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Metal toxicology is one of the oldest areas of study of
toxicology and one of the oldest environmental problems.
Metals and metalloids are toxic elements at the top of the
priority list of hazardous substances of the Agency for Toxic
Substances and Disease Registry (ATSDR). However, several
gaps of knowledge still exist that are related to their toxicity,
mainly concerning the mechanisms of action. This special
issue affords the opportunity to bring together the results
of nine papers covering several aspects of the toxicology of
metals and metalloids in in vitro and in vivo experimental
models, as well as in exposed populations.

The molecular mechanisms mediating manganese- (Mn-)
induced neurotoxicity, particularly in the immature central
nervous system, are not completely understood. Based on
that, T. V. Peres et al. suggested that altered intracellular
MAPKs signaling pathways may represent an early event
concerning the effects of Min exposure in the immature brain.

In vitro cytotoxicity of 8-SiC nanowires (ceramic material
with a potential use as hard tissue replacement) was investi-
gated by W. Xie et al. The authors have found that 100 nm long
SiC nanowires increased oxidative stress in MC3T3-El cells,
as determined by the concentrations of MDA (as a marker of
lipid peroxidation) and 8-OHdG (indicator of oxidative DNA
damage). Moreover, after treatment with 100 nm long SiC

nanowires, the mitochondria were swelled and disintegrated,
and the production of ATP and the total oxygen uptake were
also decreased significantly.

G. Espinosa-Reyes et al. assessed the impact of mining
activities on biotic communities within the District of Villa
de la Paz in Mexico. Authors have observed that the concen-
trations of As and Pb in soil were higher than the Mexican’s
regulations for urban or agricultural areas.

Many phytoremediation technologies have been used for
the remediation of metal polluted areas. This is a low cost
process with several distinct advantages including improve-
ment of the soil quality, cost-effective and technically feasible
process, plants which serve as sufficient biomass for rapid
remediation, promoting high rhizosphere activity, and finally
restoration in a reasonable time frame. Based on that, M.
Sabeen et al. showed the potential of Arundo donax L. for
phytoextraction of cadmium (Cd) from contaminated soil
and water.

T. S. Gongalves et al. evaluated the cytotoxicity induced
by orthodontic bands through survival tests on Saccha-
romyces cerevisidge, a microorganism that presents several
genetic and biochemical characteristics similar to human
cells. Three groups of bands were evaluated: silver soldered
(SSB), laser soldered (LSB), and bands without any solder
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(WSB). Authors found SSBs to be cytotoxic, whilst LSBs
were not, confirming that laser soldering may be a more
biocompatible alternative for use in connecting wires to
orthodontic appliances.

The chemical effects of uranium in rats following a
chronic ingestion were investigated by I. Dublineau and
coworkers. Biochemical and hematological indicators were
measured and several different types of investigations (molec-
ular, functional, and structural) were conducted in different
organs. The specific sensitivity of the organs to uranium
was deduced from nondeleterious biological effects, with the
following thresholds (in mg/L): 0.2 for brain, >2 for liver, >10
for kidneys, and >20 for intestine, indicating a no-observed-
adverse-effect level (NOAEL) threshold for uranium superior
to 120 mg/L. Based on the chemical uranium toxicity, the
tolerable daily intake calculation yields a guideline value for
humans of 1350 g/L. This value was higher than the WHO
value of 30g/L, indicating that this WHO guideline for
uranium content in drinking water is very protective and
might be reconsidered.

Methylmercury (MeHg) is one of the most poisonous
environmental contaminants, causing toxic effects in humans
and experimental animals. Then, potential protective effects
of several nutrients against MeHg-induced toxicity have been
evaluated. C. L. Dalla Corte et al. investigate the efficacy of
diphenyl diselenide [(PhSe)2] in attenuating methylmercury-
(MeHg-) induced toxicity in rats. Cotreatment with (PhSe)2
protected hepatic and cerebral mitochondrial thiols from
depletion by MeHg but failed to completely reverse MeHg’s
effect on hepatic and cerebral mitochondrial dysfunction
or hepatic, cerebral, and renal inhibition of TrxR activity.
Additionally, the cotreatment with (PhSe)2 increased Hg
accumulation in the liver (50.5%) and brain (49.4%) and
increased the MeHg-induced motor deficits and body-weight
loss. Their results indicate that (PhSe)2 can increase Hg body
burden as well as the neurotoxic effects induced by MeHg
exposure in rats. On the other hand, R. Frenedoso da Silva et
al. observed that Mana-cubiu (Solanum sessiliflorum Dunal),
a native fruit from the Amazon rich in iron, zinc, niacin,
pectin, and citric acid, when coadministered with MeHg
minimizes the damages caused by the exposure to MeHg on
sperm quantity and quality and the histological aspect of the
testis and epididymis of rats.

A. A. Soares de Oliveira et al. evaluated the effects of poly-
morphisms in glutathione- (GSH-) related genes (GSTM1,
GSTT1, GSTPI, GCLM, and GCLC) in the distribution
of Hg in the blood compartments in humans exposed to
methylmercury (MeHg). They observed that GSH-related
polymorphisms might change the metabolism of MeHg by
modifying the distribution of mercury species (inorganic
mercury and methylmercury) in the plasma compartment
and the partitioning between Hg in plasma and in blood.

We hope that the new findings on the toxic effects
of metals and metalloids presented here can contribute to
environmental and health policies, leading to a safer planet.

BioMed Research International

Acknowledgment

We would like to thank all the reviewers that have contributed
their time and insight to this special issue.

Fernando Barbosa Junior
Marcelo Farina

Susana Viegas

Wilma De Grava Kempinas



Hindawi Publishing Corporation
BioMed Research International

Volume 2014, Article ID 312901, 9 pages
http://dx.doi.org/10.1155/2014/312901

Research Article

The B-SiC Nanowires (~100 nm) Induce Apoptosis via Oxidative
Stress in Mouse Osteoblastic Cell Line MC3T3-E1

Weili Xie,"* Qi Xie,> Meishan Jin,” Xiaoxiao Huang,' Xiaodong Zhang,'

Zhengkai Shao,’ and Guangwu Wen"*

"' School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China

2 Department of Prosthodontics, School of Stomatology, Harbin Medical University, Harbin 150001, China

3 Department of Neurosurgery, The First Affiliated Hospital of Harbin Medical University, Harbin 150001, China
*School of Materials Science and Engineering, Harbin Institute of Technology at Weihai, Weihai 264209, China

Correspondence should be addressed to Guangwu Wen; guangwuwen@yeah.net

Received 23 July 2013; Revised 26 November 2013; Accepted 28 November 2013; Published 21 May 2014

Academic Editor: Marcelo Farina

Copyright © 2014 Weili Xie et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Silicon carbide (SiC), a compound of silicon and carbon, with chemical formula SiC, the beta modification (3-SiC), with a zinc
blende crystal structure (similar to diamond), is formed at temperature below 1700°C. 3-SiC will be the most suitable ceramic
material for the future hard tissue replacement, such as bone and tooth. The in vitro cytotoxicity of 3-SiC nanowires was investigated
for the first time. Our results indicated that 100 nm long SiC nanowires could significantly induce the apoptosis in MC3T3-E1
cells, compared with 100 #m long SiC nanowires. And 100 nm long SiC nanowires increased oxidative stress in MC3T3-E1 cells, as
determined by the concentrations of MDA (as a marker of lipid peroxidation) and 8-OHdG (indicator of oxidative DNA damage).
Moreover, transmission electron microscopy (TEM) was performed to evaluate the morphological changes of MC3T3-El cells.
After treatment with 100 nm long SiC nanowires, the mitochondria were swelled and disintegrated, and the production of ATP and

the total oxygen uptake were also decreased significantly. Therefore, 3-SiC nanowires may have limitations as medical material.

1. Introduction

SiC nanowires are considered to have extensive potential
applications due to the excellent mechanical, electrical, and
optical properties [1, 2]. During the past decades, efforts have
been focused on the synthesis of SiC nanowires. Recently,
we fabricated ultra-large-scale SiC nanowires by directly
annealing SiOC nanocomposites. Owing to the outstanding
physical and chemical stability, SiC nanowires might show
good performances in biotechnology and life sciences.
Recent studies have disclosed that nanomaterials are
excellent vectors for targeting and delivery of medicines [3,
4]. Nevertheless, the in vitro toxicity of SiC nanomaterials
has not been investigated. The suitability of nanomaterials
must be supported by rigorous studies of their potential
toxicity [5, 6]. Thus, in the development of nanomaterials the
potential nanomaterial induction of adverse cellular reactions
must be considered. Silica nanoparticles, for example, have
been demonstrated to have low toxicity if administered in

moderate concentration [7]. But, the nanoparticles tend to
agglomerate and to lead to protein aggregation at a concentra-
tion of 25 ug/mL [8]. Further studies showed that toxic effects
of nanowires in HepG2 cells and human epithelial cells only
occur at higher concentrations (more than 100 ug/mL) [9].
On the other hand, studies have shown that nanowires readily
bind the large protein fibronectin and are readily internalized
when incubated with mammalian cells [10].

Osteoblasts synthesize and regulate the deposition and
mineralization of the extracellular matrix. Most transformed
osteoblast cell lines, although of uniform phenotype, do not
exhibit the normal linkage of differentiation and growth
arrest [11]. Recent studies have shown that H,O,, as active
oxygen species, had both stimulatory and inhibitory effects
on MC3T3-E1 cell viability depending on the concentration
and treatment duration [12, 13]. Oxidative stress, result-
ing from excessive levels of reactive oxygen species, rep-
resents a major cause of cellular damage and death in a
plethora of pathological conditions including osteoporosis,
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in which there are markedly increased blood levels of oxida-
tive stress markers [14, 15]. And oxidative stress induced
caspase-independent apoptosis of MC3T3-El cell in vitro
[16]. The present study was designed to investigate the
SiC nanowires induced apoptosis through ROS generation
and oxidative stress via Bax/Bal-2 and caspase pathways in
mouse osteoblastic cell line MC3T3-El. Based on the results
described above, we employed TEM to characterize the SiC
nanowires before exposure and to investigate the effect of SiC
with different lengths on cytotoxicity of MC3T3-E1 cell.

2. Materials and Methods

2.1. Chemicals. In the present study, 5-SiC nanowires were
synthesized by directly annealing the amorphous SiOC
nanocomposites in Ar atmosphere [17]. High-sugar Dulbec-
cos modified Eagles medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco (USA). Penicillin-
streptomycin was purchased from Sangon (Shanghai, China).
WST-8 was purchased from Dojindo Laboratories (Japan).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT), 2,7-dichlorodihydro-fluorescein diacetate
(DCE-DA), propidium iodide (PI), and Hoechst 33342 were
purchased from Sigma-Aldrich Chemical Company. Annexin
V-FITC Apoptosis Detection Kit I was purchased from BD
Biosciences (USA). The primary anti-Bax, anti-Bcl-2, anti-
caspase-3, and anti-actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

2.2. Preparation and Characterization of SiC Nanowires. The
B-SiC nanowires were dispersed in deionized (DI) water,
phosphate-buffered saline (PBS), or a culture medium and
characterized by X-ray diffraction (XRD, Shimadzu XRD-
6000) and transmission electron microscopy (TEM, Philips
CMI2), respectively.

2.3. Cell Culture. Preosteoblast subclones (MC3T3-E1) cells
were obtained from the Cell Bank of Shanghai Institutes
for Biological Sciences, Chinese Academy of Science, China.
The cells were cultured in DMEM with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37°C in humidified
environment with 5% of CO,.

2.4. Cell Morphology Observation. After the incubation, con-
trol cells as well as MC3T3-El cells treated by different
types and concentrations of 3-SiC nanowires were harvested,
gently washed with 0.01M PBS (pH 7.4), and fixed by 2.5%
glutaraldehyde for two hours. Then, the cells were incubated
at 37°C for 5 min and embedded into 0.1% agar. The agar was
subsequently fixed by 2.5% glutaraldehyde in PBS at 4°C for at
least 2 h. The cell samples were washed with PBS and refixed
by 1% osmium tetroxide at 4°C for 2h, dehydrated in epoxy
resin [18]. Ultrathin cross sections (~60 nm) of the cells were
observed under TEM microscope (Hitachi-7650, Japan).

2.5. MTT Assay. Cell viability was determined using a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, the cells were seeded in 96-well dishes at

BioMed Research International

1x10* to 2 x 10* cells per well and pretreated with or without
B-SiC nanowires for 24 h. Each well was then supplemented
with 10 L of MTT (Sigma) and incubated for 4 h at 37°C. The
medium was then removed, and 150 4L of dimethyl sulfoxide
(Sigma) was added to solubilize the MTT formazan. The
optical density was read at 490 nm.

2.6. Apoptosis Assay by Flow Cytometry. Double staining for
annexin V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) was carried out with annexin V-FITC apoptosis
detection kit. After the treatment, cells were washed twice in
cold PBS/sodium azide and centrifuged at 80 xg for 5 min.
The pellets were resuspended in binding buffer at density
of 1 x 10° cells/mL. A sample (100 uL) of the solution was
transferred to a culture tube and double-stained with 5 uL of
annexin V-FITC and 5 uL of PI. After incubation in the dark
for 15 min at room temperature, 400 L of binding buffer was
added to the mixture. The intensity of annexin V-FITC and
PIwasrecorded by FACScan flow cytometry (BD Biosciences,
USA) and analyzed with Cell Quest software. A total 0£10,000
cells in each sample was analyzed and the percentage of
positive cells was determined for each histogram.

2.7. Nuclear Staining with Hoechst 33342/PI. Hoechst 33342/
PI were added to each well and incubated for 10 min at
37°C. The stained cells were visualized under a fluorescent
microscope, equipped with a CoolSNAP-Pro color digital
camera to examine the degree of nuclear condensation.

2.8. Western Blot. Cells were cultured and treated as descri-
bed above and then lysed with ice-cold lysis buffer containing
50 mmol/L Tris-HCI, pH 7.4; 1% NP-40; 150 mmol/L NaCl;
1 mmol/L EDTA; 1 mmol/L phenylmethylsulphonyl fluoride;
and complete proteinase inhibitor mixture (one tablet per
10 mL; Roche Molecular Biochemicals, Indianapolis, IN,
USA). After protein content determination using a DC
Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA)
and subsequently incubation with dilute solution (1:1000)
of primary antibodies including anti-Bax, anti-Bcl-2, anti-
caspase3, and anti-actin (Santa Cruz Biotechnology Inc,
Santa Cruz, CA). The membranes were then exposed to the
secondary antibodies, that is, alkaline phosphatase-labeled
goat anti-rabbit immunoglobulin (Santa Cruz), at a dilution
0f1:1000, followed by exposure to X-ray film [19]. The protein
bands were detected using an enhanced chemiluminescence
western blotting detection kit (Amersham, Little Chalfont,
Buckinghamshire, UK).

2.9. Detection of the Level of Superoxide Anion (O,"”), MDA,
8-OHdG, and MnSOD. We used the probe dihydroethid-
ium (DHE; Molecular Probes, Eugene, OR, USA) to detect
intracellular O,"". O, oxidizing DHE to ethidium, which
generates a red fluorescent signal. Fluorescence spectrometry
of cell O, production was performed according to previous
methods [20].

Cell samples were prepared as a 10% homogenate in
0.9% saline using a homogenizer on ice according to their
respective weight. Then the homogenate was centrifuged, and
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FIGURE 1: Characterization of nanowires, XRD, and TEM patterns of SiC nanowires. (a) XRD pattern of the SiC nanowires; (b) TEM image

of single SiC nanowires and the corresponding SAED pattern.

the supernatant was collected and diluted. The assay of the
MDA levels was performed according to the manufacturer’s
instructions for the MDA detection kit. Competitive ELISA
for 8-OHdG was performed according to the manufacturer’s
protocol. Sample DNA assays were performed in triplicate.
Standard 8-OHAG was assayed over a concentration range
of 0.125-20ng/mL in duplicate for each experiment. The
average concentration of 8-OHdG per microgram of DNA for
each group was calculated for each sample. Controls without
added DNA and appropriate blanks were also incorporated
into experiments.

The enzyme activity of MnSOD was measured in 5-10 ug
of cell protein using a kit. The method utilized tetrazolium
salt to quantify O, generated by xanthine oxidase and
hypoxanthine. The standard curve was generated by using
a quality-controlled SOD standard. MnSOD activity was
determined by performing the assay in the presence of
potassium cyanide to inhibit Cu-ZnSOD, thus measuring the
residual MnSOD activity.

2.10. ATP Assay. The level of intracellular ATP was deter-
mined using the ATP Bioluminescence Assay Kit. Cultured
cells were lysed with a lysis buffer, followed by centrifugation
at 12,000 xg for 1 min at 4°C. Finally, the level of ATP was
determined by mixing 50 uL of the supernatant with 50 uL of
luciferase reagent, which catalyzed the light production from
ATP and substrate. The emitted light was linearly related to
the ATP concentration and measured by using a microplate
luminometer.

2.11. Oxygen Consumption. To evaluate the ability of cellular
oxygen consumption (VO,) during nanowires treatment, the
Micro Respirometry System (Strathkelvin, Mitocell S200)
was employed to measure oxygen content of culture media.
Before the assay, MC3T3-El cells were pretreated in low oxy-
gen conditions for 2 h in suspension culture with nanowires.

2.12. Statistics. All data was expressed as Mean + S.D. of three
independent experiments. The significance of the variability
among the trials was analysed using GraphPad Prism (version
5.0) software.

3. Results

3.1. Characterization of Nanowires. The size and crys-
talline structure of nanowires were determined using TEM
microscopy and X-ray diffraction (XRD). The average radius
of 100nm long and 100 um long B-SiC nanowires was
~47 nm. The mean length of the two types of nanowires was
100 nm + 42 nm and 100 ym + 23 um, respectively. Figure 1(a)
shows the typical XRD pattern of the SiC nanowires used in
our experiments. All the sharp diffraction peaks can be well
indexed as -SiC (JCPDS 29-1129). As shown in Figure 1(b),
the SiC nanowire was straight and uniform with diameter
of 100nm and the corresponding SAED pattern analysis
revealed that the nanowire was 3-SiC single crystal and the
growth direction was along.

3.2. 100nm Long B-SiC Nanowires Induced Apoptosis in
MC3T3-El Cells. Dysfunction induced by the decreased
population of cells was regarded as an important factor in the
pathogenesis of various metabolic diseases. To investigate the
effect of 3-SiC nanowires on MC3T3-E1 cells, cell viability
was determined by using MTT assays. After MC3T3-El
cells were exposed to 3-SiC nanowires (100 nm or 100 ym)
at 6.25, 12.5, 25, 50, and 100 pug/mL for 24h, cell viability
was only decreased in a concentration-dependent manner
of 100 nm long f3-SiC nanowires (Figure 2(a)). To further
examine the effects of 100nm long B-SiC nanowires on
cell apoptosis, two different methods were used. Quanti-
tative evaluation of apoptosis through annexin V-FITC/PI
staining was analyzed by flow cytometry. As shown in
Figure 2(c), the rate of apoptotic cells was raised to 28.5% with
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the treatment of 100 nm long B-SiC nanowires (12.5 ug/mL)
for 48 h. Determination of DNA content by Hoechst/PI stain-
ing indicated that 100 nm long 3-SiC nanowires increased the
amount of dead cells in MC3T3-E1 cells (Figure 2(b)). And
treatment with 100 nm long 3-SiC for 24 h caused a change of
the expression level of Bcl-2, Bax, and caspase-3 proteins as
markers of cytokine-induced apoptosis (Figure 2(e)). Thus,
B-SiC nanowires (length = nm) showed significant cytotox-
icity in MC3T3-El cells, compared with -SiC nanowires
(length = ym).

3.3. 100nm Long B-SiC Nanowires Increase Oxidative Stress
in MC3T3-EI Cells. Oxidative stress had been implicated in
the pathogenesis of osteocytes apoptosis [21]. To estimate
the oxidative effect of different 3-SiC nanowires, superoxide
anion (DHE), MDA, and 8-OHdG levels and MnSOD activity
in MC3T3-El cells were measured. As an initial indicator of
ROS, DHE staining was used, which was a probe for O, and
produced red fluorescence as a result of the complex between
ethidium and DNA as described by previous study [22]. To
quantitate changes in O, levels, we measured total DHE flu-
orescence in MC3T3-El cell. O, levels were induced in the
group treated with 100 nm long 3-SiC nanowires, and 100 ym
long f-SiC nanowires had no such effects (Figure 3(a)).
MnSOD is a pivotal enzyme scavenging ROS in vivo. MnSOD
activity in MC3T3-E1 cells was significantly increased after
treatment with 100 nm long 3-SiC nanowires (Figure 3(b)).
Oxidative stress, as determined by the concentrations of
MDA (as a marker of lipid peroxidation) and 8-OHdG
(indicator of oxidative DNA damage), remained elevated in
the 100 nm long S-SiC group. Administration of 100 ym long
B-SiC could not increase MDA and 8-OHdG levels (Figures
3(c) and 3(d)) in MC3T3-E1 cell. Therefore, 100 nm long f3-
SiC induced oxidative stress in MC3T3-E1 cells.

3.4. 100 nm Long B-SiC Nanowires Impair Energy Metabolism
in MC3T3-El Cells. Cell apoptosis resulted in decreased
energy metabolism and increased production of ROS,
especially those linked to mitochondrial signaling events.
The TEM images of MC3T3-El cells cultured in medium
containing f-SiC nanowires were shown in Figure 4. All
types of cytoplasmic organelles were observed in normal
cell (Figure4(a)) and the cells treated by 100 um long
B-SiC nanowires. 3-SiC nanowires were internalized into
plasma, even into the nucleus (Figure 4(b)). The chromatin
agglomerated with the microvillus disappeared (Figure 4(c)).
Dissolved cytoplasm and swelled endoplasmic reticulum
were observed after the cells were treated with p-SiC
nanowires. The mitochondria were swelled and disintegrated
(Figure 4(d)). As 100 nm long f3-SiC nanowires accelerated
the amount of MC3T3-El cells, the production of the total
oxygen uptake (Figure 4(e)) and ATP (Figure 4(f)) was also
reduced significantly, compared with the group treated with
100 ym long -SiC nanowires or the control group. Taken
together, it suggested that the mitochondrial signal trans-
duction pathway might be involved in 100 nm long p-SiC
nanowires induced apoptosis in MC3T3-El cells.

4. Discussion

Nanoparticles are the particles less than 100nm in size,
which may possess significant health impairments to human
bodies [23]. Earlier studies have shown that nanoparticles
can penetrate the stratum corneum of epidermis of skin and
reach the dermal layer [24]. Nevertheless, the corresponding
toxicity of nanoparticles was not tested. The present study
was, therefore, designed to measure the cytotoxicity of -SiC
nanowires of different sizes in vitro.

Compared with in vivo studies, in vitro assays are less
ethically ambiguous and easier to control and reproduce. In
the case of in vitro assay, it is important to recognize that
cell cultures are sensitive to changes in their environment
such as fluctuations in pH, temperature, and nutrient and
waste concentrations, in addition to the concentration of the
potentially toxic agent being tested. As several nanoparticles
can adsorb dyes and be redox active, it is also important
that the cytotoxicity assay is appropriately selected [25, 26].
Hence, control of the experimental conditions is crucial to
ensure that the measured cell changes correspond to the
toxicity of the added nanoparticles versus the unstable culture
conditions. In our studies, all experiments were performed
under controlled conditions. The preliminary MTT assay
revealed that -SiC nanowires did not adsorb dyes (data
not shown). Apoptosis is a form of programmed cell death
which enabled a cell to direct its own destruction. Apoptosis
had been evidenced indirectly by three independent methods
in our studies (Figure2). And the expression of related
proteins of apoptotic pathway was induced by 100 nm long
B-SiC nanowires (Figure 2). Oxidative stress was one of
the key mechanisms in cellular defense after the uptake of
nanoparticles [27-29]. Nanoparticles could induce intracel-
lular oxidative stress by disturbing the balance between the
oxidant and antioxidant processes [30, 31]. In the present
study, generation and scavenging of free radicals in cells are
performed by an oxidation-reduction system containing a
plurality of enzymes. Normally, cell mitochondria generate
a small quantity of ROS, which is easily removed by antiox-
idase. However, when free radicals are generated in a large
quantity and accumulated through chain reactions, whose
situation exceeds the scavenging activity of the antioxidant
defense system, the cells are in the state of oxidative stress,
thereby causing cytotoxicity damage [32]. MnSOD is a critical
link in the free radical scavenging toxification process for
cells. We found that, with the increase of concentration
of 100nm long B-SiC nanowires, there was a significant
decrease in the levels of MnSOD activity, which indicates
that the ability to scavenge free radicals of the cells reduces
substantially and the cells are in the state of oxidative
stress. This study employs MDA as the index for reflecting
peroxidation level of lipids in cells. Experimental results show
that MDA content of the cells increases substantially with the
increase of concentration of 100 nm long 3-SiC nanowires,
which indicates nanowires can induce the cells to generate
lipid peroxidation, thereby leading cell function damage
and breaking dynamic equilibrium of reactive oxygen and
antioxidant substances in the cells. The level of oxidative
stress in cells shows substantial correlation with proliferation
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FIGURE 3: Effects of different 3-SiC nanowires on oxidative stress in MC3T3-E1 cells. (a) Superoxide level (DHE), (b) MnSOD activity,
(c) MDA production, and (d) 8-OHdG level were measured according to the manufacturer’s instructions for each assay. Values are the means
+ SD (n = 3) of three independent experiments. “P < 0.05, **P < 0.01 versus control.

rate of cells, thus indicating that generation of free radicals
and oxidative stress are the main ways for the nanometer
materials to cause cytotoxicity damage. As previous study
had reported [31], oxidative stress induced transcriptional
activation of nuclear respiratory factor 2 (Nrf-2), mitogen
activated protein kinase (MAPK), and nuclear factor-«B (NF-
kB). Our results indicated oxidative damage to the inner
membrane and organelles (Figure 4). We investigated the
characterization of -SiC nanowires through TEM and XRD
observation. The results of TEM and XRD confirmed the
suitability for investigation of actual cytotoxicity of these
nanowires. The TEM images also revealed internalization
of 100 nm long B-SiC nanowires into MC3T3-E1 cells. The
B-SiC nanowires were enclosed in cellular nucleus and
lysosomal, while other nanowires were engulfed. This result
is in line with the report that $-SiC nanowires could be
incorporated into cellular membranes [33]. However, details
of the intrusion process and its potential effect on organelles

need to be further elucidated. When MC3T3-El cells are
exposed to 3-SiC nanowires, we believe, the nanowires are
endocytosed from the extracellular fluid: one portion of the
plasma membrane is then invaginated and pinched off to
form a membrane-bound vesicle.

Increment of permeability in lysosomal membrane is
the early event in apoptosis that initiates changes in the
mitochondria and activates downstream signal pathway,
indicating the active role of lysosomes in apoptosis [34-36].
In present study, however, the increased oxidative stress in
cells treated by -SiC nanowires predicted similar apoptotic
event that compared with the control group there was
a time-dependent increase of necrotic and late apoptotic
cells, as reflected by flow cytometry. The similar phe-
nomenon was also revealed by TEM scanning. The damage
caused by 100 nm long nanowires was principally mediated
through the injury of nucleus and cellular homeostasis,
as well as the enhancement of lysosome proliferation via
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in MC3T3-E1 cells treated with 12.5 ug/mL of 100 nm long -SiC nanowires ((a)-(d)). Scale bar = 2 ym; red arrows indicate nanowires
internalization. Before the oxygen consumption test (e), MC3T3-El cells were pretreated in low oxygen conditions for 2h in suspension
culture with different 3-SiC nanowires. (f) The intracellular ATP concentrations were evaluated after exposure to different 3-SiC nanowires
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concentration-dependent manner, while the 100 ym long f3-
SiC nanowires induced less cytotoxicity than that of 100 nm
long -SiC nanowires. It thus indicates that 100 yum long
B-SiC nanowires possess favourable biocompatibility and
may possess prospect in the biomedical field. Nevertheless,
further investigations are required to elucidate the potential
cytotoxicity of different cell lines to f-SiC nanowires and
to assess the biocompatibility and biological safety of such
nanowires both in vitro and in vivo.

5. Conclusion

Our results demonstrate that the 3-SiC nanowires with dif-
ferent lengths result in different cytotoxic effects on MC3T3-
El cells. As compared with 100 ym long -SiC nanowires,
100 nm long nanowires induced significant increase in the
levels of superoxide anion, malondialdehyde, 8-hydroxy-2-
deoxyguanosine, and MnSOD (manganese superoxide dis-
mutase) activity. Additionally, 100 nm long nanowires led to
apoptosis by oxidative stress in MC3T3-E1 cells.
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Methylmercury, organic form of mercury, can increase the number of abnormal sperm and decrease sperm concentration and
testosterone levels possibly due to the damage caused by reactive species to germ and Leydig cells. Mana-cubiu (Solanum
sessiliflorum Dunal) is a native fruit from Amazon rich in iron, zinc, niacin, pectin, and citric acid, used in foods, beverages, and
medicinal purposes, since it has been useful for treatment of various diseases caused by oxidative stress or nutritional deficiency.
Therefore, this study evaluated the phytoremediation potential of this fruit on damages caused by exposure to MeHg on sperm
quantity and quality and the histological aspect of the testis and epididymis. Wistar male rats (n = 20) were randomly allocated
into four groups: Control group (received distilled water), MeHg group (140 pg/Kg), Solanum group (1% of fruit Mana-cubiu on
chow), and Solanum plus MeHg group (same treatment as MeHg and Solanum group). The organs were weighted, histopathology;
sperm morphology and counts were obtained. The results showed reduction in body weight gain, testis weights, reduced sperm
production, and increased histopathological abnormalities in the MeHg-treated group. However, treatment with Solanum plus

MeHg revealed a protective effect of this fruit on damages caused by MeHg.

1. Introduction

Mercury (Hg) is a trace metal widely used and marketed
for centuries and may be found in air, water, foods of plant
and animal origin, and even in pharmaceuticals such as
vaccines [1, 2]. Sulfate-reducing bacteria present in rivers,
lakes, and oceans methylate inorganic Hg, transforming it
into its organic form methylmercury (MeHg) [3], which can
be transferred to humans through the food chain, mainly by
eating fish predators.

Cellular damage caused by MeHg is mainly due to
increased production of reactive oxygen species (ROS) that
causes oxidative stress [4]. In addition, interactions occur

between Hg and thiol groups of proteins, forming complexes
that bind to important proteins as glutathione, cysteine,
and superoxide dismutase, inactivating them, reducing the
antioxidant defenses of cells [5, 6]. Glutathione is a major
suppressor of ROS, being the result of a complex mechanism
that defends the cell from oxidative damage. Its reduced
form, the reduced gluthatione (GSH), is able to eliminate
the reactive species molecules and plays central role in
maintenance of redox state of the cell [7, 8].

Hg has proven deleterious effects on male reproductive
system that have been extensively investigated over the past
years [9, 10]. The oral exposure of rats to mercury derivatives
reduces the serum testosterone levels [2], testicular weight,
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and sperm production, besides causing DNA fragmentation
[9]. A study of our research group showed that changes
caused by exposure to MeHg, such as decreased sperm
concentration and increase of sperm with abnormal head, can
be attributed to low levels of testosterone [11]. The reduction
in the levels of this hormone may be due to damage caused by
reactive species to Leydig cells, impairing its synthesis in the
testis of exposed animals [12].

It has been demonstrated that consumption of antioxi-
dants present in certain foods can prevent toxic effects caused
by exposure to trace metals, once it protects the cell from
DNA damage and changes its redox state induced by MeHg
[5]. In this sense, the mana-cubiu (Solanum sessiliflorum
Dunal), a native fruit from the Amazon, is often used
in foods and beverages as well as in the production of
cosmetics and plant-derived medicines due to the antioxidant
properties of its bioactive compounds—iron (Fe), selenium
(Se), manganese (Mn), zinc (Zn), citric acid, carotenoids,
and phenolic compounds [13, 14]. Marx et al. [15] present a
detailed analysis of the main components of the mana-cibiu
fruit.

