs and F- exposure caused more prominent neurodeve-
lopmental effects in rats than either iAs or F- exposure alone. Moreover, Unsupervised Principal Coordinates
Analysis (PCoA) and Linear Discriminant Analysis Effect Size (LEfSe) analysis of gut microbiome sequencing
results separated concurrent exposure group from others, indicating a more sophisticated change of gut mi-
crobial communities occurred under the concurrent exposure condition. Further, a correlation analysis between
indices of the water maze test and microbial composition at the genus level identified featured genera that were
clearly associated with neurobehavioral performance of rats. 75% (9 out of 12) genera, which had a remarkable
difference in relative abundance between the control and combined iAs and F- exposure groups, showed sig-
nificantly strong correlations (r = 0.70–0.90) with the water maze performance indicators. Collectively, these
results suggest that concurrent iAs and F- exposure led to more prominent effects on neurodevelopment and gut
microbiome composition structures in rats, and the strong correlation between them indicates a high potential
for the development of novel microbiome-based biomarkers of iAs and/or F- associated neurodevelopmental
deficits.

1. Introduction

Inorganic arsenic (iAs) and fluoride (F-) are two elements re-
cognized as the most significant inorganic contaminants in drinking
water worldwide (Thompson et al., 2007; Humans IWGotEoCRt, Some

drinking-water disinfectants and contaminants, including arsenic IARC
Monogr Eval Carcinog Risks Hum 84, 2004; Brouwer et al., 1988; Wen
et al., 2013). Many geographic areas worldwide with drinking water
have been found to be co-contaminated by iAs and F-: in the US
(Goldhaber et al., 1997; Levy et al., 1999), Latin America (e.g.,
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Argentina, Bolivia, Chile, Colombia, Mexico, Peru) (Alarcon-Herrera
et al., 2013; Buchhamer et al., 2012; Gonzalez-Horta et al., 2015;
Rocha-Amador et al., 2007; Limon-Pacheco et al., 2018), Asia (e.g.,
China, India, Japan, Korea, Malaysia, Pakistan) (Chakraborti et al.,
2011; Wang et al., 2007; Arshad and Imran, 2016), and Africa
(Ethiopia, Ghana, Nigeria, Tanzania) (Amini et al., 2008; Bretzler et al.,
2017; Merola et al., 2014; Obiri et al., 2016; Ogbu et al., 2012; Wambu
et al., 2014).

Both iAs and F- produce adverse effects on neurodevelopment and in
turn deficits in neurobehavioral and cognitive function in children
whose exposure occurred during pre- and post-natal periods (Wang
et al., 2007; Tsai et al., 2003; Vibol et al., 2015; Rodriguez-Barranco
et al., 2013; Borman and Fyfe, 2013; Das, 2016; Sebastian and Sunitha,
2015; Bashash et al., 2017; Grandjean and Landrigan, 2014). In recent
decades, various epidemiological reports have shown that iAs exposure
can alter neurobehavioral and cognitive function, particularly related to
learning and memory, during childhood. Studies found a significant
association between higher levels of urinary iAs concentrations and
poor test scores measuring visual-spatial reasoning, language and vo-
cabulary, memory and intelligence (Rosado et al., 2007), and hyper-
active behavior (Roy et al., 2011) in children from Mexico. Similarly, a
study conducted in India showed that children exposed to high levels of
iAs in water throughout development and childhood performed poorly
in vocabulary, math skills, memory, and overall cognition (von
Ehrenstein et al., 2007). A meta-analysis concluded that iAs exposure
was associated with a decrease in children’s IQ (Rodriguez-Barranco
et al., 2013). Extremely high levels of F- are known to cause neuro-
toxicity in adults (Council, 2006). Negative impacts of F- exposure on
memory and learning have been also reported in rodent studies (Chioca
et al., 2008). Strong evidence from a meta-analysis further confirmed
that F- adversely affects cognitive development in early life (Choi et al.,
2012). However, considering large regions with drinking water co-
contaminated by iAs and F- and their potential synergistic neurotoxic
effects, the study is lacking in assessing neurodevelopmental effects of
iAs and F- mixtures.

Numerous studies show that iAs and F- exposure have a significant
impact on gut and/or oral microbiome (Chi et al., 2016; Dheer et al.,
2015; Isokpehi et al., 2014; Koopman et al., 2015; Lu et al., 2014; Chen
et al., 2013; Reilly et al., 2016; Bisanz et al., 2014; Ghaisas et al., 2016;
Yasuda et al., 2017; Luo et al., 2016). The gut microbiome has been
recognized as a key regulator of neurodevelopment and behavior, and
perturbations in the microbiome community could lead to develop-
mental deficits in neurobehavioral and cognitive functions (Borre et al.,
2014; Galland, 2014; Scheperjans et al., 2015; Mulle et al., 2013; De
Angelis et al., 2013). Lu and colleagues were the first to investigate the
impact of iAs exposure on gut microbiota composition and metabolic
activity (Lu et al., 2014). Their study showed that arsenic exposure over
4 weeks significantly altered gut microbiota composition in mice. In-
terestingly, subsequent work suggested that arsenic mediated changes
in murine gut microbiota composition and functional capacity may be
sex specific (Chi et al., 2016). A recent study of a pregnancy cohort
reported the associations between urinary iAs in 6-week-old infants and
the early intestinal microbiome, both in terms of overall microbiome
community composition and among bacterial taxa, which demonstrated
a similar sex-specific effect (Hoen et al., 2018). Relatively few studies
are available in terms of F- exposure and the microbiome. A study
suggested that F- treatment appeared to have a selective effect on the
composition of the oral, but not gut, microbial community in mice
(Yasuda et al., 2017). But a study done in broiler chickens showed that
high dietary F- altered bacterial counts and the diversity and compo-
sition of gut microbiota (Luo et al., 2016). Similarly, another recent
study suggested that excessive F- intake could induce intestinal barrier
damage in mice, leading to alterations in intestinal microflora (Liu
et al., 2019).

