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in different parts of the world [2, 3]. including in develop-
ing countries where clean and safe surface water is scarce 
[4–6]. It is estimated that 300 million people are exposed to 
groundwater contamination by iAs and iF through drinking 
water [7].

The individual toxic effects of iAs and iF exposure have 
been widely studied and are relatively well known. The bio-
logical effects and possible interactions when the exposure 
is simultaneous are not a clear-cut understanding of their 
combined toxicity, and the results are controversial since 
independent, antagonistic, and synergistic effects have been 
reported [3].

iAs toxicity is closely related to its metabolism [8]. The 
conventional iAs methylation process includes reduction 
reactions where iAs(V) must first be reduced to iAs(III). 
This reduction process can be mediated by reduced gluta-
thione (GSH), followed by a methylation process catalyzed 
by arsenic methyltransferase (AS3MT) with S-adenosyl-
methionine (SAM) as a methyl donor group where iAs is 

Introduction

Inorganic arsenic (iAs) and fluoride (iF) are two geogenic 
and anthropogenic contaminants widely distributed in the 
environment and commonly identified in contaminated 
groundwater. The maximum permissible limits of iAs and 
iF in drinking water are 10 µg/L and 1.5 mg/L, respectively 
[1]. The coexistence of these elements has been reported 
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Abstract
Inorganic arsenic (iAs) and fluoride (iF) are ubiquitous elements whose coexistence is frequent in several regions of 
the world due to the natural contamination of water sources destined for human consumption. It has been reported that 
coexposure to these two elements in water can cause toxic effects on health, which are controversial since antagonistic 
and synergistic effects have been reported. However, there is little information on the possible toxicological interaction 
between concurrent exposure to iAs and iF on the iAs metabolism profile.

The goal of this study was to determine the effect of iF exposure on iAs methylation patterns in the urine and the tis-
sues of female mice of the C57BL/6 strain, which were divided into four groups and exposed daily for 10 days through 
drinking water as follows: purified water (control); arsenite 1 mg/L, fluoride 50 mg/L and arsenite & fluoride 1:50 mg/L.

To characterize the iAs methylation pattern in concomitant iF exposure, iAs and its methylated metabolites (MAs and 
DMAs) were quantified in the tissues and the urine of mice was exposed to iAs alone or in combination. Our results 
showed a statistically significant decrease in the arsenic species concentrations and altered relative proportions of arsenic 
species in tissues and urine in the As-iF coexposure group compared to the iAs-exposed group. These findings show that 
iF exposure decreases arsenic disposition and alters methylation capacity.

Nevertheless, additional studies are required to elucidate the mechanisms involved in the iAs-iF interaction through iF 
exposure affecting iAs disposition and metabolism.
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methylated to monomethylated arsenic (MAs) and dimeth-
ylated arsenic (DMAs) [9, 10]., Fig. 1A. Recent evidence 
suggests an arsenic methylation pathway unchanged in its 
oxidative state (III) and interconversion to the oxidative 
state of arsenic (V) in the cellular environment [11], Fig. 1B.

Evidence from a meta-analysis of epidemiological stud-
ies shows that the metabolism of iAs is influenced by several 
factors, such as iAs exposure magnitude, smoking, alcohol 
drinking, age, sex [12], and coexposure to other elements, 
such as selenium [13]. In a previous study, we showed the 
interaction between iAs and iF exposure on iAs metabolism 
profile alteration in a Mexican adult population exposed to 
low and moderate concentrations of iAs and relatively high 
concentrations of iF [14].

Despite the common iAs-iF coexposure, little is known 
about the effects of iF exposure on iAs metabolism. There-
fore, the aim of this study was to evaluate the effect of iAs-
iF coexposure on the methylation pattern of iAs in urine and 
tissues of mice coexposed to iAs-iF after exposure to AsF in 
drinking water.

Methodology

Animal Treatment

The methylation pattern of iAs and its methylated metabo-
lites was examined in young 8-week-old C57BL/6 female 
mice from 15 to 17 g body weight obtained from Institu-
tional (Centro de Investigación y de Estudios Avanzados; 
Cinvestav-IPN). Mice were housed in plastic cages with 
shavings as bedding material. The room was kept on a 
12/12-h light/dark cycle at a temperature of 22 ± 1  °C, 
humidity of 40–60%, filtered air with a 95% efficiency and 
noise level lower than 85 dB. Mice were provided with 
free access to rodent food containing 0.147 mg As/kg and 

12 mg F/kg (PicoLab® Mouse Diet 20, #5058, LabDiet®; 
Haward, CA) and purified water containing 1 µg/L iAs and 
10 µg/L iF.

The procedures were approved by the Institutional Animal 
Care and Use Committee (CICUAL, Protocol#0277 − 18) 
in accordance with the Mexican Guideline Regulations of 
Animal Care and Maintenance [15] and the international 
guidelines for the use and care of laboratory animals as 
adopted and promulgated by the US National Institutes of 
Health. After 8 days of acclimatization, thirty-two mice 
were randomly assigned to four experimental groups (n = 8) 
as follows: control (received purified water), iF (fluoride 
exposure received water containing sodium fluoride at 50 
mgF/L), iAs (arsenic exposure received water containing 
sodium arsenite at 1 mgAs/L), and group iAs-iF (arsenic 
& fluoride 1: 50 mg/L) through drinking water for 10 days. 
The sodium arsenite and sodium fluoride (Sigma‒Aldrich, 
99% pure) used to prepare the solutions to expose the iAs, 
iF and iAs-iF groups were prepared daily. Body weight, 
water intake and food consumption were monitored every 
day. For urine collection, twelve hours prior to euthanasia, 
two mice from each group were housed in metabolic cages 
(Nalgene Co., Rochester, NY). Mice were maintained with 
free access to pellet rodent chow and tap water while in 
metabolic cages. Urine samples were collected for 12 h. At 
the time of euthanasia, each mouse was anesthetized using 
ketamine and xylazine. Kidney, liver, lung and urine bladder 
were extracted and washed in ice-cold isotonic saline solu-
tion to remove debris and blood, and urine and tissues were 
frozen at 80 °C until analysis.