Despite the antioxidant health effects attributed to its
consumption, there are no studies regarding the effects of
the mana-cubiu on the MeHg toxicity in male reproductive
system. Therefore, the objective of this work was to eval-
uate the phytoremediation potential of mana-cubiu on the
damages caused by chronic exposure to MeHg in the rat
sperm parameters and the histological aspect of the testis and
epididymis.

2. Material and Methods

2.1. Animals. Wistar male rats weighting 100 g were supplied
by the Central Laboratory Animal Breeding Center (Uni-
versity of Sdo Paulo, Ribeirdo Preto, Brazil) and allocated
individually in polypropylene cages, with laboratory grade
pine shavings as bedding. Rats were maintained under
controlled temperature (22-25°C) and lighting conditions
(12 L/12 D photoperiod). Rat chow and filtered tap water
were provided ad libitum. Experimental procedures were in
accordance with the guidelines of the Committee on Care
and Use of Experimental Animal Resources, University of Sdo
Paulo, Brazil (Approved protocol number: 12.1.1599.53.8).

2.2. Experimental Design. The animals were randomly allo-
cated into four groups (n = 5 per group): Control group,
MeHg group, Solanum group, and Solanum plus MeHg group.
The MeHg group rats received daily oral gavage doses of
140 ug/Kg of CH3;HgCl; the Solanum group rats received
chow containing 1% of fruit pulp manda-cubiu lyophilized;
the MeHg + Solanum group rats received the same treatment
than group MeHg and Solanum; and the Control group rats
received distilled water. The animals were treated for 100
days, weighted each 14 days, and, at the end of treatment,
were euthanized with super doses of ketamine and xilasine.
The following parameters were GSH level in total blood,
body and reproductive organ weights, sperm morphology,
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sperm counts in the testis, and epididymis and testicular and
epididymal histopathology.

2.3. Minerals Determination in Solanum sessiliflorum by ICP-
MS. Before digestion of the fruit, 15g was separated by
quartering as described by [16] and divided into two plastic
tubes. The contents of each tube were ground for 3 minutes
in a ball mill (TECNAL TE 350, Brazil) and sifted in a
106 ym sieve (BERTEL, Brazil). Then, samples were digested
in closed vessels using a microwave oven decomposition
system (MILESTONE ETHOS D, Italy) according to the
method proposed by [17]. Briefly, fruit samples (250 mg)
were accurately weighed in a PFA digestion vessel and then
5mL of nitric acid 20% v/v + 2mL of 30% (v/v) H,O, were
added. The vessel was placed inside the microwave oven and
decomposition was carried out according to the following
program: (a) 160°C (power of 1000 W) for 4.5 minutes; (b)
160°C (power of 0 W) for 0.5 minutes; (c) 230°C (power
of 1000 W) for 20 minutes; and (d) 0°C (power of 0 W)
for 20 minutes. After that, the solutions were left to cool
and the volume was made up to 50 mL with Milli-Q water.
Rhodium was then added as an internal standard to a final
concentration of 10 ‘ug-Lfl.

All measurements were conducted using an ICP-MS
(Elan DRC II PerkinElmer, Norwalk, CT) with high-purity
argon (99.999%, White Martins, Brazil), which used a
Meinhard concentric nebulizer (Spectron/Glass Expansion,
Ventura, CA) connected to a cyclonic spray chamber. A
radiofrequency (rf) of 1200 W power was selected in pulse
mode with autolens one. Sample data were acquired by using
20 sweeps/reading, 1 reading/replicate, and a dwell time of
50 ms. Argon nebulizer gas flow rate was optimized daily
from 0.5 to 0.9 L/min. Data were acquired in counts per
second (cps). The following isotopes were selected: Mn, Se,
Fe, Zn, Co, and Mg.

2.4. Reduced Glutathione (GSH) Assay. Reduced thiols in
total blood, represented by GSH quantification, were deter-
mined by the method of Ellman [18]. Blood (0.15mL) was
hemolyzed by 10% TritonX-100 (0.1 mL) and precipitated with
0.1mL of TCA. After centrifugation at 3000 g and 4°C for
10 min, the supernatant aliquots were reacted to 50 mL of
DTNB. The final reaction product was read at 412nm in a
spectrophotometer. GSH levels were expressed as millimoles
per milliliter of blood.

2.5. Reproductive Organ Weights. Immediately after the
euthanasia, testis, epididymis, ventral prostate, and seminal
vesicle (without the coagulating gland) were removed and
their wet weights (absolute and relative to body weight) were
measured.

2.6. Sperm Morphology. Sperm were removed from the left
vas deferens by internal rising with 1mL formol-saline
solution with the aid of a syringe and needle. To analyze
sperm morphology, smears were prepared on histological
slides that were left to dry for 90 minutes and observed in
a phase-contrast microscope (400x magnification) [19]. Two
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FIGURE 1: GSH quantification of control and treated animals. One-
way analysis of variance (ANOVA) test followed by Tukey test
was performed. *°Mean values with the same letter do not differ
statistically; P values < 0.05 were considered significant.

hundred spermatozoa were analyzed per animal. Morpholog-
ical abnormalities were classified into two general categories:
head morphology and tail morphology [20]. Sperm were also
classified as to the presence or absence of the cytoplasmic
droplet.

2.7. Daily Sperm Production per Testis, Sperm Number,
and Transit Time in the Epididymis. The right testis and
epididymis were used for sperm counts. Homogenization-
resistant testicular spermatids (stage 19 of spermiogenesis) in
the testis were counted as described previously [21]. Briefly,
the testis was decapsulated, weighed soon after collection, and
homogenized in 5mL NaCl 0.9% containing Triton X100 at
0.5%, followed by sonication for 30 s. After a 10-fold dilution,
one sample was transferred to Neubauer chambers (four
fields per animal), and late spermatids were counted. To
calculate the daily sperm production (DSP), the number of
homogenization resistant spermatids was divided by 6.1, the
number of days these spermatids are present in the semi-
niferous epithelium. In the same manner, caput/corpus and
cauda epididymidis portions were cut into small fragments
with scissors and homogenized, and sperm were counted as
described for the testis. The sperm transit time through the
epididymis was determined by dividing the number of sperm
in each portion by the DSP.

2.8. Histological Analysis of Testis and Epididymis. The left
testis and epididymis were fixed in Bouin solution for 24 h.
The pieces were dehydrated in a graded ethanol series and
routinely processed for embedding in paraffin, sectioned at
5 um, and subsequently stained with hematoxylin and eosin
(H&E). Testis and epididymis sections were examined by
light microscopy following specific guidelines for toxicologi-
cal studies [22].

2.9. Statistical Analysis. Data are presented as mean + stan-
dard error of mean (SEM) for parametric variables (ANOVA
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FIGURE 2: Weight gain of control and treated animals. Values
expressed as mean + SEM. One-way analysis of variance (ANOVA)
test followed by Tukey test was performed. “*Mean values with the
same letter do not differ statistically; P values < 0.05 were considered
significant.

test followed by Dunnett was used). For comparison of
nonparametric variables Mann-Whitney test or Kruskal-
Wallis followed by Dunn test was used and expressed as
median and interquartile range. Differences were considered
significant when P < 0.05. The statistical analyses were
performed by GraphPadInStat (version 5).

3. Results

3.1. Minerals Determination in Solanum sessiliflorum by ICP-
MS. The analysis performed showed that mana-cubiu fruit
has the following chemical composition: Mn: 9.189 ug/g; Se:
0.162 pug/g; Fe: 36.952 ug/g; Zn: 17358 ug/g. Also, the fruit
presents cobalt (Co—0.054 ug/g) and magnesium (Mg—
2.815.518 ug/g).

3.2. Reduced Glutathione (GSH) Assay. GSH quantification
showed that MeHg reduced levels of this enzyme in blood.

On the other hand, Solanum + MeHg group showed GSH
levels similar to Control group (Figure 1).

3.3. Body Weight Gain and Reproductive Organ Weights.
Significant reductions in the body weight gain (Figure 2)
and final body weight (Table 1) were reported in both MeHg
and Solanum-treated groups. Also, the animals treated with
MeHg showed a reduction in the testis weight. However,
animals that received both treatments, that is, Solanum plus
MeHg, showed comparable final body weight and testicular
weight compared to the control group (Table 1).

3.4. Sperm Morphology. Analysis of sperm morphology
revealed that MeHg group had lower percentage of mor-
phologically normal spermatozoa, whereas the predominant
abnormality was in the sperm head. Interestingly the group
treated with MeHg plus Solanum showed no change in sperm
morphology. A large amount of spermatozoa presented
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TABLE 1: Body weight and reproductive organ weights of male rats.
Parameters Control (n = 5) MeHg (n = 5) Solanum (n = 6) Solanum + MeHg (n = 6)
Absolute weights
Final body weight (g) 597.0 +5.7° 533.5+13.9° 508.3 + 10.0° 550.3 + 18.3*"
Testis (mg) 2,613 + 87.02° 1,955 + 15.23" 2,358 + 86.92*" 2,224 + 33.83*°
Epididymis (mg) 885.9 +30.2 755.5 £ 65.0 795.1 £ 35.8 779.3 £ 35.9
Ventral prostate (mg) 453.2 + 354 4347 +41.5 429.1 +55.0 542.3 + 63.9
Full seminal vesicle (mg) 1,619 +182.3 1,592 +150.9 1,440 + 66.7 1,500 + 90.9
Empty seminal vesicle (mg) 630.9 £41.1 628.7 +71.7 586.5 £ 27.2 574.6 £ 32.8
Relative weights
Testis (mg/100 g) 436 +0.14%° 3.63 +0.20° 4.64 +1.74° 4.05 + 2.42%°
Epididymis (mg/100 g) 1.48 £ 0.04 1.40 + 0.08 1.57 £ 0.09 1.42 +0.05
Ventral prostate (mg/100 g) 0.75 +0.05 0.80 +0.05 0.84 +0.10 0.98 + 0.05
Full seminal vesicle (mg/100 g) 2.69 +0.28 2.94 +0.20 2.85+0.18 2.72+0.14
Empty seminal vesicle (mg/100 g) 1.05 + 0.06 1.16 £ 0.10 1.16 £ 0.07 1.04 £ 0.05

Values expressed as mean + SEM. One-way analysis of variance (ANOVA) test followed by Tukey test was performed. P Mean values with the same letter do

not differ statistically; P values < 0.05 were considered significant.

TABLE 2: Sperm morphology of control and treated animals.

Parameters Control

MeHg Solanum

Solanum + MeHg

92.00 (91.50-93.38)*
6.00 (5.00-7.25)°
1.75 (0.37-2.12)*®
15.00 (9.87-15.75)

Normal sperm

Abnormalities of the sperm head
Abnormalities of the flagellum
Presence of cytoplasmic droplet

75.00 (66.38-82.13)°
19.75 (12.75-31.13)°
4.00 (2.37-6.50)°
19.00 (14.38-24.13)

89.75 (84.50-95.00)*"
9.25 (2.37-13.00)*"
2.00 (0.37-6.50)*"
34.00 (23.38-37.00)

92.50 (86.63-94.38)*
6.50 (5.12-11.13)*®
1.00 (0.50-1.75)°
23.00 (21.75-28.63)

N = 6/group. Values expressed as median and interquartile range (first and third). Kruskal-Wallis analysis of variance test followed by Dunn’s test was

performed. “b)Medians with the same letter do not differ statistically; P values < 0.05 were considered significant.

cytoplasmic droplet in all experimental groups, especially
on Solanum + MeHg. Solanum group showed an improve-

ment on flagellum morphology compared to other groups
(Table 2).

3.5. Daily Sperm Production per Testis, Sperm Number, and
Transit Time in the Epididymis. The treatment with MeHg
decreased the DSP and epididymal sperm number compared
to Control group. This harmful effect was prevented by the
use of Solanum, as shown by the results of the group MeHg
plus Solanum (Table 3).

3.6. Histological Analysis of Testis and Epididymis. His-
topathological evaluation showed a significant increase
in the percentage of abnormal seminiferous tubules in
the MeHg treated group relative to the Control and
Solanum group. The abnormalities found were predomi-
nantly seminiferous tubules with vacuolization and degen-
eration (Figures 3 and 4). Epididymal evaluation showed an
increased incidence of cell bodies in the lumen of the caput
and cauda epididymis in the MeHg treated group (Figure 4).

4. Discussion

Methylmercury is the most toxic form of mercury due
to its lipophilic properties, which enable it to overcome
some cellular barriers [1]. Several studies have described its

neurotoxic [23, 24], hepatotoxic [25, 26], and cardiotoxic
action [27]. Also, this substance has deleterious effects on the
male and female reproductive systems [9, 28].

Mana-cubiu presents several compounds in its compo-
sition that have relevant antioxidant properties as phenolic
compounds, hydrophilic extracts, and carotenoids, which are
capable of scavenging reactive species of oxygen and nitrogen
[13], as well as chemical elements essential to assist in the
proper diet as zinc and selenium [5, 14, 29]. Considering the
constituents of mana-cubiu and their beneficial effects, the
present study evaluated the phytoremediation potential of
this fruit on the deleterious effects on rat sperm quantity and
quality promoted by MeHg.

Changes in body weight are indicative signs of systemic
toxicity [30] and its reduction may be related to the effects
of exposure to toxic substances. There was a reduction in
body weight gain of animals treated with MeHg, as shown
previously by Fossato da Silva et al. [11]. Moreover, animals
exposed to MeHg had decreased testis weights, possibly due
to the toxic effects of MeHg on this organ. The determination
of organ weights is an important parameter for assessing
the risk of toxicity on the male reproductive system [30].
Although there was a reduction in the weight gain in
the Solanum-treated group, the reproductive organ weights
were comparable among groups.

The toxicity caused by MeHg is closely related to oxidative
stress that develops as a consequence of an imbalance



BioMed Research International

TABLE 3: Sperm counts and transit time of male rats from control and treated groups.
Parameters Control MeHg Solanum Solanum + MeHg
Sperm head count (x10°/testis) 288.40 + 8.72° 208.00 + 24.11° 289.20 + 12.08% 267.90 + 18.83*°
Sperm head count (><106/g testis) 117.50 + 4.59 112.00 +9.55 124.20 £9.22 121.4 £ 7.13
D aﬂZ sperm production 47.27 +1.43° 34.09 + 3.95° 47.40 + 1.98° 43.92 + 3.09*"
(x10°/testis)
. : 6
tDatllly)sperm production (x10/g 19.26 £ 0.75 18.35 £ 1.56 20.35 £ 1.51 19.90 £ 1.17
estis

Caput/corpus epididymis sperm

s 236.70 + 19.36%
count (x10°/organ)

Caput/corpus epididymis sperm

s 521.40 + 26.61"
count (x10°/g organ)

Transit time in the caput/corpus

4.98 +0.29
epididymis (days)
Cauda epididymis sperm count 415.10 + 25.26
(10°/organ) R
Cagda epididymis sperm count 1295.00 + 50.68"
(10°/g organ)

Transit time in the cauda

77 £ 0.4
epididymis (days) 8.77+043

155.30 + 22.05°

961.50 + 59.96"

195.80 + 21.76*° 175.90 + 7.83*P

397.00 + 34.22° 510.80 + 26.78° 475.10 + 12.61*°
4.49 +0.48 4.15+0.43 412 +0.40
285.50 + 44.96 351.00 + 36.33 339.80 + 29.96

1116.00 + 49.41*P 1105.00 + 20.14*°

8.11 £0.41 7.34 £0.37 8.02+1.12

N = 6/group. Values expressed as mean + SEM. One-way analysis of variance (ANOVA) test followed by Tukey test was performed. P )Mean values with the
same letter do not differ statistically; P values < 0.05 were considered significant.

between excessive production of reactive species of oxy-
gen (ROS) and impaired antioxidant defense system after
exposure [31, 32]. These reactive species are bioproducts of
oxygen metabolism, constantly produced in normal cells
by mitochondria, especially by sperm during capacitation
process, but its action is neutralized by cell antioxidant system
[33]. However, when testicular and epididymal cells are
exposed to harmful factors such as excessive heat, radiation,
chemicals, or trace metals, there is an overproduction of
these molecules potentially causing male infertility [34, 35],
since ROS can cause damages to sperm function and DNA
integrity [36], especially if the defense system is lagged. In
this work, we showed that MeHg is capable of decreasing
the GSH concentration present in blood of treated animals,
as also observed by Barcelos et al. [5] and Grotto et al. [6],
indicating that the toxicity is related to oxidative stress and to
the imbalance of cellular antioxidant system. The protective
antioxidant effect of Solanum is proved since GSH levels are
restored in group Solanum + MeHg.

Histological evaluation of the male reproductive tract
requires a good understanding of the form and function
of the organs in order to distinguish changes in the nor-
mal morphology correlating with the animal reproductive
status [22]. McNeil and Bhatnagar [37] showed that injury
to seminiferous tubules and increased vacuolization were
related to the dietary amount of MeHg. In accordance,
our study showed that treated animals had degeneration of
seminiferous tubules, absence of germ cells, and increased
vacuolization in the seminiferous epithelium, possibly caused
by a higher apoptotic index of germ cells caused by MeHg
chronic exposure. At least part of these dead germ cells was
seen in a higher incidence in the lumen of the epididymis of
the MeHg-treated rats.

The possible increase in ROS production in the testis
can cause significant damage to mitochondrial and nuclear
DNA due to the alteration on the expression of genes such as
Bcl-2 and Bax involved in molecular mechanisms promoters
of germ cells apoptosis in response to oxidative stress [38].
Since MeHg increases the expression of these genes which
promotes apoptosis, we observed a reduction in daily sperm
production and this can be correlated with decreased tes-
ticular weight and histopathological changes observed. The
reduced sperm number found in the epididymis reflected
the lower DSP. On the other hand, sperm parameters in
the Solanum plus MeHg group were comparable with the
control group, indicating a possible protective effect of mana-
cubiu. Facing the constant risk of oxidative stress which
germ cells are subject to, which may impair reproductive
physiology, the gonads need antioxidant protection during
gamete production. Substances with antioxidant properties
have achieved success in the treatment of infertility, such as
mana-cubiu fruit, which exhibits antioxidant activity being
able to decrease the production of reactive oxygen species.

This protective effect may be associated with possible
antioxidant activity of niacin, a compound present in large
quantities in fruit, which protects cell from DNA damage
and can change the redox state induced by MeHg [5] or
by the action of some chemical elements in the fruit, such
as Zn, Fe, and Se. It is known that Zn and Fe participate
of oxidation and reduction processes, and Zn as cofactors
of Cu-Zn superoxide dismutase prevents deleterious effects
of ROS on spermatozoa [39]. Thus, the improvements in
histopathology, sperm production, and testicular weight may
be related to coadministration of Solanum and MeHg.

The cytodifferentiation of the spermatozoa during
spermiogenesis is responsible for morphological changes
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FIGURE 3: Histopathological evaluation of the testis. Values expressed as mean + SEM. Kruskal-Wallis analysis of variance test followed by
Dunn’ test was performed. **Mean values with the same letter do not differ statistically; P-values < 0.05 were considered significant.

that define this specialized cell, and Zn deficiency may
lead to degeneration of cells involved in spermatozoa
processing after meiotic division [40]. Besides, at this stage,
the germ cell loses large amount of their cytoplasm, and
along with it, some of the enzymes of the antioxidant
system, making these cells unable to regenerate from
damage caused by ROS [41]. Therefore, abnormal sperm
morphology has been associated with oxidative stress
[42]. Fossato da Silva et al. [11] found a higher number of
abnormal sperm in animals treated with MeHg, and this
abnormality was mainly in the sperm head. Our results
also showed a higher number of abnormalities in the sperm
head caused by exposure to MeHg proving the deleterious
action of reactive species in the normal development
of spermatozoa. Once normal sperm morphology is
better criterion for predicting fertility than sperm counts
[43]; animals exposed to MeHg can present fertility
problems.

The Solanum plus MeHg group showed an improvement
in sperm morphology possibly due to mana-cubiu antioxi-
dant activity. Once Zn directly influenced sperm morphol-
ogy [44], it was demonstrated that low levels of Zn can
increase percentages of broken flagellum [45]. In this study,
we observed an improvement of flagellum morphology in
Solanum group, showing that mana-cubiu utilization, rich in
Zn, has a positive effect on sperm.

5. Conclusion

In conclusion, the present work confirmed previous results
showing that chronic exposure to MeHg compromises GSH
levels, sperm count, and quality, as well as the germina-
tive epithelium of adult rats. Moreover, we also show the
phytoremediation potential of mana-cubiu fruit, preventing
deleterious effects caused by MeHg on the male reproductive
system.
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FIGURE 4: Histological aspect of the testis and cauda epididymis (n = 5/group): (a, b) control group, (c, d) MeHg group, (e, ) Solanum group,
and (g, h) MeHg + Solanum group. GC: germ cells; L: lumen; In: interstitial tissue; Ep: epithelium. Observe the presence of vacuoles (arrow)
and degenerated seminiferous epithelium (asterisk) in the testis and empty segments (asterisk) and cell bodies in the lumen (arrow) in the
epididymis. Final magnification: 200x.
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This study aims to evaluate the effects of polymorphisms in glutathione (GSH-) related genes (GSTM1, GSTTI, GSTPI, GCLM, and
GCLC) in the distribution of Hg in the blood compartments in humans exposed to methylmercury (MeHg). Subjects (n = 88),
exposed to MeHg from fish consumption, were enrolled in the study. Hg species in the plasma compartment were determined by
LC-ICP-MS, whereas genotyping was performed by PCR assays. Mean total Hg levels in plasma (THgP) and whole blood (THgB)
were 10 + 4.2 and 37 + 21, whereas mean evels of plasmatic MeHg (MeHgP), inorganic Hg (IHgP), and HgP/HgB were 4.3 + 2.9,
5.8+2.3 ug/L, and 0.33 + 0.15, respectively. GSTMI and GCLC polymorphisms influence THgP and MeHgP (multivariate analyses,
P < 0.050). Null homozygotes for GSTMI showed higher THgP and MeHgP levels compared to subjects with GSTMI (THgP
B =022, P = 0.035; MeHgP 3 = 0.30, P = 0.050) and persons carrying at least one T allele for GCLC had significant higher
MeHgP (8 = 0.59, P = 0.046). Also, polymorphic GCLM subjects had lower THgP/THgB than those with the nonvariant genotype.
Taken together, data of this study suggest that GSH-related polymorphisms may change the metabolism of MeHg by modifying the
distribution of mercury species iin plasma compartment and the HgP/HgB partitioning.

1. Introduction For biomonitoring Hg exposure, several biomarkers have
been proposed [9-12]. For instance, urinary levels of Hg
frequently estimate the level of exposure to Hg vapors or
inorganic Hg (IHg) whereas blood Hg and/or hair Hg predicts
MeHg exposure [13].

Mercury (Hg) exposure during early life is associated with
impaired neurodevelopment [1-4] and later in life, with
adverse effects on the cardiovascular system [5, 6]. Fish is
the major source of Hg exposure in fish-eating communities,
where the methylmercury (MeHg) is the main species and According to Lorscheider et al. [14], most of the MeHg
presents the highest toxicity [7]. In the Amazonian region, ~ in our body is attached to hemoglobin (Hb) in red blood
several riverside populations, who have fish as the main CCHS, with a small fraction coupled to GSH that contributes
source of proteins, are chronically exposed to high levels of ~ approximately to 1% of all circulating blood MeHg. Therefore,
MeHg [8]. the use of whole blood as a biomarker of Hg exposure barely
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reflects available Hg, since only 1% or less of the metal is
in the mobile form (Hg-cysteine) that effectively reaches the
target organs [15]. Due to a higher portion of unbound Hg
in comparison to blood, plasmatic Hg may be considered a
fraction more freely available for exchange with target tissues
than Hg levels in whole blood [16]. In this context, some
recent publications demonstrate interesting and relevant
associations between plasmatic Hg and outcomes in MeHg
exposed subjects [17, 18].

On the other hand, it is generally accepted that Hg
predominates in plasma in its inorganic form [19, 20].
However, data supporting this judgment are very limited and
based on populations exposed to very low levels of Hg and
only exposed to IHg. Moreover, data on the total plasmatic
Hg/whole blood Hg (THgP/THgB) partitioning are totally
inexistent for MeHg exposed populations.

Hg elimination in humans is linked to the glutathione
(GSH) detoxification system in bile and several enzymes of
this pathway may be involved in its elimination, such as
the glutamyl-cysteine-ligases (GCLs) and the glutathione-
S-transferases (GSTs) [21]. Many GSH-related enzymes are
highly polymorphic and epidemiological studies have found
that some polymorphisms in GSH-related genes are asso-
ciated with the metabolism of Hg [22-28] and result in
differences of Hg retention. Moreover, since the polymor-
phisms of GSH-related genes are associated to differences in
Hg retention in the body, these genetic variations may also
modify the partitioning of Hg between red cells and plasma
for a given Hg whole blood which can be also associated with
different toxicologically labile fraction of circulatory Hg.

Then, the aim of the present study was to evaluate
the effects of polymorphisms in (GSTMI, GSTTI, GSTPI,
GCLM, and GCLC) on the distribution of mercury species
(MeHg and IHg) in the plasma compartment, as well as
on the differences in the THgP/THgB partitioning in a
group of persons exposed to the metal via consumption of
contaminated fish in the Amazonian region of Brazil.

2. Materials and Methods

2.1. Study Design and Population. We carried out a cross-
sectional study with participants from several riverside com-
munities situated on the banks of the Tapajos River, one of
the major tributaries of the Amazon River. Recruitment was
conducted in 12 villages through a door-to-door invitation
followed by community meetings. 88 subjects agreed to
participate in the study.

The riverside communities of Brazilian Amazon are
different from other populations of Brazil. The persons have
a very specific diet; around 80% of the protein intake comes
from fish and the consumption of vegetables and fruits is
basically restricted to the region’s typical ones [29]. In most
of the villages of the study, there are no industrial activities
or roads or vehicles, although a few motorized boats are
used for fishing and transportation. Moreover, there is no
gold-mining close to these communities and no participants
reported to have amalgam fillings. Therefore, the only source
of Hg exposure is through the intake of contaminated fish,
where Hg is predominantly found in MeHg form [8].
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Villagers' data were collected using two interviewer-
administered questionnaires. One questionnaire covered
sociodemographic, life-style, and health information (gender,
age, village of residence, place of birth, length of time in
the region, educational level, subsistence activities, exposure
to other contaminants, frequency and quantity of smoking,
drinking and drug habits, medical history and medication).
The second was a 7-day recall food consumption frequency
questionnaire. For fish consumption, a list was prepared
which included most of the fish species present in the region.
For each day, participants indicated the number of meals
containing fish as well as the fish species that were consumed.
Anthropometric measurements (weight, height, and waist
circumference) were also taken by a trained technician.

Written consent was provided by all study participants.
This study was approved by Ethics Committee of the Univer-
sity of Sdo Paulo at Ribeirdo Preto (Brazil), protocol number
CEP/FCFRP-71.

2.2. Samples Collection and Hg Analyses. Blood samples
were collected in trace metal-free vacuum tubes (BD Vacu-
tainer, Franklin Lakes, NJ, USA) containing heparin. Plasma
Hg species were determined using HPLC-ICP-MS (ELAN
DRCII, SCIEX, Norwalk, CT, USA), according the method
proposed by Souza et al. [30]. Samples (250 yL; in triplicate)
were placed in 15 mL polypropylene test tubes with 2.75 mL of
a solution containing 0.10% v/v HCI + 0.050% m/v L-cysteine
+ 0.10% v/v 2-mercaptoethanol and then sonicated for 15 min
in ultrasonic bath (UNIQUE, Brazil). The resulting solution
was centrifuged and filtered through 0.20 ym Nylon filters
(Millipore, USA) and 100 L were injected in HPLC-ICP-
MS. All separations were performed at room temperature
under isocratic conditions. The isocratic mobile phase was
3% v/v methanol + 97% v/v (0.5% v/v 2-mercaptoethanol +
0.05% v/v formic acid). The flow rate was 1.2 mL/min. Data
evaluation was performed using Chromera software (version
2.1.0.1631) supplied with the instrument, and quantifications
were based on peak areas by external calibration. This method
determines three species of Hg, but only MeHg and IHg were
detected in the plasma samples that we analyzed.

Hg determination of quality control was guaranteed by
analyzing standard reference materials from the U.S. National
Institute of Standards and Technologies (NIST 966-Toxic
Metals in Bovine Blood, certified value 31 + 1.7 yg/L and mean
found value 31+ 0.30 ug/L). Moreover, various secondary
reference materials, provided by the National Institute of
Public Health of Quebec, Canada (INSP External Quality
Assessment Scheme (EQAS) for Trace Elements in Blood,
Plasma and Hair), were also analyzed. For these reference
materials recoveries of Hg were between 93 and 105% (based
on target values).

2.3. DNA Isolation and Genotyping. Genomic DNA was
extracted from peripheral blood using the Easy-DNA kit
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions and stored at —20°C until analyses. GSTM!
and GSTTI deletions were genotyped using multiplex-PCR
as described by Abdel-Rahman et al. [31], with CYPIAI
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(exon 7) as an internal control to ensure good quality of the
DNA. The primers, dNTPs, Taq polymerase, and magnesium
chloride, were obtained from Invitrogen (Carlsbad, CA,
USA). After amplification, PCR products were subjected to
electrophoresis on a 2.0% agarose gel (Invitrogen, Carlsbad,
CA, USA) and visualized using ethidium bromide (Sigma-
Aldrich, St. Louis, MO, USA). DNA from samples positive
for the GSTMI and GSTTI genes yielded bands of 215
and 480 bp, respectively, while the internal positive control
(CYPIAI) PCR product yielded a 312bp fragment. GSTPI
Tle'*Val (rs1695), GCLM-588 (rs41303970), and GCLC-129
(rs17883901) were genotyped by real-time PCR using TagMan
assays (Applied Biosystems, Carlsbad, CA, USA) as described
by Custodio et al. [24] on a Quantica Real Time PCR System
(TECHNE,; Staffordshire, UK).

2.4. Statistical Analysis. Hardy-Weinberg equilibrium was
analyzed with the conventional Chi-square test. Age, fish
intake, and biomarkers of Hg were analyzed as continu-
ous variables; gender, genotypes, alcohol consumption, and
smoking as categorical variables. We considered participants
that consumed at least five drinks per week as alcohol users
and smokers those who smoke at least five cigarettes per day
for the last five years.

Correlations (Spearman’s; rho) were performed in order
to examine the associations between age, gender, fish intake,
alcohol consumption, smoking, and Hg biomarkers. After
that, Student’s ¢-tests were performed to assess the variations
between the Hg biomarkers among the different genotypes.

Finally, multivariate general linear models were employed
to evaluate the influence of genetic effects on Hg biomarkers.
In order to adjust for other variables influencing Hg con-
centrations, the impacts of age, gender, body mass index,
fish intake, alcohol consumption, and smoking on Hg levels
were analyzed in a univariate model and variables were
included in the multivariate model if they had a P value
<0.20, that is, in the present study, age, gender, and fish
intake. All Hg biomarkers were In-transformed through
the analyses, because the nontransformed values were not
normally distributed.

Results were defined as statistically significant for a value
of P < 0.050. Analyses were performed using SPSS 20
Statistics software (IBM; Armonk, NY, USA).

3. Results

3.1. General Characteristics. Sociodemographic characteris-
tics and Hg concentrations for all participants enrolled are
described in Table 1. The age ranged between 15 and 80 years;
the distribution between the sexes was homogenous and fish
consumption (portion of fish per day; 150-200 g per meal)
varied from one to four portions per day (2.5 +1.5). Alcohol
was consumed by 34% and 23% of the study participants
were smokers. No participants reported to have amalgam
fillings. THgB, THgP, MeHgP, and THgP were 37 + 21,10 + 4.3,
4.3+2.9,and 5.8 + 2.3 ug/L, respectively; THgP/THgB ranged
from 0.13 to 0.91.

TABLE 1: General characteristics of riverside persons living in
Amazonian region, Brazil.