While it is important to investigate the effects of iAs exposure alone
and F- alone, unraveling the relationship among concurrent iAs and F-

exposure, microbiome disruption and neurodevelopmental effects is not
only scientifically important but also critical for public health practice
in the development of novel biomarkers and cost-effectively preventive
and therapeutic interventions. However, the relationship among these
three aspects is less clearly understood. In the present study, we es-
tablished a rat model in which offspring were exposed to relatively
high-dose iAs and F-, alone or in combination, from the early life (in
utero and childhood) to puberty; evaluated their performance in spatial
learning and memory via the Morris water maze test; investigated the
alterations in gut microbiome community compositions and further
examined the correlations between significantly different taxa and
neurodevelopmental performance.

2. Materials and methods

2.1. Chemicals and reagents

Sodium fluoride (NaF) and sodium arsenite (NaAsO2) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals and treatment

Healthy adult Sprague-Dawley rats (200–250 g) were provided by
the Laboratory Animal Center of Shanxi Medical University (Taiyuan,
China). Food and water were available ad libitum during the entire
experimental period. The environmental condition of the animal house
was maintained as 12:12 h day/night cycle, with a temperature of
24 ± 2 ℃. Ten days before mating, 4 male rats and 8 female rats were
randomly divided into 4 groups: control group (Ck) receiving sterile
water and exposure groups receiving 50 mg/L NaAsO2 (As group),
100 mg/L NaF (F group) or combination of 50 mg/L NaAsO2 and
100 mg/L NaF and (AsF concurrent group) in drinking water. Drinking
water with chemicals was made fresh twice a week. After 10 days of
exposure, the rats in corresponding groups were subject to mating in a
1:2 male-to-female ratio. Day 0 of pregnancy was confirmed once a
vaginal plug indicating successful mating was established. Pregnant rats
were continually exposed to relevant chemicals through drinking water
until the 21st day after giving birth. Offspring rats were exposed to iAs
and F- through parental lactation during the 21-day lactation period;
afterwards, 5 normal male offspring were randomly selected from each
exposure group and provided with the same iAs and F- treatment as
their parents until postnatal day 90. Thus, while the main impact of iAs
and F- exposure came from early life, the influence of offspring could
also from the short term exposure in parental rats. The selection ra-
tionale of iAs and/or F- exposure concentration was described in our
previous study (Tian et al., 2019). All experiments were performed in
accordance with protocol approved by the Institutional Animal Care
and Use Committee of Shanxi Medical University.

2.3. Morris water maze test

Following iAs and F- exposure, rats were trained on the spatial re-
ference memory version of the Morris water maze (RWD Life Science,
Shenzhen, China) hidden platform task to evaluate their space navi-
gation and spatial learning and memory. The circular water maze
testing tank was 210 cm in diameter and was filled with water to a
depth of 0.30 m, which was 2 cm higher than the escape platform of
0.28 m height and 10 × 10 cm. Non-toxic white paint was used to keep
the water opaque, and the water was maintained at 24 ± 2 ℃. A
variety of prominent visual maze cues were placed on the walls in the
room. The platform was hidden in quadrant Ⅰ during the space navi-
gation training and removed at the time of space exploration task. The
water maze test was divided into two sections: space navigation
training (the first 5 days) and the space exploration task (day 6). In
space navigation training, each rat was placed into each quadrant
randomly in sequence and allowed to swim for a maximum of 120 s.
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Remaining on the platform for no<10 s was defined as a successful
escape, and actual escape latency was recorded; otherwise, escape la-
tency was recorded as 120 s and the corresponding rat was placed on
platform for 10 s before the next training. The space navigation training
was performed once a day at all four quadrants for 5 consecutive days.
On the sixth day, the platform was removed, and each rat was placed in
the water maze at the farthest point away from the platform. The la-
tency to first reach the platform, the number of times crossing the
platform and the residence time spent at target quadrant within the
120-seconds limit were recorded. The behaviors of rats in the water
maze trial were recorded by a video tracking system equipped with an
automatic analysis software SMARTV3.0 (Panlab, Harvard Apparatus,
Barcelona, Spain).