Arsenic Analysis

20% tissue homogenates (w/v) were prepared in deion-
ized water on ice. Tissue homogenates and urine were used 
to measure the concentration of iAs and its methylated 

Fig. 1  Biotransformation of 
inorganic arsenic in mam-
mals. A, Conventional pathway; 
B, Recent model that describe the 
sequence of reactions catalyzed 
by AS3MT without a change in 
arsenical oxidation state (III). 
Abreviations: iAs. inorganic arse-
nic; GSH: reduced glutathione; 
AS3MT: arsenic methyltransfer-
ase; SAM:S-adenosylmethionine; 
SAH: S-adenosylhomocysteine; 
MAs: monomethylated arsenic; 
DMAs: dimethylated arsenic, and 
Ox: oxidative environment
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metabolites MAs and DMAs by hydride generation-cryo-
trapping-atomic absorption spectrometry using a Perkin 
Elmer Analyst 400 spectrometer (Perkin Elmer, Norwalk, 
CT), as described by [16]. The limits of detection (LOD) for 
iAs, MAs, and DMAs using this method are 0.12, 0.13, and 
0.14 ng As, respectively. Urine standard reference material 
(SRM) 2669 level 1 and level 2 from the National Institute 
of Standard and Technology (NIST) were used as quality 
controls to validate the analysis of the arsenic species at 
low and high concentrations, respectively. Accuracy ranged 
from 91 to 101% with a variation coefficient between 0.5 
and 10% in duplicate samples.

Indicators of iAs Metabolism

Arsenic species and total arsenic, TAs (sum of iAs, MAs, 
and DMAs), were reported as ng/g. The relative proportions 
of arsenic species of iAs%, MAs%, and DMAs% were cal-
culated by dividing the amounts of each arsenic species by 
that of TAs, considering the sum of arsenicals as 100% in 
the denominator.

Arsenic methylation indices were calculated as MAs/iAs 
(primary methylation index) and DMAs/MAs (secondary 
methylation index).

Statistical Analysis

All statistical analyses were performed using procedures 
available in GraphPad Prism version 8.0 (Boston’s MA). 
One-way analysis of variance with Student-Newman-Keuls 
or Tukey’s multiple comparison post-test was used to assess 
differences in the concentrations and proportions of As spe-
cies. Differences with p less than 0.05 (p < 0.05) were con-
sidered statistically significant.

Results

Estimated Daily Amount of iAs Ingested

Average daily iAs intake in drinking water per mouse was 
estimated based on the water consumption. Mice in the 
iAs group ingested 4.33 µg of iAs/day while iAs-IF group 
ingested 4.26 µg/day (Table 1). the estimated daily amount 
of iAs ingested in iAs and iAs-IF groups were similar.

Internal Arsenic Dosimetry and Urinary Excretion 
Level

Arsenic in the form of iAs, MAs and DMAs was quanti-
fied in the kidney, liver, lung and urine bladder of mice 
in the experimental groups. As expected, DMAs were the 
predominant species in all tissues of the study groups. As 
expected, the concentrations of arsenicals in the control and 
iF groups were significantly lower than those presented in 
the groups exposed to iAs and the combination of iAs-iF. 
Since our basic interest is the comparison between iAs vs. 
iAs-F groups, the statistical analysis was focused on this 
comparison. The concentrations of iAs, MAs and DMAs 
in the kidney, liver, lung, and urinary bladder were lower 
in the coexposed iAs-iF group than in the iAs group. This 
decrease in the internal dose of these organs was significant 
for the liver and kidney and marginally significant for the 
lung, whereas in the urinary bladder, it was only margin-
ally significant for MA levels. (Table 2). The sum of arseni-
cals/iAs + MAs + DMAs) represents the internal level of 
toxic arsenic in each tissue after 10 days of daily exposure. 
It was in the order of urine bladder > lung > liver > kidney 
(Table 2).

Because ingested arsenic is mainly excreted by urine, the 
concentrations of iAs and its metabolites were determined at 
the end of exposure. To collect enough urine sample (~ 0.4 
mL), two mice were placed per metabolic cage; the results 
were expressed in ng/mL. Urinary DMAs and the sum of As 
species were lower in the concurrent exposure group than in 
the iAs group exposed alone (Table 3).

The two groups that were not exposed to iAs (control and 
exposed to iF) presented low concentrations of arsenicals in 
both tissues and urine, possibly due to trace iAs concentra-
tions of the food.

