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Abstract

Arsenic is one of the most important environmental pollutants especially in drinking water. The S100B protein is presented as a
sensitive biomarker for assessment of the blood-brain barrier integrity previously. The objective of this study was to determine the
impact of chronic arsenic exposure in drinking water and serum S100B correlation. Fifty-four male BALB/c mice were randomly
divided into three groups. Group I and II subjects were treated with arsenic trioxide (1 ppm and 10 ppm, respectively), while the
rest received normal drinking water. Arsenic concentration in serum and brain was measured by an atomic absorption spectrom-
eter (Varian model 220-Z) conjugated with a graphite furnace atomizer (GTA-110). Also, a serum S100B protein concentration
was determined using commercial ELISA kit during different times of exposure. It was observed that body weight gain was
significantly lower from the 10th week onwards in arsenic-treated subjects. However, it did not induce any visible clinical signs
of toxicity. Measured arsenic level in serum and brain was higher in espoused groups as compared to the control subjects (p <
0.001 and p <0.0001, respectively). In addition, serum S100B content was increased over a period of 3 months and had
significant differences as compared to the control and 1-ppm group especially after 3 months of exposure in the 10-ppm group
(p <0.0001). In conclusion, it could be inferred that long-term arsenic exposure via drinking water leads to brain arsenic
accumulation with serum S100B elevated concentration as a probable BBB disruption consequence.
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Introduction

Since the industrial revolution and the emergence of new ways
of life, environmental pollution and its harmful effects on
human health have been raised as the most important problem
in human societies. Contact with environmental pollution is
caused by various factors such as inhaling suspended particles
and car smoke, eating foods grown in polluted soils, and
drinking contaminated water [1, 2].
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Arsenic (As), one of the most important environmental
pollutants, is widely distributed in nature, and according to
the World Health Organization statistics, it is estimated that
more than 200 million people are exposed to high amounts of
arsenic that can be dangerous to their health throughout the
world [3, 4].

The primary route of exposure to As is through drinking
water that has been contaminated by natural geologic sources
[5]- Moreover, human activities such as mining, smelting, and
refining of certain ores increased the dispersion of arsenic into
an environment. A body of articles proved that chronic arsenic
exposure is associated with neuropathy [6, 7], skin lesions [8],
peripheral vascular disease [9], hypertension, black foot dis-
ease [10], and increased risk of cancers [11-14]. Also, recent-
ly, the U.S. Environmental Protection Agency (EPA) reduced
its acceptable arsenic standard level in public drinking-water
sources to 10 ppb [15].

Although both organic and inorganic forms of arsenic exist
in nature, humans are mainly exposed to inorganic arsenic
through drinking water and occupational resources. In addi-
tion, it should be noted that nowadays, inorganic arsenic is
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used as a drug in severe conditions such as promyelocytic
leukemia [16].

An association between arsenic ingestion and increased
risk of microvascular diseases has been reported previously
[17-19]. Moreover, peripheral neuropathy, numbness, tin-
gling of the limbs, and CNS neuronal demyelination with
vascular origin have been reported after prolonged exposure
to inorganic arsenic [17—19].

The S100B protein belongs to a group of calcium-binding
proteins, which is mainly presented in the cytoplasm of glial
cells including astrocytes and oligodendrocytes [20, 21].
Measuring plasma concentration of S100B protein is consid-
ered as a sensitive biochemical indicator for assessment of
neuronal damage including blood-brain barrier disruption or
glial cell injury [22]. Recently, it was showed that serum
S100B concentrations accurately indicate blood-brain barrier
(BBB) dysfunction after traumatic brain injury [23, 24].

In light of these observations, the present study focuses on
investigating the possible correlation between inorganic arse-
nic exposure in drinking water and serum S100B concentra-
tion as a putative BBB disruption biomarker.

Material and Methods

Arsenic trioxide (99%, lot no. 02556EN) was purchased from
Sigma Aldrich Chemical Company, Inc. (Allentown, PA,
USA). All reagents used were of analytical grade and were
purchased from Merck (Darmstadt, Germany) unless other-
wise mentioned. All glassware and plastic instruments were
completely immersed for 24 h in 2 M nitric acid then followed
by washing with deionized water. Ultrapure deionized water
obtained from a MilliQ water purification system (Millipore,
Bedford, USA) was used throughout the experiment.