2.4. Long-term potentiation (LTP) induced by high-frequency stimulation
(HFS)

After the Morris water maze test, rats were anesthetized with 20%
urethane (0.7 mL/kg, intraperitoneal injection) and placed on the ste-
reotaxic apparatus (RWD Life Science, Shenzhen, China). The scalp over
the bregma was exposed and ablated by H2O2 until the skull was visible.
A small hole (3-mm diameter) was drilled in the skull at the position of
4.2 mm posterior to the bregma and 3.8 mm lateral to the midline.
Then, rats were implanted with two epoxy insulated microelectrodes, a
stimulating electrode in the lateral of hippocampus Schaffer region and
a recording electrode in the stratum radiatum of the hippocampus CA1
region. Both electrodes were lowered slowly to the point where max-
imal field excitatory postsynaptic potential (fEPSP) was evoked by low
frequency stimuli. After the position of the recording electrode was
fixed, a 30-minute baseline fEPSP was recorded based on the stimula-
tion inducing 40% amplitude of maximal fEPSP. After that, three trains
of HFS (20 pulses at 200 Hz, with inter-train interval of 30 s) were used
to induce LTP. fEPSP was recorded in a 60-minute period at 1-minute
intervals. The fEPSP at a specific minute was calculated by averaging
two values recorded in that period. Each fEPSP was normalized to the
baseline fEPSP. The data from 1 min, 30 min and 60 min were utilized
as representative points to reflect LTP amplitude in the 60-minute
window.

2.5. Hematoxylin and eosin (H&E) staining of hippocampus

The brain tissues of rats were harvested and fixed in 4% paraf-
ormaldehyde for 24 h at room temperature. The brains were rinsed in
distilled water for 10 min before being dehydrated through serial
ethanol baths (80%, 90%, 95%, 100%) for 2 h each, then cleaned in
xylene and embedded in paraffin. Coronal sections were cut using a
microtome at 4-µm thickness. Sections were mounted on glass slides,
then stained with hematoxylin and eosin according to the technique
previously reported (Bancroft and Gamble, 2008). Slides were mounted
with neutral mounting medium and photographed using an inverted
microscope (Zeiss Axio Observer, ZEISS, Jena, Germany).

2.6. Fecal sample collection, DNA extraction and 16S rRNA gene
sequencing

Fecal pellets from individual rat selected for this experiment were
collected at postnatal day 90 for 16S rRNA analysis, and stored in liquid
nitrogen before being transferred to −80 ℃ refrigeration until further
analysis. Fecal DNA was extracted using the QIAamp® DNA Stool Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions. Quantification of DNA was performed using a NanoDrop
One spectrophotometer (Thermo Fisher Scientific, Fitchburg, WI), and
the integrity and size were assessed by 0.8% agarose gel electrophor-
esis. Isolated DNA was used to amplify the 16S rRNA gene of bacteria
using the universal primers set 338F (5′-ACTCCTACGGGAGGCA
GCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), targeting the

hypervariable regions V3-V4 of bacterial 16S rRNA. PCR amplification,
preparation of sequencing library and pyrosequencing were performed
on the Illumina MiSeq platform by Personal Biotechnology, Co., Ltd.
(Shanghai, China).

2.7. Bioinformatics data analysis

The 16S rRNA raw sequencing data were processed using the open-
source software QIIME 2 (version: 2019.1) (Bolyen et al., 2019). Se-
quences were demultiplexed and V3/V4 primer were removed using
cutadapt (v2.8). The DADA2 plugin package was utilized for amplicon
workflow: quality filtering, sequence truncation, denoise (error cor-
rection), sample inference, merging of paired-end reads, chimera
identification and removal, singletons removal, dereplication of se-
quences into operational taxonomic unit (OTU) with 100% sequence
similarity (Callahan et al., 2016). OTUs with a frequency of< 0.1% of
the total number of reads were discarded. Taxonomic classification was
conducted with a Naive-Bayes classifier trained against the SILVA 132
database (Quast et al., 2012) targeted for V3/V4 region of the 16S
rRNA. Alpha and beta diversity metrics were calculated in QIIME 2
(version: 2019.1). Alpha diversity indices of Abundance-based Cov-
erage Estimator (ACE), Chao1 and Shannon were estimated based on
rarefied sequence count. Beta diversity analysis was performed using
unsupervised principal coordinates analysis (PCoA) of Bray-Curtis dis-
similarity to illustrate differences of microbiome composition profiles at
OTU level. Linear discriminant analysis effect size (LEfSe) analysis
(Segata et al., 2011) was employed to identify distinguishing taxa
among the iAs and/or F- exposure groups and control group at multiple
levels and to visualize the results using cladogram and bar plot. The
correlation matrix between microbiome composition and water maze
performance was generated using Pearson’s correlation coefficient. A
heat map of this correlation matrix was created using the online plat-
form Morpheus (https://software.broadinstitute.org/morpheus).