Arsenic Methylation Profile

In relative terms, DMAs were the most abundant metabo-
lites in the lung, urinary bladder, and urine (~ 92%) and in 
the liver and kidney (~ 79%) (Fig. 2). There were marked 
differences in arsenic speciation profiles in kidney ). Altered 
profiles of %iAs and %DMAs were observed in the kidney 

Table 1  Estimated intake of inorganic arsenic by mouse
Parameters Control Fluo-

ride
(iF)

Arse-
nic
(iAs)

Arsenic-
Fluoride
(iAs-iF)

iAs vs. 
iAs-iF
p-value

Water consump-
tion mL/day

4.14
(4.08–
4.61)

4.11
(4.02–
4.37)

4.33
(4.19–
4.42)

4.26
(4.11–
4.35)

0.124

Food consumption 
g/3 days

6.33
(5.79–
6.73)

6.08
(5.33–
8.75)

6.09
(5.30–
8.80)

6.29
(6.02–
6.99)

0.668

Intake of arsenic 
µg/day

0.004
(0.004–
0.005)

0.004
(0.004–
0.004)

4.33
(4.19–
4.43)

4.26
(4.11–
4.35)

0.124

Mice received purified water (control), iF (50 mg/L), iAs(1 mg/L), 
and iAs & iF (1:50 mg/L) via drinking water for 10 days Results were 
expressed as median (25% percentile – 75% percentile), (n = 8). Com-
parative water and food consumption, and calculated intake of inor-
ganic arsenic between iAs and iAs-iF groups by Mann Whitney test

1 3

1596



Decreased Arsenic Disposition and Alteration of its Metabolic Profile in mice Coexposed to Fluoride

The C57BL/6 mouse strain was chosen as an experimen-
tal model, as it is characterized by being a good model for 
exposure and metabolic effects of exposure to iAs in addi-
tion to being sensitive to the effects of exposure to iF [9, 
17, 18].

Differences in iF toxicokinetics have been reported 
between rodents and humans. In rodents, iF is distributed 
and cleared 10 times faster, and the effects are less toxic 
[19, 20]. Thus, in our work, mice were exposed to concen-
trations of 50 ppm by drinking water and considering that 
this concentration would equal concentrations of 5 ppm, 
rodents were exposed to a concentration that can be found 
naturally in water contaminated with iF [5]. Regarding the 
concentrations of iAs we used 1  mg/L, it was considered 
that in rodents, in the same way as iF, iAs clearance is more 
efficient than in humans, making them less susceptible [21]. 
These concentrations were used to simulate iAs concen-
trations found in endemic populations of 0.2 mg/L. There 

depending on iF coexposure (Fig. 2a). Arsenic speciation in 
urine shows a lower relative proportion of DMAs with an 
increase in iAs and MAs (Fig. 3).

Table 4 shows the first (MAs/iAs) and second (DMAs/
MAs) methylation indices obtained in tissues. Only the 
secondary methylation index in the liver was significantly 
higher in the coexposure group iAs-iF than in the iAs expo-
sure group. For the urinary pattern of arsenicals, DMA/MAs 
were also altered in the case of coexposure to iF (Table 5),

Discussion

This study evaluated the distribution and excretion of arsen-
icals in a mouse model at biologically relevant concentra-
tions, where arsenic disposition and excretion are shown 
to be lower in the concurrent exposure with iF than when 
exposed only with iAs.

Arsenic Specie
ng/mL

Control Fluoride
(iF)

Arsenic
(iAs)

Arsenic-Fluoride
(iAs-iF)

iAs vs. 
iAs-iF
p-value

iAs 1.80 ± 0.67 1.67 ± 0.56 20.61 ± 1.90 31.96 ± 5.99 0.015
MAs ≤ LD ≤ LD 2.56 ± 0.43 3.99 ± 0.40 0.009
DMAs 35.0 ± 6.54 29.62 ± 6.26 478,25 ± 76,11 369.80 ± 35.46 0.0416
Sum As species 37.11 ± 6.32 31.40 ± 7.18 501.42 ± 77.37 405.75 ± 35.59 0.065
Abbreviatures: iAs: inorganic arsenic, MAs: monomethyl arsenic specie; DMAs: dimethyl arsenic specie 
levels. LD: Limit of detection = 0.13 ng for MAs. Mice received purified water (control), iAs (1 mg/L), iF 
(50 mg/L) and iAs & iF (1:50 mg/L) via drinking water for 10 days. Results are expressed as mean ± stan-
dard deviation (n = 4). Comparative concentrations between iAs and iAs-iF groups by Student’s t-test.

Table 3  Concentrations of arsenic 
species and sum of arsenicals in 
urine

 

Arsenic in
Tissue

Control Fluoride
(iF)

Arsenic
(iAs)

Arsenic-Fluoride
(iAs-iF)