N Mean + SD  Median Range
Participants 88 — — —
Age (years) 88 41+ 16 41 15-80
Female/male 37/51 — — —
Body mass index 88 25+4.6 24 17-42
Portion fish/day* 86 25+15 3.0 1.0-4.0

1 15 — — —

2 26 — — —

3 13 — — —

4 32 — — —
Smoking (yes) 88 (20) — — —
Alcohol (yes) 88 (30) — — —
THgB (ug/L) 88 37 +21 29 8.4-83
THgP* (ug/L) 88 10+ 4.3 9.6 2.4-27
THgP/THgB' 88 033+£0.15 029  0.13-091
MeHgP? (ug/L) 88 43429 3.6 0.67-18
THgP® (ug/L) 88 58423 5.7 11-13

*One portion of fish: 150-200g; two participants did not answer the
questionnaire concerning fish intake.

®Total Hg in blood.

“Total Hg in plasma.

4Methylmercury in plasma.

“Inorganic Hg in plasma.

fRatio between total Hg in plasma and total Hg in blood.

Table 2 presents genetic background data and compara-
tive allele frequencies of Caucasians and Africans found in
earlier studies (http://www.hapmap.org/, populations CEU;
CEPH (Utah residents with ancestry from northern and
Western Europe; and YRI; Yoruba in Ibadan, Nigeria)),
because the study population has a genetic background from
European colonizers and African slaves. All allelic frequen-
cies were in Hardy-Weinberg equilibrium; in general, for the
five polymorphisms analyzed, the genetic/allelic frequencies
were more similar to those found in the reference African
population than the European ones.

3.2. Correlations between Fish Intake, Lifestyle, and Hg
Biomarkers. Correlations between the variables enrolled in
the present work are present in Table 3. Interestingly, here,
fish consumption was only positively correlated to MeHgP
(rg = 0.32, P < 0.0010). Moreover, THgB, THgP, MeHgP, and
IHgP were highly correlated and the highest correlation was
found between THgP and MeHgP (rg = 0.81, P < 0.0010).
Age was positively correlated to THgB, THgP and IHgP,
while no correlations were found between Hg biomarkers
and gender. Also, a negative correlation was found between
THgB and THgP/THgB (¢ = 0.71, P < 0.0010) (Figure 1).
No correlations were found between smoking and alcohol
consumption and Hg biomarkers.

3.3. Genetic Effects and Hg Partitioning between Plasma
and Whole Blood. Table 4 shows the concentrations of Hg
biomarkers among the different genotypes. It can be seen
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TABLE 2: Genotype, allele frequencies of GSTMI, GSTTI, GSTPI, GCLM, and GCLC polymorphisms of riverside persons living in the

Amazonian region of the Tapajos River, Brazil.

Genotypes Genotype frequencies MAF* Reference MAF
European African
GSTM1 Present Null — — Null® Null®
Deletion 0.66 0.34 — — 0.13-0.54 0.47
GSTTI Present Null — — Null Null®
Deletion 0.60 0.40 — — 0.11-0.28 0.37
GSTPI (1le'* Val) Tle/Tle Tle/Val + Val/Val Val (G) HWE® Val (G)¢ Val (G)?
rs1695 0.37 0.63 0.40 Yes 0.42 0.39
GCLM-588 (C/T) cC CT+TT T HWE T ™
rs41303970 0.48 0.52 0.33 Yes 0.10 0.25
GCLC-128 (C/T) cC CT+TT T HWE Tf Tt
rs17883901 0.95 0.050 0.030 Yes 0.060 0.010

*Minor allele frequency.

"HWE: Hardy-Weinberg equilibrium. For the GSTMI and GSTT1 deletions it was not possible to calculate HWE, because the methodology used does not

distinguish between hetero- and homozygous genotypes.

“Reference values from Mo et al. [32].

dReference values for ss1390210 from HapMap-CEU.

“Reference values for ss230641266 from pilot_1_ CEU low_coverage_panel.

fReference values for $366860389 from CEU_GENO_PANEL; YRI_GENO_PANEL.

8Reference values for ss1390210 from HapMap-YRI.
PReference values for ss218528824 from pilot_1_.YRI_low_coverage_panel.

TaBLE 3: Correlations (Spearman’s; 7, ) between age, gender, body mass index (BMI), alcohol consumption, smoking, total Hg in blood (THgB)
and total Hg, methylmercury, and inorganic Hg in plasma (THgP, MeHgP, and IHgP, resp.).

Age  Gender BMI  Fishintake Alcohol Smoking THgB  THgP THgP/THgB MeHgP IHgP
Age — -0.13 0.18 -0.17 —-0.20 —-0.16 0.27* 0.21* —-0.16 0.059 0.27*
Gender® -0.13 — 0.051 -0.32"" —-0.030 0.19 -0.11  -0.036 0.13 0.057 -0.12
BMI 0.18 0.051 — -0.15 0.12 0.022 —-0.072  0.0090 0.071 —-0.075 0.12
Fishintake® -0.17  —0.32 -0.15 — 0.12 -0.030 0.20 0.21 -0.075 0.32**  -0.0090
Alcohol -0.20  -0.030 0.12 0.12 — 0.16 -0.077  0.086 0.17 0.096 0.041
Smoking -0.16 0.19 0.022 -0.030 0.16 — -0.043  -0.12 —-0.032 —-0.098 —0.060
THgB 0.27* -0.11 -0.072 0.20 -0.077 —-0.043 — 0.66™" 0.71** 0.61°" 0.48""
THgP 021" —-0.036  0.0090 0.21 0.086 -0.12 0.66™" — 0.040 0.81°" 0.77**
THgP/THgB -0.16 0.13 0.071 -0.075 0.17 —-0.032 0.71** 0.040 — -0.11 0.11
MeHgP 0.059 0.057 -0.075 0.32** 0.096 —0.098 0.61**  0.81"" -0.11 — 0.32**
IHgP 0.27* -0.12 0.12 -0.0090 0.041 —0.060 048" 077" 0.11 0.32"" —

Female was considered as reference. "Fisk intake ranged from one to four portions per day.

*Statistically significant P < 0.050; ** statistically significant P < 0.010.

that participants with the GSTMI null genotype had higher
levels of THgB and IHgP than subjects that expressed the
enzyme. Also, persons carrying at least one allele T for GCLC
had higher levels of THgP, MeHgP and IHgP compared
to those with the nonvariant genotype, while polymorphic
GLCM individuals had lower percentage of THgP in the
blood stream.

Table 5 summarizes the genetic effects obtained from
multivariate regressions for concentrations of Hg biomarkers,
adjusted for fish intake, gender, and age. GSTMI and GCLC
polymorphisms modified THgP and MeHgP (multivariate
analyses, P < 0.050). Null homozygotes for GSTMI accu-
mulated more THgP and MeHgP compared to subjects with
GSTMI (B = 0.22, P = 0.035 and 8 = 0.30, P = 0.050, resp.).

Genetic effects were also seen concerning GCLs polymor-
phisms. Persons who are carrying at least one T allele for
GCLC had higher THgP as well as MeHgP concentration (8 =
0.45, P = 0.046; 3 = 0.69, P = 0.038, resp.). Interestingly,
GCLM polymorphism altered the relation between the levels
of THgP and THgB; that is, participants who carried the
polymorphic allele tended to have lower levels of THgP than
those with the nonvariant genotype (8 = —0.21, P = 0.050)
(Figure 2).

4. Discussion

The present work shows that polymorphisms in glutathione-
related genes modify the relationship between exposure to
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FIGURE 1: Correlation between total mercury in blood and the Hg in
plasma/Hg in blood (Spearman’s; r; 0.71, P < 0.0010).
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FIGURE 2: Hg in blood as a function of Hg in plasma/Hg in blood for
GCLM genotypes. The regression lines do not reflect adjustments for
age and gender as described in the text.

the metal and Hg species in plasma in a population highly
exposed, via fish intake.

Correlations between fish intake and MeHgP were found,
indicating that the populations are exposed predominantly
to MeHg. However, significant correlations were not found
between fish consumption and THgB, THgP, and IHgP.
Accessing the association between the exposure to MeHg
and retention requires estimates of both. The exposure to
MeHg depends on both the intake of fish and the concen-
tration of the metal in the fish. Here, only data about fish

intake collected by questionnaire was used and therefore, the
variation of Hg levels in the fish, which was not estimated
in this study, can be seen in the differences found in the
correlations between fish consumption and Hg biomarkers
(Table 3). Our group has previously found that MeHgP are
associated with fish intake, while IHgP is not; the increase
of IHgP was attributed to age and it is supposed that other
processes of demethylation may be also evolved (data not
published). However, we believe that other variations, such
as genetic effects, are also associated with Hg metabolism and
may explain part of this scenario.

According to the World Health Organization [33], after
the ingestion of fish contaminated, approximately 95% of
Hg is absorbed in the gastrointestinal tract resulting in 5%
of Hg in the blood compartment and the ratio between
THgP and THgB is 1/20 [34]. However low, Hg in plasma
is the bioavailable fraction and may be related to increase of
adverse health effects. However, nothing has been explored
considering the effects of chemical forms of Hg, mainly in
the plasma compartment as well as their usefulness to assess
toxicological risks.

We observed a negative correlation between THgB and
THgP/THgB; that is, with increase of THgB, a decrease
in the ratio THgP/THgB is observed, indicating that even
with the increase of THgB, saturation effects of erythrocytes
do not occur, and therefore, there is no Hg mobilization
of erythrocytes to the plasma fraction. In blood, MeHg is
predominantly bound to erythrocytes, while IHg is mostly
in plasma. When the exposure is to IHg, the increase of
THgP is independent of the concentration of THgB, since
IHg binds weakly to red blood cells [15, 20, 22]; our data give
further support to these previous findings, since we observed
a strong correlation between THgB and THgP. Therefore, our
results suggest that determination of Hg in total blood may
not predict directly the toxicity in individuals predominantly
exposed to MeHg and alternative approaches to assess the
toxicological effects associated with MeHg exposure should
be strongly encouraged.

As mentioned above, THgP levels are highly correlated
to MeHgP; therefore, the changes in THgP probably are
associated to the alterations in MeHgP. We found higher
concentrations of MeHgP among GSTMI null participants,
which may be related to lower MeHg-conjugating activity,
lower MeHg excretion, and a higher MeHg retention.

Earlier findings of our group have also found associations
between THgB and GSTMI polymorphisms [22, 23], which
were not supported in the present study; these differences
between our studies may be explained by the size of the
sample, which is reduced here, but not limiting for gene-
environment interactions studies. In studies of Swedish pop-
ulations exposed to MeHg via fish intake and to IHg by gold
mining activity, Custodio et al. [24, 25] found no associations
between GSTMI and concentrations of Hg in blood. On the
other hand, Lee et al. [27] evaluated 417 pregnant women
of North Korea exposed to MeHg via fish consumption and
observed that women who had homozygous deletion for
GSTMI had higher Hg levels in blood, either during the early
or late pregnancy (Hg in blood 3.7 and 3.3 pg/L, resp.), than
persons with the gene.



6 BioMed Research International

TaBLE 4: Total Hg in blood (THgB) and total Hg, methylmercury, and inorganic Hg in plasma (THgP, MeHgP, and IHgP, resp.) as well as the
ratio THgP/THgB among the different genotypes.

THgB THgP MeHgP IHgP THgP/THgB
Genotypes d

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD

GSTM1 37121 10+ 4.4 44+25 59+24 0.33 +£0.16
Present 34+18 9.6 +4.2 4.1+2.8 55+22 0.33+£0.14
Null 44 +24 12+4.7" 5132 6.6+2.5" 0.34+0.18
GSTTI 37 +21 10+4.4 44+29 59+24 0.33 +£0.16
Present 35+22 9.9 +4.6 4.1+3.1 57+24 0.34 £0.17
Null 40+ 19 11+4.1 50+2.7 6.0+23 0.31+0.13
GSTPI* 38 +21 10+4.0 43+2.5 58+23 0.32 £0.16
Ile/Tle 40 £22 11+3.7 4.5+2.3 6.1+24 0.33 £0.15
Ile/Val + Val/Val 36 +20 9.8 +3.9 42+2.6 56+22 0.31+£0.16
GCLM® 35+20 9.7 +3.7 42+23 56+22 0.34 £0.16
CC 33+21 10+4.1 45+2.4 57+2.6 0.38 £0.16
CT+TT 36+ 19 9.4+32 39+23 55+ 1.7 0.30 +0.13"
GCLC* 35+19 9.9+4.3 4.3+3.0 56+22 0.34 £ 0.15
CC 34 +20 9.7 +4.1 4.1+29 55+2.1 0.33 £0.16
CT+TT 42 +12 15+6.27 6.9+32" 8.1+3.1" 0.36 £ 0.13

2151695; *rs41307970; “rs17883901; “arithmetic mean + standard deviation (SD).

*indicates significant difference between the wild genotypes and the polymorphic ones (Student’s ¢-test; P < 0.050).

TABLE 5: Multivariate regression parameters for the associations between genotype and total Hg in blood (THgB) and total Hg,
methylmercury, and inorganic Hg in plasma (THgP, MeHgP, and THgP, resp.) as well as the ratio THgP/THgB.

THgB* THgP!

Genotypes
YP B p B p

MeHgp* IHgp! THgP/THgB*
B p B p B p

GSTM1

Present — — — —

Null 0.21 0.13 0.22 0.035
GSTTI

Present — — — —

Null 0.14 0.31 0.10 0.34
GSTPI*

Ile/Tle — — — —

Ile/Val + Val/Val -0.10 0.49 -0.12 0.27
GCLM"

CC — — — —

CT+TT 0.12 038 -0.08 0.41
GCLC*

cC — — — —

CT+TT 0.34 0.25 0.45 0.046

0.30 0.050 0.18 0.10 0.16 0.88

0.18 0.24 0.090 0.45 -0.040 0.71

-0.79 0.59 -0.11 0.36 -0.018 0.87

-0.16 0.29 —-0.020 0.88 -0.21 0.050

0.69 0.038 0.36 0.14 0.12 0.61

2151695; *rs41307970; rs17883901; ¢ Natural In-transformed.

“Unstandardized beta (f3) coefficients for the 3; x genotype term (categorical) adjusted for covariates. The genotype denoted first is used as reference.
Multivariate model: Hg biomarkers = « + f3; x genotype + 3, x fish intake + f3; x age + 3, X gender.

The different results between the studies might be related
to different levels of MeHg exposure. The studies of Gun-
dacker et al. [35], Custodio et al. [24], and Engstrom et
al. [28] were performed on study participants with lower
MeHg exposure than the study carried by Lee et al. [27]
and our earlier study [22, 23]. Another hypothesis is that
the differences also may be explained, in some extent, to the
biomarker used in the studies; however, as mentioned above,
currently there is no data concerning assessment of genetic
effects on Hg species in plasma.

We did not find association between GSTTI polymor-
phism and THgP, MeHgP, and IHgP levels. An earlier work
showed the GSTTI null polymorphisms are associated with

accumulation of Hg in individuals exposed to EtHg via vac-
cines [36]. According to Custodio et al. [24], the dealkylation
of EtHg occurs faster than MeHg and therefore, the genetic
effects may thus affect the elimination of IHg, a point which
was not observed in a further study of the same group
[25] and, also, in the present work. However, in a previous
work, we observed an association between THgB and GSTT!
polymorphisms [22] in the same studied population. Thus,
these data bring some pieces of evidence that the genetic
effects of GSTT1 may be more associated with the bioavailable
MeHg or other organic forms than the levels of exposure to
Hg as well as the exposure to IHg.

Also, in the present work, association between polymor-
phism of GSTPI and Hg biomarkers was not found. Actually,
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a recent experimental study demonstrated that the Ile allele
is more sensitive to Hg exposure. Goodrich and Basu [37]
evaluated the activity of allozymes of GSTPI towards IHg
and MeHg and found that the GSTPI Val allozyme was less
sensitive to inhibition induced by treatment of high doses of
Hg than the Ile allozyme. In support of this data, previous
in vitro studies have suggested that “105Val amino acid
may confer protection against Hg-induced inhibition due to
structural changes in cysteine residues which may impact the
ability of Hg to bind and, consequently, inhibit the enzyme
(38, 39].

GCLM polymorphism did not impact the concentrations
of Hg biomarkers but altered the percentage of THgP in
the blood stream (as seen in Figure 2). A previous work
of our group [23] showed that polymorphic individuals for
GCLM had lower THgB levels than those who carried at
least one C-allele. However, although these polymorphic
individuals had lower THgB levels, they tended to have
more THgP, which may modulate the adverse health effects
related to MeHg exposure. Moreover, variation in GCLC gene
influences the levels of MeHgP. Here, we found that T-carriers
for GCLC allele had significant higher levels of MeHgP than
subjects with the nonvariant genotype. These data suggest
that polymorphisms in GCLs may be related to biomarkers
for Hg as well the species of the metal; also, interindividuals
variations may be considered. For example, Engstrom et al.
[28] found that Swedish persons with GCLM CC genotype
had lower THgB concentrations than those who carried at
least one T allele, whereas Custodio et al. [24] did not find
any association at lower MeHg exposure, in same studied
populations. Interestingly, in the same work, authors showed
that carriers of T allele for GCLC had lower concentrations of
Hg in erythrocytes than CC subjects, a contradictory result
compared to our present.

To our knowledge, this work is the first to investigate the
genetic effects of Hg species on plasma. Taken together, our
results indicate that GSH-related polymorphisms may influ-
ence levels of Hg fractions in plasma, which may modulate
Hg-induced toxicity. However, further studies concerning
both Hg species in plasma as well as genetic effects are
necessary for a better elucidation of the mechanisms evolved
in Hg species metabolism.
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Uranium level in drinking water is usually in the range of microgram-per-liter, but this value may be as much as 100 to 1000
times higher in some areas, which may raise question about the health consequences for human populations living in these areas.
Our purpose was to improve knowledge of chemical effects of uranium following chronic ingestion. Experiments were performed
on rats contaminated for 9 months via drinking water containing depleted uranium (0.2, 2, 5, 10, 20, 40, or 120 mg/L). Blood
biochemical and hematological indicators were measured and several different types of investigations (molecular, functional, and
structural) were conducted in organs (intestine, liver, kidneys, hematopoietic cells, and brain). The specific sensitivity of the organs
to uranium was deduced from nondeleterious biological effects, with the following thresholds (in mg/L): 0.2 for brain, >2 for liver,
>10 for kidneys, and >20 for intestine, indicating a NOAEL (No-Observed-Adverse-Effect Level) threshold for uranium superior
to 120 m g/L. Based on the chemical uranium toxicity, the tolerable daily intake calculation yields a guideline value for humans
of 1350 ug/L. This value was higher than the WHO value of 30 ug/L, indicating that this WHO guideline for uranium content in
drinking water is very protective and might be reconsidered.

1. Introduction

Uranium is a natural component of the earth crust. Its
concentrations vary highly according to the location and
the type of rocks [1]. In fact, it can vary from 3 to 4 g/t in
granites and from 20 to 120 g/t in phosphate rocks [2], leading
consequently to a great variability of the uranium content
in drinking water. For instance, average uranium levels in
drinking water are in microgram-per-liter range (0.4 ug/L
throughout the world, [3]; 6.7 ug/L in USA, [4]; 4 ug/L in
Canada [5]; 2.2 ug/L in China [6]; or 2.22 ug/L in France

[7], but they may reach exceptionally the milligram-per-
liter range in some specific areas, including some US states
(2.5mg/L [4]; 78 mg/L [8]) or southern Finland (9.2mg/L
[9]; 3.4 mg/L [10]). Anthropogenic utilization of uranium for
civil, military, and nuclear fuel purposes leads to additional
release of this radio element into environment, either around
uranium mining sites [11, 12], uranium reprocessing plants
[13], or following the use of depleted uranium (DU) in conflict
zones [11, 14]. The persistent use of depleted uranium in
weapon composition in the recent conflicts (Iraq in 1991 and
2001, Bosnia and Herzegovina in 1995, and Kosovo in 1999)
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continues to keep the scientific and social queries concerning
the environmental contamination by such metal, as well as
subsequent human exposure and possible consequences on
health.

The particularity of uranium is its dual toxicity, due to its
radiological effects as an alpha emitter and its chemical effects
due to its properties as metal. However, the chemical toxicity
of this radionuclide was considered as predominant in case of
depleted and natural uranium. The major biological effects of
uranium on health concern renal function [15, 16]. According
to these specific properties, most of guidelines concerning
uranium levels were based on chemical effects of uranium on
kidneys. As ingestion (by drinking water or alimentary chain)
is the predominant way of human exposure for public in
case of environmental exposure, guideline values concerning
uranium level in drinking water were established by several
national and international organizations. These guidelines
were based on existing information about chemical effects
of uranium, mainly in kidneys. Thus, the World Health
Organization set a guideline value of 15 ug/L for uranium in
drinking water [3], recently reevaluated at 30 ug/L [17]. This
value, however, was provisional in view of several limitations
pointed out by WHO [17] concerning the lack of extensive
knowledge about the chronic effects of uranium in drinking
water. These restrictions were in accordance with a recent
review that claimed the need for more epidemiological and
experimental studies [18]. Indeed, the existing epidemio-
logical studies do not allow clearly demonstrating health
effects of radionuclides at levels naturally encountered in
drinking water due to methodological limitations (exposure
assessment, possible confounders, and limited sample size).
In addition, few experimental studies were performed with
uranium levels close to real environmental situations. Con-
sidering the previous guideline of WHO [3], the value of
15 ug/L was derived from a single study of subchronic renal
effects of uranium when administered to rats in drinking
water for 3 months [19]. Moreover, several authors have since
shown that the kidneys are not the only biological target
of chronic exposure to low levels of uranium; for examples
changes have been reported in the gastrointestinal system
[20], in the central nervous system [21, 22], or in the liver [23].

These two points—the limitations of existing studies and
necessity to take into consideration the recent concept that
uranium affects multiple organs—led us to conduct new
experimental studies of the results of chronic uranium expo-
sure. The investigation of this present study focused on five
organs/tissues: the small intestine, which is the entry route
for uranium after ingestion [24]; the kidneys, traditionally
considered the target organ of uranium following an acute
contamination at high doses [16]; the hematopoietic cells that
may be modified by uranium due to its accumulation in the
bones and kidneys [25], and other organs described more
recently as affected by chronic exposure at low levels: the liver
[23] and the brain [22]. The objective was to evaluate the pos-
sible biological effects of uranium on the primary function
of each organ/tissue. Concerning the intestines, we choose to
investigate uranium effects on immune function of intestinal
mucosa, because previous studies demonstrated a specific
localization of uranium in immune cells of intestinal wall [26,
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27]. The investigation of uranium effects on the kidneys and
the liver was based on the different phases of the xenobiotic
metabolism, since they are the major organs involved in
detoxification processes of endo- and xenomolecules. In
addition, cholesterol metabolism was studied in the liver,
since this organ plays the central role in whole organism
concerning this metabolism. The effects of uranium on the
central nervous system were evaluated via two mechanisms,
the uranium-induced oxidative stress and the cholinergic
system. Indeed, a possible mechanism of uranium effects
observed in cognitive functions may be due to the oxidative
stress induced by reactive oxygen species imbalance.

In order to complete this investigation and to be sure to
provide an extensive view of uranium effects in the present
study, the analyses were performed at the several macroscopic
and microscopic levels of organism (molecular, functional,
structural, and pathological).

This study was performed in rats of a wide range of
concentrations (0.2, 2, 5, 10, 20, 40, or 120 mg/L) of ura-
nium in drinking water. These uranium levels include the
uranium level of 0.2mg/L close to values measured around
mining areas [28], the uranium level of 1mg/L close to the
concentration of 0.96 mg/L that served to determine the
previous WHO guideline of uranium level in drinking water
[3], and the maximal concentration measured throughout the
world (20 mg/L in Finland [29]). Duration of 9 months was
chosen for the present study to mimic the chronic exposure of
populations living on uranium-rich territories and to evaluate
its long-term consequences.

2. Material and Methods

2.1. Animals. These experiments were conducted on 8-week
old Sprague-Dawley male rats (Charles River, LArbresle,
France) according to French regulations for animal exper-
imentation (Ministry of Agriculture Act number 2001-464,
2001) and with the approval of IRSN animal welfare com-
mittee. Two rats were housed per cage at 21 + 2°C and a
12h:12 h cycle with free access to normal rat food (105, CER],
France) and water. Animals were contaminated for 9 months
with drinking water containing uranium (uranyl nitrate
hexahydrate (UO,(NOs;),-6H,0)) dissolved in mineral water
for final concentration at 0.2, 2, 5, 10, 20, 40, or 120 mg/L
(AREVA, France) (10 rats per group). The group of 40 mg/L
was added in this study to serve as the reference group, as
several studies have been published with this uranium level
in drinking water [20, 23, 30, 31]. Control animals drunk
uncontaminated mineral water (which contains naturally
uranium at 1.42 ug/L). Alpha spectrometry following chemi-
cal separation was performed to determine uranium isotope
ratio in the contaminated water according the standard norm
NF M 60-805-5. The **U/***U ratio of 0.25% indicated
depleted uranium (Table 1), which was used in this study to
address the chemical toxicity of this radionuclide. At the end
of contamination, after overnight fasting, the animals were
anesthetized by inhalation of 5% isoflurane (Abbot France,
Rungis, France) before being euthanized for tissue sampling.
These experiments were conducted on male animals, since
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TABLE 1: Determination of uranium radioisotopes present in drink-
ing water contaminated with 40 mg/L.

Uranium
2u Bq/L 93.4+6.5
3y Bq/L 8.70 +1.13
By Bq/L 5315 + 31.9
U total mg/L 42.85+2.57
Ratio Z°U/?*U % 0.25

Uranium was analysed by alpha spectrometry following chemical separation.
See Material and Methods section for more details.

a previous study demonstrated that this gender in rats is more
sensitive to uranium than the female is [19].

2.2. Uranium Measurements in Biological Samples. Biological
samples were prepared by adding 8 mL nitric acid 70% ultra-
pure (INSTRA-analyzed for trace metal analysis, Sodipro,
Echirolles, France) and 2 mL of hydrogen peroxide. They were
then mineralized using a 1000 W microwave (Ethos Touch,
Milestone Microwave Laboratory Systems, Sorisole, Italy).
Before measurement, samples were diluted between 1/5 and
1/500 depending on considered organ and administrated dose
in 2% nitric acid. The samples were then analyzed for their
uranium content by inductively coupled plasma mass spec-
trometry (ICP-MS) (XSERIE 2, Thermoelectron, France).
Calibration was performed with a multielemental standard
solution (Analab-STD-495, Analab, Bischheim, France). In
all solutions likely to be analyzed (biological samples or
calibration solutions), bismuth 209 was added as an internal
standard. Further indications have been provided in a pre-
vious study [32]. For ***U, the detection and quantification
limits were, respectively, 0.5ng/L and 1.5 ng/L, and for **U,
0.01ng/L and 0.03. The limits for >**U were applied to total
uranium. Uranium was measured in kidney, bone (femur),
liver, and brain (entorhinal cortex).

2.3. Biochemical Parameters in Blood. An automated spec-
trophotometric system (Konelab 20, Thermo Electron Cor-
poration, Cergy-Pontoise, France) was used to measure
these parameters, with biological chemistry reagents from
the manufacturer or Diagam (Lille, France). Bilirubin
was measured with the Thermo Electron Corporation Kkit.
Kits from Diagam were used for measuring total choles-
terol, low-density lipoprotein- (LDL-) cholesterol, high-
density lipoprotein- (HDL-) cholesterol, triglycerides, ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine, urea, iron, ferritin, transferrin, and cerulo-
plasmin. Phospholipids B were measured with a kit provided
by Diagnostic Partners (Bougival, France).

2.4. Blood Cell Counts. Blood was harvested by intracardiac
puncture into either EDTA coated tubes for plasma isolation
or dry tubes for serum isolation. Blood cell counts were
performed by means of an MS-9 vet automatic counter
(Melet-Schlossing, Osny, France). The remaining blood was

centrifuged at 400 g for 10 minutes and plasma or serum was
frozen for later use.

2.5. Cytokine Measurements. Flt-3 ligand concentration, a
biological indicator of bone marrow function [33],and IL-7,a
biological indicator of T lymphocyte homeostasis [34], were
measured in plasma samples using ELISA kits according to
manufacturer’s recommendation (R&D System, Abington,
UK). Sensitivity was 7 pg/mL for Flt3-ligand ELISA test and
15 pg/mL for IL-7 ELISA test.

2.6. Colony-Forming Cell Assay. Femurs were flushed with
5 mL washing medium (MEM-a medium supplemented with
1% fetal calf serum (FCS) and antibiotics, both from Life
Technologies, Cergy-Pontoise, France). Spleen cells were
crushed in TenbrocK’s Potter in the presence of 5mL wash-
ing medium. After washing twice (8 min at 400g), cells
were numbered and viability assessed in the presence of
Trypan Blue. Cells were then plated at 5 x 10° for spleen
cells and 5 x 10* bone marrow cells in 1.ImL of com-
plete methylcellulose medium with cytokines (Stem Cell
Technologies, Vancouver, Canada). Cultures were incubated
at 37°C in 95% air/5% CO, in a humidified atmosphere.
Colony-forming units-granulocyte macrophage (CFU-GM)
and burst-forming units-erythroid (BFU-E) were scored on
day 12 of culture.

2.7. Histology and Immunohistochemistry. After fixation in
4% formaldehyde solution (Carlo Erba, Rueil Malmaison,
France), tissues were dehydrated, embedded in paraffin,
and cut in sections 5um thick. Hematoxylin-eosin-saffron
staining was then performed in sections of liver, kidney,
and terminal ileum by an independent laboratory (Biodoxis,
Romainville, France).

Determination of immune cells was also performed in
terminal ileum by immunohistochemistry or histochemistry
as previously reported in [20]. The tissue neutrophil infil-
tration was estimated on paraffin sections incubated with
rabbit antibody directed against rat myeloperoxidase (IMG
antibody, d = 1/x00, Clinisciences, Nanterre, France) and
LSAB2 HRP kit (Dako, Trappes, France). The macrophages
were visualized with mouse antibody against CD68 (Serotec,
Cergy Saint Christophe, France) followed by histofine simple
stain mouse MAX PO (Microm Microtech, Francheville,
France). For mast cell coloration, the ileal segments were
fixed in Carney solution. Histological slides were then stained
with Alcan Blue method. Neutrophils and mast cells were
quantified by determining the number of their respective
cells per crypt-villus axis. The results were expressed as mean
+ SD of 8 animals. A qualitative analysis was realized for
macrophages with establishment of a scoring of macrophage
density network in crypts and villi.