2.8. Statistical analysis

All statistical analyses were performed using SPSS 22.0 software
(IBM, Chicago, IL, USA). The results of all the measurements are pre-
sented as the mean ± SEM. The differences between groups were
evaluated by one-way analysis of variance (ANOVA) followed by pair-
wise comparisons. A P-value < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Effects of iAs, F-, alone or in combination, on spatial learning and
memory of rats

The influences of iAs and F-, alone or in combination, on spatial
learning and memory of rats were evaluated using the Morris water
maze test, consisting of space navigation training and space exploration
task. As shown in Fig. 1A, on the first day of space navigation training,
rats in groups other than AsF combination group took the longest
amount of time to find the platform during 5-day training period. Ex-
cept for the AsF combination group, a time dependent decrease of es-
cape latency was observed along the training days. From the second
training day, rats in the control group showed consistently shorter la-
tency in locating the hidden platform. The escape latency of rats in the
AsF combination group was significantly longer than any other group
on the third training day. Additionally, another remarkable difference
was noted between the control group and the AsF combination group
on the fifth training day. No other statistically significant differences
were observed. The representative trajectories (Fig. 1E) taken by rats at
the last training day showed longer escape latency in the iAs and/or F-

exposure group compared with the control group. Rats in the F- alone
and AsF combination groups moved more along the wall of the pool. In
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addition, rats treated with combined AsF were significantly slower than
other groups in locating the platform.

In the following space exploration task without platform, the per-
formance of rats was assessed at three aspects within the 120-second
time frame: the latency to first reach the former platform position,
number of times crossing platform position, and the residence time
spent at target quadrant where the hidden platform had been previously
placed. Although rats in the F- alone and AsF combination groups took a
relatively longer amount of time to reach the platform position, no
statistical significance was detected among groups (Fig. 1B). As shown
in Fig. 1C and D, the results indicated that the number of times crossing
the platform and time spent at target quadrant of rats in the AsF
combination group significantly decreased, as compared with the con-
trol group. Despite spending relatively less time at the target quadrant,
the iAs or F- alone group showed no statistically significant difference in

contrast to the control group. According to representative trajectories
(Fig. 1F) taken by rats during the space exploration task, compared with
the control group, rats from exposure groups spent more time swim-
ming against the inner wall of the pool; furthermore, rats in the AsF
combination group were the least target-orientated and moved along
the wall the most frequently.

3.2. Effects of iAs and F-, alone or in combination, on long-term potentiation
(LTP) of hippocampus CA1 region

The results in Fig. 2A illustrate the changes of fEPSP at hippocampal
LTP induced by HFS. The fEPSP of all groups decreased downward
along with time in the 60-minute recording window. At each re-
presentative time point (1 min, 30 min, 60 min), the normalized fEPSP
amplitude of iAs and/or F- exposure groups were consistently lower

Fig. 1. Effects of iAs, F- or their combination on spatial learning and memory of rats in Morris water maze test. (A) Escape latency in space navigation
training. (B) Latency to first reach platform, (C) Number of times crossing platform and (D) Time spent at target quadrant in space exploration task. (E)
Representative swim trajectories of each group at the fifth day of space navigation training. (F) Representative swim trajectories of each group in space exploration
task. The data are presented as mean ± SEM (n = 5); *P < 0.05 vs. control group, † P < 0.05 vs. As group, ‡ P < 0.05 vs. F group.
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than the control group. In particular, as compared with the control
group, the fEPSP of F- alone and AsF combination group demonstrated
significant differences at the 1-minute and 30-minute recording points.
Surprisingly, no statistically significant differences were detected
among groups at the 60-minute time point.

3.3. Effects of iAs and F-, alone or in combination, on pathological changes
in the hippocampal CA1 region

H&E staining of neuron in the hippocampal CA1 region was ob-
served at different optical microscope magnifications (Bar = 100 µm
and 50 µm in Fig. 2B & C respectively). In the control group, hippo-
campal CA1neurons were tightly organized and had multiple cell
layers, with healthy cell morphology and clearly stained nuclei and
nucleoli. Compared with the control group, hippocampal CA1 neuron
pathological changes were observed in iAs and/or F- exposure groups,
including neurofibrillary degeneration, loosely and irregularly orga-
nized structure, fewer cell layers, cytoplasmic cavitation, deeper
staining of cytoplasm and nuclear pyknosis. In the iAs exposure group,

the cytoplasm of the neuronal cells deepened markedly, and the neu-
ronal fibers were swollen. In the F- exposure group, neuronal cells were
loosely and disorderly organized, and some swollen neuronal fibers
were observed. In the AsF combination group, the structure of neuronal
cells was even looser and more irregular. The number of cell layers and
cell quantities significantly decreased, along with increased swollen
neuronal fibers and cells with cytoplasmic cavitation.

3.4. Overall structure of bacterial communities across samples

In this study, 20 samples from 4 exposure groups were sequenced
using the Illumina MiSeq system. Based on quality-filtering results, one
of the samples in the iAs group was excluded as an outlier. As shown in
Table 1, after quality trimming and chimera checking, a total of
180,948 high-quality sequences were identified for downstream ana-
lysis, with an average of 9,524 reads per sample. After taxonomic as-
signment, 1,105 operational taxonomic units (OTUs) were obtained. In
particular, 456 species-level OTUs in the control group, 578 OTUs in
the iAs exposure group, 542 OTUs in the F- exposure group and 486
OTUs in the AsF combination group were obtained. A variety of indices
were employed to estimate the alpha-diversity of the bacterial com-
munity based on OTU levels. Among them, the ACE and Chao1 were
used to estimate microbial richness, while Shannon was used to eval-
uate microbial diversity. The results of ACE and Chao1 showed that the
iAs and/or F- exposure groups had a higher bacterial abundance than
the control group, although the difference was not significant
(P > 0.05). Similarly, the higher Shannon index indicated relatively
greater bacterial diversity of groups in response to iAs and/or F- ex-
posure.