iAs vs. 
iAs-iF
p-value

Kidney, ng/g
iAs 0.25 ± 0.01 0.14 ± 0.01 4.76 ± 0.68 3.25 ± 0.24 0.048
MAs ≤ LD ≤ LD 1.47 ± 0.24 0.75 ± 0.16 0.021
DMAs 0.63 ± 0.03 1.49 ± 0.27 40.32 ± 5.61 20.24 ± 1.28 0.002
Sum As species 1.03 ± 0.03 1.77 ± 0.27 46.55 ± 6.40 23.64 ± 1.52 0.003
Liver, ng/g
iAs 1.10 ± 0.09 0.16 ± 0.03 9.26 ± 1.96 3.59 ± 0.49 0.005
MAs 0.22 ± 0.02 ≤ LD 7.30 ± 1.26 3.01 ± 0.51 0.003
DMAs 0.48 ± 0.04 2.03 ± 0.22 39.98 ± 3.47 21.63 ± 1.52 < 0.0001
Sum As species 1.80 ± 0.12 2.34 ± 0.23 56.54 ± 6.29 28.24 ± 2.02 0.0003
Lung, ng/g
iAs 0.16 ± 0.02 0.16 ± 0.17 2.05 ± 0.26 1.32 ± 0.28 0.067
MAs 0.17 ± 0.01 0.16 ± 0.02 1.25 ± 0.15 0.81 ± 0.17 0.070
DMAs 0.59 ± 0.03 3.37 ± 0.77 68.69 ± 5.80 51.88 ± 6.23 0.062
Sum As species 0.91 ± 0.05 4.11 ± 0.85 71.88 ± 5.99 54.01 ± 6.49 0.055
Urinary Bladder, ng/g
iAs ≤ LD ≤ LD 10.95 ± 3.64 7.51 ± 2.90 0.386
MAs 9.62 ± 4.13 10.21 ± 4.58 1.62 ± 0.75 0.14 ± 0.01 0.051
DMAs 11.82 ± 5.25 12.24 ± 5.28 602.0 ± 114.1 344.0 ± 76.65 0.084
Sum As species 20.01 ± 8.13 25.44 ± 11.96 644.5 ± 138.9 368.0 ± 96.42 0.386

Table 2  Concentrations of arsenic 
species and sum of arsenicals in 
mouse tissues

Abbreviatures: iAs: inorganic 
arsenic, MAs: monomethyl 
arsenic specie; DMAs: dimethyl 
arsenic specie leves. LD: Limit 
of detection = 0.13 ng MAs. Mice 
received purified water (control), 
iAs(1 mg/L), iF (50 mg/L) and 
iAs & iF (1:50 mg/L) via drink-
ing water for 10 days. Results 
are expressed as mean ± stan-
dard error (n = 8). Comparative 
concentrations between iAs and 
iAs-iF groups by Student’s t-test.
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to iAs-iF than those observed with exposure to iAs. Interest-
ingly, other authors have reported a lower disposition of As 
in the presence of iF. The mean total As levels in rat liver 
were 1.2 and 0.8 µg/g in groups exposed to iAs (50 mg/L) 
and iAs-iF (50–50 mg/L) for 9 months, respectively [26]. 
The total arsenic level was 0.2 µg/g vs. 0.1 µg/g in zebraf-
ish brains exposed to iAs alone (0.050  mg/L) and iAs-iF 
(0.050-15 mg/L) for 60 days, respectively [27].

The possibility exists that iAs uptake may be decreased 
in the presence of iF and thus explaining the decrease in 
arsenical concentrations in urine and mouse tissue in coex-
posure to iF. Both pollutants are known to be absorbed in 
the intestine through both paracellular (tight junctions) and 
transcellular mechanisms [26, 28–30]. Therefore, a possible 
competitive interaction is suggested in the absorption in the 
intestine since both contaminants share both routes.

are many regions with concentrations of iAs in water of 
0.2 mg/L [5]. The iF:iAs ratio used in the coexposed group 
was 50 times (50:1).

Several experimental studies in rodents have recently 
been conducted with the combined exposure of iAs and iF, 
evaluating the effect of iAs and iF, individually or together, 
on oxidative stress, inflammation, and reproductive and neu-
rotoxicological effects, and they concluded that the simulta-
neous administration of iAs and iF is less toxic [22–25]. A 
limitation in these studies is that they used high concentra-
tions of the same exposure magnitude for both pollutants 
when it is known that iF is usually in concentrations 50 to 
150 times higher compared to iAs.

We observed that - iF could cause an antagonistic effect 
due to the lower concentration of iAs and its methylated 
metabolites in liver, kidney, and urine of mice coexposure 

Fig. 2  Relative proportion of arsenicals in tissues. Arsenic specues 
(iAs inorganic arsenic, MAs monomethyl-arsenic metabolite and 
DMAs. dimethyl-arsenic metabolite) in kidney (a), liver (b), lung (c) 
and urine bladder (d) of mouse exposed to iAs. arsenite (1 mg/L) and 
As-iF [arsenite (1 mg/L) & fluoride (50 mg/L)] via drinking water for 

10 days. The relative proportions of arsenical species were expressed 
as a percentage (mean ± standard error; n = 8). Differences between 
iAs exposed group vs. combined iAs-iF exposed group were evaluated 
by Student t test.
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[31], while in its pentavalent state, it can form arsenic pen-
tafluoride (AsF5) by decreasing the ionization of iAs [32]. 
Although salts of AsF3 and AsF5 have been synthesized, 
there is no evidence of these salts formation in water or 

Some authors have suggested the formation of iAs-
iF complexes, since iF, being an electronegative element, 
can form ionic bonds with iAs and form arsenic trifluoride 
(AsF3), a complex that is not easily absorbed by the intestine 

Arsenic Methylation Indices Control Fluoride
iF

Arsenic
iAs

Arsenic-
Fluoride
iAs-iF

iAs vs. 
iAs-iF
p-value

Kidney
MAs/iAs 0.57 ± 0.02 1.07 ± 0.06 0.38 ± 0.08 0.25 ± 0.05 0.192
DMAs/MAs 4.3 ± 0.20 10.64 ± 1.94 39.54 ± 11.92 45.97 ± 12.93 0.718
Liver
MAs/iAs 0.21 ± 0.024 1.05 ± 0.08 0.85 ± 0.04 0.82 ± 0.06 0.709
DMAs/MAs 2.23 ± 0.046 14.51 ± 1.09 6.74 ± 0.52 8.84 ± 0.93 0.039
Lung
MAs/iAs 1.10 ± 0.05 0.69 ± 0.15 0.64 ± 0.07 0.96 ± 0.25 0.220
DMAs/MAs 3.59 ± 0.22 22.90 ± 5.62 61.75 ± 6.28 88.70 ± 14.76 0.107
Urine Bladder
MAs/iAs 102.1 ± 38.62 94.51 ± 35.58 0.20 ± 0.12 0.35 ± 0.21 0.537
DMAs/MAs 1.83 ± 1.20 2.05 ± 1.14 1835 ± 901 2495 ± 684.3 0.579