2.8. Gene Expression. The different genes measured in the
different organs were indicated in the Table 2. Total RNA was
prepared from tissues (~30 mg for liver, kidney, entorhinal
cortex, and ileum) with the RNeasy Mini Kit (Qiagen,
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TABLE 2: Primer sequences for rat genes studied in several organs following chronic ingestion of uranium.
Genes Forward Reverse
HPRT 5'-GCTCGAGATGTCATGAAGGAGA-3' 5" TCAGCGCTTTAATGTAATCCAGC-3'
Cytokines
CCL-2 5'-CAGCCAGATGCAGTTAATGCC-3' 5'-AGCCGACTCATTGGGATCAT-3'
TNFa 5" ATCCGAGATGTGGAACTGGC-3' 5'-CGATCACCCCGAAGTTCAGTA-3'
IFNy 5'-CACGCCGCGTCTTGGT-3' 5" TCTAGGCTTTCAATGAGTGTGCC-3'
TGEB 5'-TCCCAAACGTCGAGGTGAC-3' 5'-CAGGTGTTGAGCCCTTTCCA-3'
IL-10 5'-GTTGCCAAGCCTTGTCAGAAA-3' 5 TTTCTGGCCATGGTTCTCT-3'
Xenobiotic metabolising enzymes
CYP3A2 5'-AGTAGTGACGATTCCAACATAT-3' 5" TCAGAGGTATCTGTGTTTCCT-3'
CYP2Cl11 5'-ATGGGATGCAATGGAAGGAG-3' 5'-TCTTGCCCATCCCAAAAGTC-3'
ST1Al 5'-AGGGTGGCAAGCTAGAGAAGTG-3 5'-GAGGGAACCCCTGGACATTT-3
GSTA2 5" TTGACATGTATTCAGAGGGT-3' 5 TTGTTTTGCATCCATGGCTG-3'
UGTIAl 5'"-TGGCATCCCCAAAACGATCT-3' 5'-GGAACCGGAGTGTGTGATGAA-3'
UGT2B1 5 -TGGAGAACATGGTGTAGTGGT-3' 5 - TTGGCTTTTTCTTCAGTAGTCAGG-3'
MDRI 5" " ATCAACTCGCAAAAGCATCC-3' 5'-AATTCAACTTCAGGATCCGC-3'
MRP2 5 - TTCGAAGCTGGATGATGTGTTT-3' 5'-GCCATGCAGATCATGACAAGAG-3'
Enzymes of cholesterol metabolism
HMGR 5'-GGCGGGTCCTGCAAGTG-3' 5'-GCAGGTGAGCGGGTGAGA-3'
CYP27Al1 5'-GGAAGGTGCCCCAGAACAA-3' 5'-GCGCAGGGTCTCCTTAATCA-3'
CYP7A1 5'-CCAAGTCAAGTGTCCCCCTCTA-3' 5'-GACTCTCAGCCGCCAAGTG-3'
CYP8BI 5'-GTACACATGGACCCCGACATC-3' 5'-GGGTGCCATCAGGGTTGAG-3'
CYP7B1 5" TCAGATGCAAAGACGGTCAGA-3' 5" TTCATGCCCGTAGTATTTTTTCAG-3'
ACAT2 5'-GCCCCAGCCGACATTTT-3' 5'-GTGCAGTGTGAAGCCTTGACTT-3'
ABCA1 5" ATCTCATAGTATGGAAGAATGTGAAGCT-3' 5'-CGTACAACTATTGTATAACCATCTCCAAA-3'
ABCG5 5'-CGCAGGAACCGCATTGTAA-3' 5" TGTCGAAGTGGTGGAAGAGCT-3'
LDL-r 5'-CAGCCGATGCATTCCTGACT-3' 5'-AGTTCATCCGAGCCATTTTCAC-3'
SR-B1 5'-GTTGGTCACCATGGGCCA-3' 5'-CGTAGCCCCACAGGATCTCA-3'
ApoAl 5'-AATGGGACAGGGTGAAGGA-3' 5'"-TGAACCCAGAGTGTCCCAGTT-3'
ApoB 5' TCCTAACATCATTGTGCCTTCAT-3' 5'-CCTTGAAATCTGGGAGGGAAAACT-3'
LXRa« 5'-AGCAACAGTGTAACAGGCGCT-3' 5'-GTGCAATGGGCCAAGGC-3'
FXR 5'"TGACAAAGAAGCCGCGAAT-3' 5-TGTAATGGTACCCAGAGGCCC-3'
RXRa« 5'-CGCAAAGACCTGACCTACACC-3' 5" -TCCTCCTGCACGGCTTCCC-3'
SREBP2 5'-AGCTGGCAAATCAGAAAAACAAG-3 5'-CGATCTTCAAGTCCACATCACTGT-3'
PPARw 5" TCTCTTCCCAAAACTCCTTCA-3' 5'-GCACGAGCTGCGCATGCTC-3'
PPARy 5'-TCA TGA CCA GGG AGT TCC TCA-3' 5'-TCATCTAATTCCAGTGCATTGAACTT-3'

Courtaboeuf, France) following the manufacturer’s instruc-
tions. The NanoDrop apparatus (ThermoFisher Scientific,
Cergy Pontoise, France) was used for determining the con-
centration of RNA in ng/uL. For the reverse transcription,
1 ug of total RNA was reverse transcribed at 37°C for 120 min-
utes using the High Capacity cDNA Reverse Transcription
kit (Applied Biosystems, Courtaboeuf, France) according to
the manufacturer’s instructions. Real-time semiquantitative
analysis was performed with the Abi PRISM 7900 sequence
detection system (Applied Biosystems). The PCR amplifica-
tion was performed using Syber PCR master mix (Qiagen) in
a final volume of 25 uL. Sequences for the forward and reverse
primers of different genes studied in the present study are
listed in Table 2. The relative mRNA quantification of the tar-
get gene was made by using the comparative AACT-method

[35]. Data were first normalized to an endogenous reference
(HPRT: hypoxanthine-guanine phophoribosyltransferase, a
housekeeping gene) and expressed as the level relative to the
uncontaminated controls (mean + SD; n = 10).

2.9. Determination of Inflammatory Mediators in Intestine.
Mucosal samples were obtained by scraping the rat ter-
minal ileum at euthanasia and were kept at 80°C until
analysis. Mucosal protein extracts were obtained from tis-
sue homogenates performed using ribolyser (FastPrep 120,
ThermoSavant, ThermoScientific, Cergy Pontoise, France) in
phosphate buffer (pH = 7.4, PBS, Gibco, Invitrogen, Cergy
Pontoise, France) containing a protease inhibitor cocktail
(0.5mL/100 mL, Sigma, LIsle D’Abeau Chesnes, France).
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This step was followed by a centrifugation step (10000 g, 10
minutes). Tissue levels of cytokines were measured by ELISA
assays: TNFa, IFNy, and IL-10 were measured using Duoset
kit ELISA (R&D systems, Lille, France) and CCL-2 using the
Kit rat MCP-1 (Clinisciences, Montrouge, France). To ensure
a higher sensitivity and a much greater dynamic range than
that of classical colorimetric revelation by tetramethylbenzi-
dine (TMB) substrate, a chemiluminescent substrate (lumi-
nol/peroxide substrate) is added to the wells (Glo Substrate,
R&D systems, Lille, France). The results were expressed per
mg of protein determined with Bradford assay (Sigma, LIsle
D’Abeau Chesnes, France).

2.10. Expression of Enzymes of Xenobiotics Metabolism Mea-
sured by Western Blotting on Liver and Kidney Samples. Pro-
teins from tissue homogenates (microsome or cytosol) were
prepared as described in [23]. These proteins were loaded,
separated by 10% SDS-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membrane. The mem-
branes were blocked for 1h in 5% nonfat dry milk in
TBS. The blots were incubated overnight with antibodies
diluted in 2% nonfat dry milk in TBS at 4°C. Microsomal
CYP3AI and CYP3A2 were detected using rabbit polyclonal
antibodies (Abcam, Paris, France). Microsomal CYP2Cl1
was detected using goat polyclonal antibodies (Daiichi Pure
Chemicals, Tokyo, Japan). Measurements of microsomal
(CYP3Al, CYP3A2, CYP2Cll, and UGT2B1) and cytosolic
(GST2a) enzymes were detected and measured as described
[36]. Microsomal UGT2BI was detected using goat polyclonal
antibodies and rabbit polyclonal antibodies, respectively
(Santa Cruz Biotechnology, Heidelberg, Germany). Cytosolic
GST2a was detected using goat antibody (Oxford Biomedical
Research, Oxford, USA). Immune complexes were revealed
by rabbit anti-goat IgG and goat anti-rabbit IgG (Santa Cruz
Biotechnology) coupled to horseradish peroxidase (HRP)
and the luminol derivative of Immobilon Western (Millipore,
Billerica, USA). Samples were normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) which was detected
using rabbit anti-rat antibody (Santa Cruz Biotechnology).
Reaction intensity was determined by computer-assisted
densitometry (Fuji Las3000, Raytest, France). Samples were
normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH).

2.11. Xenobiotic Metabolism Enzyme Activity in the Liver.
Freshly prepared microsomal fractions were used to mea-
sure testosterone hydroxylase activity [36]. The enzymatic
activity of 2a-testosterone hydroxylase (CYP2CI1) and 63-
testosterone hydroxylase (CYP3A1/2) was expressed as pico-
moles per minute per whole liver and normalized to that of
the noncontaminated group.

2.12. Cholesterol Metabolism Enzyme Activity in the Liver.
The specific activities of cytochromes P450 CYP27Al1 and
CYP7ALI were assessed, respectively, on hepatic mitochon-
drial and microsomal fractions, with a radioisotopic method
[37]. Enzymatic activity was expressed as picomoles per

minute per milligram. The results are expressed as mean +
SEM of 6 animals.

2.13. Antioxidant Status in the Brain. The tissues were
prepared as described in [30]. Each cerebral sample was
measured in duplicate. The tissues were homogenized in
ice-cold 0.1 M phosphate-buffered saline (PBS, pH 7.4) con-
taining 1mM EDTA. The homogenates were centrifuged at
10000 g for 15 min at 4°C, and the supernatants were collected
for analyses. Protein concentrations were determined by
Bradford method using bovine serum albumin as a standard.
The activity of CAT (catalase), SOD (superoxide dismu-
tase), glutathione peroxidase (GPx), and total glutathione
(GSH) was determined with commercial kits (Bertin Pharma,
Montigny-le-Bretonneux, France).

For CAT activity, the method is based on the reaction
of the enzyme with methanol in the presence of an optimal
concentration of H,O,. The formaldehyde produced is mea-
sured spectrophotometrically with 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (Purpald) as the chromogen. The
CAT activity was expressed in nmol of formaldehyde per min
per mg protein.

SOD activity is assessed by using a tetrazolium salt
for detection of superoxide radicals generated by xanthine
oxidase and hypoxanthine. The SOD assay measures all three
types of SOD (Cu/Zn-, Mn-, and Fe-SOD). One unit of SOD
is defined as the amount of enzyme needed to exhibit 50%
dismutation of the superoxide radical. The enzyme units were
recorded as U per mg protein.

GPx activity was indirectly measured by a coupled reac-
tion with glutathione reductase (GR). Oxidized glutathione
(GSSH), produced upon reduction of hydroperoxyde by GPx,
is recycled to its reduced state by GR and NADPH. The oxi-
dation of NADPH to NADP™ is accompanied by a decrease
in absorbance at 340 nm, which is directly proportional to
the GPx activity. The enzyme units were recorded as nmol
NADPH oxidized per min per mg protein.

Cayman’s GSH assay kit utilizes a carefully optimized
enzymatic recycling method, using glutathione reductase
for the quantification of GSH. The rate of TNB (5-thio-2-
nitrobenzoic acid), produced by the reaction of the sulthydryl
group of GSH with DTNB, is directly proportional to the
recycling reaction which in turn is directly proportional to
the concentration of GSH. Measurement of the absorbance
of TNB at 405nm provides thus an accurate estimation of
GSH. GSH is easily oxidized to the disulfide dimer GSSG.
Both GSH and GSSG are measured in this assay kit and the
assay reflects thus total glutathione.

2.14. Cholinergic Pathway in the Cerebral Cortex. Acetyl-
choline rates and acetylcholinesterase activity were measured
in the entorhinal cortex with the Amplex Red Acetyl-
choline/Acetylcholinesterase Assay Kit (Molecular Probes,
Invitrogen, Cergy Pontoise, France) as described in [38]. For
both assays, samples of ~30 mg were diluted in Tris-HCI
buffer (final volume of 100 uL). A 100 4L volume of 400 uM
Amplex Red Reagent containing 2 U/mL of HRP, 0.2 U/mL
of choline oxidase, and 1U/mL acetylcholinesterase was
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FIGURE 1: Effect of chronic ingestion of uranium on body weight, food, and drinking water intakes. Three parameters were recorded weekly in
control group (open square) and in animals contaminated with uranium at 0.2, 2, 5, 10, 20, 40, or 120 mg/L (close circles). For standardization,
drinking water consumption was expressed as mL per day per rat, food consumption was expressed as g per day per rat, and body weight was
expressed by g. The indicated values are mean of n = 10 animals for body weight and n = 5 for daily intake of food and drinking water (two
rats were housed per cage). For a clearer visualization, the SD of these values were not indicated in this figure: they were below 30% of mean
values. There are no significant differences between control and contaminated groups.

added to samples. Results were expressed as yM/ug protein.
Absorbance was measured at 595nm following a 45min
incubation at room temperature. The acetylcholinesterase
assay was performed with a working solution of 200 uM
Amplex Red Reagent containing 2 U/mL of HRP, 0.2 U/mL
of choline oxidase, and 100 M of acetylcholine. Absorbance
was measured at 595nm after 30 minutes of incubation
at room temperature. Results were expressed as ymole/mg
protein/hour.

2.15. Statistical Analysis. Results are presented as mean +
SD from 5 to 10 animals, depending on the parameters
measured. The control and each of the contaminated groups
were compared with one-way ANOVA analysis and the post
hoc Holm-Sidak method. Statistical significance was defined
by a P value <0.05. All statistical analyses were performed

with SigmaStat, Statistical Software (SPSS, Paris, France).

3. Results

3.1. Health Parameters: Body Weight Gain, Food Intake, and
Water Consumption. Body weight as well as food and drink-
ing water intakes following 9-month chronic ingestion of
uranyl nitrate was given in Figure 1. For a better visualization
of the different curves, only means were indicated in this fig-
ure. The mean + SD of the control group (noncontaminated)
was 24.7 + 6.0 for drinking water intake (mL/day), 26.9 +
2.7 for food intake (g/day), and 672 + 73 for body weight
(g), at the end of experiment (9-month contamination). The
results show that these chronic contaminations did not affect
general health parameters, whatever the uranium content
in drinking water (from 0.2 to 120 mg/L) (one-way analysis
ANOVA, NS), indicating that these different uranium levels
were not toxic for animals following a chronic exposure. In
addition, these values allow the calculation of daily intake of
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FIGURE 2: Bioaccumulation of uranium in organs after chronic ingestion for 9 months. Uranium was measured in organs (the kidney, femur,
liver, and brain (entorhinal cortex)) by ICP-MS (see Material and Methods section for details). The results are expressed as ng/g tissue for 10
animals in the kidney and femur and for 4-6 in the liver and entorhinal cortex. The insets in the figures on the left (kidney and liver) show
the increase in uranium accumulation for the lowest U levels (from 0.2 to 10 mg/L).

uranium throughout the experiment. Dependent on age and
body weight, the daily intake of uranium was estimated to be
between 10.8 at the beginning of experiment and 3.6 mg/kg
body weight per day 9 months later (mean: 5.4 mg/kg/d)
for the highest level (120 mg/L). The mean daily intake of
uranium was estimated to be 0.009, 0.09, 0.23, 0.45, 0.9,
1.8, and 5.4 mg/kg/d for 0.2, 2, 5, 10, 20, 40, and 120 mg/L,
respectively.

Furthermore, no changes in macroscopic appearance or
weights of organs (kidney, liver, and spleen) were noted
following chronic ingestion by uranium (data not shown).

3.2. Uranium Accumulation in Organs. Uranium accumu-
lation was measured in different organs after 9-month
chronic contamination by ingestion. These measurements
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FIGURE 3: (a) Flt3-ligand in the plasma of animals contaminated through uranium ingestion. A significant difference was observed between
2 and 10 mg/L contaminated animals and control animals (P < 0.05, n = 10). (b) Progenitor frequency in the bone marrow of control and
contaminated animals. Results did not show any significant difference between control and contaminated animals (1 = 5 animals per group)
both for burst forming units erythroid (BFU-E) and colony-forming units-granulocyte macrophages (CFU-GM).

were performed in selected organs, that is, the two storage
organs of uranium, that is, kidney and bone (femur), as well
as liver and brain (entorhinal cortex). Results are indicated
in Figure 2. These results show an increasing accumulation
of uranium in kidney and bone, depending on the ingested
uranium level. These accumulations appeared to be similar
in both organs at 120 mg/L. In kidney, the ingestion of the
highest level of contamination (120 mg/L) led to a uranium
concentration of 352ngU/g tissue. Concerning the other
organs, liver and brain, uranium accumulation was very
low as compared to kidney, since the uranium quantity in
these tissues was 100-fold less. Uranium quantity in liver is
2.45 + 0.45ng/g at 120 mg/L, 0.85 * 0.51ng/g at 40 mg/L,
and 0.10 + 0.02 in noncontaminated animals. The uranium
accumulation at 120 mg/L corresponds to 2 orders of magni-
tude less than in the kidneys. The inset linked to the graph
representative of uranium accumulation in liver indicates
that concentration of 20 mg/L of uranium in drinking water
corresponds to a threshold level for uranium accumulation
in liver. In central nervous system, the quantities of uranium
measured in central nervous system remained extremely low,
even at the highest level of 120 mg/L. In fact, there is no dose-
dependent accumulation of uranium in brain (0.98 + 0.34 at
120 mg/L versus 1.5 + 0.36 ng/g in control group).

3.3. Plasma Biochemical Parameters. Plasma biochemical
parameters are shown in Table 3. In this table are reported
various plasma parameters concerning lipid profile, liver

integrity, renal function, and iron metabolism. The results
show no changes following a chronic ingestion of uranium
for any of these measures (one-way ANOVA analysis, NS).
The absence of any difference in plasma concentrations of
kidney function markers (creatinine and urea), even at the
highest uranium level (120 mg/L), indicates that there was no
nephrotoxicity after 9 months of chronic contamination. An
increase in the ALAT (3 folds) and ASAT (2 folds) plasma
concentrations reflecting liver integrity was noted in the
highest group as compared with control group. However,
this difference in liver function was not significant, mainly
because of great variability in the 120 mg/L group.

3.4. Evaluation of Haematopoiesis. Blood cell counts were
performed with differential for granulocytes, lymphocytes,
monocytes, platelets, and red blood cells (RBC) (Tables 3
and 4). No significant differences were detected in circulating
white blood cells, lymphocytes, granulocytes, or monocytes,
regardless of the uranium exposure level. As well, there is no
significant difference in RBC numbers, nor in haemoglobin
concentration and in haematocrit (Table 3). Two cytokines
were also measured in plasma samples, namely, Flt3-ligand
and IL-7. The blood level of IL-7 did not vary significantly
at any exposure level (data not shown). This indicates that
uranium ingestion did not modify T lymphocyte homeostasis
at the levels of uranium concentration studied. By contrast,
the concentration of the Flt3-ligand was significantly lower in
the plasma of animals ingesting 2 and 10 mg/L (Figure 3(a)).
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TABLE 4: Blood cell counts and differential in rats ingesting uranium through drinking water during 9 months.
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Cell lineage (x10° per L of

Uranium (mg/L)

blood) Noncontaminated 02 o 2 40 20

White blood cells 4.43 +1.58 6.19 £ 1.01 5.83+2.72 5.40 +1.83 5.31+1.64 6.20 + 4.11
Lymphocytes 3.22+1.23 3.20 £ 1.39 745 +1.33 5.85+1.11 4.06 +1.33 3.70 £ 1.83
Granulocytes 1.07 £ 0.54 1.67 + 0.35 1.52 £ 0.70 1.32 £ 0.28 1.15 + 0.41 2.35+2.43
Monocytes 0.08 +0.03 0.13 + 0.03 0.12 + 0.06 0.10 £ 0.03 0.10 £ 0.03 0.15+0.13
Platelets 472 + 484 603 + 847 229 + 351 177 + 395 455 + 496 165 + 405

Mean SD, n = 9-10 per group. There are no significant differences between groups (one-way ANOVA with P < 0.05 significant).

This suggested that uranium ingestion induced an increase in
haematopoietic activity in these animals, but only in specific
contamination conditions, that is, 2 and 10 mg/L of uranium
in drinking water. In order to confirm a possible effect
of uranium ingestion on haematopoiesis, haematopoietic
progenitor frequencies were determined both in the bone
marrow and in the spleen of control animals and animals
contaminated with 2, 20, and 120 mg/L. Results indicated
that uranium ingestion did not induce a modification of
progenitor frequency both in the bone marrow (Figure 3(b))
and in the spleen (data not shown). This suggested that the
slight modifications in Flt3-ligand concentration observed
in the plasma were not associated with a modification of
haematopoiesis. Overall, these results suggest that whatever
the uranium concentration in drinking water (including the
highest uranium concentration of 120 mg/L), uranium inges-
tion did not modify significantly blood and bone marrow
parameters.

3.5. Histological Studies. Histological analysis of intestine
(ileum), liver, and kidney (renal cortex) was performed
in control and contaminated animals. Figure 4 showed
microphotographs of histological slides from these organs,
and Table 5 reported the different microscopic evaluations
for the three organs considered. Concerning the small intes-
tine (terminal ileum), no epithelial injuries were noticed
(Figure 4, compare part (a) to (b)). No microscopic anomalies
were identified in muscular layers, in nervous structures, or
in vessels. Small intestine wall never presented inflammatory
alteration or fibrosis. Gut associated lymphoid tissue (GALT)
displayed normal microscopic aspect, often with some activa-
tion signs (germinal centres). Such lack of histological lesions
led to a score equal to zero for intestine regardless the ura-
nium level in drinking water. Concerning kidney microscopic
evaluation, glomerular (parts (c) and (d) of the Figure 4)
and tubular (parts (e) and (f) of the Figure 4) aspects were
analysed. Glomerular lesions were mostly absent (Figure 4,
parts (c) and (d)). Only some scattered glomerular cysts could
be noticed. Tubulointerstitial lesions remained limited, with
minimal to rarely mild intensity when present (Figure 4, parts
(e) and (f)). These lesions consisted of multifocal inflam-
matory cell infiltrates, mainly composed of lymphocytes,
with few plasma cells, macrophages, and rare granulocytes.
Some tubules were sometimes filled with proteinaceous,
eosinophilic material (hyaline casts). Interstitial fibrosis was

exceptionally noticed and remained minimal, with only nar-
row bands of fibrous tissue thickening rare tubular basement
membranes and glomerular Bowman’s capsules. Tubular
necrosis was never observed, whatever the group including
the highest level of uranium concentration (120 mg/L). In
fact, all these features were recognized in rats of either control
or contaminated groups. Tubular regeneration was slightly
increased in 10 and 40 mg/L groups, in comparison to control
group. Tubular inflammation was slightly increased in 0.2,
10, and 40 mg/L groups, in comparison to control group
(Table 5). Surprisingly, this increase remained very limited
and was not observed in 120 mg/L group (high dose).

Histological evaluation was also performed in liver (parts
(g), (h), (i), and (j) of the Figure 4 and Table 5). Almost all
the rats presented inflammatory cell infiltrates into hepatic
parenchyma, which always remained minimal and were
mainly composed of lymphocytes (mononuclear cells), with
few plasma cells, some macrophages, and rare granulocytes.
They could belocalized in portal areas connective tissue (por-
tal inflammation, Figure 4, part (g)) or appear as scattered
and small cellular aggregates slightly distending sinusoids
(intralobular inflammation, Figure 4, part (h)). These features
were recognized in rats of either control or contaminated
groups. Portal necrosis was never observed, whatever the
group. Cytoplasmic macrovacuolation was quite regularly
observed, with minimal to moderate intensity when present
(Figure 4, parts (i) and (j)). Altered hepatocytes displayed in
their cytoplasm small vacuoles about 3 to 5 ym in diameter,
rounded, well-delimited, with empty lumen. Vacuoles were
usually found in small numbers in hepatocytes. Cytoplasmic
macrovacuolation was increased in contaminated groups
in comparison to control group, particularly in 40 and
120 mg/L groups (Figure 4, part (j)), which suggests that it
was related to uranium contamination (Table 5). One-way
ANOVA analysis indicates a statistical significant difference
between groups (P < 0.05).

3.6. Intestinal Immune System. Immune cell composition of
lamina propria was investigated after a 9-month chronic
ingestion of uranium. This study was performed on neu-
trophils, macrophages, and mast cells, all of them involved in
innate immunity. Figure 5 shows the effects of uranium on the
three selected immune cells after 0.2, 2, 20, and 120 mg/L, as
compared with control group (NC: noncontaminated). These
results indicated that number of immune cell populations
did not vary after 9 months of uranium exposure, at any
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FIGURE 4: Histological alterations of intestinal, renal, and hepatic sections in rats receiving uranium at 120 mg/L in drinking water for 9

months. Microphotographs of rat tissues were obtained from control (NC: noncontaminated) and contaminated rat (120 mg/L uranium

in drinking water). Sections were stained with hematoxylin-eosin-saffron. ((a), (b)) Intestinal longitudinal sections of rat ileum. ((c)-(f))

Histological sections of renal cortex. ((g)-(j)) Liver sections.
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FIGURE 5: Effects of chronic uranium ingestion on immune cells in the intestinal mucosa in rats receiving contaminated drinking water
during 9 months. Micrographs were obtained from control animals (objective x20 and x40). The brown staining indicates the cells positive
for CD68 (macrophages) and for MPO (myeloperoxidase, neutrophils). Mast cells were stained with Alcian Blue technique. The positive cells
were estimated per 5 villus-crypt axes, along the 60 measurements per animal, in control animals (NC: noncontaminated) and in animals
contaminated with uranium (U) in their drinking water at various concentrations (0.2, 2, 20, or 120 mg/L). Data were mean + SD of 8 rats.
There is no significant difference between control and experimental groups.

exposure level (from 0.2 to 120 mg/L). The neutrophil and
mast cells number in lamina propria remained constant, even
at the highest level (120 mg/L). Concerning macrophages,
a decrease in its network in lamina propria seemed to be
induced by uranium exposure, with a diminution of 50% at
20 mg/L. However, this decrease was not significant (P =
0.069).

To complete this cellular study, effects of uranium were
investigated on cytokine and chemokine content in small
intestinal wall. The relative mRNA level of 5 cytokines (CCL-
2, TNFa, IFNy, TGEf, and IL-10) was studied in intestinal
mucosal extracts of control rats and in rats contaminated
at 0.2, 2, 20, and 120 mg/L. The tissue protein level was
also studied for CCL-2, TNFea, IFNy, and IL-10. Figure 6
represents the results of gene (Figure 6, top) and protein
expression (Figure 6, bottom) for CCL-2, TNFa, IFNy, and
IL-10. In the top part of Figure 6, we observe an increase in
gene expression for the four cytokines studied, which was
significant (P < 0.05) for uranium levels in drinking water
20 mg/L for IFNy, IL-10, and CCL-2. Modification of TNF«
gene expression was observed only at 120 mg/L. However,
this activation is not general for all cytokines because no
changes were observed in the mRNA levels of TGFf (data

not shown). Experiments were then performed to determine
whether these differences in mRNA levels were associated
with similar differences in protein levels. The results are
indicated in the part (b) of Figure 6. Contrary to cytokine
mRNA expression, which increased with uranium exposure,
uranium seemed to induce an inhibition of protein levels
for three cytokines studied (IFNy, IL-10, and TNF«). These
variations were also observed for uranium levels >20 mg/L.
However, this inhibitory effect was not observed for the
highest uranium level, for which a return to control values
and even an overincrease were noted for three cytokines
(IFNy, CCL-2, and TNFa«).

3.7. Xenobiotic Metabolism in Liver and Kidney. Xenobiotic
metabolizing enzymes (XME) were studied in the liver
and kidneys, the major organs involved in detoxification.
The levels of major enzymes and proteins involved in the
three phases of xenobiotic metabolism, phase I (CYP 3A2,
CYP2Cl11), phase II (GSTA2, UGT2B1), and phase III (MRP2,
MDRI), were studied in control and uranium-exposed rats.
Figure 7 illustrates the effects of uranium exposure on
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FIGURE 6: Effects of uranium on cytokine gene and protein expression in rat intestine. Expression was measured in samples from control
animals (NC: noncontaminated) and animals contaminated by uranium (U) in their drinking water at various concentrations (0.2, 2, 20, or
120 mg/L). Data are mean + SD of 9-10 animals. (a) Gene expression: the mRNA levels are expressed as a ratio to the reference gene HPRT
(hypoxanthine-guanine phophoribosyltransferase, a housekeeping gene). (b) Protein expression: tissue protein levels are expressed in pg/mg
protein. *P < 0.05: significantly different from control values. *P < 0.05: significantly different from the U 0.2 mg/L group. *P < 0.05:
significantly different from the U 20 mg/L group.
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FIGURE 7: Effects of uranium on enzymes of xenobiotic metabolism in the liver. The molecules of phases I, II, and III of xenobiotic metabolism
were measured in control animals (NC: noncontaminated) and in animals contaminated by uranium (U) in their drinking water at various
concentrations (10, 40, or 120 mg/L). Gene expression: the mRNA levels are expressed as a ratio to the reference gene HPRT (hypoxanthine-
guanine phophoribosyltransferase, a housekeeping gene). Data are mean + SEM of 8 animals. Protein expression: protein levels are expressed
as a ratio to the reference gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase, a housekeeping gene). Data are mean + SD of 8 animals.
CYP activities: enzyme activities are expressed in picomoles per minute per whole liver and values are normalized to the noncontaminated
group. Data are mean + SD of 6 animals. *P < 0.05: significantly different from control values. **P < 0.01: significantly different from control

values.

cytochrome P450, expressed mainly in the liver. Some vari-
ations of enzyme activity were observed starting from 2 mg/L
of uranium in drinking water, that is, for CYP3A2 (-53%, P <
0.05) and CYP2Cl1 (-52%, P < 0.05) (Figure 7(c)), but these
effects were not observed at the mRNA and protein levels. By
contrast, gene expression of phase II enzymes was modified
at 10 (GSTA2, UGT2BI) and 40 mg/L (GSTA2) (data not
shown). It appears that 120 mg/L induced major effects, since
a drastic decrease in CYP3A2 was observed concomitantly in
the levels of mRNA (-50%, P < 0.01), protein (-75%, P <
0.05), and enzyme activity (—44%, P < 0.05) in the rat liver.
This indicated that uranium exposure at this concentration
altered a major enzyme of the xenobiotic system which could
impact the detoxification function in the liver.

To determine if uranium also targets this detoxification
system in the kidneys, the classical storage and target organ
of this radionuclide, XME (CYP 3A2 and CYP2CI1 for phase
I, UGT2BI1, GSTA2, and ST1Al for phase II, and MDRI and

MRP2 for phase III), was studied in the renal cortex. Figure 8
shows that there was no effect on several phase I (CYP
3A2, CYP2CI11) and II (UGT2B1, GSTA2) enzymes. Thus, in
contrast to the results observed in liver, this figure indicates
that renal mRNA (Figure 8(a)) and protein (Figure 8(b))
levels of CYP3A2 did not change in the kidneys of rats
exposed to uranium, at any exposure level. Moreover, there
were no changes in UGT2B1 and GSTA2 phase II enzymes,
which are more abundant in the kidneys than phase I
enzymes. Only an increase, apparently dose-dependent, in
STALI gene expression was observed from 10 mg/L.

3.8. Cholesterol Metabolism in Liver. To complete the eval-
uation of liver function, we investigated the different
steps of cholesterol metabolism in the liver (biosynthesis,
catabolism, storage, transport, and regulation). The gene
expressions of enzymes and transcription factors involved
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FIGURE 8: Effects of uranium on enzymes of xenobiotic metabolism in the kidneys. The molecules of phases I, II, and III of xenobiotic
metabolism were measured in control animals (NC: noncontaminated) and in animals contaminated by uranium in their drinking water
at various concentrations (10, 40, or 120 mg/L). Gene expression: the mRNA levels are expressed as a ratio to the reference gene HPRT
(hypoxanthine-guanine phophoribosyltransferase, a housekeeping gene). Data are mean + SD of 8 animals. Protein expression: protein levels
are expressed as a ratio to the reference gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase, a housekeeping gene). Data are mean +

SD of 6 animals. *P < 0.05, P < 0.01: significantly different from control values.

in this metabolism in the liver of control and contaminated
animals with uranium at 0.2, 20, 40, and 120 mg/L were
indicated in Figure 9. Any modification was noted for the
biosynthesis step. Concerning the catabolism step of choles-
terol metabolism, the results show that uranium affected
the relative mRNA level of CYP27A1 in the 120 mg/L group
(+31%, Figure 9). This highest level of uranium induces also
an increase in gene expression of some molecules involved in
storage (ACAT?2, +70%), in storage (ABCAL, +70%), and in
regulation (LXR, RXR, and SREBP2, between 30 and 40%)
processes.

These results were completed by measurement of enzyme
activity of the two major cytochrome P450 of type 27Al
(CYP27A1) and 7A1 (CYP7A1) (Figure 10). No change was
observed for CYP27Al, but uranium affected the activity of
CYP7A1 (by a multiple of 6.5, Figure 10).

3.9. Cholinergic Pathway in the Entorhinal Cortex. The cho-
linergic system in the brain (entorhinal cortex) was examined
to investigate the molecular effects of uranium that might
underlie central nervous system dysfunction. Figure 11 illus-
trates the results obtained after a 9-month contamination.
Chronic ingestion of uranium did not modify acetylcholine
content in the cortex at any exposure level. We did, however,
note a dose-independent diminution of acetylcholinesterase
activity after uranium contamination (-15%).