Fig. 2. Effects of iAs, F- or their combination on LTP and pathological changes in hippocampal CA1 region. (A) Changes of field excitatory postsynaptic
potential (fEPSP) at hippocampal CA1 LTP induced by high-frequency stimulation. (B) Representative images of hippocampal neurons stained with H&E
(Bar = 100 µm). (C) Representative images of hippocampal neurons stained with H&E (Bar = 50 µm). Arrow marks indicate neural cells with pathological changes.
The data are presented as mean ± SEM (n = 5); *P < 0.05 vs. control group.

Table 1
Richness and diversity indices of bacterial communities for control and iAs and/
or F- exposure groups.

Group No. of
reads

No. of
OTUs

ACE Chao1 Shannon

Ck 40,173 456 152.79 ± 20.84 152.80 ± 20.81 6.02 ± 0.31
As 43,208 578 189.52 ± 32.10 190.40 ± 32.46 6.04 ± 0.70
F 51,876 542 192.75 ± 7.59 193.32 ± 7.34 6.25 ± 0.14
AsF 45,691 486 184.37 ± 20.36 184.84 ± 20.60 6.24 ± 0.38
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3.5. Altered microbiome changes in response to iAs and/or F- exposure

The 16S rRNA sequences were assigned from phylum to species
levels. As shown in Fig. 3A, at the phylum level, 9 bacterial phyla were
identified in each control and exposure group. Firmicutes (70.3%-
81.1%) and Bacteroidetes (13.4%–23.3%) were predominant phyla in
the gut bacterial community of rats, followed by Proteobacteria (0.8%-
2.7%), Patescibacteria (0.2%-1.3%), Actinobacteria (1.0%-1.2%), Te-
nericutes (0.6%-1.0%) and three phyla with relative abundance<
0.5%, Cyanobacteria, Verrucomicrobia and Epsilonbacteraeota. The
exposure groups and control group showed statistically significant dif-
ferences with regard to Firmicutes, Bacteroidetes, Patescibacteria and
Epsilonbacteraeota (Fig. S1 in Supplementary Material). Compared
with the control group, exposure to iAs caused significantly lower levels
of Firmicutes and higher levels of Bacteroidetes and Epsilonbacteraeota,
whereas the relative proportion of Patescibacteria remarkably de-
creased in response to AsF treatment.

Alterations of gut bacterial composition were also observed at the
family level (Fig. 3B). The legend of taxonomic assignments is provided
in Fig. S2 in Supplementary Material. There were 11 statistically sig-
nificant differences between treatment groups and the control group at
the family level (Fig. S3 in Supplementary Material). In contrast to the
control group, significantly higher relative abundances of Barnesiella-
ceae, Desulfovibrionaceae, Helicobacteraceae and Prevotellaceae were

found in the iAs group; similar differences were also observed at Pep-
tococcaceae and Rikenellaceae in the F- group, and Muribaculaceae in
the AsF combination group. Clostridiaceae 1 and Saccharimonadaceae
in the AsF group, as well as Lactobacillaceae in the iAs group were
notably less abundant than those in the control group. It is worth noting
that Peptostreptococcaceae decreased significantly in all three exposure
groups.

The microbiome compositions of different groups were also com-
pared at the genus level (Fig. 3C). The legend of taxonomic assignments
at the genus level is shown in Fig. S4 in Supplementary Material. The
relative abundances of 31 genera differed remarkably between ex-
posure groups and the control group (Table S1 in Supplementary
Material), including 11 predominant and 20 less-predominant (< 1% of
the total sequences in all groups) genera.

The overall difference in the gut microbiome community structure
resulting from iAs and/or F- exposure was evaluated using unsupervised
PCoA of Bray-Curtis dissimilarity (Fig. 3D). Principal coordinates 1 and
2 (PCo1 and PCo2) explained 14.81% and 12.87% of the variation in
Bray-Curtis dissimilarity, respectively. The clusters of exposure groups
were differentiated from control group to different extents. However,
the clustering of the iAs or F- group was not separated completely from
the control group. Interestingly, the AsF combination group samples
were clustered separately from the other three groups.