Table 4  Arsenic methylation 
indices in mouse tissues

Abbreviatures: iAs: inorganic 
arsenic, MAs: monomethyl 
arsenic specie; DMAs: dimethyl 
arsenic specie. Mice received 
purified water (control), iAs 
(1 mg/L), iF: fluoride (50 mg/L) 
and iAs & iF (1: 50 mg/L) via 
drinking water for 10 days. 
Results were expressed as 
mean ± standard error (n = 8). 
Comparative arsenic methyla-
tion indices between arsenic and 
arsenic  & fluoride groups by 
Student t test.

 

Fig. 3  Relative proportion of 
arsenicals in urine. Arsenic spe-
cies (iAs inorganic arsenic, MAs 
monomethyl-arsenic metabolite 
and DMAs. dimethyl-arsenic 
metabolite) in urine of mouse 
exposed to iAs. arsenite (1 mg/L) 
and iAs-iF [arsenite (1 mg/L) & 
fluoride (50 mg/L)] via drinking 
water for 10 days. The relative 
proportions of arsenical species 
were expressed as a percentage 
(mean ± standard error; n = 4). 
Differences between iAs exposed 
group vs. combined iAs-iF 
exposed group were evaluated by 
Student t- test.
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mechanism by which iF exposure affects iA metabolism and 
better characterizes the health risks associated with com-
bined exposure to iAs and iF.
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in vivo during the administration of iAs and iF and conse-
quently of their possible presence or in gastric transit.

Additionally, it has been shown that both iAs and iF can 
modify populations of the gastrointestinal microbiota [33, 
34]. Among the modifications that both contaminants share 
by the microbiota is the reduction of the gastrointestinal bar-
rier and the damage to the tight junctions of the intestine, 
which leads to permeability alteration [35].

We propose that iF with this competitive interaction can 
modify the absorption of iAs, thus distributing its concen-
tration toward different organs, such as the kidney and liver, 
which were evaluated in the present study.

On the other hand, the evaluation of the metabolic pro-
file is important. Differences in the concentrations or pro-
portions of iAs, MAs, and DMAs have been linked to the 
susceptibility of a variety of adverse health effects of iAs 
exposure [36, 37]. To our knowledge, this is the first in 
vivo experimental study that shows the interaction effect of 
iAs-iF coexposure on the methylation pattern of iAs and its 
methylated metabolites in tisúes, and urine mice coexposed 
to iAs-iF through drinking water. The methylation arsenic 
profile in the liver, urine bladder, and lung was not altered 
by coexposure but altered by distinct organ-specific dif-
ferences in the distribution and methylation of iAs and its 
metabolites, which have been reported [38].

Alteration of the iAs methylation pattern may be influ-
enced by GSH depletion reported by iF exposure [39]. It has 
already been shown that GSH depletion could be a poten-
tial mechanism associated with altered methylation capacity 
[17, 40].

Interestingly, the lower expression (1.8 times) of the 
as3mt gene was recently identified in the brain of zebrafish 
coexposed to iF (15 ppm) and iAs (0.05 ppm) compared to 
exposure to iAs alone, which helps explain the alteration in 
iAs metabolic pattern [27].

Conclusions

A decreased disposition of arsenicals and altered methyla-
tion profile were observed in concurrent iAs-iF exposure, 
suggesting that iF exposure plays an important role in iAs 
metabolism. Further studies are required to determine the 

Arsenic Methylation Indices Control Fluoride
iF

Arsenic
iAs

Arsenic-
Fluoride
iAs-iF

iAs vs. 
iAs-iF
p-value

MAs/iAs 0.07 ± 0.012 0.027 ± 0.061 0.125 ± 0.013 0.127 ± 0.007 0.9312
DMAs/MAs 365.77 ± 36.42 296.2 ± 34.78 188.20 ± 12.85 93.18 ± 5.87 0.027
Abbreviatures: iAs: inorganic arsenic, MAs: monomethyl arsenic specie; DMAs: dimethyl arsenic specie. 
Mice received purified water (control), iAs (1 mg/L), iF: fluoride (50 mg/L) and iAs & iF (1: 50 mg/L) via 
drinking water for 10 days. Results were expressed as mean ± standard error (n = 8). Comparative arsenic 
methylation indices between arsenic and arsenic + fluoride groups by Student t test.