Animals and Experimental Design

All animal studies were conducted in accordance with
guidelines approved by the Institutional Animal Ethics
Committee at Isfahan University of Medical Sciences.
Fifty-four male mice (20+2 g) were housed in polypro-
pylene cages in an air-conditioned room (temperature
25+4 °C) with a 12-h light/dark cycle and humidity
between 60 and 75% with free access to food and wa-
ter. After 5 days of acclimatization period, they were
randomly divided into three groups. Group I and II
subjects were treated with arsenic trioxide dissolved in
drinking water ad 1ib (1 ppm and 10 ppm, respectively).
The rest of the animals used normal drinking water for
the duration of the project to evaluate as a negative
control group.

Arsenic Preparation and Sampling

Drinking water containing arsenic was prepared twice a week
by dissolving measured quantities of arsenic trioxide in tap
water and diluted to a desired concentration. It should be noted
that a sufficient volume of NaOH (1 M) was used to solubilize
the arsenic trioxide and the final sample was neutralized with
HCI (1 M) to an acceptable pH range (7.0-8.0). Total arsenic
concentrations in tap water, diet pellets, and diluted samples
were checked continuously. In addition, an animal’s body
weight was checked each week at a fixed time during morning
hours.

Six animals of each group were terminated by cervical
decapitation at the end of 4, 8, and 12 weeks of exposure,
and serum samples were isolated. The brains were taken out
immediately, washed in ice-cold saline, and kept at— 20 °C for
further analyses [23, 25].

Arsenic Measurement

Total serum and brain arsenic concentration was analyzed
using an atomic absorption spectrometer (Varian model 220-
Z) conjugated with a graphite furnace atomizer (GTA-110)
with a Zeeman background correction. In all determination
steps, argon gas with the ultrahigh purity of 99.998%
(200 mL min"') was used as a sheet gas except during the
atomization step in which the purge gas flow was interrupted.
Throughout the procedure, absorbance values of both peak
height and peak area for all standard and samples were mea-
sured in triplicate. The performed instrumental parameters and
temperature program for the GF-AAS analysis are given in
Table 1.

Concentrated nitric acid 65%, hydrogen peroxide 30%, and
hydrochloric acid 37% were used for sample preparation and
acid digestion. An arsenic stock solution with a concentration
of 1 g L' (Merck Millipore, Darmstadt, Germany) was used
to prepare 100 mg L' standard solution during the measure-
ment procedure. The commercially purchased quality control
solutions (certified reference materials) known as CRM
(NIES, Japan) were employed for the validation of the pro-
posed method [26].

S100B Assay

Plasma samples’ S100B concentration was determined using
commercially available enzyme-linked immunosorbent assay
kit (Mybiosource, San Diego). All analytical procedures were
done according to the manufacturer’s instructions. Each sam-
ple was assessed in triplicate within an assay, with absorbance
measured using a PowerWave plate reader (USA), and the
samples’ S100B protein concentrations were extrapolated
with reference to standard curve.
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Table 1 Graphite
furnace AAS parameters
and temperature program
used for the
measurement of total
arsenic in samples

Instrumental parameters
Wavelength (nm)
Slit width (nm)
Lamp current (mA)
Air flow (mL/min)
Injection volume (pL)
Heating program
Drying 1
Drying 2
Pyrolysis
Atomization

Cleaning

248.3

0.2

380

250

20
Temperature (°C) [ramp time (s), hold time (s)]
110 (1, 20)
154 (5, 30)
1150 (15, 10)
2100 (0, 5)
2600 (1, 2)

Data Analyses

All statistical evaluation and data processing were carried out
by using GraphPad Prism software (La Jolla, CA, USA).
Results are expressed as means+SD. To assess the existence
of any significant differences between the groups at a given
time and to confirm the results of multiple analyses of the
groups, non-parametric F test (Kruskal-Wallis) was used to
compare the groups at each time point. Spearman correlation
test was used to determine the relation between measured
variables. Values of p < 0.05 were defined as statistically
significant.

Results

The total number of subjects in each group were 18, 12, and 6
at the first, second, and third months, respectively. On the
whole, oral exposure to arsenic even at 10-ppm dose in drink-
ing water for a period of 3 months did not induce visible
clinical signs of toxicity or other physical changes (depres-
sion, paralysis, etc.) except significant change in weight gain.