Fig. 3. Overall structure of bacterial communities across samples in response to iAs and/or F- exposure. (A) Bacterial community compositions at phylum
level. (B) Bacterial community compositions at family level (legend of taxonomic assignments is provided in Fig. S2 in Supplementary Material). (C) Bacterial
community compositions at genus level (legend of taxonomic assignments is provided in Fig. S4 in Supplementary Material). (D) The microbiome patterns of control
and exposure groups differentiated by unsupervised principal coordinates analysis (PCoA) of Bray-Curtis dissimilarity.
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3.6. LEfSe analysis to identify characterization of microorganismal features

A taxonomic cladogram representing the gut microbiome commu-
nity structure and its predominantly characteristic taxa is shown in
Fig. 4A. Only the taxa meeting a linear discriminant analysis (LDA)
significant threshold > 2 are displayed (Fig. 4B). These taxa were
significantly more abundance in comparison to the other groups. Based
on the plots, the order of Gastranaerophilales, family of Clostridiaceae 1
and genus of Clostridium sensu stricto 1 were enriched in the control
group; the phylum of Proteobacteria and three genera, namely Papilli-
bacter, Prevotella 9 and Turicibacter, were more abundant in the iAs
exposure group; the family of Peptococcaceae and its uncultured genus
were enriched in F- exposure group; the class of Negativicutes, order of
Selenomonadales, family of Acidaminococcaceae, as well as three
genera Erysipelotrichaceae UCG-003, Desulfovibrio and Phascolarcto-
bacterium were more dominant in samples in response to the AsF
combination exposure. The greatest number of featured taxa identified
in the AsF group was consistent with its farthest variation distance
observed in the previous PCoA result (Fig. 3D).

3.7. Correlations between microbiome composition and water maze
performance of rats

In order to investigate the functional correlations between micro-
biome composition and neurodevelopmental behaviors, the correlation
matrix was generated using Pearson’s correlation coefficient based on
the bacterial genus level, which provides more specific information
concerning taxonomic assignments. Here, we focused on the genera
with significant difference between the iAs and/or F- exposure groups
and the control group. As shown in the heat map (Fig. 5), clear mod-
erate correlations (0.5 ≤ |r|< 0.7, P < 0.05, highlighted as black-
outline squares) and strong correlations (|r| ≥ 0.7, P < 0.05, high-
lighted as green-outline squares) were identified between significant
genera and the three performance indicators (latency to first reaching
the platform, number of times crossing the platform, time spent at the
target quadrant) of rats in the water maze test.

The correlation matrix shown in Fig. 5A was established by pooling
samples from all groups. We identified ten genera that significantly
correlated with the three performance indicators of the water maze test.
Although no significant difference was observed at latency to first

Fig. 4. Distinct taxa identified among groups by linear discriminant analysis effect size (LEfSe) analysis. (A) Cladogram constructed based on the LEfSe
analysis to indicate the phylogenetic distribution of taxa that were significantly enriched among groups. The size of each dot is proportional to its effect size. (B) Taxa
meeting a linear discriminant analysis (LDA) score significant threshold > 2.
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reaching the platform among these groups, Clostridium sensu stricto 1
and an unclassified genus in family Lachnospiraceae positively corre-
lated with this variable. In terms of residence time spent at the target
quadrant, Adlercreutzia, Coprococcus 3 and Romboutsia showed positive
correlations with this variable; while Phascolarctobacterium, an un-
classified genera in family Muribaculaceae and an uncultured bac-
terium in family Peptococcaceae demonstrated negative correlations.
Among these genera, Ruminiclostridium was the only taxon demon-
strating significantly strong correlation (r = 0.72).

Because the AsF combination exposure group was more distinctly
differentiated from the control group according to the PCoA analysis, it
is worth exploring the correlations between neurodevelopmental be-
haviors of rats and the genera that showed significant changes speci-
fically between the AsF and control groups. As shown in Fig. 5B, 9 out
of 12 genera showed significant correlations with two of the water
maze performance indicators; number of times crossing the platform
and time spent at the target quadrant. Intriguingly, all correlations were
strong (r = 0.70–0.90). More explicitly, Clostridium sensu stricto 1 was
positively correlated with number of times crossing the platform, while
Erysipelotrichaceae UCG-003 had an inverse correlation with this in-
dicator. The variable, time spent at the target quadrant, showed sig-
nificant positive correlation with four genera, which were Adlercreutzia,
Clostridium sensu stricto 1, Coprococcus 3, Romboutsia, and were in-
versely correlated with Phascolarctobacterium, Desulfovibrio and two

unclassified genera in family Muribaculaceae and Ruminococcaceae.

4. Discussion

Toxicity induced by iAs and F- has attracted great interest in sci-
entific and medical societies due to their threats to public health
worldwide. Numerous studies have suggested that iAs and F- alone or
concurrent exposure could produce adverse effects on neurobehavioral
and cognitive functions of children and rodent models when exposure
occurs during early life, and the joint actions of iAs and F- could po-
tentially pose a greater risk (Wang et al., 2007; Jiang et al., 2014; Tsai
et al., 2003; Vibol et al., 2015; Rodriguez-Barranco et al., 2013; Borman
and Fyfe, 2013; Das, 2016; Sebastian and Sunitha, 2015; Bashash et al.,
2017; Grandjean and Landrigan, 2014). Increasing evidences show that
iAs or F- exposure has a remarkable impact on the gut and/or oral
microbiome (Chi et al., 2016; Dheer et al., 2015; Isokpehi et al., 2014;
Koopman et al., 2015; Lu et al., 2014; Chen et al., 2013; Reilly et al.,
2016; Bisanz et al., 2014; Ghaisas et al., 2016; Yasuda et al., 2017; Luo
et al., 2016), some of which have been linked to neurodevelopment and
behavior. In this study, we first time provide data showing that con-
current iAs and F- exposure led to more prominent effects on neuro-
development and gut microbiome composition structures in rats, and
some bacterial genera are strongly correlated (r = 0.70–0.90) with
observed differences in spatial learning and memory performance