Table 5  Arsenic methylation 
indices in urine

 

1 3

1600



Decreased Arsenic Disposition and Alteration of its Metabolic Profile in mice Coexposed to Fluoride

humans: a systematic review and meta-analysis. Int J Environ Res 
Public Health 13:205. https://doi.org/10.3390/ijerph13020205

13.	 Styblo M, Thomas DJ (2001) Selenium modifies the metabolism 
and toxicity of arsenic in primary rat hepatocytes. Toxicol Appl 
Pharmacol 172:52–61. https://doi.org/10.1006/taap.2001.9134

14.	 Jiménez-Córdova M, Sánchez-Peña L, Barrera-Hernández Á, 
González-Horta C, Barbier OC, Del Razo LM (2019) Fluoride 
exposure is associated with altered metabolism of arsenic in 
an adult mexican population. Sci Total Environ 684:621–628. 
https://doi.org/10.1016/j.scitotenv.2019.05.356

15.	 NOM-062- ZOO- (1999) https://www.gob.mx/senasica/docu-
mentos/nom-062-zoo-1999 Accessed 26 June 2018

16.	 Hernández-Zavala A, Matoušek T, Drobná Z, Paul D, Walton F, 
Adair BM, Jiří D, Thomas DJ, Stýblo M (2007) Speciation analy-
sis of arsenic in biological matrices by automated hydride gener-
ation-cryotrapping-atomic absorption spectrometry with multiple 
microflame quartz tube atomizer (multiatomizer). J Anal Atomic 
Spectrom 23:342–351. https://doi.org/10.1039/b706144g

17.	 Hughes MF, Kenyon EM, Edwards BC, Mitchell CT, Thomas 
DJ Strain-dependent disposition of inorganic arsenic in 
the mouse. Toxicol. 137:95–108. https://doi.org/10.1016/
s0300-483x(99)00068-2

18.	 Li BY, Gao YH, Pei JR, Yang YM, Zhang W, Sun DJ (2017) 
ClC-7/Ostm1 contribute to the ability of tea polyphenols to 
maintain bone homeostasis in C57BL/6 mice, protecting against 
fluorosis. Int J Mol Med. 39:1155-63. https://doi.org/10.3892/
ijmm.2017.2933

19.	 Dunipace AJ, Brizendine EJ, Zhang W, Wilson ME, Miller LL, 
Katz BP, Warrick JM, Stookey GK (1995) Effect of aging on ani-
mal response to chronic fluoride exposure. J Dent Res 74:358–
368. https://doi.org/10.1177/00220345950740011201

20.	 Dionizio AS, Melo CGS, Sabino-Arias IT, Ventura TMS, Leite 
AL, Souza SRG, Santos EX, Heubel AD, Souza JG, Perles 
JVCM, Zanoni JN, Buzalaf MAR (2018) Chronic treatment with 
fluoride affects the jejunum: insights from proteomics and enteric 
innervation analysis. Sci Rep 8:3180. https://doi.org/10.1038/
s41598-018-21533-4

21.	 Koller BH, Snouwaert JN, Douillet C, Jania LA, El-Masri H, 
Thomas DJ, Stýblo M Arsenic Metabolism in Mice Carrying a 
BORCS7/AS3MT Locus Humanized by Syntenic Replacement. 
Environ Health Perspect. 128:87003. https://doi.org/10.1289/
EHP6943

22.	 Mittal M, Flora SJ (2020) (2006) Effects of individual and com-
bined exposure to sodium arsenite and sodium fluoride on tis-
sue oxidative stress, arsenic, and fluoride levels in male mice. 
Chem Biol Interac, 162: 128–139. https://doi.org/10.1016/j.
cbi.2006.05.018

23.	 Khan H, Verma Y, Rana SVS (2022) Significance of inflamma-
tion and apoptosis in Hepatocellular Death in Rat, co-treated 
with Arsenic and Fluoride. Biol Trace Elem Res 200:3227–3235. 
https://doi.org/10.1007/s12011-021-02929-2

24.	 Liu P, Li R, Tian X, Zhao Y, Li M, Wang M, Ying X, Yuan 
J, Xie J, Yan X, Lyu Y, Wei C, Qiu Y, Tian F, Zhao Q, Yan X 
(2021) Co-exposure to fluoride and arsenic disrupts intestinal 
flora balance and induces testicular autophagy in offspring rats. 
Ecotoxicol Environ Saf 222:112506. https://doi.org/10.1016/j.
ecoenv.2021.112506

25.	 Zhao S, Guo J, Xue H, Meng J, Xie D, Liu X, Yu Q, Zhong H, 
Jiang P (2022) Systematic impacts of fluoride exposure on the 
metabolomics of rats. Ecotoxicol Environ Saf 242:113888. 
https://doi.org/10.1016/j.ecoenv.2022.113888

26.	 Mittal M, Chatterjee S, Flora S (2018) Combination therapy with 
vitamin C and DMSA for arsenic-fluoride co-exposure in rats. 
Metalom 10:1291–1306. https://doi.org/10.1039/c8mt00192h

27.	 Mondal P, Shaw P, Dey Bhowmik A, Bandyopadhyay A, Sudar-
shan M, Chakraborty A, Chattopadhyay A (2021) Combined 

ducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1.	 World Health Organization (2011) Guidelines for drinking-water 
quality, 4th edn. WHO, Geneva

2.	 Amini M, Abbaspour KC, Berg M, Winkel L, Hug SJ, Hoehn E, 
Yang H, Johnson CA (2008) Statistical modeling of global geo-
genic arsenic contamination in groundwater. Environ Sci Technol 
42:3669–3675. https://doi.org/10.1021/es702859e

3.	 Mondal P, Chattopadhyay A (2020) Environmental exposure of 
arsenic and fluoride and their combined toxicity: a recent update. 
J Appl Tox 40:552–566. https://doi.org/10.1002/jat.3931

4.	 Buchhamer EE, Blanes PS, Osicka RM, Giménez MC (2012) 
Environmental risk assessment of arsenic and fluoride in the 
Chaco Province, Argentina: research advances. J Toxicol Environ 
Health A 75:1437–1450. https://doi.org/10.1080/15287394.2012.
721178