Comparison of the subjects’ mean body weight at the start
time of the test between the groups was not statistically sig-
nificant (p value 0.182 and F 1.756). The non-parametric cor-
relation test done to evaluate time-dependent trend for weight
gain among different groups proved that there was a positive
and significant correlation between time and weight gain in
each group (r 0.989 and p value < 0.0001). As inferred from
Fig. 1, there was a steady increase in the body weight of
subjects in all groups until the 10th week, but the net growth
rate was almost 0 in both arsenic-treated groups from the 11th
week onwards. However, the statistically significant differ-
ence was only observed between control and 10-ppm-treated
subjects at the endpoint of the study (Mann Whitney test p
value 0.04).

@ Springer

Analyses of the diets showed that the actual metal content
was less than 10% of administered values. Statistical analysis
of any meaningful differences between groups in the first and
third months was examined by two-way F test followed by
Tukey’s multiple comparison test (Fig. 2).

It was observed that the amount of measured arsenic in the
serum of treated mice with 10 ppm arsenic trioxide after
3 months of exposure was significantly higher than that in
the first month of exposure (F'=298, p value < 0.0001).
However, there was no significant difference between the first
and third months of control or 1-ppm arsenic-exposed groups
in serum arsenic level. Comparison between groups at each
time interval shows that measured serum arsenic level was
higher in the exposed groups of 1 and 10 ppm versus that in
the control group (p < 0.001 and p < 0.0001, respectively).

=&~ Control
=== 1ppm

Body weight (g)

Time (week)

Fig. 1 Arsenic trioxide was given in drinking water as 1 ppm and 10 ppm
for 12 weeks. Control group subjects were given tap water ad lib. The
body weights were taken at 1-week intervals. All groups’ mean body
weight showed positive correlation until 10 weeks of observation.
Meanwhile, recorded data showed that, after the 11th week of treatment
with arsenic, mean body weight in 10-ppm arsenic-treated subjects was
significantly lower as compared with that in the control group. Data are
presented as mean = SEM. *p value < 0.05
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Fig.2 Serum arsenic concentrations (ng mL ") in the three groups exposed
to arsenic trioxide via drinking water (1 and 10 ppm). Data were presented
as mean = SD. Statistically significant differences were examined by two-
way ANOVA followed by Tukey’s multiple comparison test. The asterisk
indicates significant variation as compared to that of control group at the
same period of observation. The number sign shows significant variation
between the same groups at different time exposures. *p < 0.05; **p <0.01;
#tp < 0.001; #%p < 0.0001; #*¥p <0.0001

In comparing the amount of arsenic in the brain of a group
treated with 10 ppm arsenic, a significant difference with the
control group was shown in both measured times. However,
this difference was not observed in the 1-ppm group as com-
pared to the control group in the first month (Fig. 3).

Between-groups variation analysis at each time interval
shows that measured serum arsenic level was higher in the
exposed groups of 1 and 10 ppm versus that in the control
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Fig. 3 Arsenic concentrations (ng g ') in the brain between control and
arsenic trioxide-treated groups (1 and 10 ppm) via drinking water. Data
were presented as mean+ SD. Statistically significant differences were
examined by two-way ANOVA followed by Tukey’s multiple
comparison test. The asterisk indicates significant variation as compared
to that of the control group at the same period of observation. The number
sign shows significant variation between the same groups at different time
exposures. **¥p <0.001; ****¥p <0.0001; $p <0.05; $$$$p <0.0001;
#H#) < 0.0001

group (p<0.001 and p <0.0001, respectively). Meanwhile,
the same test among 1- and 10-ppm groups showed more
significant variation after 12 weeks exposure versus 4 weeks
(p <0.0001 vs. p <0.05, respectively).

The within-group analysis did not show a significant dif-
ference between the control or 1-ppm group subjects in the
first month versus the third month of the study, although this
statistical variation was clearly observed in 10-ppm arsenic
group toward increasing the value based on the time of
exposure.

In comparison of all groups, the brain arsenic content was
higher than the measured values in serum regardless of the
time of measurement. In the analyses conducted to examine
the existence of any statistically significant differences be-
tween these concentrations, it was observed that only the con-
trol group’s p values had a significant variation in the first
month of the study duration. Meanwhile, the comparison of
the measured values at the end of the third month indicated
that there was no significant difference in the control group. In
contrast, comparing the treated group with 1 or 10 ppm arsenic
concentrations has shown a sharp increase and significant dif-
ference after 3 months exposure from the starting day espe-
cially in 10-ppm-treated subjects (Table 2).