Fig. 5. Correlations between microbiome composition at genus level and neurodevelopmental behaviors of rats in water maze test. (A) Heat map of
correlation matrix generated based on all groups. (B) Heat map of correlation matrix generated based on control group and AsF combination exposure group.
Moderate correlations (0.5 ≤ |r|< 0.7, P < 0.05) are highlighted as black-outline squares; strong correlations (|r| ≥ 0.7, P < 0.05) are highlighted as green-
outline squares.
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between the control and concurrent exposure groups.
The Morris water maze test is a widely used method for assessing

the spatial learning and memory ability of rodents, which in turn re-
flects central nervous system function in animals. In our present study,
in comparison with the control group, the rats that were exposed to iAs
and F-, alone or in combination, exhibited a significant delay in finding
the hidden platform on the third and fifth day of space navigation
training, while the iAs and F- mixture group was the most significant
one. Furthermore, iAs and F- mixture group also showed a significant
decrease of the number of times crossing platform and time spent at
target quadrant. LTP of synaptic transmission in the hippocampus is the
major form of activity-dependent plasticity in the central nervous
system and serves as a key synaptic model for investigating the cellular
and molecular mechanisms of spatial learning and memory (Bliss and
Collingridge, 1993). Similarly, the changes of the LTP and the fEPSP
were more notable in the iAs and F- combination exposure group. These
results suggest that exposure to iAs and F- may impair both spatial
learning and memory performance in rats, and the influences induced
by concurrent exposure is more prominent than iAs or F- alone. The
findings were largely consistent with the results of previous animal
experimental studies and epidemiological investigations (Wang et al.,
2007; Jiang et al., 2014; Wu et al., 2006; Zhang et al., 1999). The
hippocampus is essential for memory acquisition, storage, recall and
reconstruction (Jarrard, 1993). Some studies indicate that arsenic in-
duces hippocampal-dependent behavioral deficits in rodent models,
which may lead to impairment of spatial memory (Liu et al., 2012;
Krüger et al., 2006). Our H&E staining results showed that hippocampal
neuron pathological changes were observed in all exposure groups,
which provide further evidence and support the association.

Numerous studies report that a shift in gut microbiome composition
profiles has been implicated as a pathologic indictor in various diseases
(Thursby and Juge, 2017; Round and Mazmanian, 2009; Marchesi
et al., 2016). In this study, we identified a number of significant
changes at different taxonomic levels (phylum, family, and genus) of
microbial communities in response to iAs and/or F- exposure. Through
PCoA analysis based on OTU level, the subjects treated with combined
iAs and F- were distinctly separated from the other three groups; further
LEfSe analysis indicated the predominantly characteristic taxa, with the
greatest number of featured taxa identified in the AsF combination
group. These results suggested concurrent iAs and F- exposure had a
more prominent impact on gut microbial composition structures in rats.

Increasing evidence has suggested the perturbations of microbial
communities could result in developmental deficits in neurobehavioral
and cognitive functions (Borre et al., 2014; Galland, 2014; Scheperjans
et al., 2015; Mulle et al., 2013; De Angelis et al., 2013). Alteration of
gut microbiota profiles has been suggested to influence neurological
functions and behaviors potentially through immune activation, amino
acid metabolism, neurotransmitters, and neuroactive bacterial meta-
bolites such as short-chain fatty acid, via the mechanisms of commu-
nication along the microbiota–gut–brain axis (Cryan and Dinan, 2012;
Mohajeri et al., 2018). Dysregulation of the microbiota–gut–brain axis
may contribute to the development of psychiatric diseases (Fond et al.,
2014). A research has linked the influence of the gut microbiota on
neurological behavior with changes in the hippocampus. Remarkable
alteration in the dendritic morphology of the hippocampus was ob-
served between germ-free mice and conventionally colonized mice,
suggesting the crucial role of gut microbiota in maintaining normal
morphology and ultrastructure of brain neurons (Luczynski et al.,
2016). The finding, at least, partially support the contribution of per-
turbed gut microbiota profiles to pathological changes of hippocampal
neuron observed in our study. In current study, a correlation analysis
between indices of the water maze test and microbial composition at
the genus level identified featured genera that were clearly associated
with neurobehavioral performance of rats. 75% (9 out of 12) genera,
which had a remarkable difference in relative abundance between the
control and AsF combination groups, showed significantly strong