3.10. Antioxidant Enzymes in the Entorhinal Cortex. Because
oxidative stress is a potential mechanism of uranium neu-
rotoxicity, we investigated the effects of uranium on the
brain by studying antioxidant defenses. Uranium affected
each enzyme studied, but at different thresholds and in
opposite directions (Figure 12). It induced a slight increase in

EEES

P < 0.001: significantly different from control values.

catalase activity (+20% at 120 mg/L) and GSH content (+20%
at 2mg/L) and a dose-dependent activation effect on glu-
tathione peroxidase (+68% at 2 mg/L and +90% at 120 mg/L).
On the other hand, it inhibited superoxide dismutase activity
at all uranium concentrations, in a dose-independent manner
(~ =50%).

4. Discussion

The primary objective of this experimental study was to
obtain new data to improve our knowledge of the long-
term effects of uranium chronically ingested in drinking
water. More specifically, the purpose of this work was to (i)
determine the possible thresholds for functional (molecular
or cellular) and for pathological (tissue and general health)
effects of uranium and (ii) establish the differential sensitivity
of the different organs to uranium. The strength of the present
study lies in its combination of a wide range of uranium levels
(0.2, 2, 5, 10, 20, 40, or 120mg/L), a large panel of target
organs (the small intestine, liver, kidneys, hematopoietic
tissue, and brain), and complementary levels of biological
analyses (molecular, functional, structural, and pathological).

Concerning the intestines, a uranium accumulation was
previously demonstrated in the lamina propria of intestinal
wall, near the immune cells [26] and in Peyer’s patches [27],a
site specialized in the immune response of the small intestine
against pathogens. The objective of the present study was
thus to investigate uranium effects on immune function of
intestinal mucosa due to this specific localization of uranium.
The kidneys and the liver are the major organs involved in
detoxification processes of endo- and xenomolecules, which
constitute in return the primary function of these organs.
Thus, the present investigation of uranium effects on the
kidneys and the liver was based on the different phases of the
xenobiotic metabolism. In addition, cholesterol metabolism
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FIGURE 9: Effects of uranium on gene expression of enzymes of cholesterol metabolism in the liver. The gene expressions were measured in
control animals (NC: noncontaminated) and in animals contaminated by uranium in their drinking water at various concentrations (0.2, 20,
40, and 120 mg/L). The mRNA levels are expressed as a ratio to the reference gene HPRT (hypoxanthine-guanine phophoribosyltransferase,
a housekeeping gene). Data are mean + SD of 8 animals. “P < 0.05, P < 0.01: significantly different from control values.

was studied in the liver, since this organ plays the central role
in whole organism concerning this metabolism. The effects
of uranium on the central nervous system were evaluated
via two mechanisms, the uranium-induced oxidative stress
and the cholinergic system. Indeed, a possible mechanism
of uranium effects observed in cognitive functions may
be due to the oxidative stress induced by reactive oxygen
species imbalance [30]. A uranium-induced chronic cere-
bral oxidative stress may have subsequent consequences on
brain function, with possible development of neurological
disorders [39]. Effects of uranium on cholinergic system
may lead to impairment in learning and attention [40] or
promote neurodegenerative pathologies such as Alzheimer’s
disease. Finally, effects induced by uranium were measured in
hematopoietic cells, since uranium accumulated in the bones
and kidneys following chronic contamination [25, 41].

As indicated above, this study investigated several param-
eters of specific function(s) of all organs considered, to
ensure the absence of possible consequences of uranium
exposure on them. The present study did demonstrate that
uranium induces some effects at the molecular level on the
five considered organs.

Investigation of cholesterol metabolism in the liver indi-
cated variations of mRNA levels for the molecules involved,
but most uranium-induced effects were noted at 120 mg/L
and led to minor modifications in catabolism, storage,
transport, and regulation processes. These results indicate
that uranium targets cholesterol metabolism at mRNA level,
as previously reported [42]. Nevertheless, these biological
effects were not harmful as they had no impact on the plasma
lipid profile. Concerning the liver xenobiotic metabolism,
some slight effects on mRNA levels were reported at low
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FIGURE 10: Effects of uranium on enzyme activity of enzymes of cholesterol metabolism in the liver. Enzyme activity is expressed as picomoles
per minute per milligram total protein. Data are mean + SEM of 6 animals. **P < 0.01: significantly different from control values.

exposure (2mg/L) and more important effects (mRNA,
proteins, and activity) on a specific enzyme (CYP3A) with a
greater variation at high exposure (120 mg/L). These results
supplemented previous studies of xenobiotic metabolism
in the liver [23, 36]. Surprisingly, the present study did
not observe these effects on xenobiotic metabolism in the
kidney, the organ considered most sensitive to uranium. This
lack of molecular effects on the kidneys is in accordance
with previous results obtained by Linares et al, which
demonstrated induction of oxidative stress only at uranium
levels above 400 mg/L [43]. In the small intestine, changes of
protein and mRNA tissue levels of cytokines were observed
for medium (20 mg/L) and high (120 mg/L) uranium levels,
demonstrating effect of uranium on inflammatory medi-
ators in the intestines, corroborating the hypothesis that
the intestinal system may be a biological target of uranium
following ingestion. However, these variations should not be
considered adverse effects, given that the number of immune
cells in the intestinal mucosa did not change significantly.
The only change was a nonsignificant 50% diminution of
macrophages, as mentioned previously [20]. Biological effects
of uranium on the brain were estimated by investigating
the cholinergic pathway and oxidative stress. For the for-
mer, a non-dose-dependent reduction in acetylcholinesterase
activity began at 0.2 mg/L, the lowest exposure level. Such
decreased acetylcholinesterase activity was already reported
[38]. Modifications of the activity of antioxidant enzymes
were also observed at that level. At higher exposures (2, 20,
and 120 mg/L), the activity of 3 enzymes (of the 4 studied)

was modified. Other recent studies have reached the same
conclusions, reporting opposite effects by uranium on the
antioxidant status of the brain, depending on radiological
activity [30] and uranium levels [44]. As for the other organs,
these modifications need not be considered deleterious, since
both antioxidant enzyme activity and acetylcholine levels
were not reduced in the brain. Finally, no real damages
to hematopoiesis were observed. This finding suggests that
the slight modifications of the Flt3-ligand concentration
in the blood were not linked to a major modification of
hematopoietic activity.

Overall, these results indicate that uranium ingestion is
able to induce subtle but significant effects at the molecular
level, mainly on mRNA expression, which does not have any
deleterious consequences.

Different thresholds may be deduced on the basis of
these observed molecular effects: 20 mg/L for the intestine,
>10mg/L for the kidneys, >2mg/L for the liver, and only
0.2mg/L for the brain. This indicates that the kidneys are
not the organ the most sensitive to chronic contamination
by uranium ingestion. The brain appears very sensitive, as
several previous studies have shown [44-46]. At high doses,
uranium may induce adverse effects including impairment of
memory [47] and locomotion [45]. Surprisingly, these results
demonstrated that there is no clear positive relationship
between uranium accumulation and its biological effects.
Indeed, this relation appeared to be an inverse one: the
organs the most affected by uranium exposure were those
that did not accumulate it (Ing/g in brain, 2.5ng/g in
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FIGURE 1I: Effect of chronic ingestion of uranium on cholinergic pathway in the entorhinal cortex. The measurements were measured in
control animals (NC: noncontaminated) and in animals contaminated by uranium in their drinking water at various concentrations (0.2, 2,
20, 40, and 120 mg/L). Results are expressed as mean + SD (n = 8-10). “P < 0.05, **P < 0.01: significantly different from control values.

liver, and 350 ng/g in kidney, at 120 mg/L). These values are
consistent with data of previous studies that indicated no real
accumulation of uranium in central nervous system following
chronic contamination with uranium [30, 48].

Such observation was confirmed in other organs, namely,
gonads. Indeed, very low quantities of uranium were mea-
sured in ovaries [49, 50] and testis [43], when uranium effects
were observed on reproductive function. This finding shows
the special sensitivity of the brain or the gonads to chemical
toxicity by metals, notably uranium [51].

Another noteworthy point about the observations in this
study is the shape of the dose-response relations. Although
we might have expected increased classical dose-response
curves, we found also that uranium contamination elicited
U-shaped or inverted U-shaped curves. Such nonmonotonic
shapes have previously been described following chronic low-
dose uranium contamination. A kinetic study performed dur-
ing a chronic ingestion of uranium in drinking water showed
successive waves of uranium accumulation and elimination
depending on the time exposure [48]. Nonmonotonic curves
were also observed with uterine parameters depending on
uranium levels [52]. Two nonexclusive hypotheses may be
proposed. Firstly, it can be assumed that uranium may inhibit
or activate the concerned genes depending on the dose.
Secondly, the number and the role of molecular targets for
uranium may vary with exposure levels, modifying thus
the whole response of the organ. Only the elucidation of

the underlying mechanisms of uranium effects following a
chronic exposure to low level could reply to these queries.
Besides, the nonmonotonic form of these dose-response
relations raises the problem of their use for the possible
establishment of guidelines [53].

The second major information of the present study
concerns the nondeleterious effects induced by uranium. This
present study demonstrates clearly that chronic ingestion of
uranium at environmental exposures (<2mg/L) and higher
(up to 120 mg/L) did not produce harmful effects in rats, as
evidenced by the absence of clinical signs and histological
lesions in all the organs we studied. Our study observed
only a trend toward minor uranium-induced histological
impairment, specifically, increased cytoplasmic vacuolation
in the liver. Gilman and his colleagues reported also this
minor histological alteration in the kidneys and in the liver
at all uranium exposure levels [19]. The lack of adverse
histological lesions in the kidneys is in accordance with the
absence of changes of urea and creatinine in blood, tradi-
tionally considered as bioindicators of a renal dysfunction.
The primary site of accumulation and subsequent effects
of uranium in the kidneys was the proximal tubule cells
as observed with other metals [54]. Specific biomarkers of
proximal tubule function were not analyzed in this study,
but a recent study [36] failed to evidence a change of Kim-1,
kallikrein, and osteopontin levels following a chronic expo-
sure to uranium with a contamination protocol (9 months
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FIGURE 12: Effect of chronic ingestion of uranium on antioxidant enzyme activity in the entorhinal cortex. Three enzymes were measured,
catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD), as well as total glutathione (GSH). NC: noncontaminated
animal. Results are expressed as mean + SEM (n = 8). *P < 0.05, **P < 0.01: significantly different from control values. * P < 0.05: significantly

different from the U 0.2 mg/L group.

with 40 mg/L) similar to this used in the present study. This
point strengthens the absence of marked uranium effects in
the kidneys even at high level. In fact, the maximal uranium
quantity measured in kidney of the present study following
a chronic exposure at the highest level corresponded to 1/10
of the nephrotoxic threshold of 3 ug/g defined for an acute
exposure [15], despite a high uranium level in drinking water.
This may explained the absence of adverse effects in kidneys.
Our conclusion is consistent with other reports, including the
recent study by Linares et al. [43], which demonstrated only
minor histological lesions for uranium exposure >200 mg/L.
However, some studies are not in accordance with the present
study and the studies cited above. For instance, these results
are not concordant with those obtained by Gilman et al. in
1998 [19]. The objective of Gilman’s study was to determine a
NOAEL in rats by investigating kidney and liver after chronic
ingestion of uranium-contaminated drinking water (from

0.96 to 600 mg/L). The authors reported adverse renal lesions
on tubules and glomeruli. Surprisingly, these histological
lesions were observed in all contaminated groups including
the lowest exposure of 0.96 mg/L, independently of dose. It
is noteworthy that no other experimental study has been
performed at such low exposure levels. Other publications
have noted histological lesions of rat kidneys, but at higher
uranium exposure levels (200 mg/L, [43]; 30 mg/L, [55]).
Recently, Homma-Takeda et al. published deleterious effects
of uranium in different rat models (neonate, prepubertal, and
adult) after subcutaneous administration of uranium acetate
[56]. The discrepancy is very likely due to the difference of the
administration mode. Indeed, previous study demonstrated
that only 0.5% of uranium present in drinking water was
absorbed into blood by the gastrointestinal system [57].

This lack of histopathological lesions and clinical signs
was thus in accordance with the subtle biological effects
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TABLE 6: Symopsis of uranium accumulation and effects in rats contaminated with uranium in drinking water for 9 months.
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EMX: enzymes and transcription factors of xenobiotic metabolism; Chol Met: enzymes and transcription factors of cholesterol metabolism.

observed in animals contaminated with uranium regardless
the uranium level in drinking water. Table 6 summarizes
the data obtained in the present study, biological effects and
deleterious effects.

Thus, according to standard criteria, we conclude that the
NOAEL (No-Observed-Adverse-Effect Level) threshold for
uranium chronically ingested in drinking water is superior to
120 mg/L for male adult rats. The findings of the present study
indicate thus that the NOAEL threshold based in the present
study on the histological alterations was >125 times higher
than the level determined in Gilman’s study (>120 mg/L
versus <0.96 mg/L, resp.).

The guideline issued by WHO (2005) [3] derived with a
TDI (tolerable daily intake) approach from Gilman’s study
(1998) [19] and based on uranium’s chemical toxicity to
the kidneys assessed a LOAEL of 0.96 mg/L, equivalent to

0.06 mg/kg/day. This TDI, combined with a presumed uncer-
tainty factor of 100 and a presumed 60 kg adult consuming
2L of drinking water daily, yielded a guideline value of
15 ug/L (before July 2011). A similar calculation was applied
to our results deduced from a 5.4 mg/kg/day dose ingested
by a rat weighting between 300 and 700 g during the whole
experiment and consuming between 20 and 30 mL of water
contaminated at 120 mg/L (see Figure1). This calculation
leads to a guideline value of 1350 ug/L, a very high value
compared with environmental levels and the WHO reference
guideline. Indeed, WHO established a new guideline value
in 2011 based on new epidemiological studies not able to
demonstrate obvious effects of uranium below an exposure
concentration of 30 ug/L [17]. In fact, changes of proximal
tubular function of kidneys remained in the physiological
range for the different published epidemiological studies for
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uranium levels <30 pyg/L [18]. Our results seem consistent
with epidemiological studies that found no adverse effects
in adults exposed to drinking-water containing naturally
high uranium levels of 500 to 1000 ug/L [58-61]. Other
studies have reported some slight effects on renal function
for uranium exposure >300 ug/L [62, 63], effects that did not
appear either deleterious or irreversible. The conjunction of
experimental and epidemiological studies suggests thus that
the threshold for induction of renal adverse effects should
at least be above 300 pg/L for humans consuming uranium-
contaminated drinking water. This value was 10-fold higher
that the guideline value of 30 ug/L provided by WHO in 2011
[17].

5. Conclusions

In conclusion, TDI calculation leads to a guideline value of
1350 pg/L, a very high value compared with WHO reference
guideline (30 ug/L). Our experimental results associated
with published epidemiological studies suggest that adverse
chemical effects of uranium on kidneys in humans should be
expected only for values above 300 pg/L. In light of these new
results, it appears that the current WHO reference guideline
for uranium content in drinking water is very protective
(x100) and might be reconsidered.
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Mining is one of the most important industrial activities worldwide. During its different stages numerous impacts are generated to
the environment. The activities in the region have generated a great amount of mining residues, which have caused severe pollution
and health effects in both human population and biotic components. The aim of this paper was to assess the impact of mining
activities on biotic communities within the district of Villa de la Paz. The results showed that the concentrations of As and Pb in
soil were higher than the national regulations for urban or agricultural areas. The bioavailability of these metals was certified by the
presence of them in the roots of species of plants and in kidneys and livers of wild rodents. In regard to the community analysis,
the sites that were located close to the mining district of Villa de la Paz registered a lower biological diversity, in both plants and
wild rodents, aside from showing a change in the species composition of plant communities. The results of this study are evidence
of the impact of mining on biotic communities, and the need to take into account the wildlife in the assessment of contaminated

sites.

1. Introduction

Mining is one of the most important industrial activities
worldwide. It is estimated that there are at least 10,000 mining
industries and more than 20,000 mining sites, mineral pro-
cessing plants, and smelting [1]. Nevertheless, it is considered
to be a productive activity with a high environmental impact
because in its different stages (exploration, extraction, and
processing) it generates numerous adverse effects, as well as
a great amount of residues, which could cause water, soil,
and sediment pollution [2, 3]. The generation of residues
(tailing dams, deposits, and slag) is one of the most notorious
environmental impacts in the mining activity, for they are
considered to be the source of heavy metals such as cadmium
(Cd), chromium (Cr), copper (Cu), lead (Pb), zinc (Zn), and

metalloids such as arsenic (As) [4]. This pollution source
represents in a major or minor way a risk, for both human
population (health) and for biota (ecological) living in the
study site [5, 6].

Mining brings as a consequence diverse types of impact
that could affect the composition and structure of the biotic
communities (richness, abundance, diversity, dominance,
trophic relationships, etc.); among the most evident impacts
we can find (1) elimination of vegetation, which alters the
availability of food and shelter for wild animals and (2) the
toxic effects in the health of organisms derived from the
presence of heavy metals [7-10].

In Mexico around 5,036,836,611.54 tons per year of
metals such as silver (Ag), gold (Au), Cu, Cd, lead, and Zn
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are extracted, which represents 1.3% of the gross domestic
product, showing that mining is an important economic
activity in our country [11].

The mining district of Santa Maria de la Paz is located
between the municipalities of Villa de la Paz and Matehuala
in the state of San Luis Potosi. A skarn deposit of Pb-
Zn-Ag (Cu-Au) (metamorphic rocks made of silicates of
calcium (Ca), iron (Fe), and magnesium (Mg) derived from a
protolith limestone and dolomite in which great quantities of
aluminum (Al), Fe, and Mg have been introduced) is found
in this district.

The main activity in Villa de la Paz is the extraction of
fluorite, Zn, Ag, Cu, Pb, bentonite, Au, clay, silica, limestone,
and salt. For the past few years 2007-2012 246,665.36 ton
of Au, Ag, Cd, Cu, Pb, Zn has been extracted [11]. This
activity has been taking place for the past 200 years, and it
has generated a great amount of waste (tailings and deposits),
which lies in open air and is exposed to environmental
weathering; it represents a risk of environmental pollution.

Several studies have been done in that mining region
to determine whether risk to human health and diverse
biological components exists. Among the studies that have
been done, there are those regarding environmental charac-
terization [12-17]; in some of these, it has been proven that
risk for the health of human populations in the area due to
the exposure to heavy metals and As exists [18-24]. On the
other hand studies regarding exposure and effects on diverse
species of flora and fauna have also been done [25-27].

Heavy metal accumulation in plants has multiple direct
and indirect effects on plant growth and alters many phys-
iological functions by forming complexes with O, N, and S
ligands. They interfere with membrane functioning, water
relations, protein metabolism, and seed germination [28].
Impediment of proper absorption and essential element
transport in plants, metabolic alterations, decrease and inhi-
bition of adequate growth, reproductive alterations, wilting,
chlorosis, dehydration, mortality, and photosynthesis inhibi-
tion are among the main reported effects on plants due to
heavy metal exposure [29-31].

Regarding the effects of mining activities on plant com-
munities, the presence of different concentration levels of
metals such as Cd, Cu, Se, and Zn in soil and water has been
reported and is known to reduce the diversity and abundance
in plant communities [32, 33].

The study of diversity and abundance among species has
been commonly used as an indicator of biotic integrity in
different types of ecosystems [34, 35]. Some studies have used
the diversity and structure of communities (plants and/or
animals) to demonstrate the effect of exposure to a certain
pollutant such as pest-control substances, metals, herbicides,
chemical wastes, residual water discharge, to name a few
(32, 36-41].

The study done on wild rodents and small mammals in
polluted sites has been focused on evaluating the bioaccumu-
lation and sublethal effects (DNA damage, oxidative stress,
etc.) [25, 42-50]. These kinds of projects are important but
are generally not very ecologically relevant. In what concerns
studies in superior levels of biological organization in Rusia
Kataev et al. [51] registered that the population densities of
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rodents that are found close to where the mining activity takes
place are lower in comparison to the ones found farther away.

The objective of this study was to evaluate the impact
of the mining activity on biotic communities in the mining
district of Villa de la Paz. In order to do this the determination
of the heavy metals and As was done in soil and roots of plants
as well as the estimation of parameters in the communities of
plants and rodents.

2. Materials and Methods

2.1. Study Site. The mining district of Santa Maria de la Paz is
located on 23°41 longitude N and 100°38’ latitude W. Within
this district we can find Villa de la Paz, which has been
exploited for over 200 years. The predominant weather in
the region is mild semidry with rains in the summer [52].
The average annual temperature is between 12° and 18°C;
the total annual precipitation varies from 400 to 600 mm
[53]. Haplic and calcic xerosols are the dominant soils, which
are the typical types of soil in semiarid regions [53]. The
main types of vegetation are the xerophytic scrubland and the
gypsophyllous grassland [54]. The main economic activities
in the region are mining, agricultural production, livestock
production, and tourism [53, 55].

2.2. Selection of Sampling Sites. The main types of dominant
vegetation selected within the area of study were the micro-
phyllous desert scrub (MDS) and the rosettophyllous desert
scrub (RDS); a sampling site was chosen within in each of
these, considering the areas with the highest arsenic and
metal concentrations [15, 25]. Aside of this, two sites within
a reference zone were selected (with similar exposure, relief,
lithology, altitude, and condition) to make a comparison with
the polluted zone. This zone is located, approximately 10 km
south of the impacted zone (Figure 1).

Plant, root, and soil samplings took place in each of the
selected sites during the months of May and June of 2004.

2.3. Environmental Monitoring. The quantification of As, Cu,
Pb, and Zn was done in plant species, in order to measure
the concentrations to which they were exposed. Fifty samples
from the superficial soil were obtained (0 to 10 cm of depth) in
each of the sampling sites, to obtain a total of 60 soil samples.
The samples were collected using the same transects that were
used for the plant sampling (see under), five points were
established every 5 m within the sampling areas, starting from
the origin of the line (0 m) and up to 20 m [56]. In each of the
points, 10 cm” blocks of soil were extracted using a shovel and
were put in polyethylene bags, so they could be transported
and analyzed elsewhere.

2.4. Monitoring of Plant Species. 'The plant sampling was done
through the point quadrats method [57] and three transects
were traced perpendicularly to the slope in each of the sites
(in a southeast-northeast direction, with an average length
of 20m) in order to obtain the frequency, the basal area,
the density, and the value of importance of the plant species
[58,59].
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FIGURE I: Location of the sampling sites in the mining region of Villa de la Paz, San Luis Potosi, Mexico. Contaminated sites (gray circles);
reference sites (black circles). RDS: rosettophyllous desert scrub; MDS: microphyllous desert scrub.

In order to verify if absorption was happening in the
roots, the quantification of As, Cu, Pb, and Zn had to be
done. For this process, individuals were selected from the
four dominant species of plants of each type of vegetation
present in both the contaminated and the reference site.
The selected species in the RDS were Jatropha dioica (Jadi),
Karwinskia mollis (Kamo), Agave lechuguilla (Agle), and
Dyssodia acerosa (Dyac). The ones on the MDS were J. dioica
(Jadi), Larrea tridentata (Latr), Parthenium incanum (Pain),
and Zinnia acerosa (Ziac). Five individuals of each of these
species were collected, except for D. acerosa, for which 10
individuals had to be taken so a composite sample could be
done, because its roots are very small. All the collected plants
were fully extracted, the aerial part (foliage) was eliminated,
and the roots were collected in polyethylene bags for easier
transportation for analysis.

2.5. Rodent Monitoring. Rodents were captured alive using
Sherman traps, only in the MDS. The capture was done
two nights in a row, with two repetitions per plot of land,
in six different outings, which totaled 960 night-traps. All
six outings for the capture and recapture of rodents were
done during the period between September 2005 and May
2007. During the period of study the existing assumptions
established by Seber [60] where complied with for the study
of open populations, as well as getting to know the biology
of all the species of rodents within the area of study [59].
A mixture of oats and vanilla was used as bait. The species

of the captured rodents were determined as well as different
morphometric parameters such as total length, of the tail,
the body, the back legs, and the ear. Their sex was recorded
and all individuals captured were marked [61, 62]. For the
collection of plants and the capture of rodents we have the
scientific collector permit FAUT-262 issued by Secretaria de
Medio Ambiente y Recursos Naturales (SEMARNAT).

2.6. Parameter Estimates at a Community Level. The Shan-
non-Wiener index (H') was used to determine the diversity
of both plant and rodent species present on the sites: H' =
- Y. (Ni/N)In(Ni/N) [58, 63].

As for plant communities, all evaluated attributes were
determined according to the vegetative stratus and for the
total vegetation.

2.7. Analysis of As and Metals in Soil and Roots. The soil
samples of roots and soil were put through a process of acid
digestion for the quantification of As, Cu, Pb, and Zn. The
digestion of the soil was done in a microwave oven (CEM
MDS-2000) using nitric acid (HNOj;), and for the roots the
digestion had to be done using a heating plate with HNO; and
perchloric acid (HCIO,).

The quantification of heavy metals was done using
spectrophotometry of atomic absorption (EAA). Standard
Reference Materials (SRM) which were certified by the
National Institute for Standards and Tests of the United States
of America (NIST) were analyzed, as a strategy for quality
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TaBLE 1: Concentrations (mg/kg) of As, Cu, Pb, and Zn in soil by vegetation type.
Vegetation types Site As Cu Pb Zn
Reference 46.8 16.3 16.8 57.7
RDS (12.0-23.0) (10.0-20.0) (23.8-97.6) (45.0-125.0)
Contaminated 222.1" 231.9" 204.3" 175.4*
(125.8-329.3) (155.0-382.5) (117.9-4871) (125.0-275.0)
Reference 23 25.6 23.5 87.3
MDS (18.3-38.5) (22.5-30.0) (15.9-31.2) (57.5-280.0)
Contaminated 7902.6" 703.7" 1228.2" 3513.5"
(502.0-17325.0)  (292.5-1080.0)  (428.1-2226.8)  (505.0-6325.0)
NOM-147-SEMARNAT/SSA1-2004 agricultural/residential land 22 — 400 —
CEQG agricultural land 12 63 70 200

The values represent the mean and range. RDS: rosettophyllous desert scrub; MDS: microphyllous desert scrub. *Statistically different concentrations (P <

0.05) in relation to the reference site; —: not mentioned.

control. The employed SRM were the SRM 2710 for trace
analysis in soils and SRM 1547 for plants. The percentage of
recovery for both ranged from 80 to 104%.

2.8. Statistical Analysis. A Chi Square test, using a contin-
gency chart of 2 x 2, had to be done in order to evaluate the
differences in the composition of flora on the sites [64]. A
two-sample ¢-test was used in order to compare the diversity
(Shannon-Wiener index) [65, 66]. For the comparison of
metal concentrations, the Kruskal-Wallis test in soil and
the Mann-Whitney U test in plants were used. The level of
statistical significance was considered at P < 0.05 for all tests.
Statistical analysis was performed with STATISTICA (version
12.0, StatSoft Inc.). Diversity-abundance models were done
in order to extract patterns of relative species abundances
without reducing information and to make a comparison
between reference and contaminated sites [66].

3. Results and Discussion

3.1. Metals and As in Soil. In Table1 the concentrations of
the quantified metals in the superficial soil samples classified
according to the type of vegetation are shown. For both types
of vegetation, a statistically significant difference was found
(P < 0.05) between the concentrations of the contaminated
and reference site. In the case of RDS, As turned out to be
five times higher, Cu 14 times, Pb 12 times, and Zn three
times more than in the reference site. The decreasing order of
concentration found in the contaminated site was Cu > As >
Pb > Zn compared to the reference site which was Zn > As >
Pb > Cu. For the MDS it was found that As was 344 times
higher, Cu 27 times, Pb 52 times, and Zn 40 times more than
the value from the reference site. The order of concentration
on the contaminated site was As > Zn > Pb > Cu and for the
reference site it was Zn > Cu > Pb > As.

In Table 1 the concentrations of As and Pb which surpass
the maximum limits allowed according to the NOM-147-
SEMARNAT-2004 are shown. Thresholds for Cu and Zn
do not exist in Mexican regulations, which is the easy
why the parameter established by the Canadian guides for
environmental protection and human health had to be used

as comparison; it was found that Cu exceeds the protection
limits in both types of vegetation, while Zn was found to have
exceeded the protection limits only in the MDS contaminated
site [67]. This information concurs with reported results from
other authors.

The registered differences in the concentrations of metals
in soil among the contaminated and the reference sites
confirm the impact of mining activity reported by Razo et
al. [15]. In the contaminated sites, higher concentrations were
found in the MDS than in the RDS; these differences can be
attributed to the topographic location of the sites. The RDS
site is found on the slope of the hill “El Fraile” which favors the
movement of metals and As to lower areas due to run off. The
MDS site is found in the valley, which probably explains why
a higher concentration was reported. These results coincide
with what was registered by Razo et al. [15], who reported
lower concentrations in the hillside areas (As 731 mg/kg; Cu
206 mg/kg; Pb 433 mg/kg; and Zn 2351 mg/kg), compared to
the ones in the valley (As 10459 mg/kg; Cu 1023 mg/kg; Pb
1560 mg/kg; and Zn 5205 mg/kg).

Regarding the concentrations that were registered in the
reference area, these were found to be within the range of
what some authors registered as being basal (As 1-40 mg/kg;
Cu 1-140 mg/kg; Pb 10-70 mg/kg; and Zn 5-125 mg/kg) [32,
68, 69].

3.2. Metals and As in Roots. The quantification of the content
of metals in the roots of plants was done for the purpose
of determining if they could be absorbed by plants. The
concentrations of As, Cu, Pb, and Zn, found in the roots of the
selected species according to their vegetation type, are shown
in Table 2. In the RDS, no differences were found between
the contaminated and the reference site for any metal in the
K. mollis specie (P > 0.05); however for the A. lechuguilla
and J. dioica species differences were found (P < 0.05) (with
the exception of Zn in A. lechuguilla and Pb in J. dioica). In
the MDS a statistically significant difference was found (P <
0.05) between the concentrations of the four species from the
contaminated and reference sites (with the exception of Zn en
J. dioica). Zn was the element that was absorbed in the highest
amounts (with the exception of J. dioica where it was Pb).
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TaBLE 2: Concentrations (mg/kg) of As, Cu, Pb, and Zn, in roots, by species and vegetation type.
Vegetation types Site Specie As Cu Pb Zn
1.6 2.0 0.3 9.3
Kamo
(1.4-1.9) (15-2.8) (0.2-0.4) (5.0-14.1)
0.5 2.8 0.5 8.9
Agle
Reference (0.1-1.0) (2.3-3.5) (0.4-0.6) (5.8-13.0)
. 0.7 32 0.5 11.2
Jadi
(0.2-1.1) (2.5-4.8) (0.2-1.0) (75-14.8)
RDS Dyac 0.7 10.0 22.3 1.0
1.8 1.8 0.4 5.6
Kamo
(0.7-2.3) (0.2-2.8) (0.3-0.5) (4.5-7.0)
117 45" 1.7* 8.4
. Agle
Contaminated (0.8-1.6) (3.3-6.1) (0.7-3.6) (6.4-13.0)
. 2.6" 7.3* 09 378"
Jadi
(1.1-4.7) (3.0-10.5) (0.3-2.0) (13.5-52.0)
Dyac 11 11.3 16.0 2.1
0.3 6.0 0.3 12.5
Latr
(0.1-0.7) (3.9-74) (0.2-0.5) (8.9-20.5)
. 0.3 33 0.6 14.0
Pain
Reference (0.2-0.5) (2.5-3.6) (0.4-0.7) (10.8-17.5)
. 1.1 1.8 0.1 6.0
Jadi
(1.0-1.4) (1.5-2.0) (0.02-0.3) (4.5-7.8)
. 1.6 2.8 4.5 6.7
Ziac
MDS (0.8-2.3) (15-75) (2.8-5.6) (5.3-8.5)
43" 10.6* 1.3* 38.5"
Latr
(1.4-14.1) (8.0-18.1) (0.4-4.1) (12.8-129.3)
. 51" 14.0" 22" 23.1°
Pain
Contaminated (3.2—6;2) (9.5—12.8) (1.4—3.5) (17.8-30.0)
. 22.0 13.4 2.3 5.4
Jadi
(1.9-43.9) (8.5-20.5) (1.4-3.2) (5.0-6.3)
. 15.2" 12.0" 365.5" 1.7*
Ziac
(1.3-32.1) (8.3-20.5) (0.8-2.6) (307.5-422.5)

The values represent the mean and range. RDS: rosettophyllous desert scrub; MDS: microphyllous desert scrub. The range is not shown for the D. acerosa,
because there was only one analyzed compound sample. * P < 0.05 with regard to the reference site for the same species and vegetation type. Kamo: K. mollis,

Agle: A. lechuguilla, Jadi: J. dioica, Dyac: D. acerosa, Latr: L. tridentata, Pain: P incanum, and Ziac: Z. acerosa.