5.	 González-Horta C, Ballinas-Casarrubias L, Sánchez-Ramírez B, 
Ishida MC, Barrera-Hernández A, Gutiérrez-Torres D, Zacarias 
OL, Saunders RJ, Drobná Z, Mendez MA, García-Vargas G, 
Loomis D, Stýblo M, Del Razo LM (2015) A concurrent expo-
sure to arsenic and fluoride from drinking water in Chihuahua, 
Mexico. Int J Environ Res Public Health 12:4587–4601. https://
doi.org/10.3390/ijerph120504587

6.	 Biswas T, Pal SC, Saha A (2023) Hydro-chemical assessment 
of coastal groundwater aquifers for human health risk from ele-
vated arsenic and fluoride in West Bengal, India. Mar Pollut Bull 
186:114440. https://doi.org/10.1016/j.marpolbul.2022.114440

7.	 Bibi S, Kamran MA, Sultana J, Farooqi A (2017) Occurrence 
and methods to remove arsenic and fluoride contamination in 
water. Environ Chem Lett 15:125–149. https://doi.org/10.1007/
s10311-016-0590-2

8.	 Styblo M, Drobná Z, Jaspers I, Lin S, Thomas DJ (2002) The 
role of biomethylation in toxicity and carcinogenicity of arsenic: 
a research update. Environ Health Perspect 110:767–771. https://
doi.org/10.1289/ehp.110-1241242

9.	 Drobna Z, Styblo M, Thomas DJ (2009) An overview of arsenic 
metabolism and toxicity. Curr Protoc Toxicol 42. 4.31.1–4.31.6

10.	 Hall MN, Gamble MV (2012) Nutritional manipulation of one 
carbon metabolism: effects on arsenic methylation and toxicity. J 
Toxicol 1–11. https://doi.org/10.1155/2012/595307. ID 595307

11.	 Stýblo M, Venkatratnam A, Fry RC, Thomas DJ (2021) Origins, 
fate, and actions of methylated trivalent metabolites of inorganic 
arsenic: progress and prospects. Arch Toxicol 95:1547–1572. 
https://doi.org/10.1007/s00204-021-03028-w

12.	 Shen H, Niu Q, Xu M, Rui D, Xu S, Feng G, Ding Y, Li S, Jing M, 
Shen H, Niu Q, Xu M, Rui D, Xu S, Feng G, Ding Y, Li S, Jing M 
(2016) Factors affecting arsenic methylation in arsenic-exposed 

1 3

1601

https://doi.org/10.3390/ijerph13020205
https://doi.org/10.1006/taap.2001.9134
https://doi.org/10.1016/j.scitotenv.2019.05.356
https://www.gob.mx/senasica/documentos/nom-062-zoo-1999
https://www.gob.mx/senasica/documentos/nom-062-zoo-1999
https://doi.org/10.1039/b706144g
https://doi.org/10.1016/s0300-483x(99)00068-2
https://doi.org/10.1016/s0300-483x(99)00068-2
https://doi.org/10.3892/ijmm.2017.2933
https://doi.org/10.3892/ijmm.2017.2933
https://doi.org/10.1177/00220345950740011201
https://doi.org/10.1038/s41598-018-21533-4
https://doi.org/10.1038/s41598-018-21533-4
https://doi.org/10.1289/EHP6943
https://doi.org/10.1289/EHP6943
https://doi.org/10.1016/j.cbi.2006.05.018
https://doi.org/10.1016/j.cbi.2006.05.018
https://doi.org/10.1007/s12011-021-02929-2
https://doi.org/10.1016/j.ecoenv.2021.112506
https://doi.org/10.1016/j.ecoenv.2021.112506
https://doi.org/10.1016/j.ecoenv.2022.113888
https://doi.org/10.1039/c8mt00192h
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/es702859e
https://doi.org/10.1002/jat.3931
https://doi.org/10.1080/15287394.2012.721178
https://doi.org/10.1080/15287394.2012.721178
https://doi.org/10.3390/ijerph120504587
https://doi.org/10.3390/ijerph120504587
https://doi.org/10.1016/j.marpolbul.2022.114440
https://doi.org/10.1007/s10311-016-0590-2
https://doi.org/10.1007/s10311-016-0590-2
https://doi.org/10.1289/ehp.110-1241242
https://doi.org/10.1289/ehp.110-1241242
https://doi.org/10.1155/2012/595307
https://doi.org/10.1007/s00204-021-03028-w


L. C. S. Peña et al.

bicarbonate transport but tight-junction formation is delayed by 
fluoride in a novel ameloblast model. Front Physiol, 8: 8:940. 
https://doi.org/10.3389/fphys.2017.00940

36.	 Gamboa-Loira B, Cebrián ME, Franco-Marina F, López-Carrillo 
L (2017) (2017) Arsenic metabolism and cancer risk: A meta-
analysis. Environ Res. 156:551–558. https://doi.org/10.1016/j.
envres.2017.04.016

37.	 Kuo CC, Moon KA, Wang SL, Silbergeld E, Navas-Acien A 
(2017) The Association of Arsenic Metabolism with Cancer, 
Cardiovascular Disease, and diabetes: a systematic review of the 
Epidemiological evidence. Environ Health Perspect 125:087001. 
https://doi.org/10.1289/EHP577