As shown in Fig. 4, comparison of serum S100B changes
showed that there were no significant differences between
control or 1-ppm group by increasing time exposure.
However, in association with the 10-ppm group, serum S100B
protein was increased over a period of 3 months and had
significant differences as compared to the control and 1-ppm
groups.

Total correlation between arsenic concentration in serum,
brain, and released S100B was provided in Fig. 5. It was
observed that a positive correlation exists among serum
S100B and brain arsenic content especially in 10-ppm-
treated subjects (»=0.96, p value < 0.001).

Discussion

Arsenic, one of the most natural toxic agents, is a water-borne
contaminant which endangers the health of millions of people
around the world. Trivalent arsenite (AslIIl) and pentavalent
arsenate (As V) are the two major inorganic arsenic contami-
nants in water [27]. Meanwhile, throughout the cells, cytosol
arsenate is usually reduced to arsenite [28]. In addition, the
most potent toxic form of arsenic is arsenic trioxide which has
a faster absorption than pentavalent arsenic in gastrointestinal
epithelium cells.

In our study, it was observed that arsenic exposure in drink-
ing water for 3 months did not produce any visible clinical
signs; however, treatment with 10 ppm arsenic for 12 weeks
induced a significantly lower body weight as compared to
control group subjects. In accordance with our observation,
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Table 2 Arsenic concentration

(ppb) in brain and serum of each Groups  1st month P, Mean 3rd month p Mean
group subject after 4 and ) value  Diff. : value  Diff.
12 weeks exposure to arsenic Serum Brain Serum Brain
trioxide in drinking water
Control  4.15£0.56  6.90+046  0.031 275 4404045 6.93+0.25 0.062 253
lppm  7.07£0.18  9.20+0.61 0.182 214 8.10+0.66 11.80+0.64 0.001 3.70
10 ppm  1229+0.64 12.79+0.85 0.998 049 18.70+1.01  30.21+2.28 0.000 11.51

Values were presented as mean + SD. Statistically significant differences were examined by two-way F test
followed by Tukey’s multiple comparison test. *p value lower than 0.05

Nandi and colleagues observed that the mean body weights of
oral arsenic-treated rats were significantly lower from the 10th
week onwards and the rats had a comparatively poor body
weight gain during the time of exposure [29]. Also, the same
decreasing pattern relative to that in the control group in net
body weight and net body weight gain was shown in rats
treated with 10 mg kg ! arsenic every day [26]. The observed
weight reduction in exposed animals could be due to a reduc-
tion in food intake, disruption in the absorption of nutrients
from the gastrointestinal tract, impaired cellular metabolism,
and decreased efficiency of food energy conversion into body
weight gain [30].

In our study, although the exposed dose of arsenic was low,
it has been observed that long-term exposure through drinking
water leads to arsenic accumulation in serum. Rowland and
colleagues observed that after sodium arsenate treatment in
rats, arsenic is rapidly absorbed and accumulated in the blood
and to a lesser extent in the liver, kidney, lungs, and spleen
[31]. Also, using radioactive arsenic proved that treatment
with 0.5 mg of arsenic per kilogram of body weight for 9 days
in mice leads to serum arsenic level remaining in a stable

Serum S100B

= Control
BE= 1ppm
B3 10ppm

Concentration (pg/ml)

Time (month)

Fig.4 Measured serum S100B concentrations (pg mL ™) in the three groups
exposed to arsenic trioxide via drinking water (1 and 10 ppm). Data were
presented as mean + SD. Statistically significant differences were examined
by two-way ANOVA followed by Tukey’s multiple comparison test. The
asterisk indicates significant variation as compared to that of control group
at the same period of observation. The number sign shows significant
variation between 1- and 10-ppm-treated groups. *p <0.05; *¥p <0.01;
siop < 0,001; #p < 0.001; ¥ < 0.0001
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concentration [32]. Arsenic can easily cross the cell mem-
branes through specific channels because of the arsenate and
arsenite chemical structure similar to the required nutrients.
Various transporters, including glucose transporters (GLUT
and SGLT), organic anion transporting polypeptides
(OATPs), aquaporins (AQPs), and phosphate transporters
(NaPi and PiT), participate in the absorption of As (V) and
As (1) [33].