According to these results, it can be stated that metals
and As present in the area are available for the plant species;
however, not all plants have the same method for absorption
and/or translocation. It has been observed that plants develop
different resistance mechanisms when exposed to high metal
concentrations, which makes them absorb metals in a dif-
ferential way [70-72]. In this regard Machado-Estrada et al.
[27] did the evaluation of the translocation of metals and As
in plant species (A. lechuguilla, P. incanum, and Z. acerosa)
of the same sites that we evaluated in Villa de la Paz and
the reference area. They state that there is more translocation
towards stems and leafs in recollected plants in the polluted
sites, which shows the bioavailability of the metals in these
species of plants.

Added to this, the absorption of metals in plants depends
mainly on bioavailability of metals and on the intrinsic char-
acteristics of each species. Several authors have reported that
bioavailability of metals depends on factors such as condition

of soil, pH, and the chemical form [73-75]. According to
them, the differences in the absorption by the plants of
the region can be attributed to the possible development
of resistance mechanisms towards metals (e.g., evasion) and
to the presence of the different chemical forms of metals
generated in the mining processes that have been reported
in the area by Razo et al. [15].

3.3. Metals and As in Rodents. Jasso-Pineda et al. [25] eval-
uated the concentrations of As, Cd, and Pb in livers and
kidneys of the rodents that were captured in the mining
district of Villa de la Paz and in a reference site. Our
study was done jointly (sampling sites and seasons) with the
previously mentioned study. On that basis the concentrations
of metals in the tissues of rodents registered in the article
by Jasso-Pineda et al. [25] can be directly compared to the
concentrations of metals in soil and the roots of plants. The
levels of registered metals, in all cases, were significantly
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TABLE 3: Richness, total diversity, and by stratus for the RDS and the MDS.
. Contaminated Reference
Vegetation types
Richness Diversity Richness Diversity
Herbaceous 10 0.75 10 0.61
RDS Bushy 10 0.71* 9 0.51
Total 20 1.03 19 0.82
Herbaceous 0.6" 17 1.04
MDS Bushy 0.55 15 0.98
Subarboreal 2 0.05" 1 0
Total 13 0.88:x 32 1.28
*P < 0.05.

higher in the contaminated site compared to the reference
site.

3.4. Plant Communities. As it is shown in Table 3, the rich-
ness of the species was similar between the contaminated and
reference sites of the RDS (20 and 19 species, resp.) (P > 0.05);
unlike the MDS in which the reference site showed a major
richness (32 species) than the contaminated site (13 species)
(P < 0.05).

Regarding the total diversity of the RDS (Table 3), a
statistically significant difference was registered (P < 0.05),
between the contaminated and the reference site. There was
also a significant difference for the bushy stratus (P < 0.05),
but not for the herbaceous one (P > 0.05).

Aside from this, it was determined that the contaminated
site has a higher diversity than the reference site (Table 3),
which is given by the highest abundance of individuals in
the bushy stratus. The total diversity of the MDS, as well
as the stratus (Table 3) of the contaminated site, was higher
(P < 0.05) than the ones from the reference site.

The elements of diversity are richness and equity of
species. In the case of RDS in both sites the richness was
the same (Table 3); likewise the relative abundance (number
of individuals per species) was similar in both communities,
just not with the same species (Figure 2), which explains why
communities do not show differences in the value of the
diversity index. In the contaminated site, a larger diversity
of species was found in the bushy stratus (Table 3), because
the species present in this site had a greater abundance of
individuals (Figure 2). This difference among the diversity
of individuals could be attributed to the change in species,
because this new species could have lower environmental
requirements and/or less competition in comparison with the
ones that were not registered, which allows them to have a
greater number of individuals [66].

In the case of MDS the way communities responded to
metals was by reducing the diversity of species (Table 3),
which could be caused by a difference in sensibility towards
pollutants among the plants species that are present; this way
more sensitive species are replaced with tolerant species or
are eliminated completely (Figure 3) [66, 76].

In the RDS regarding the composition of species in the
sites, it was found that the contaminated and the reference
sites share 9 species; 11 species are only present in the

contaminated site and 10 only registered in the reference site.
A statistically significant difference was found (P < 0.05)
among the sites (Table 4).

In the case of MDS 11 species were registered and they
were present in both sites, 3 species were registered only on
the contaminated site and 21 of them only on the reference
site. The difference regarding composition in both sites
turned out to be statistically significant (P < 0.05) (Table 4).

The diversity-abundance models of the RDS are shown
in Figure 2, where similarities in the behavior between the
contaminated and the reference site can be seen, meaning that
both sites had the same amount of both abundant species and
not very abundant ones. In the case of MDS (Figure 3) it can
be observed that the contaminated site behaves completely
different compared to the reference site, because there were
mostly abundant species. Abundant and not very abundant
species were registered in the reference site.

In the RDS, a change between the floral composition
of the communities in the contaminated and the reference
zone was found (Table 4), although it kept the same rich-
ness (Table 3) and a relationship is still being maintained
regarding the proportion among the abundance of species
(Figure 2), which was not the case for the MDS where aside
from the change in species (Table 4) the richness showed a
contrast between both sites (Table 3). In the contaminated
site a higher number of dominant species were present,
and there was an absence of species with low abundance
(Figure 3). With the results it became evident that the change
in floral composition was one of the effects of metals in the
communities of the area, which is similar to what has been
reported in other environments [7-9].

Luoma [77] arguments that the presence of species tol-
erant to pollution in a community is a strong evidence that
a pollutant is causing adverse effects over it. Some of the
species that were only found in the contaminated zone of
the RDS (B. veronicaefolia, E. karvinskianus, L. tridentata,
and P. laevigata) have previously been registered as being
accumulative and tolerant to metals [78-81].

The presence of tolerant species and the absence of
sensitive ones, the increase or decrease in the abundance
of species, the change in their composition are the main
effects that were found in plant communities within the
area of Villa de la Paz; these effects are causing a change
in the structure of their communities, which could lead to
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TaBLE 4: Composition of species for the rosettophyllous desert scrub (RDS) and the microphyllous desert scrub (MDS).
Site Species Acronym RDS MDS
Contaminated Reference Contaminated Reference
Dyssodia acerosa Dyac X X X X
Prosopis laevigata Prla — — X X
Parthenium incanum Pain — — X X
Larrea tridentata Latr — — X X
Jatropha dioica Jadi X X X X
Zaluzania triloba Zatr — — X X
Senna wislizeni Sewi — — X X
Bahia absinthifolia Baab — — X X
Both sites Zinnia acerosa Ziac — — X X
Euphorbia prostrata Eupo — — X X
Tridens sp. Trsp — — X X
Buchloe dactyloides Buda X X — —
Agave lechuguilla Agle X X — —
Karwinskia mollis Kamo X X — —
Opuntia stenopetala Opst X X — —
Acalypha sp. Acsp X X — —
Mimosa biuncifera Mibi X X — —
Linum rupestre Liru X X — —
Loeselia coerulea Loco X — — —
Menodora helianthemoides Mehe X — — —
Condalia fasciculata Cofa X — — —
Erigeron karvinskianus Erka X — — —
Euphorbia prostrata Eupo X — — —
Only impacted Haplopappus spinulosus Hasp X — — —
Condalia sp. Cosp X — X —
Brickellia veronicaefolia Brbe X — — —
Lycium berlandieri Lybe X — — —
Scleropogon sp. Scsp X — — —
Tiquilia canescens Tica X — X —
Trixis angustifolia Tran — — X —
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TaBLE 4: Continued.
Site Species Acronym RDS MDS

Contaminated Reference Contaminated Reference
Bouteloua curtipendula Bocu — X — —
Cenchrus ciliaris Ceci — — — X
Kalanchoe blossfeldiana Kabl — — — X
Conyza schiedeana Cosh — — — X
Lycium berlandieri Lybe — — — X
Opuntia lindheimeri Opli — — — X
Physalis sp. Phsp — — — X
Menodora helianthemoides Mehe — — — X
Celtis pallida Cepa — — — X
Dalea bicolor Dabi — — — X
Erigeron karvisnkianus Erka — — — X
Opuntia leptocaulis Ople — — — X
Agave salmiana Agsa — — — X
Mimosa biuncifera Mibi — — — X
Only reference Buddleja scordioides Busc — — — X
Lippia sp. Lisp — — — X
Acalypha sp. Acsp — — — X
Cenchrus altianus Ceal — — — X
Lantana sp. Lasp — — — X
Salvia ballotaeflora Saba — X — X
Strenandum sp. Stsp — — — X
Viola sp. Visp — — — X
Bacopa procumbens Bapr — X — —
Evolvulus alsinoides Eval — X — —
Sida absintipholia Siab — X — —
Amelanchier denticulata Amde — X — —
Condalia mexicana Come — X — —
Dichondra sericea Dise — X — —
Ferocactus pilosus Fepi — X — —
Scutellaria potosina Scpo — X — —
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TABLE 5: Captured species from the mining site in Villa de la Paz, San Luis Potosi.

Site Family Species Acronym Relative Abundance
Sigmodon hispidus Sihi 233
Muridae Neotoma mexicana Neme 2.33
Reference Peromyscus maniculatus Pema 9.30
P. eremicus Peer 11.63
Heteromyidae Chaetodipus nelsoni Chne 18.60
Dipodomys merriami Dime 55.81
. . C. nelsoni Chne 47.06
Contaminated Heteromyidae o ]
D. merriami Dime 52.94
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FIGURE 2: Abundance-diversity model from the rosettophyllous
desert scrub (RDS). 1: species with the greatest abundance in the
reference site, 2: species with a greater abundance in the impacted
site, 3: species only present in the reference site, and 4: species only
present in the impacted site (see Table 4 for the acronyms).

an imbalanced ecosystem, and it will be reflected in the
alterations of its properties such as productivity and the
biogeochemical cycles. The plant communities in the MDS
are at higher risk than the communities in the RDS, because of
the changes on their structure and the loss of diversity, which
can lead to an imbalance of their ecosystem properties. Aside
of this, if the impacts towards the environment continue, the
communities from the RDS could present this same risk.
One of the first visible symptoms of the environmental
stress due to contamination is the changes in vegetation, the
latter being a component of an ecosystem which fully reflects
the features of its site. The changes in the plant communities
also represent a direct risk for the animal communities
that depend on them. As a result, plant communities are a
good indicator of the changes in the site. Hence, research
on the changes in vegetation, as well as changes in the
structure of plant communities and their dynamics, provides
the necessary information not only for assessing the degree

-o- Reference

FIGURE 3: Abundance-diversity model from the microphyllous
desert scrub (MDS). I: species with the greatest abundance in the
reference site, 2: species with a greater abundance in the impacted
site, 3: species only present in the reference site, and 4: species only
present in the impacted site (see Table 4 for the acronyms).

of contamination and degradation of the environment, but
also for the measurement of the decrease in its production
potential [82].

3.5. Wild Rodent Communities. During the six outings for the
systemic capturing-recapturing of rodents, a total of 77
rodents were captured (43 from the reference site and 34 from
the polluted site).

The sampling period took place from September 2005 to
May 2007. In the reference site, six species belonging to two
different families were captured, Heteromyidae and Muridae,
and in the contaminated site two species belonging to the
Heteromyidae family were found (Table 5).

Just like in the plant communities, diversity is made
up of the number of species (richness) and the number of
individuals of each species (equity). In Figure 4 how the
rodent community diversity in the reference site (H' = 1.28)
is greater than that in the contaminated site (H' = 0.69) is
showny; it is likely that this decrease in the diversity is actually
aresponse from communities towards metals, which could be
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FIGURE 4: Diversity of rodents in the mining site of Villa de la Paz
and the reference zone.

attributed to a difference in sensitivity towards contaminants
among species. This way, sensitive species are replaced for
tolerant species or they are definitely eliminated [66, 74].

One alternative is that the concentrations of metals can
first of all affect the species of plants that are used as source of
food for distinct species of rodents, and with the absence of
species to feed upon, rodents will emigrate to other areas.

There are no similar studies in communities of rodents
with which we can compare the obtained results on this
research.

Species richness has been employed as indicator of
ecological integrity (ecosystem distress syndrome); reduced
species richness is one of the most consistent responses
to assess effects of contaminants and also has high social
relevance. Diversity indices provide important information
about rarity and commonness of species in a community;
they have been employed as integrative indicator. The ability
to quantify diversity in this way is an important tool for biol-
ogists and ecotoxicologist trying to understand community
structure and effects derivatives of anthropogenic activities
in biomonitoring studies [66].

4. Conclusions

The concentrations of As and Pb exceed the maximum
allowed limits established by the NOM-147-SEMARNAT-
2004 and by the Canadian guides for environmental pro-
tection. Metals and As in the mining district of Villa de la
Paz are bioavailable, because concentrations of them were
found in roots and organs of wild rodents [25]. Regarding the
community level analysis a change in the plant composition
was registered, as well as a loss in diversity of the plant
communities and rodents, high concentrations of metals
present in plants, the tissues of rodents, and the roots of plant
species, and the registered effects on a molecular level in
rodents from the contaminated site [25], all strong evidence

BioMed Research International

of the existent risk in the biotic communities of Villa de la
Paz, San Luis Potosi, caused by the mining activities that take
place there. However, there is also a possibility that this loss of
diversity is due to the continuous fragmentation of the habitat
and regional stressors (e.g., climatic change, desertification,
and drought) in the municipalities of Villa de la Paz and
Matehuala.

It is also important to mention that risk assessments are
made in Mexico often neglects the assessment of biota (some
components), which represents a severe problem because
they are an essential part of the ecosystem and if the biotic
components are affected at some time will be reflected in
the health of the human population. In the northern part of
Mexico and particularly in San Luis Potosi there are various
mining areas (Villa de Ramos, Charcas, and Cedral), with
similar characteristics as Villa de la Paz. The results of this
study will allow the selection of sites and species in order to
incorporate them in a medium and long range monitoring
program on the effect of metals and As for the region.
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The aim of this study was to evaluate the cytotoxicity induced by orthodontic bands through survival tests on Saccharomyces
cerevisiae, a microorganism that presents several genetic and biochemical characteristics similar to human cells. Three groups
of bands were evaluated: silver soldered (SSB), laser soldered (LSB), and bands without any solder (WSB). Yeast cells were directly
exposed to the bands and indirectly, when a previous elution of the metals in artificial saliva was performed. The negative control
was composed of yeast cells or artificial saliva not exposed to any kind of metal. In the direct exposure experiments, all tested groups
of bands induced a slight reduction in yeast viability compared to the control. This effect was more intense for the SSB, although not
statistically significant. For the indirect exposure experiments, the SSB induced a statistically significant decrease in cell viability
compared to the LSB. There were no significant differences between the survival rates of the negative control and the LSB group in
both direct and saliva tests. SSBs were cytotoxic, whilst LSBs were not, confirming that laser soldering may be a more biocompatible
alternative for use in connecting wires to orthodontic appliances.

1. Introduction alloy [4, 5]. However, in several clinical situations, it is nec-
essary to connect orthodontic wires to the bands, especially
when auxiliary appliances, such as lingual arches and
maxillary expanders, are made. To connect the support wires
to the appliances, silver solder is the alloy of choice, due to its
proven effectiveness, low cost, and ease of use. However, the

silver solder alloy contains silver, copper, and zinc. These ions

Biocompatibility refers to the ability of a biomaterial to per-
form its desired function with respect to a medical therapy,
without eliciting any undesirable local or systemic effects in
the recipient or beneficiary of that therapy but generating the
most appropriate beneficial cellular or tissue response in that

specific situation and optimizing the clinically relevant per-
formance of that therapy [1]. Corrosion is the main concern
when biocompatibility of orthodontic metallic materials is
evaluated. The release of several metallic ions [2] may lead to
hypersensitivity and allergic reactions, either locally as well as
systemically [3].

In daily practice, it is usual to use orthodontic bands
during interceptive and corrective treatments. The bands are
generally made of stainless steel and are composed of nickel,
iron and chromium, and it is considered a biocompatible

present a major tendency to be released to the buccal cavity
[6] and they may have cytotoxic effects, resulting in decrease
of cell viability [5]. Cadmium used to be added to the com-
position of silver solder alloys some decades ago [7] and, due
to the process of zinc obtaining from the ores, cadmium may
appear as a zinc contaminant [8]. It is important to remember
that cadmium exposure is responsible for hepatic, renal, and
myocardial damage characterized by increased creatinine,
total and direct bilirubin concentrations and increased ALT
and lactate dehydrogenase (LDH) activities [9]. Besides this,
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FIGURE I: Silver soldered band (SSB).

cadmium has been considered a mutagen and may be related
to the occurrence of cancer [10-12].

An alternative to soldering with silver solder can be the
laser welding. In this method, the use of a third metal or alloy,
such as the silver solder, can be avoided, as the stainless steel
bands and orthodontic wires can be directly connected. With
laser soldering, the energy generated promotes real fusion of
the metals joined. It may be less susceptible to corrosion and
consequently more biocompatible.

Nowadays, several in vitro cell culture tests can be used
in order to assess the cytotoxicity of dental materials. Among
these tests, some yield similar results, whereas some others
reveal diverse or even opposing findings [5, 13-17]. The
yeast Saccharomyces cerevisiae [18] can be used as a model
organism for the in vitro cytotoxicity evaluation of several
harmful agents as well [19-24], offering advantages once they
are easy and inexpensive to manipulate. They can provide
a large amount of quantitative data from well-controlled
experiments with short-time results being phylogenetically
very closely related to animals [25]. Biochemical and genetic
similarities [26, 27] justify the use of yeast models to address
a scientific question of clinical interest [18, 28-33]. However,
few dental studies have used this microorganism for this
purpose [34, 35], and only one was dedicated to efficiently
evaluate orthodontic materials [4].

Taking into consideration the fact that silver solder
may present cytotoxic effects, that laser soldering is still an
emerging technique in orthodontics and has been scarcely
evaluated and, mainly, considering the large scale use of
orthodontic bands with silver soldered joints in orthodontic
auxiliary appliance and the lack of studies evaluating the
cytotoxicity of orthodontic bands, the aim of this study was to
evaluate the induction of cytotoxicity by orthodontic bands
with or without laser or silver solder using a wild-type S.
cerevisiae strain as a model organism.

2. Materials and Methods

This study was approved by the ethics Committee from
Pontificia Universidade Catodlica do Rio Grande do Sul (Porto
Alegre, Brazil). Stainless steel metallic orthodontic bands
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FIGURE 2: Laser soldered band (LSB).

FIGURE 3: Band without any solder (as received—WSB).

(Universal bands for upper molars Morelli, Sorocaba/SP,
Brazil) were evaluated. The bands, according to the manufac-
turer’s information, are composed of Cr: 17-20%; Ni: 8-10%;
Mo: max. 0,60%; and Fe. Three groups were formed: silver
soldered bands (SSB—Figure 1), laser soldered bands (LSB—
Figure 2), and bands without any kind of solder (WSB—
Figure 3). For the silver solder group, in each band, a segment
of stainless steel 1.0 mm wire (Cr: 17-20%; Ni: 8-10%; Mo:
max. 0,60%; and Fe) was soldered using silver solder alloy (Ag
55-57%, Cu 21-23%, Zn 15-19%, and Sn 4-6%) and solder
flux (Morelli, Sorocaba/SP, Brazil) heated by a butane micro-
torch (GB 2001, Blazer, Farmingdale, NY, USA). For the laser
soldered group, the same 1.0 mm stainless steel orthodontic
wire was soldered to the band using laser Nd: Yag (250,
12 ms; Dentaurum, DL 2002-S, Germany). The third group
was composed of bands without any solder and was evaluated
as received.

2.1. S. cerevisiae Strain, Media, and Cultures. The S. cerevisiae
strain used in this work was the wild-type strain FF18733.
To cultivate this strain, YPD medium (1% yeast extract,
2% peptone, and 2% glucose) was used, either in broth or
solid (with agar at 2%) form. In all survival experiments,
S. cerevisiae precultures were prepared in 10 mL YPD broth
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FIGURE 4: (a) Mean values of cell viability (CFU/mL) from three direct exposure experiments with S. cerevisiae strain FF18733 performed
with bands bearing silver solder (SSB), laser solder (LSB), or without solder (WSB) in YPD agar. (b) Mean values of yeast survival from three
direct exposure experiments with S. cerevisiae strain FF18733 performed with bands bearing silver solder (SSB), laser solder (LSB), or without

solder (WSB) in YPD agar.

and grown overnight to exponential phase (~10~ cells/mL)
at 30°C.

2.2. Survival Experiments for Cytotoxicity Analysis. The cyto-
toxicity analysis was performed as already described [4] via
two types of survival experiments: (1) direct exposure of S.
cerevisiae cells to the bands and (2) previous elution of the
bands in artificial commercial saliva (Salivan, Apsen Far-
macéutica SA, Brazil), followed by exposure of S. cerevisiae
cells to the artificial saliva containing the metals’ elutes. The
negative control in the direct exposure was composed of yeast
cells that were not exposed to any kind of metal. In the saliva
exposure test, the artificial saliva was the negative control. The
experiments were performed in triplicate.

Direct Exposure Experiments. New inocula were made, each
one containing one band either with silver solder (SSB),
laser solder (LSB), or without any solder (WSB) and were
incubated at 30°C to exponential phase (~107 cells/mL).
Aliquots from each culture were diluted in 0.9% sterile saline
solution and 5 uL drops from each dilution (from 107> to
107°) were plated on YPD agar and incubated at 30°C for
two days for the emergence of small colonies, which allowed
an initial qualitative approach. For the final quantitative
analyses, 100 4L of the final dilutions were plated on YPD
agar (two plates for each dilution) for colony counting and
CFU/mL estimative after two days at 30°C.

Saliva Exposure Experiments. Each band was immersed in
500 uL of artificial saliva for 7 days. A total of 500 uL of
the preinoculum was used for each treatment, which was
centrifuged (2 min at 2000 g) and resuspended at 100% with
the saliva preexposed to the different bands. The cells were
then treated for 60 minutes, diluted, and plated in YPD
agar as described above, for both qualitative and quantitative
analyses. A negative control was performed with the artificial

saliva not exposed to any kind of metal and the tests were
performed in triplicate.

2.3. Data Analyses. The mean and standard deviation of the
colony forming units per mL (CFU/mL) counts from three
independent repeats of each treatment were compared to
their specific controls to verify the occurrence of significant
survival differences. If there was at least one log of difference
in terms of CFU/mL in treatments in relation to controls, it
was assumed a significant difference, which was an indication
of cellular toxicity in S. cerevisiae.

3. Results

The results from survival experiments are shown in Figures
4 and 5. Regarding the direct experiments, it is possible to
observe that the three groups (SSB, LSB, and WSB) induced a
decrease in cell viability of S. cerevisiae in terms of CFU/mL
compared to the control. This effect was more intense with
the SSB group, which can be viewed in terms of viable
cells (Figure 4(a)). Nevertheless, there was no significant
difference in terms of survival, since it was below one log of
difference for all samples, but SSB, the one that bear more
metal alloys, achieved the higher value (Figure 4(b)). The
experiments of saliva exposure showed that the saliva elutes
from the three different groups are also able to induce a
decrease in S. cerevisiae cell viability (Figure 5(a)). The SSB
samples were also those that most induced cytotoxicity and,
in this case, with a significant difference in terms of survival
compared to the control, which did not occur with the LSB or
the WSB samples (Figure 5(b)). It is important to notice that
the data shows no significant differences between the survival
results from the LSB (as well as from WSB) in relation to
controls in both direct and saliva tests. Moreover, in saliva
experiments the difference between the SSB and the LSB
in terms of survival percent is considered significant. These
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FIGURE 5: (a) Mean values of cell viability (CFU/mL) from three experiments with saliva elutes in S. cerevisiae strain FF18733 performed with
bands bearing silver solder bands (SSB), laser solder (LSB), or without solder (WSB) in YPD agar. (b) Mean values of yeast survival from
three experiments with saliva elutes in S. cerevisiae strain FF18733 performed with bands bearing silver solder (SSB), laser solder (LSB), or

without solder (WSB) in YPD agar.

results indicate an important difference in terms of cytotoxi-
city induction between these two kinds of orthodontic joints
and thus an indication of higher biocompatible properties of
LSB compared to the most used worldwide, the SSB.

4. Discussion

An important part of the population undergoes orthodontic
treatments during their lives. Orthodontic bands, composed
of iron, nickel, and chromium, are frequently joined to
orthodontic wires for the making of auxiliary appliances
and, for this, it is usually employed a filling material such
as the silver solder alloy. This alloy contains silver, copper,
and zinc and may even contain a little amount of cadmium.
These ions, together with nickel and chromium, may illicit
several undesirable reactions. Specifically, when these metals
are heated, the corrosion process may be increased, leading to
the elution of ions to the buccal cavity, with local and systemic
effects [2, 4, 5, 15, 16, 36-41]. In recent years, the use of laser
solder has increased, especially for implant-based prosthesis
and it can be used for orthodontic purposes as well [42]. It
is a very interesting alternative to connect thick wires such
as those used in auxiliary orthodontic appliances. The main
advantage is that the energy generated by the laser produces
a real fusion between the metals connected, avoiding the
need of an additional filling material such as the silver alloy.
Consequently, the variety of metallic ions is reduced and the
corrosion process is lower. However, its cost is still high since
there is the need of a very specific equipment to perform it
[42].

The experimental model S. cerevisiae has been widely
used in biomedical research studies, with very diverse
objectives and applications, from cellular biology involved
in genetic and neurological diseases [43] to toxicological
surveys [44]. The broad applicability of this yeast species
as a model organism is based on its easy cell cycle control,
great facility of biochemical and genetic manipulation, short
time, and inexpensive reproducible experiments [45] as well

as biochemical and genetic similarity to animal cells [26,
27]. These S. cerevisiae properties’ enables the achievement
of results compatible with other experimental models such
as cultured animal cell, such as fibroblasts, osteoblasts, and
keratinocytes [15, 39, 40]. Moreover, it proved to be effective
to evaluate the cytotoxicity induction of several orthodontic
materials [4].

Based on the wide advantages of the biological model
described above, the experiments were conducted using both
direct exposure of S. cerevisiae cells to the bands and also
the exposure of these yeast cells to artificial saliva containing
the bands’ elutes. This second group of experiments was
performed in order to simulate the oral cavity chemistry and
its effects over the materials tested.

Auxiliary orthodontic appliances with orthodontic bands
may stay in the patient’s mouth for a long period of time.
For patients subject to maxillary expansion and protraction,
at least 13 months with the appliance are necessary. When
lingual arches are used as space maintainers, it may be used
from as early as six years, until the end of the orthodontic
treatment, what may occur only at 13-14 years old. For this
reason, it is important to investigate cellular effects of the
orthodontic bands, as well as their joins, mainly due to the
lack of information in the literature concerning specifically
this material. The current available reports evaluated mainly
orthodontic wires with soldered connections [39-41].

In the SSB group, the bands tested contained silver
flux and suffered the effects of the heat and the high
temperatures achieved which are necessary to melt the silver
alloy. The objective was to reproduce what actually occurs
when auxiliary appliances are made, instead of testing the
cytotoxic effects of silver solder alloy alone [4, 15]. Lower
cell viability was observed in both experiments and with
significant differences (higher than 1 log—Figure 5(b)) in
relation to the control in the experiments of exposure to saliva
elutes, in accordance with a previous study [4]. Possibly, when
the bands were in contact with the artificial saliva, corrosion
occurred, leading to the elution of toxic ions. Specifically,
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nickel, a major component of stainless steel bands, may be
easily released [46] leading to toxic effects [38, 47, 48]. The
components of silver solder alloy may release toxic ions as
well [49]. It has been stated that one of the mechanisms
involved in the silver solder toxicity is the occurrence of
oxidative stress [4].

Solmi et al. [40] evaluated the reaction of fibroblasts
cultured in vitro in direct contact with samples of soldered
and laser-welded joints from orthodontic lingual arches.
Adhesion, morphology, and proliferation of the cells were
evaluated under contrast phase light microscopy and scan-
ning electron microscopy and it was concluded that laser-
welded joints were superior in terms of biocompatibility.
The results of Solmi et al. [40] are in accordance with the
findings of the present study; however, the authors evaluated
the fibroblast’s reaction to the soldered surface only, not
considering the whole band. It is important to consider that
the oxidation process occurs at the whole surface of the band
which is in contact with saliva during clinical use, suffering
the effects of the corrosion all over the band, involving
not only the silver solder metals but the stainless steel
components as well. It seems that evaluating the cell survival
after an elution time of the materials in artificial saliva,
as performed in the present study, is a good alternative to
simulate the effects of a liquid immersion media in corrosion
of the bands.

Sestini et al. [39] evaluated orthodontic wires and their
effects on osteoblasts, fibroblasts, and keratinocytes through
several in vitro cytotoxicity tests. They found high cytotoxicity
of silver soldered joints, whereas laser soldered joints were
considered the only joining process well tolerated by all cell
types. Again, the findings of Sestini et al. [39] agree with
the findings of the present study; however, similar to Solmi
et al. [38], the authors evaluated only the wires and did
not consider the joining process that occurs in orthodontic
bands, which presents a higher area of soldering. The authors
used the wires in direct contact with the cells not considering
a previous corrosion process, as reported in the present study
for the indirect experiments.

As done by Sestini et al. [39], Vande Vannet et al. [41]
also evaluated orthodontic wires but used three-dimensional
oral mucosal cell. The authors revealed that silver soldered
wires led to higher loss of viability than laser welded and
electric welded joints. They also tested stainless steel wires
alone, as we did with the WSB, assuring the biocompatibility
of stainless steel alone. The same good performance was
observed for the laser soldered wires, in accordance with the
LSB group in our work with the bands. Vande Vannet et al.
[41] also found lower cell viability with the silver soldered
wires, however, with no statistical differences when compared
to the control and to the other tested groups, such as laser
solder and stainless steel alone.

In the present study no significant differences were
observed between the results of cell survival from the LSB
and those from the control, in both direct and indirect evalu-
ations. This indicates that laser soldering was not cytotoxic
to S. cerevisiae cells. Additionally, there was a significant
difference from the levels of cytotoxicity induced by the SSB
group in saliva experiments when compared to the LSB,

which confirms laser soldering as an interesting alternative
for clinical use in orthodontic bands and for the making
of auxiliary appliances that are extensively used in clinical
practice.

The present study clearly indicated that silver solder
actually presents cytotoxic effects and that laser solder is
certainly a more biocompatible option for the connection of
wires and for auxiliary appliances. However, more studies are
necessary using yeast cells or other experimental models to
observe not only the cytotoxic effects of silver solder but also
if this material actually increases the occurrence of oxidative
stress and if that mechanism may lead to possible genotoxic
effects.