38.	 Kenyon EM, Del Razo LM, Hughes MF (2005) Tissue distribu-
tion and urinary excretion of inorganic arsenic and its methyl-
ated metabolites in mice following acute oral administration of 
arsenate. Toxicol Sci 85:468–475. https://doi.org/10.1093/toxsci/
kfi107

39.	 Zhang Y, Wu J, Jiang L, Lu C, Huang Z, Liu B (2021) Prospects 
for the role of ferroptosis in Fluorosis. Front Physiol 7:12773055. 
https://doi.org/10.3389/fphys.2021.773055

40.	 Ding L, Saunders RJ, Drobná Z, Walton FS, Xun P, Thomas DJ, 
Stýblo M Methylation of arsenic by recombinant human wild-
type arsenic (+ 3 oxidation state) methyltransferase and its methi-
onine 287 threonine (M287T) polymorph: role of glutathione. 
Toxicol Appl Pharmacol 264:121–30. https://doi.org/10.1016/j.
taap.2012.07.024

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law. 

effect of arsenic and fluoride at environmentally relevant con-
centrations in zebrafish (Danio rerio) brain: alterations in stress 
marker and apoptotic gene expression. Chemos 269:128678. 
https://doi.org/10.1016/j.chemosphere.2020.128678

28.	 He H, Ganapathy V, Isales CM, Whitford GM (1998) pH-depen-
dent fluoride transport in intestinal brush border membrane 
vesicles. Biochim Bioph Act Biom. 1372:244–54. https://doi.
org/10.1016/S0005-2736(98)00064-9.

29.	 Buzalaf M, Whitford GM (2011) Fluoride metabolism. Monog 
Oral Sci 22:20–36. https://doi.org/10.1159/000325107

30.	 Calatayud M, Barrios JA, Vélez D, Devesa V (2012) In vitro 
study of transporters involved in intestinal absorption of inorganic 
arsenic. Chem Res Toxicol 25:446–453. https://doi.org/10.1021/
tx200491f

31.	 Mondal P, Shaw P, Bandyopadhyay A, Dey Bhowmik A, 
Chakraborty A, Sudarshan M, Chattopadhyay A (2019) Mixture 
effect of arsenic and fluoride at environmentally relevant con-
centrations in zebrafish (Danio rerio) liver: expression pattern of 
Nrf2 and related xenobiotic metabolizing enzymes. Aquat Toxi-
col 213:105219. https://doi.org/10.1016/j.aquatox.2019.06.002

32.	 Khan H, Verma Y, Rana SVS Duration of exposure modulates 
combined effects of arsenic and fluoride on oxidative stress in the 
liver of rat. J Environ Biol. 43: 514–19. https://doi.org/10.22438/
jeb/43/4/MRN-2083

33.	 Dionizio A, Uyghurturk DA, Melo CGS, Sabino-Arias IT, Araujo 
TT, Ventura TMS, Perles JVCM, Zanoni JN, Den Besten P, Buza-
laf MAR (2021). Intestinal changes associated with fluoride 
exposure in rats: Integrative morphological, proteomic and micro-
biome analyses. Chem,273: 129607. https://doi.org/10.1016/j.
chemosphere.2021.129607

34.	 Zhong G, Wan F, Lan J, Jiang X, Wu S, Pan J, Hu L (2022) (2021) 
Arsenic exposure induces intestinal barrier damage and conse-
quent activation of gut-liver axis leading to inflammation and 
pyroptosis of liver in ducks. Sci Tot Environ. 788:147780. https://
doi.org/10.1016/j.scitotenv.2021.147780

35.	 Rácz R, Földes A, Bori E, Zsembery Á, Harada H, Steward MC, 
DenBesten P, Bronckers ALJJ, Gerber G, Varga G No change in 

1 3

1602

https://doi.org/10.3389/fphys.2017.00940
https://doi.org/10.1016/j.envres.2017.04.016
https://doi.org/10.1016/j.envres.2017.04.016
https://doi.org/10.1289/EHP577
https://doi.org/10.1093/toxsci/kfi107
https://doi.org/10.1093/toxsci/kfi107
https://doi.org/10.3389/fphys.2021.773055
https://doi.org/10.1016/j.taap.2012.07.024
https://doi.org/10.1016/j.taap.2012.07.024
https://doi.org/10.1016/j.chemosphere.2020.128678
https://doi.org/10.1016/S0005-2736(98)00064-9
https://doi.org/10.1016/S0005-2736(98)00064-9
https://doi.org/10.1159/000325107
https://doi.org/10.1021/tx200491f
https://doi.org/10.1021/tx200491f
https://doi.org/10.1016/j.aquatox.2019.06.002
https://doi.org/10.22438/jeb/43/4/MRN-2083
https://doi.org/10.22438/jeb/43/4/MRN-2083
https://doi.org/10.1016/j.chemosphere.2021.129607
https://doi.org/10.1016/j.chemosphere.2021.129607
https://doi.org/10.1016/j.scitotenv.2021.147780
https://doi.org/10.1016/j.scitotenv.2021.147780

	﻿Decreased Arsenic Disposition and Alteration of its Metabolic Profile in mice Coexposed to Fluoride
	﻿Abstract
	﻿Introduction
	﻿Methodology
	﻿Animal Treatment
	﻿Arsenic Analysis
	﻿Indicators of iAs Metabolism
	﻿Statistical Analysis

	﻿Results
	﻿Estimated Daily Amount of iAs Ingested
	﻿Internal Arsenic Dosimetry and Urinary Excretion Level
	﻿Arsenic Methylation Profile

	﻿Discussion
	﻿Conclusions
	﻿References