It was observed that the brain arsenic content was higher
than measured serum values in all groups regardless of the
time of measurement. Comparing treated group with control
subjects has shown that brain arsenic content had a sharp
increase after 3 months exposure from the starting day, espe-
cially in the 10-ppm group. At physiological pH, arsenite con-
verts to As oHj inert form, which resembles organic mole-
cules such as glycerol [34]. As mentioned above, integral
membrane channel proteins such as aquaporins are responsi-
ble to flux water and small selected molecules via cellular
barriers such as BBB. The specific subfamily of AQPs named
aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10) trans-
ports larger molecules such as glycerol. It was sown that this
subfamily is responsible for transporting arsenite in mamma-
lians [35].

Recently, it was shown that another membrane protein fam-
ily including GLUT1 and GLUT4 also promotes uptake of
both arsenite and monomethylarsenite (MMA (III)) [29, 34,
36]. Since GLUT]1 is the main glucose transporter and is more
widely distributed than AQP7 and AQP9, it may assume be-
ing the major arsenic transporter into the brain and might
contribute to arsenic-related neurotoxicity [37].

Serum S100B comparison between 1-ppm and control
groups showed that by increasing the time of exposure there
was no significant change in the measured value; however, in
10-ppm treatment, total serum S100B content was increased
over a period of 3 months and had significant differences as
compared to the control and 1-ppm groups especially after
3 months of exposure. In accordance with previous observa-
tions, it could be inferred that 3 months exposure to 10 ppm
arsenic in drinking water (1000x of the acceptable range for
human exposure) increased the S100B serum content; this
elevation may be due to BBB disruption because of excessive
lipid peroxidation [38, 39].
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Fig.5 Correlation between measured serum S100B concentrations (pg mL ') and arsenic in serum/brain in the subjects exposed to arsenic trioxide via
drinking water (1 and 10 ppm). Data were presented as mean + SD. Comparison was done with Spearman correlation test

The S100B protein (molecular weight 10 kDa) belongs to
S100 family, a group of calcium-binding proteins, which is
mainly presented in the cytoplasm of the choroid plexus and
glia (astrocyte and oligodendrocytes) and Schwann cells [22].
Measuring serum concentration of S100B protein is consid-
ered as a sensitive biochemical indicator for assessment of
neuronal damage including blood-brain barrier disruption or
glia cell injury. Recently, it was shown that serum S100B
concentrations accurately indicate BBB dysfunction in com-
parison with other biomarkers such as albumin and pre-
albumin [40, 41]. Over the past decade, numerous studies
have reported a positive correlation between S100B levels in
the blood due to brain stroke, intracerebral hemorrhage, or in
major depression [37, 42]. It has suggested that SI00B has
leaked through the disrupted BBB because of glial cell dam-
age after middle cerebral artery occlusion (MCAO)-induced
model [43]. In addition, it was shown that release of S100
protein in peripheral blood was raised after brain ischemic
damage [44-46]. Briefly, SI00B protein was introduced as a
peripheral biomarker in forecasting long-term outcomes includ-
ing BBB disruption or even neurological damages [47—49].

To evaluate the extent of brain damage due to arsenic ex-
posure, it was observed that orally administered arsenic with
various concentrations (0.05, 0.1, 0.3, and 3 ppm) increased
the markers of lipid peroxidation and reduced the activity of
superoxide dismutase and glutathione reeducates in relation to
the excess free radicals production in rat brain [50, 51]. In our
study, it was expected that serum S100B concentrations show
two different releasing manners. First of all, it could be quick-
ly raised due to BBB vascular endothelial damage because of
arsenic’s proven characteristics [18] or slowly increased be-
cause of the time-consuming process of arsenic entrance
through the mentioned pathways, and accumulation and in-
duction of glial cell damage due to excess lipid peroxidation in
brain as it was shown previously [52]. In short, to some extent,
the second hypothesis came true in this observation.

In conclusion, it could be inferred that long-term arsenic
exposure via drinking water leads to arsenic accumulation in
brain with elevated serum S100B concentration as a probable
BBB disruption consequence, although further investigations

would be necessary for longer arsenic exposure to clarify the
exact correlation between S100B release and BBB disruption
with Evans blue dye and the brain oxidative damage markers.
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