5. Conclusions

Silver soldered bands were cytotoxic to S. cerevisiae cells.
There was significant difference between the laser soldering
and the silver soldering groups, indicating the use of laser
soldering as a more biocompatible alternative for clinical use
in orthodontic appliances.
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This study investigates the efficacy of diphenyl diselenide [(PhSe),] in attenuating methylmercury- (MeHg-)induced toxicity in
rats. Adult rats were treated with MeHg [5 mg/kg/day, intragastrically (i.g.)] and/ or (PhSe), [1 mg/kg/day, intraperitoneally (i.p.)]
for 21 days. Body weight gain and motor deficits were evaluated prior to treatment, on treatment days 11 and 21. In addition,
hepatic and cerebral mitochondrial function (reactive oxygen species (ROS) formation, total and nonprotein thiol levels, membrane
potential (A¥m), metabolic function, and swelling), hepatic, cerebral, and muscular mercury levels, and hepatic, cerebral, and
renal thioredoxin reductase (TrxR) activity were evaluated. MeHg caused hepatic and cerebral mitochondrial dysfunction and
inhibited TrxR activity in liver (38,9%), brain (64,3%), and kidney (73,8%). Cotreatment with (PhSe), protected hepatic and cerebral
mitochondrial thiols from depletion by MeHg but failed to completely reverse MeHgs effect on hepatic and cerebral mitochondrial
dysfunction or hepatic, cerebral, and renal inhibition of TrxR activity. Additionally, the cotreatment with (PhSe), increased Hg
accumulation in the liver (50,5%) and brain (49,4%) and increased the MeHg-induced motor deficits and body-weight loss. In
conclusion, these results indicate that (PhSe), can increase Hg body burden as well as the neurotoxic effects induced by MeHg
exposure in rats.

the aquatic food chain and human consumption [4]. MeHg
causes acute and chronic damage to multiple organs, most

MeHg is one of the most poisonous environmental contam-
inants, causing toxic effects in humans and experimental
animals [1, 2]. Environmental MeHg is largely derived from
inorganic mercury biomethylation carried out primarily by
aquatic microorganisms [3] with subsequent accumulation in

profoundly to the central nervous system (CNS), in partic-
ular when exposures occur during the neurodevelopmental
period [1, 5, 6].

The events that mediate MeHg toxicity are largely depen-
dent upon its electrophilic properties, which allow for its



interaction with soft nucleophilic groups (mainly thiols
and selenols) from either low- or high-molecular-weight
biomolecules [7]. The interaction of MeHg with soft nucle-
ophilic groups from biomolecules is responsible, at least in
part, for decreased antioxidant capacity and increased ROS
generation [7, 8]. Notably, MeHg can disrupt the activity of
thiol- and selenol-containing proteins, such as glutathione
peroxidase (GPx), thioredoxin (Trx), and TrxR [1, 9-11].
These proteins are important components of the cellular
antioxidant system, and their inhibition contributes to the
disruption of the normal redox balance of cells [7].

In addition, MeHg can disrupt mitochondrial function
by targeting specific thiol-containing proteins, including
respiratory chain complexes [12, 13]. The inhibition of these
complexes or enzymes can contribute to mitochondrial depo-
larization and swelling upon MeHg exposure. Mitochondrial
targeting by MeHg has also been associated with increased
mitochondrial ROS generation, which can further exacerbate
the toxicity of MeHg by attacking additional nucleophilic cen-
ters in mitochondria and in other subcellular compartments
[7, 10, 12-14], leading to a vicious cycle of cell demise.

Several studies demonstrated that organic and inorganic
selenium (Se) compounds influence the deposition and
toxicity of MeHg [13, 15, 16]. Se is an essential trace element
for a wide range of living organisms, including humans [17].
Se is necessary for the expression of approximately 25 Se-
dependent proteins, including GPx, TrxR, and several other
enzymes and proteins, which can modulate the cellular redox
and antioxidant status [17].

In addition to inorganic and naturally occurring organo-
selenium compounds, synthetic organoselenium compounds
can also exhibit protective effects against MeHg. For example,
ebselen and (PhSe), have been shown to exert beneficial
effects against in vitro and in vivo MeHg-induced toxicity [18-
21]. (PhSe), (which is the simplest of the diaryl diselenides
[22]) protected against an array of toxic effects of MeHg and
lowered the Hg burden in the brain, liver, and kidneys of adult
mice [21]. The molecular mechanism(s) which underlie(s) the
protective effects of (PhSe), in mice likely reflect the direct
interaction of MeHg with “selenol intermediate” of (PhSe),
after its reaction with thiols, or indirectly, by modulating
oxidative stress levels [21, 23]. In short, the protective effects
of (PhSe), against MeHg-induced toxicity are likely related
to its antioxidant properties and its ability to form stable
complexes with MeHg, which can increase Hg excretion and
decrease the MeHg body burden.

Of particular pharmacological significance, the toxicity
and pharmacokinetics of MeHg [24] are different in mice
and rat which can be explained by the higher binding affinity
of rat hemoglobin, which contains more cysteinyl residues
than mice protein, for MeHg when compared to the mice
hemoglobin [25]. (PhSe), toxicity and pharmacokinetics
differences between mice and rat also exist and could be
explained by a faster metabolization of (PhSe), in mice [26-
28].

Therefore, the aim of the present study was to investigate
the potential protective effects of (PhSe), against MeHg-
induced toxicity and mitochondrial dysfunction in rats. To
accomplish this goal, the effects of (PhSe), on Hg deposition
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in liver and brain and on behavioral and biochemical param-
eters were studied in rats.

2. Materials and Methods

2.1. Chemicals. Chemicals, including ethylene glycol-bis(/3-
aminoethylether)-N,N,N ' N'-tetraacetic acid (EGTA), 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
2,4 dinitrophenol (2,4 DNP), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), glutamic acid,
safranin O, 2,7'-dichlorofluorescin diacetate (H,-DCFDA),
and methylmercury chloride were obtained from Sigma
Aldrich (St. Louis, MO, USA). (PhSe), was synthesized
according to the method by Paulmier [29]. All other chemi-
cals were of analytical reagent grade and purchased from local
commercial suppliers.

2.2. Animals. Male Wistar rats, weighing 250-310 g and with
age from 3 to 3.5 months, from our own breeding colony
were kept in cages (four animals in each). Rats were placed
in a room with controlled temperature (22 + 3°C) on a 12h
light/dark cycle (lights on at 7:00 a.m.) and had continuous
access to food and water. All experiments were conducted
in accordance with the Committee on Care and Use of
Experimental Animal Resources of the Federal University of
Santa Maria, Brazil.

2.3. Treatment. Sixteen rats were equally divided into four
experimental groups as follows: (1) control (10 mL/Kg of
water i.g. and 1mL/Kg of soybean oil i.p.); (2) (PhSe),
(10 mL/Kg of water i.g. and 1 mg/Kg of (PhSe), i.p.); (3) MeHg
(5mg/Kg of MeHg i.g. and 1 mL/Kg of soybean oil i.p.); and
(4) (PhSe), + MeHg (5mg/Kg of MeHg i.g. and 1mg/Kg
of (PhSe), i.p.). Based on previous studies, exposures were
performed daily over a 21-day period [21, 30, 31]. Twenty-four
hours after the last exposure, the animals were sacrificed and
the livers, brains, kidneys, and skeletal muscle were quickly
removed, placed on ice and homogenized.

2.4. Determination of Hg Levels. Tissue levels of total Hg
were measured in liver, brain, and skeletal muscle collected
at the time of euthanasia [32]. Approximately 0.4g (wet
weight) of the tissues was weighed and digested with 5mL
of HNOj acid (65%). Digested samples were diluted to 50 mL
with ultrapure water before analysis using a Multitype ICP
Emission Spectrometer (ICPE-9000, Shimadzu). Calibration
standard curve was prepared freshly using mercury stock
standard solution.

2.5. Motor Coordination Tests

2.5.1. Open Field Test. General locomotor activity was eval-
uated as previously described [33]. The number of line
crossings (number of segments crossed with the four paws)
and rearings was measured over 5min and taken as an
indicator of locomotor activity. The test was carried out at
3 time points: 24 hours prior to treatment (basal), and on
treatment days 11 and 21.
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2.5.2. Rotarod Test. Motor coordination was tested on the
rotarod apparatus as described previously [34, 35]. The
latency to fall and the number of falls from the apparatus were
recorded for 120 s. The tests were conducted 3 times: 24 hours
prior to treatment (basal), and on treatment days 11 and 21.

2.6. TrxR

2.6.1. TrxR Purification. TrxR was partially purified by a
modification of the method by Holmgren and Bjornstedt
[36]. Tissues were homogenized in buffered saline (137 mM
NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,, and 1.4 mM KH,PO,,
pH 7.3). Livers, brains, and kidneys (0.5 g) were homogenized
in 10, 3, and 5 volumes of buffered saline, respectively.
Homogenates were centrifuged at 13,000 g for 30 min. The
protein concentration in the supernatant was measured and
adjusted to 10 mg/mL. The supernatant was dialyzed against
buffered saline for 16 h to remove endogenous glutathione
(GSH) and Trx. The dialysate was heated at 55°C for 10 min,
cooled, and centrifuged at 13,000g for 30 min to remove
denatured protein.

2.6.2. TrxR Activity. TrxR activity was measured by the
method of Holmgren and Bjornstedt [36]. The reaction
mixture consisted of the following: 0.24 mM NADPH,
10 mM EDTA, 100 mM potassium phosphate buffer (pH 7.0),
2mg/mL 5,5' dithiobis-2-nitrobenzoic acid (DTNB), and
0.2mg/mL of BSA. The partially purified TrxR was added
(to final concentration of 6-8 ug of protein) to the cuvette
containing the reaction mixture, and the absorbance was
followed at 412 nm for a maximum of 4 min.

2.7 Isolation of Rat Brain and Liver Mitochondria. Rat brain
and liver mitochondria were isolated as previously described
by Brustovetsky and Dubinsky [37], with some modifications.
Brain and liver were rapidly weighed and homogenizedin1:5
(w/v) ice-cold “isolation buffer I” containing 225 mM man-
nitol, 75 mM sucrose, 1mM K'-EGTA, 0.1% bovine serum
albumin (BSA), and 10 mM K" -HEPES, pH 7.2. The tissue was
then manually homogenized with a potter glass. The result-
ing suspension was centrifuged for 7min at 2,000g. After
centrifugation the supernatant was recentrifuged for 10 min
at 12,000 g. The pellet was resuspended in “isolation buffer
II” containing 225 mM mannitol, 75 mM sucrose, I mM K*-
EGTA, and 10mM K'-HEPES pH 7.2 and recentrifuged
at 12,000 g for 10 min. The supernatant was discarded and
the final pellet gently washed and resuspended in “isolation
buffer IT” without EGTA.

2.8. Mitochondrial Nonprotein and Total Thiol Content. Mito-
chondrial nonprotein and total thiol content were measured
according to the method of Ellman [38]. To determine total
thiol groups, mitochondria (0.3 mg protein) were added to
the reaction medium containing 10 mM Tris-HCI pH 7.2, 1%
SDS, and 10 mM DTNB. Nonprotein thiol content was mea-
sured by adding 50 4L 10% TCA to 50 L of the mitochondria
(0.3 mg protein). After centrifugation (4,000 xg at 4°C for
10 min), the protein pellet was discarded and an aliquot of

the clear supernatant, neutralized with 0.1M NaOH, was
added to the medium containing 10 mM Tris-HCl pH 7.2
and 10 mM DTNB. The samples absorbance was measured
spectrophotometrically at a wavelength of 412 nm.

2.9. Measurements of Mitochondrial A¥Ym. Mitochondrial
A¥Ym was estimated by fluorescence changes in safranin
O (3mM) recorded by RF-5301 Shimadzu spectrofluorom-
eter (Kyoto, Japan) operating at excitation and emission
wavelengths of 495 and 535 nm, with slit widths of 1.5nm
[39]. Data on A¥m in the figures is presented in Arbitrary
Fluorescence Units (AFU).

2.10. Estimation of ROS Production. The mitochondrial
generation of ROS was determined spectrofluorimetrically,
using the membrane permeable fluorescent dye H,-DCFDA
recorded by RF-5301 Shimadzu spectrofluorometer (Kyoto,
Japan) operating at excitation and emission wavelengths of
488 and 525nm, with slit widths of 3nm [40]. Data of
ROS production in the figures is presented as Arbitrary
Fluorescence Units (AFU).

2.11. Assessment of Mitochondrial Metabolic Function. The
mitochondrial metabolic function was assessed by the con-
version of MTT to a dark violet formazan product by mito-
chondrial dehydrogenases [41]. The rate of MTT reduction
was measured spectrophotometrically at a wavelength of
570 nm. Results were expressed as the percentage of MTT
reduction relative to control values.

2.12. Assessment of Mitochondrial Swelling. Measurement of
mitochondrial swelling was performed in a RF-5301 Shi-
madzu spectrofluorometer at 600 nm (slit 1.5nm for exci-
tation and emission) [42]. Data for mitochondrial swelling
are expressed as Arbitrary Absorbance Units (AAU). The
difference (AA) between the initial absorbance reading and
the final absorbance reading was used for statistical analysis.

2.13. Protein Measurement. Protein was assayed by the
method of Bradford [43] with bovine serum albumin as
standard.

2.14. Statistical Analysis. Normality assumption was tested
with Kolmogorov-Smirnov test and the distribution of the
majority of results is not normal. Data were analyzed sta-
tistically by Mann-Whitney or Kruskal-Wallis, followed by
Dunn’s post-hoc tests when appropriate. The results were
considered statistically significant at P < 0.05. All statistical
analyses were conducted using GraphPad Prism 5 (Version
5.01, GraphPad Software, Inc., USA).

3. Results

3.1. Effects of (PhSe), and MeHg on Body Weight. Treatment
with MeHg led to body-weight loss from the second week
until the end of the treatment compared to controls (P <
0.05, Figure 1). Rats cotreated with (PhSe), and MeHg also
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FIGURE 1: Effect of MeHg and/or (PhSe), on the body weight gain in
adult rats. Data are expressed as mean + S.D., n = 4. () represents
P < 0.05 as compared to controls by Mann-Whitney test.

showed a decrease in the body weight when compared to
the control group (P < 0.05, Figure 1). Rats treated with
(PhSe), lost weight after the first week of treatment (P <
0.05) but showed a trend towards a recovery and were
statistically indistinguishable from the controls at the end of
the treatment (Figure 1).

3.2. Effects of (PhSe), and MeHg on Hg Deposition. Treatment
with MeHg increased the levels of Hg in liver, brain, and
skeletal muscle compared with controls (P < 0.05, Figure 2).
The cotreatment with (PhSe), caused a greater increase
in brain Hg deposition when compared to MeHg alone
treatment, both in brain (Figure 2(b)) and liver (Figure 2(a)),
and showed a trend towards increased deposition in skeletal
muscle (Figure 2(c)).

3.3. Effects of (PhSe), and MeHg on Motor Coordination
and Spontaneous Locomotor Activity. The effects of MeHg
and/or (PhSe), on locomotion and motor coordination were
assessed by the open-field and rotarod tests, respectively.
After 11 days, rats treated with MeHg showed increased
number of falls on the rotarod and decreased latency to the
first fall when compared to controls (P < 0.05, Figures 3(a)
and 3(b)). Rats treated with (PhSe), did not show statistically
significant differences on the rotarod test when compared
to controls; however, rats cotreated with (PhSe), and MeHg
showed increased loss of motor coordination as evidenced by
increased number of falls and reduced latency to the first fall
(P < 0.05, Figures 3(a) and 3(b)). The rotarod test could not
be performed at the end of the treatment in rats receiving
MeHg since they were unable to remain in the apparatus due
to severe motor impairment caused by MeHg.

Rats treated with MeHg showed a decrease in the number
of crossings and rearings in the open-field at the end of the
treatment compared to the control rats (P < 0.05, Figures
3(c) and 3(d)). Rats cotreated with MeHg and (PhSe), also
showed a significant decrease in the number of crossings
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after 11 days of treatment and a decrease in the number of
rearings at the end of the treatment (P < 0.05, Figure 3(d)).
Treatment with (PhSe), did not affect the rats’ performance in
the open-field. The decrease in the number of crossings and
rearings observed in all groups on treatment days 11 and 21
was expected given that the animals habituate to the open-
field arena [44].

3.4. Effects of (PhSe), and MeHg on
Mitochondrial Dysfunction

3.4.1. Mitochondrial Metabolic Function. The hepatic mito-
chondrial metabolic integrity (MT T reduction) was not affec-
ted by MeHg and/or (PhSe), (Figure 4(a)). Treatment with
MeHg or cotreatment with MeHg and (PhSe), decreased the
capacity of brain mitochondrial dehydrogenases to reduce
MTT compared to controls (P < 0.05, Figure 4(b)). Treat-
ment with (PhSe), alone did not affect the cerebral mito-
chondrial metabolic function.

3.4.2. Mitochondrial Total and Nonprotein Thiols. MeHg
treatment decreased the total mitochondrial thiol levels in
brain and liver when compared to controls (P < 0.05,
Figure 5). Treatment with (PhSe), alone did not alter the
mitochondrial total thiol levels in liver and brain (Figure 5).
The cotreatment with (PhSe), blunted the MeHg-induced
mitochondrial total thiol level depletion in rats’ liver and
brain (P < 0.05, Figure 5). Rats treated with MeHg showed
decreased mitochondrial nonprotein thiol levels in the liver
compared to controls, and coadministration of (PhSe),
blunted the MeHg-induced decrease in hepatic nonprotein
thiol content (P < 0.05, Figure 5(a)). Brain mitochondrial
nonprotein thiol levels were not affected by any of the
treatments (Figure 5(b)).

3.4.3. Mitochondrial Swelling. Treatment with MeHg sig-
nificantly increased hepatic mitochondrial swelling when
compared to controls (P < 0.05, Figure 6(a)). Cotreatment
with (PhSe), partially prevented the MeHg-induced mito-
chondrial swelling in liver (Figure 6(a)). Similarly, treatment
with MeHg showed a trend towards increased mitochondrial
swelling in brain (Figure 6(b)). The cotreatment with MeHg
and (PhSe), significantly increased cerebral mitochondrial
swelling when compared to controls (P < 0.05, Figure 6(b)).
Treatment with (PhSe), alone did not alter the mitochondrial
swelling in brain or liver compared to the controls (Figures
6(a) and 6(b)).

3.4.4. Mitochondrial ROS Production. Mitochondrial ROS
production (DCFH oxidation) was significantly increased in
livers of rats treated with MeHg or cotreated with MeHg and
(PhSe), (P < 0.05, Figure 7(a)). Rats treated with (PhSe),
showed hepatic mitochondrial ROS levels indistinguishable
from controls. ROS production in cerebral mitochondria was
not affected by any of the treatments (Figure 7(b)).

3.4.5. Mitochondrial A\¥m. Polarization (AYm) of mitochon-
dria from liver of rats cotreated with MeHg and (PhSe),
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showed only a trend towards decreased (Figures 8(a) and
8(c)). Treatment with (PhSe), and MeHg alone did not cause
mitochondrial depolarization in liver of rats (Figures 8(a) and
8(c)). Treatment with (PhSe), and/or MeHg had no effect on
mitochondrial A¥m in brain of rats (Figures 8(b) and 8(d)).

3.5. Effects of (PhSe), and MeHg on TrxR Activity. MeHg
is known to inhibit TrxR activity both in vitro and in vivo
[1,9,11]. (PhSe), treatment significantly increased renal TrxR
activities when compared to controls (P < 0.05, Figures 9(a)
and 9(b)). Hepatic and cerebral TrxR activity showed a trend
towards increased in rats treated with (PhSe), (Figure 9(c)).
MeHg treatment also led to significant inhibition of TrxR
in liver, kidney, and brain compared to controls (P < 0.05,
Figure 9). Cotreatment with (PhSe), failed to significantly
attenuate the MeHg-induced inhibition of TrxR activity in the
liver, kidney, or brain (Figure 9).

4. Discussion

The present study investigated the efficacy of (PhSe),, an
organoselenium compound, in attenuating MeHg-induced

toxicity in rats. Our results established that MeHg decreased
body weight (Figure 1) and induced motor deficits (Figure 3)
as well hepatic and cerebral mitochondrial dysfunction (Fig-
ures 4(b), 5, 6(a), and 7(a)) and inhibited TrxR activity in
liver, brain, and kidney (Figure 9) in the rat. The cotreatment
with (PhSe), and MeHg increased Hg accumulation in the
liver and brain (Figure 2). Furthermore, the cotreatment with
(PhSe), protected hepatic and cerebral mitochondrial thiols
from depletion by MeHg (Figure5) but did not prevent
hepatic and cerebral mitochondrial dysfunction (Figures
4(b), 6(b), and 7(a)) nor did it reverse the MeHg-induced
motor deficits (Figure 3), body-weight loss (Figure 1), and the
MeHg-induced inhibition of TrxR activity in liver, brain, and
kidney (Figure 9).

Cotreatment with (PhSe), and MeHg increased Hg depo-
sition in the brain and liver of exposed rats (Figure 2).
These results differ from those of de Freitas et al. [21] where
(PhSe), led to a significant reduction in Hg concentrations
in brain, liver, and kidney of MeHg-exposed mice. The
discrepancies between the 2 studies may be attributed to
metabolic differences between the species and the route of
administration. The toxicity and pharmacokinetics of MeHg
[24] are different in mice and rat which can be explained
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followed by multiple comparison test.

by the higher binding affinity of rat hemoglobin, containing
more cysteinyl residues, for MeHg when compared to the
mice hemoglobin [25]. (PhSe), toxicity and pharmacokinet-
ics differences between mice and rat also exist and could
be explained by a faster metabolization of (PhSe), in mice
[26-28]. Notably, herein rats were administered (PhSe), i.p.,
whilst in the study by de Freitas et al. [21] (PhSe), was
subcutaneously (s.c.) administered to the mice. Another
difference between the two works is in relation to the dose
of MeHg: in our study we used a dose 2.5 times higher than
in the study of de Freitas et al. (2mg/Kg). However, the
duration of the treatment was shorter in our study, 21 versus
35 days. On the other hand, the dose of (PhSe), was similar
between the two studies. The higher dose of MeHg used in our
study may have contributed to the discrepancies since it could
generate a more severe toxicity which could not be prevented

by (PhSe),. However, we realize that the differences in the
pharmacokinetics between rats and mice for the (PhSe), is
the major factor involved in the discrepancies found here
[28].

In the study by de Freitas et al. [21] the proposed
mechanism for the reduction Hg’s organ burden by (PhSe),
was the formation of a selenol/selenolate (PhSeH/PhSe™)
intermediate, which could interact with MeHg, generating
the readily excretable PhSeHgMe complex. One possible
explanation for the increase in hepatic and cerebral Hg depo-
sition (Figures 2(a) and 2(b), resp.) by the cotreatment with
(PhSe), observed herein may be the conversion of (PhSe),
to inorganic selenium, which is subsequently metabolized
to selenhidric acid (HSe™). HSe™ could bind to MeHg to
form a less soluble complex [45], which can be degraded to
HgSe [46, 47]. In addition, Palmer and Parkin [48] showed
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that organoselenium can also form a complex with mercury.
Thus the increase in hepatic and cerebral Hg deposition
by the cotreatment with (PhSe), possibly involves Hg:Se
interactions and the formation of a less excretable compound
that accumulates in these organs [45]. These results are in

agreement with other studies that showed elevated deposition
of Hg in key brain regions upon oral Se administration [49,
50]. It has been speculated that the formation of insoluble
HgSe salt could reduce the toxicity of MeHg. However, exper-
imental evidence supporting this assumption has yet to be
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generated. Although the cotreatment with (PhSe), increased
Hg levels in brain and liver, these were accompanied by
a partial protection against MeHg-induced mitochondrial
dysfunction. We suggest that the formation of an insoluble
and inert complex between Hg and Se could decrease the
availability of MeHg that could react with important cellular
components decreasing its toxicity.

Decreased weight gain and weight loss are prominent
and readily observed features of severe MeHg toxicity. In
this study, rats treated with MeHg showed body-weight
loss (Figure 1). Notably, the most severe effect on weight
loss occurred in rats cotreated with (PhSe), and MeHg
(Figure1). In addition, rats treated with MeHg showed
decreased locomotor activity (Figure 3). Cotreatment with
(PhSe), and MeHg increased the severity of motor dysfunc-
tion (rotarod test) (Figure 3), likely as a result of increased
Hg deposition in the brain (Figure 2(b)). Motor deficits
are the most apparent neurological effects following MeHg

exposure [51]. In vivo studies in rodents point to impairment
in intracellular calcium homeostasis, alteration in glutamate
homeostasis, and oxidative stress as critical mediators of
MeHg-induced neurotoxicity [52]. The overactivation of
N-methyl-D-aspartate- (NMDA-) type glutamate receptors
increases Ca** influx into neurons, thereby leading to cell
death [53]. Alternatively, Ca®* taken up by mitochondria may
stimulate the generation of ROS [54].

Several studies corroborate MeHg’s ability to induce
mitochondrial dysfunction and ROS generation [14, 18, 55].
The high affinity binding of MeHg to thiol groups inactivates
enzymes, including respiratory chain complexes [7, 13, 55],
decreasing mitochondrial dehydrogenases activity. Inhibi-
tion of these complexes may contribute to mitochondrial
swelling and ROS production after MeHg exposure (Figures
6 and 7). However, in brain, the MeHg-induced decrease in
mitochondrial dehydrogenases activity (MT T reduction) was
not accompanied by an increase in ROS production. These
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results are corroborated by the fact that MeHg affected total
thiols but not nonprotein thiol levels in brain mitochondria.
MeHg caused a decrease in the total mitochondrial thiol
levels in brain, which is related mainly with protein thiols,
and is in agreement with the inhibition of mitochondrial
dehydrogenases activity in this tissue. On the other hand,
MeHg did not affect nonprotein thiol levels (mainly GSH)
in brain mitochondria, which can explain the normal ROS
production, since GSH is the main antioxidant in brain.

The cotreatment with (PhSe), prevented the MeHg-
induced mitochondrial total and nonprotein thiol groups
depletion in the brain and liver (Figure 4). The efficacy of
(PhSe), in preventing thiol depletion may reside in its ability
to form a complex with MeHg, thus effectively reducing
MeHg binding to protein and free thiols. Treatment with

(PhSe), also partially protected the liver from mitochondrial
MeHg-induced swelling (Figure 6(a)). However, the cotreat-
ment with (PhSe), failed to reverse the MeHg-induced mito-
chondrial swelling (Figure 6(b)) and decreased mitochon-
drial metabolic function (Figure 3(b)) in the brain as well as
increased mitochondrial ROS production (Figure 7(a)) in the
liver. These results indicate that mechanisms other than the
interaction with important free and protein thiols are likely
involved in the MeHg-induced mitochondrial dysfunction.
Thus, the preferential affinity of MeHg for specific, and as
of yet unidentified, mitochondrial protein targets may have
a critical role in MeHg's toxicity.

Previous studies have demonstrated that MeHg can
directly inhibit TrxR activity both in vitro and in vivo [1,
9, 11]. Mammalian TrxR is a selenoenzyme containing a
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unique, catalytically active selenolthiol/selenenylsulfide in
the conserved C-terminal sequence (-Gly-Cys-Sec-Gly) [56].
Three mammalian TrxR selenoenzymes have been identi-
fied, the cytosolic enzyme TrxR1, the mitochondrial enzyme
TrxR2, and a testis-specific enzyme thioredoxin-glutathione
reductase (TGR/TrxR3) [56]. Here, we show that MeHg
treatment inhibited rat TrxR activity in brain, liver, and
kidney (Figure 9). MeHg forms covalent bonds between its
Hg moiety and the Se of the selenocysteine of the enzyme,
thus directly inhibiting the activity of TrxR [1]. Since TrxR is
critical for cellular antioxidant defense system the inhibition
of this enzyme likely has a central role in mediating the
toxicity of MeHg.

Recently, diphenyl diselenide was demonstrated to be
a substrate for cerebral and hepatic rat TrxR, which could
account, at least in part, for the antioxidant properties of
(PhSe), [23]. Herein, rats treated solely with (PhSe) showed
an increase in the activity of renal TrxR (Figures 9(a) and
9(b), resp.). The formation of selenhidric acid from (PhSe),
could also explain the increase in TrxR activity, since this
inorganic form of Se can be converted to selenocysteine
and incorporated to selenoenzymes, such as TrxR [45,
57]. Accordingly, Zhang et al. [58] have demonstrated that
organoselenium compounds (including diselenide) increase

the expression of TrxR in white blood cells lines in culture.
The cotreatment with (PhSe), and MeHg was ineffective in
attenuating the inhibition of MeHg-induced TrxR in liver,
kidney, and brain (Figure 9). Similarly, studies in vitro and
in vivo have previously corroborated that selenite was able
to recover the activity of HgCl,-induced TrxR inhibition but
not in response to MeHg. The effect of Se (as selenide) was
attributed to the displacement of Hg from the active site,
giving rise to mercury selenide and regenerating the TrxR
selenol [1, 9].

5. Conclusions

In conclusion, the results of this study established that
(PhSe), can increase Hg body burden (likely associated with
release of inorganic Se from (PhSe),) and MeHg neurotoxic-
ity in rats despite the fact that (PhSe), blunted the deleterious
effects of MeHg on thiol levels. The results presented herein
also reinforce the central role of mitochondrial dysfunction in
mediating the aberrant effects of MeHg in vivo, as well as the
role of TrxR as a molecular target for MeHg in the rat. Further
research into MeHg-(PhSe), interactions will be helpful in
characterizing the consequences concomitant exposures to
these and related compounds.
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The potential of Arundo donax L. for phytoextraction of cadmium (Cd) from contaminated soil and water was probed. The plants
were grown under greenhouse conditions in pots containing a nutrient solution or soil with increasing doses of Cd (0, 50, 100,
250, 500, 750, and 1000 ug L") for 21 days. The growth and physiology of plants were evaluated at the end of the experiment. The
maximum Cd content in root was 300 g g~' during hydroponics experiments over 230 ug g in soil experiment. Cd concentration
in stem was 262 ug g™ at 750 ug L' supplied Cd in hydroponics over 191.2 ugg™" at 1000 in soil experiment. The maximum Cd
concentration in leaves from hydroponics was 187 ugg™'. Relatively low Cd uptake occurred during soil experiment with low
translocation factor (TF) values. Both Bioaccumulation Factor (BF) and TF values for hydroponics were greater than 1. The ICs,
values of ABTS and DPPH showed that both time and increasing Cd concentrations affected the production of antioxidants with
lower half maximal inhibitory concentration (ICs,) value on the 2Ist days. A. donax showed better potential for Cd remediation of

aquatic environments.

1. Introduction

Consequent to global industrialization, heavy metal pollution
is a widespread problem which has become a major environ-
mental concern due to hazardous effects on human and envi-
ronmental health. In industrialized societies, heavy metals
are the world over environmental contaminants. Air or water
pollution by metals varies from soil pollution, because heavy
metals persevere in soil for a longer time period as compared
with the other compartment of the biosphere [1]. In the latest
decades, the yearly global release of heavy metals attained
22,000t (metric ton) for cadmium, 939,000t for copper,
783,000t for lead, and 1,350,000t for zinc [2]. Cadmium
(Cd), a highly toxic metal pollutant of soils, inhibits root and
shoot growth and yield production, affects nutrient uptake

and homeostasis, is frequently accumulated by agriculturally
important crops, and then enters the food chain with a
significant potential to impair animal and human health [3].
The mutagenic aptitude of toxic heavy metals causes DNA
damage and probably causes carcinogenic effects in animals
and humans [4]. The prime health perils coupled with Cd are
damage to the neurological system, having indications like
uncontrollable shaking, muscle wasting, partial blindness,
and deformities in children exposed in the womb [5].

Many phytoremediation technologies have been used for
the remediation of polluted soils and water throughout the
World [6]. Phytoremediation costs almost one-fourth of the
other physical and chemical methods of pollutant treatment.
The major advantages of the process include: improvement
of the soil quality, as it is driven by solar energy thus suitable



to most regions and climates, cost effective and technically
feasible process, plants serve as sufficient biomass for rapid
remediation; promote high rhizosphere activity and finally
restoration in a reasonable time frame of 2 to 3 years.

The use of low cost, fast growing indigenous plants with
efficient biomass producing plant species such as Arundo
donax L. is highly desirable for phytoremediation of metal
contaminated sites and waters. It is cultivable throughout
Asia, Southern Europe, North Africa, and the Middle East for
thousands of years with local names of “Giant Reed,” “Nurr,”
“Nurru,” or “Nurro” [7-9]. It is considered as one of the most
biologically productive of all communities [10]. Previous
experiments on giant reed suggested that the stem height and
diameter, number of nodes, fresh and dry weight of leaves,
and net photosynthesis were not affected, indicating that
plants tolerated the high concentrations of Cd and Ni [11].
As giant reed plants are very promising energy plants, they
can be cultivated in contaminated soils to provide biomass for
energy production purposes [11]. Our research group is
exploring the potential of this plant in environmental reme-
diation of various heavy metals at high concentrations.
The plant showed some potential against arsenic [7-9]
and chromium [10] remediation. The specific objective of
the current study was to investigate the phytoremediation
ability of A. donax for cadmium remediation and to compare
the Cd removal from contaminated soil and water.