correlations (r = 0.70–0.90) with two of the water maze performance
indicators. Specifically, Adlercreutzia, Clostridium sensu stricto 1, Copro-
coccus 3 and Romboutsia showed strong positive correlations with task
performance. Recent studies have reported that a decreased abundance
of Adlercreutzia is associated with multiple sclerosis in patients through
affecting brain inflammatory signaling, implying its regulating effect on
immune response in central neural system (Chen et al., 2016; Camara-
Lemarroy et al., 2018). A more recent study found a negative correla-
tion between Adlercreutzia abundance and anxiety-like behaviors, sug-
gesting an association with neuropsychic behaviors (Xu et al., 2019). In
addition, Adlercreutzia pertain to the phylum of Actinobacteria, which
was reported to act a pivotal part in depressive-like behaviors through
perturbing host’s amino acid metabolism (Zheng et al., 2016). Clos-
tridium sensu stricto 1 belongs to the family of Clostridiaceae, which was
reported to be less abundant in patients with Alzheimer’s disease (Vogt
et al., 2017). Coprococcus is known to produce the short-chain fatty acid
butyrate, which strengthens the epithelial defense barrier and reduces
intestinal inflammation (Louis et al., 2014), and it has been reported to
be depleted in patients with major depressive disorder (Levenson et al.,
2004). A study demonstrated that butyrate is capable of mediating
enhanced induction of long term potentiation at in CA1 region of the
hippocampus in rats through the extracellular signal regulated kinase-
dependent signaling mechanism (Lattal et al., 2007); which was sub-
sequently confirmed by another study that butyrate facilitates neuronal
plasticity and enhances memory formation (Valles-Colomer et al.,
2019). Furthermore, a recent study suggested that Coprococcus was
consistently associated with greater quality of life (Gao et al., 2018).
Romboutsia is a member of the family Peptostreptococcaceae, which
was found to be related to inflammatory bowel disease triggered by
chronic stress (Leng et al., 2016), a higher proportion of which was
reported in gut microbial communities of healthy animals than in those
with dysbiosis of the intestinal microbiota (Kaakoush, 2015). On the
other hand, strong inverse correlations were identified between five
genera (Erysipelotrichaceae UCG-003, Phascolarctobacterium, Desulfovi-
brio and two unclassified genera in family Muribaculaceae and Rumi-
nococcaceae) and space exploration task indices. Few studies have re-
ported the relationship between Erysipelotrichaceae UCG-003 and health
outcomes. However, at the corresponding family level, Erysipelo-
trichaceae is strongly associated with gastrointestinal diseases and
metabolic disorders (Chen et al., 2012), suggesting its key role in in-
flammation-related disorders. Relative abundance of Erysipelo-
trichaceae was reported to be elevated in colorectal cancer patients as
compared to healthy controls (Jiang et al., 2015). Increasing evidence
has linked higher abundance of Phascolarctobacterium to various neu-
rodevelopmental and inflammation-related diseases, including Alzhei-
mer’s disease (Vogt et al., 2017), major depressive disorder (Weir et al.,
2013) and colorectal cancer (Walecki et al., 2018). Desulfovibrio is one
of the main microorganisms producing propionic acid (PPA) and its
related short-chain fatty acid, which can cause symptoms similar to
autism spectrum disorder (ASD) (MacFabe, 2012). Desulfovibrio was
also reported to produce hydrogen sulfide, a possible mitochondrial
toxin, featuring both neurotoxic and colonotoxic effects synergistic to
PPA (Petra et al., 2015). Studies have shown Desulfovibrio is over-
represented in children with ASD (Li et al., 2017; Finegold, 2011; Chou,
2019). Although two of the featured genera had no classification in-
formation, implication regarding health conditions could still be at-
tained from their upper family level. Muribaculaceae was recently re-
ported to be more abundant in patients with Parkinson’s disease than
healthy controls (Williams et al., 2011). Cumulative levels of Rumino-
coccaceae were found in children patients with ASD-gastrointestinal
symptoms [95] and cohorts with major depressive disorder (Levenson
et al., 2004); indicating its role in neurodevelopmental dysbiosis. Al-
though accumulated evidence provides supporting for the associations
between featured bacterial genera and neurological behaviors observed
in our current study, further studies (e.g. targeted bacterial species
transplantation, functional assessment of gut microbiome, changes of
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related biomarkers at lesion locations) are warranted to validate the
casual effects of featured bacterial genera and elucidate the mechan-
isms underpinning the ability of altered microbiota profiles to affect
host’s neurological behaviors.

5. Conclusion

In summary, our present study evaluated neurotoxicity and gut
microbiome disturbance as a result of exposure to high-dose of iAs and
F-, alone or in combination, from early life (in utero and childhood) to
puberty in rats. iAs and/or F- exposure led to neurobehavioral deficits
in spatial learning and memory, most prominently in offspring rats co-
exposed to iAs and F-. The H&E staining results confirmed that iAs and/
or F- caused pathological changes in hippocampal neuron. 16S rRNA
gene sequencing results demonstrated perturbation of gut microbiome
communities at different taxonomic levels in response to iAs and/or F-

exposure. Again, the effects were more noticeable in the AsF combi-
nation group. Furthermore, nine genera, which had significant differ-
ence of relative abundance between the control and AsF combination
groups, were identified to have significantly strong correlation
(r = 0.70–0.90) with spatial learning and memory performance.
Collectively, these results suggest that concurrent iAs and F- exposure
led to more prominent effects on neurodevelopment and gut micro-
biome composition structures in rats, and the strong correlation be-
tween them indicates a high potential for the development of novel
microbiome-based biomarkers of iAs and/or F- associated neurodeve-
lopmental deficits.
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