2. Materials and Methods

2.1. Plant Material. The plant material used for the present
study was A. donax L. with the aim to evaluate its responses
to cadmium added to liquid medium. The plant material was
collected near PMA road Abbottabad, Khyber Pakhtunkhwa,
Pakistan. Plants were collected for the heavy metal analysis.
The soil-grown plants used for hydroponics tests were taken
from growth of young meristematic buds grown in sterile
aqueous medium [8]. The young plants were transplanted in
plastic trays containing 1/2 strength basal nutrient solutions.

2.2. Experimental Design. The phytoremediation ability of A.
donax was compared in Cd contaminated soil and aqueous
solution. The Cd containing aqueous solution was prepared
by dissolving cadmium chloride salt in the double distilled
water. Various Cd treatments were given in triplicates to
experimental plants (both in hydroponics and soil). Cd
treatments included 0 (control), 50, 100, 250, 500, 750, and
1000 ug L~". Each pot contained 4 A. donax L. plants with
an average 250 g biomass on fresh weight basis. Two kinds of
experiments were performed in randomized complete block
design (RCBD) with three replications for plants grown in
Hoagland solution [12] and in soil. Plants with healthy and
uniform shoots of almost equal morphological characteristics
were immersed in nutrient solution for three weeks. Plants
were grown under greenhouse conditions in the laboratory
with Hoagland solution continuously aerated and renewed
after every 2-3 days with an addition of 100-200 mL of
nutrient solution. Table 1 shows the average values of various
plant characteristics.
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TABLE 1: Average values of various morphological parameters before
cadmium treatment.

Parameters Values
Plant height (cm) 55+ 12
No. of leaves per plant 87+ 18
No. of nodes per plant 33+22
Average root length per plant (cm) 8+2
Toxicity symptoms Leaf burning

2.3. Growth Parameters. Various growth parameters of A.
donax were studied under cadmium stress including plant
height (cm), number of leaves per plant, number of nodes
per plant, dry weight, average root length (cm), and toxicity
symptoms prior to and after the cadmium treatments.

2.4. Physiological Parameters. The physiological parameters
of the plants included photosynthetic pigments, and the
determination of antioxidants.

2.4.1. Photosynthetic Pigments. At the time of harvest, fresh
leaves of both of various treatments from both kinds of exper-
iments were collected for the determination of chlorophyll a,
chlorophyll b, and carotene contents. Leaves were cut into
small pieces and 0.5g of the sample was put into the glass
test tubes. Then 10 mL of 80% acetone was added to the tubes
and kept overnight for complete extraction. Photosynthetic
pigments were determined spectrophotometrically using the
visible wavelengths of 663, 645, and 480 nm for chlorophyll a,
chlorophyll b and carotene, respectively [12].

2.4.2. Antioxidant Determination. To determine antioxidant
activity another parallel set of experiment was conducted.
In this experiment four replicates each of 250 gm against
each treatment was planted in a pot. Each pot was given
Hoagland’s solution and the respective treatment of cadmium
above mentioned. After each week, one set was taken out and
new leaves were counted. These plants were placed outside for
shade dry.

All the plants were ground until uniform size. Now this
sample was dipped in methanol for 4 to 5 days. The plant
extract was filtered and methanol was recovered by passing
it through rotary. The thick left over extract was taken out
in Petri dishes and placed in fume hood. The thick jelly like
extract was stored in sample bottles for further analysis.

DPPH Free Radical Scavenging Assay. 2,2-diphenyl-1-
picrylhydrazyl free radical (DPPH) scavenging activity of
crude extract and various fractions were estimated by stan-
dard DPPH assay protocol with certain modifications [13].
The reaction mixture contains 0.5 mL of test samples and
2.5mL of DPPH in methanol. Concentration of DPPH was
100 uM in the reaction mixture. These reaction mixtures
were incubated for 30 min. at 37°C. The absorbance was
measured at 517 nm using spectrophotometer (5000, Irmeco
GmbH D-21496 Geesthacht, Germany). Percent radical
scavenging activity or percent antioxidant index (AI%)
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by sample treatment was determined by comparison with
methanol treated control group. An IC;, value denotes the
concentration of sample, which is required to scavenge 50%
DPPH free radicals. Propyl gallate was used as positive
controls.

ABTS" Assay. Total antioxidant activity was evaluated apply-
ing an improved 2,2'-azinobis-3-ethyl-benzothiazoline-6-
sulfonic acid cation (ABTS) decolorization assay by Re et al.
[14]. ABTS" radical cation (ABTS") was produced by reacting
ABTS stock solution (7mM) with 2.45 mM potassium per-
sulphate and allowing the solution to stand in the dark at
room temperature for 12-14 hours before use. For the study
of total antioxidant activity, the solution was diluted with
ethanol to an absorbance of 0.70 (+0.02) at 374 nm. Percent-
age inhibition was calculated by using the following equation:

absorbance, e

x 100.
)

Percentage inhibition = | 1

absorbance_ o]

IC;,, values were calculated based on various determinations
of these antioxidants by supposing that reduced IC;, values
would indicate a greater oxidative stress in the plant caused
by absorbed metal content.

2.5. Bioaccumulation Factors. The phytoextraction ability of
A. donax L. plants was assessed using both the translocation
factor (TF) and the bioaccumulation factor (BF) as follows.

(1) Translocation factor:

_ [Cd]shoot
TF = I 2)

root

(2) Bioaccumulation factor:

[Cd]shoot

BF = .
[Cd] solution

(3)

2.6. Analytical Procedure. The harvested plants were sepa-
rated into stems, leaves, and branches and the fresh weight
was recorded. For dry weight determination, plant material
was oven-dried at 70°C for 24 h, weighed, ground with pestle
and mortar, and sieved at 0.1 mm nylon sieve. Plant samples
were digested through wet digestion for metals determination
using the HNO;/HCIO,. A 0.5 g sample was taken in 100 mL
conical flask and 10 mL of Perchloric and Nitric acid mixture
(1: 2 ratios) was added to each conical flask and left overnight.
Next day, glass funnels were placed at the mouth of each
flask in such a way that funnel stem stayed at least one inch
above the surface of liquid. The flasks were then placed on hot
plate and the temperature was gradually increased to allow
for effective digestion. It took about 15 to 20 minutes when
HNO; volatilized as nitrous oxide fumes, and then white
fumes of Perchloric acid came out from the flask. The solution
in flask was white in color at that stage. After digestion,
the flasks were removed from the hot plate allowed to cool
and few milliliters of distilled water was added. The digested

TABLE 2: Physicochemical properties of the soil used in experiment.

Characteristic Value
pH 6.8
Available nitrogen (mgkg™) 75.4
Available potassium (mgkg™) 62.1
Available phosphorus (mg kg’l) 7.8
Total nitrogen (gkg™) 0.86
Total phosphorus (gkg™) 0.7
Total potassium (gkg ™) 173
Organic matter (gkg™) 21.4

material was then transferred to 50 mL volumetric flask and
the volume was made up to 50 mL with deionized water. The
readings were measured on Perkin Elmer Atomic Absorption
Spectrometer-700 [15].

2.7. Soil Analysis. The soil used in the experiment was
collected from an experimental field in COMSATS Institute
of Information Technology, Abbottabad. The soil was sieved
to remove roots, pebbles, and other unwanted materials. The
soil was analyzed for various physic-chemical parameters
according to [8] and presented in Table 2.

At the end of growing periods, soil samples from two
replicates were oven-dried at 70°C. Soil sample (1g) was
digested on a hot plate with 15mL nitric acid and 10 mL
hydrogen peroxide. The digests were brought to 50 mL with
deionized distilled water and the impurities were removed by
filtration. A total Cd content was analyzed by Perkin Elmer
Atomic Absorption Spectrometer-700.

2.8. Statistical Analysis. All determinations were performed
in triplicate and mean values are presented in the results.
One-way analysis of variance (ANOVA) was carried out for
both the experiments separately using SAS 8.3 software (SAS
Ins. Inc., Cary, USA). Treatment means were portioned using
Least Significant Difference (LSD) at appropriates « value
(0.05).

3. Results

3.1. Cadmium Content of Plant. The results of the cadmium
concentration in the different plant parts grown in contam-
inated water were presented in Figure 1(a). In root, the cad-
mium uptake had linear relation to the increasing supplied
cadmium concentration. Root Cd contents at various treat-
ments significantly (P < 0.05) differed. The maximum cad-
mium uptake in stem was noted at 750 ug L' (262.8 ugg™).
However, the cadmium concentration at 1000 ugL™" was
significantly (P < 0.05) different from all other treatments
except 750 ug L', Cd accumulation in leaves was the maxi-
mum at 1000 ug L' (1875 ug L") and was significantly (P <
0.05) different from the rest of the treatments. For the
treatments 50 to 500 ug L', the leaf cadmium content was in
the range of 4.8 t0129.83 g g~'. Overall, the Cd accumulation
pattern in various plant organs was as follows: root > stem >
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FIGURE 1: (a) The accumulation of cadmium in various plant parts in hydroponics experiment. (b) The accumulation of cadmium in various

plant parts during soil experiment.

leaf (Figure 1(a)). The left over Cd content in the aqueous
medium was in the range of 12 to 186.4 ug L™ for various
treatments. The maximum left over cadmium concentration
(186.4 ug L") was noted for 1000 ug L™" supplied cadmium
(Figure 1(a)).

The results of the cadmium concentration in plant parts
grown in contaminated soil were presented in Figure 1(b). The
maximum Cd concentration in roots of soil grown plants was
230 ugg ' at1000 ugg ' supplied Cd content. The plant root
Cd content was significantly (P < 0.05) different from sup-
plied Cd contents of 500 ug g~' and below. For stem, the max-
imum cadmium uptake occurred at 1000 ugg™' which was
191 ugg~" which was significantly (P < 0.05). The stem cad-
mium concentration at 750 ug L™ was 99 Ug g_l, significantly
(P < 0.05) different from the values at 250 ugg ™' and lower
supplied Cd treatments (Figure 1(b)). The maximum uptake
in leaves of soil grown plants occurred at 500 pg g~ treatment
which was 138 ugg™" and was significantly (P < 0.05)
different from the rest of treatments. At higher treatments
(750 to 1000 ug L"), the leaf cadmium contents were 81 and
53ugg ', respectively, and were nonsignificantly different
(P > 0.05). Like hydroponics, the accumulation pattern of
cadmium in various plant organs was as follows: root > stem >
leaf (Figure 1(b)). The left over cadmium concentration in
the soil medium was in the range of 27 to 343 ugg ™" soil for
various supplied cadmium concentrations.

3.2. Effect of Cadmium on Photosynthetic Pigments. The
effects of cadmium on the photosynthetic pigments that is
chlorophyll a, chlorophyll b, and carotenes of plants grown
in hydroponics were presented in Figure 2(a). The maximum
chlorophyll a content was observed at Cd treatment of
250 pug L (Figure 2(a)). The amount of chlorophyll b had
similar trend like chlorophyll a with the maximum value

(0.96 mgg™") at 250 ug ™! supplied Cd (Figure 2(a)). As far
as carotene content was concerned, its amount was the
maximum (1.55mgg ') at 100 g L~". Further increase in the
supplied Cd did not cause any significant (P < 0.05) increase
in carotene content. However, the amount of carotene was
significantly (P < 0.05) different than control and 50 ug L™
(Figure 2(a)).

The effects of cadmium on the photosynthetic pigments
in soil grown plants were presented in Figure 2(b). The
chlorophyll a content was the maximum at Cd treatment of
1000 ugg™"'. The amount of chlorophyll b increased up to
250 ug g ' where its value was 0.2 mg g~' and then it showed
a decline towards the maximum Cd content in soil. As far as
carotene content was concerned, amount was the maximum
(0.74mgg™") at 100 ugg "' supplied Cd in soil. Further
increase in the supplied cadmium did not cause any increase
in carotene content (Figure 2(b)).

3.3. Effect of Cadmium on Bioconcentration Factors. The
results of bioconcentration factors for plants grown in hydro-
ponics were presented in Figure 3(a). The translocation and
bioaccumulation factors increased up to 750 ug L~ Cd in the
hydroponics culture (Figure 3(a)). Overall, BF and TF values
were in the range of 0.3 to 30 and 1 to 2.28, respectively,
for various Cd treatments. The highest values were TF = 1.6
and BF = 30.00 for 750 ugL™" Cd treatment. However,
both TF and BF decreased at 1000 ugL™" and some toxicity
symptoms appeared in the plants receiving that Cd treatment
(Figure 3(a)). Both bioconcentration factor values for soil
grown plants were presented in Figure 3(b). The translocation
and bioaccumulation factors increased as a function of Cd
concentration up to 500 ugg ' supplied Cd; however, it
decreased a little at higher Cd content in soil (Figure 3(b)).
Opverall, the values of BF and TF were in the range of 0.7 to
0.67 and 1.2 to 1.3, respectively, for various Cd treatments.
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The highest values were TF = 1.3 and BF = 0.71 for the Cd
treatment of 500 ugg™'. Translocation factors were above
the reference value (1.0) for hyperaccumulation; however, BF
values were below 1 (Figure 3(b)).

3.4. Effects of Cadmium on Growth Characteristics. Growth
performance of the plant in reference to plant height, nodes,
internodes, tillers, fresh weight, and number of leaves of
plants from hydroponics is depicted in Figure 4(a). The
results showed that there was no significant (P < 0.05)
increase in plant height, root length, nodes and internodes of
treated plants at all levels of Cd treatments. However some

increase in the fresh weight, leaves, and tillers of the treated
plants was observed. For leaves, the number significantly
increased up to 100 g L™" supplied Cd. The number was
significantly different at all other treatments except 250 and
500 ugL™" supplied Cd level. It implied that Cd initially
enhanced the growth of plants up to the concentration of
300 ug L' in hydroponics culture; however, at higher con-
centrations, the growth of the plant was reduced (Figure 4(a)).
Growth performance of the plant in reference to plant
height, tillers, fresh weight, and number of leaves during
the soil experiment is depicted in Figure 4(b). A trend of
growth similar to hydroponics experiment was observed.
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The observation that increase in number of tillers without
increase in plant height (stunted growth) indicated Cd stress.

3.5. Antioxidant Assays. Antioxidants are chemical com-
pounds that can bind to free oxygen radicals preventing
these radicals from damaging healthy cells. The present study
involved the determination of one of the most commonly
used organic radicals for the evaluation of antioxidant effi-
ciency of pure compounds and complex mixtures is the
radical cations derived from ABTS and DPPH. These radical
cations could be generated by enzymatic, chemical, and elec-
trochemical means. The IC;, measured at 7th, 14th, and 21st
days of the experiment were presented in Figures 5 and 6. The
IC;, values of ABTS showed that both time and increasing
Cd concentrations strongly inhibited the production of ABTS
(Figure 5) which was indicated by lower ICs, value on 21st
day. A similar trend was obvious for DPPH up to 500 ug L™
supplied Cd (Figure 6). However, a relative increase in IC,
was observed at higher supplied Cd contents (>500 ugL™")
showing that the concentration of these antioxidants might
be greater with increasingly higher Cd exposure.

4. Discussion

The present study employed the use of A. donax to treat Cd
metal in hydroponics and soil contaminated environments.
Overall, the results indicated that the plant is useful for the
treatment of Cd contaminated wastewaters. However, better
uptake was observed in hydroponics cultures as compared
with soil environment. The maximum plant root Cd content
was 300 ug g~" in hydroponics experiment as compared with
230 ug g~ in soil experiment. Likewise, Cd concentration in
stem for hydroponics culture was 262 ugg™" at 750 ug L™
supplied Cd over 191.2 ug g™" at 1000 in soil experiment. In
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FIGURE 5: The effect of cadmium concentrations on the IC,, values
against antioxidant activity of ABTS.

case of leaves, the maximum Cd concentration for hydro-
ponics was 187 ugg™ at 1000 ug L' supplied Cd. In soil
experiment, the Cd concentration in leaves was 137 ugg™'
at 500 ug L' Relatively low Cd uptake occurred during soil
experiment which consequently resulted in low TF values. It
was opposite in case of hydroponics where BF and TF values
were always greater than 1. Both factors values were above the
reference value (1.0) for hyperaccumulation.

A. donax L. (giant reed, Poaceae) is a potentially high-
yielding nonfood crop, which can be used for the production
of energy, paper pulp, and wooden building materials [11]. It
is a robust invasive perennial grass, wild growing in southern
European regions and other Mediterranean countries [16]. It
is also very common in Pakistan. Giant reed can easily adapt
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to different ecological conditions and grow in all types of soils
[17]. The plant has been evaluated for the phytoremediation
ability towards arsenic contamination [7]. It was suggested
that A. donax plants may be employed to treat water contain-
ing arsenic concentrations up to 600 ug L ™" [7].

Increasing metal concentrations in the wastewaters and
soils adjacent to industrial regions of the world are a serious
threat to the natural environmental sustainability. Among
the heavy metals, cadmium is of special concern due to its
potential toxicity to biota at low concentrations [18]. The use
of indigenous plants like A. donax is very promising to com-
bat metal toxicity in soils and wastewaters. Different plant
species have different capacities for uptaking and tolerating
the heavy metals like cadmium and others [19, 20]. The metal
hyperaccumulators show an extra aptitude for accumulating
the large quantity of metals in their aerial parts [21]. This
special characteristic of the metal hyperaccumulators make
them extremely appropriate for phytoremediation, that is, to
use plants for cleaning up the polluted soils. In the preceding
decade many studies have been accomplished to explore the
mechanisms liable for the better metal uptake and tolerance
via natural hyperaccumulators as model plant species [22]. In
general the metal hyperaccumulation in plants is acknowl-
edged as a mishmash of high metal uptake coupled with an
improved tissue tolerance against the detrimental effects of
higher metal concentrations through a better antioxidative
response and sequestration at the cellular level [23]. Reme-
diation of heavy metals contaminated that soil may possibly
be carried out using physicochemicals processes such as
ion-exchange, precipitation, reverse osmosis, evaporation,
and chemical reduction; however, the procedures requisite
external man-made resources and expensive [1].

Plants absorb toxic metals, translocate and accumulate
them in roots and shoots; and finally resist to metal con-
tamination, thus remediate contaminated environments [24].
Phytoremediation is a growing field of research in environ-
mental studies because of the advantages of its environmental
friendliness, safe, cost effectiveness, and the possibility of

harvesting the plants for the extraction of absorbed con-
taminants such as metals that cannot be easily biodegraded
for recycling among others [7]. Moreover, it is based on the
ecological engineering principles. The most effective phytore-
mediation plants are those classified as hyperaccumulators
[25] and accumulators. Hyperaccumulators are character-
ized based on four features. First, the concentration in the
shoots (stems or leaves) of a hyperaccumulator should be
10,000 ug g~* for Zn and Mn; above 1000 ug g~' dry mass for
As, Pb, Cu, Ni, and Co; 100 ugg ' for 1 Cd and 1ugg ™" for
Au [7, 8, 26]. Second is translocation factor (concentration in
shoots/roots >1), metal concentrations in the shoots of a plant
should be higher than those in the roots [7]. Third is bioac-
cumulation factor (concentration in plant/habitat >1) [7]
and lastly it is tolerance ability, a hyperaccumulator should
have high tolerance to toxic contaminants. A. donax L. can
tolerate arsenic concentrations up to 600 ug L™ without toxi-
city symptoms appeared on the plant. The appearance of some
toxicity symptoms in the leaves, roots, and slow growth at
1000 pg L™" revealed that although A. donax L. cannot tolerate
but still accumulate and volatilize as concentration above
600 ug L' [7-9].

The results suggested that Cd contamination affected the
photosynthetic pigments to some extent. Detailed studies
indicate that heavy metals have effects on photosynthetic
pigments in plants. Heavy metals are known to interfere
with chlorophyll synthesis either through direct inhibition of
an enzymatic step or by inducing deficiency of an essential
nutrient [27]. An important indicator which determines pho-
tosynthesis intensity is chlorophyll content in plant leaves.
Cadmium markedly suppresses chlorophyll accumulation in
leaves [28]. Carotenoid actively participates in photosynthesis
as well and it was shown that content and ratio of carotenoids
are strictly changed under impact of different stresses [29].
However, it has been determined that carotenoids are less
sensitive to the impact of cadmium as compared to chloro-
phylls [30]. The success of phytoextraction is inherently
dependent on several plant characteristics, the two most
important being the ability to accumulate large quantities of
biomass rapidly and the capacity to accumulate large quanti-
ties of environmentally important metals in the shoot tissue
[31]. Effective phytoextraction requires both plant genetic
ability and the development of optimal agronomic practices,
including (1) soil management practices to improve the effi-
ciency of phytoextraction and (2) crop management practices
to develop a commercial cropping system. The present study
showed that A. donax has potential to remediate the Cd
contaminated environments as indicated by its high tissue Cd
concentrations and BF and TF values higher than 1 especially
for hydroponics experiment. The reason behind less Cd
uptake in soil experiment may be that it may have been
adsorbed in soil particles or it is leaching from rhizosphere
as the experiment was conducted in sandy soil.

The ICy, value was defined as the concentration of
the sample necessary to cause 50% inhibition, which was
obtained by interpolation from linear regression analysis [32].
Alower IC;, value is associated with a higher radical scaveng-
ing activity. The ICy, values of ABTS showed that both time



and increasing Cd concentrations affected the production
of ABTS which was indicated by lower IC;, value on 2lIst
days. A similar trend was obvious for DPPH upto 500 ug L™
supplied Cd. However, a relative increase in ICy, was
observed at higher supplied Cd contents (>500 ug L") show-
ing that the concentration of these antioxidants might be
greater with increasingly higher Cd exposure. One of the
most commonly used organic radicals for the evaluation
of antioxidant efficiency of pure compounds and complex
mixtures is the radical cation derived from 2,2’-azinobis-
3-ethyl-benzothiazoline-6-sulfonic acid (ABTS) [33]. The
differences among all studied morphological parameters were
statistically nonsignificant; likewise, the fresh and dry weights
of control and experimental plants were also nonsignificant.
Reduced growth was noted in control plants which may
possibly be due to the fact that the plants were grown in pots
and not in the field. A. donax is a grass with C3 photosynthetic
pathway unlike other grasses (e.g., switchgrass and miscant-
hus) with C4 pathway [34]. Physiological processes, such as
photosynthesis and water status, are sensitive to heavy metals
[35] in several plant species. Heavy metals have been found
to inhibit electron transport in photosynthetic systems [36].
Photosynthetic rates of A. donax were unaffected by the
treatments, indicating that the photosynthetic system was not
harmed and showed a strong tolerance of this plant to the
increased heavy metal concentrations in the soil. The mean
values of giant reed Pn rates found in this study were higher
than those usual for C3 plants (18-20 ymol CO, m2s 1) [37].
Rossa et al. [38], in a comparative study on photosynthesis of
five C3 and three C4 grasses, found that A. donax had high Pn
rates, higher than the other grasses (37.0 yumol CO, m™s™"
under similar environmental conditions.

5. Conclusions

The phytoremediation ability of Arundo donax to treat
cadmium contamination was compared in hydroponics and
soil environments. The plant is useful for the treatment of Cd
contaminated wastewaters both in hydroponics and in soil
environments. However, better uptake was observed in
hydroponics cultures as compared with soil environment.
Both BF and TF values for hydroponics were greater than
1 which confirmed its suitability for aquatic contaminated
environments. At higher Cd exposure, plant showed some
antioxidative stress as the concentration of antioxidants was
greater with increasing Cd exposure.
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The molecular mechanisms mediating manganese (Mn)-induced neurotoxicity, particularly in the immature central nervous
system, have yet to be completely understood. In this study, we investigated whether mitogen-activated protein kinases (MAPKs)
and tyrosine hydroxylase (TH) could represent potential targets of Mn in striatal and hippocampal slices obtained from immature
rats (14 days old). The aim of this study was to evaluate if the MAPK pathways are modulated after subtoxic Mn exposure, which
do not significantly affect cell viability. The concentrations of manganese chloride (MnCl,; 10-1,000 M) caused no change in cell
viability in slices exposed for 3 or 6 hours. However, Mn exposure significantly increased extracellular signal-regulated kinase
(ERK) 1/2, as well as c-Jun N-terminal kinase (JNK) 1/2/3 phosphorylation at both 3 and 6 hours incubations, in both brain
structures. Furthermore, Mn exposure did not change the total content or phosphorylation of TH at the serine 40 site in striatal
slices. Thus, Mn at concentrations that do not disrupt cell viability causes activation of MAPKs (ERK1/2 and JNK1/2/3) in immature
hippocampal and striatal slices. These findings suggest that altered intracellular MAPKSs signaling pathways may represent an early
event concerning the effects of Mn in the immature brain.

1. Introduction

Manganese (Mn) is an essential metal for humans and
animals. Its essentiality is due to its requirement as a cofactor
in chemical reactions catalyzed by several enzymes involved
in cellular homeostasis, such as mitochondrial superoxide
dismutase and glutamine synthetase. However, exposure to

high Mn levels may cause a neurological syndrome referred
to as manganism, which shares multiple analogous symptoms
with Parkinson’s disease (PD) [1].

Within the central nervous system (CNS), Mn accu-
mulates predominantly in structures of the basal ganglia,
such as the striatum (caudate, putamen, and nucleus accum-
bens), globus pallidus, and substantia nigra, consistent with



dystonia, bradykinesia and rigidity secondary to damage to
dopaminergic neurons and gliosis [2, 3]. Nonmotor symp-
toms have also been reported in Mn-exposed individuals,
such as loss of attention and neuropsychological symptoms,
suggesting that not only the basal ganglia are affected in
manganism [1, 4].

Neonatal and developing brains are more susceptible to
Mn toxicity. The uptake of metal in the intestine is usually
elevated in the first week of life, followed by a steady decrease
with age. These factors contribute to the increased risk for
neurotoxicity in newborns when exposed to excess Mn [5].
In addition, increased hair Mn levels (a useful analytical
biomarker of Mn exposure in humans) has been associated
with learning disabilities, hyperactivity, and attention deficit
disorder [5]. In rats, exposure to Mn during development
has been shown to affect the dopaminergic system and
induce lasting motor impairment and astrocyte activation [6].
Nevertheless, despite evidence suggesting that precocious Mn
exposure may impair neurological function later in life [6, 7],
studies on the molecular targets of Mn during critical periods
of brain development have yet to be systematically addressed.

Although the molecular mechanisms that mediate Mn-
induced neurotoxicity have yet to be fully understood, evi-
dence points to mitochondrial dysfunction with formation of
reactive oxygen species (ROS) and oxidative stress as critical
mediators of neurotoxicity [8-11]. Increased striatal levels
of F2 isoprostanes as consequence of oxidative stress have
been reported in response to Mn treatment in rats during
development, with concomitant activation of the mitogen-
activated protein kinase (MAPK) ERK1/2 [12, 13]. Of partic-
ular importance, studies in cell culture models have shown
that Mn-induced oxidative stress is related, at least in part,
to the activation of MAPK pathways [14-17]. MAPKSs are a
family of serine-threonine kinases which play critical roles in
neurodevelopment and neuroplasticity. They mediate various
cellular responses, such as proliferation, differentiation, cell
survival, death, and cell transformation. The three major
MAPKSs are extracellular signal-regulated kinases (ERK1/2),
c-Jun N-terminal kinases (JNKs), and p38MAPK [18,19].

Neurotransmission dyshomeostasis has been implicated
in Mn neurotoxicity, and deregulated dopamine (DA) sig-
naling has been a major focus of research (reviewed by
Aschner et al. [1]). Due to similarities between manganism
and PD and the accumulation of Mn in regions rich in
dopaminergic (DAergic) neurons, altered DA metabolism
has been considered an important aspect of the molecular
actions of Mn [20]. Motor disturbances have been observed
in children undergoing prolonged parenteral nutrition, where
Mn is present at high concentrations [21]. In vitro evidence
has shown that Mn decreases DA levels in the striatum due
to direct oxidation of this monoamine [22]. Furthermore,
Posser et al. [23] demonstrated that in PCI2 cells low levels
of Mn can induce sustained phosphorylation at serine (Ser)
40 of tyrosine hydroxylase (TH), the rate limiting enzyme for
the synthesis of DA, leading to prolonged activation of the
enzyme.

As noted above, activation of MAPK pathways has been
linked to Mn-induced neurotoxicity [12, 14, 15, 17]. However,
it is difficult to affirm whether MAPK activation is a cause or
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consequence of Mn-induced neurotoxicity. No reports were
located to ascertain whether MAPK activation represents a
primary event (that could trigger Mn toxicity) or if it occurs
secondary to Mn-induced cellular dyshomeostasis/damage
(triggered via other mechanisms, i.e., oxidative or metabolic
changes). Accordingly, the aim of this study was to evaluate
if MAPK pathways are modulated after Mn exposure when
this metal is present at subtoxic concentrations, which are
unable to change cell viability. In addition, the potential
activation of TH was also investigated since it is important
in maintaining homeostasis in DAergic neurons (targeted by
Mn). To meet these objectives, fresh striatal and hippocampal
slices from rats in a critical neurodevelopmental period
(postnatal day 14/PNDI14) were acutely exposed to Mn (for
3-6h). Our study indicates that disturbances in ERK and
JNK activity in response to Mn may represent an early event.
The occurrence of changes in ERK activity and JNK activity
after Mn exposure, added to the absence of cell viability loss,
suggests that the modulation of MAPK signaling pathway
represents a primary event induced by Mn.

2. Methods

2.1. Chemicals. Anti-phospho-ERK1/2, anti-phospho-JNK1/
2/3 antibodies, and LumiGLO chemiluminescent substrate
were purchased from Cell Signaling (Beverly, MA, USA).
Anti-phospho-p38™4PX,  anti-total-p38MA*X,  anti-total-
ERK1/2, and anti-total-JNK1/2 antibodies and manganese
chloride (MnCl,) and Dulbecco’s modified Eagle’s medium
(DMEM) were obtained from Sigma (St. Louis, MO, USA).
Anti-phospho-TH, anti-total-TH, and goat anti-rabbit
IgG HRP (horseradish peroxidase) conjugate secondary
antibodies were purchased from Millipore (Billerica, MA,
USA). Tris and fS-mercaptoethanol were obtained from
Amresco (Solon, OH, USA). 3-(4,5-dimethylthiazol-. 2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), SDS, and bis-
acrylamide were from USB (Cleveland, OH, USA). Acryl-
amide and Hybond nitrocellulose were purchased from GE
Healthcare Life Sciences (Piscataway, NJ, USA). All other
reagents were of the highest analytical grade.

2.2. Animals. All animal studies were carried out in accor-
dance with the “Principles of Laboratory Animal Care” (NIH
publication number 80-23, revised 1996) and approved by
the local Ethical Committee for Animal Research. Wistar rats
of both genders at postnatal day 14 (PND14) were obtained
from our own breeding colony at the Universidade Federal
de Santa Catarina (UFSC), Brazil. At this developmental stage
(PND14), female and male rats do not display differences in
hormonal activity, since sexual maturity is not yet reached
[24]. Rats were maintained in an air-conditioned room (22—
25°C) on a 12-h light/dark cycle with water and food ad
libitum.

2.3. Striatal and Hippocampal Slice Preparation and Treat-
ments. Preparation and treatment of striatal and hippocam-
pal slices were performed as previously described [25-27].
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Briefly, a total of 32 animals were euthanized by decapi-
tation; their encephala were extracted and the striata and
hippocampi were immediately dissected (4°C) in HEPES-
saline buffer (124 mM NaCl, 4mM KCl, 1.2mM MgSO,,
12 mM D-glucose, lmM CaCl,, and 25 mM HEPES; pH 7.4),
which was previously oxygenated for 30 min. Slices 0of 400 ym
thickness were prepared using a McIlwain Tissue Chopper. In
order to obtain a sufficient number of slices, two immature
rats (PND14) were used for each of the experiments. The
hippocampal slices obtained were pooled and subsequently
three slices for each treatment were carefully separated
with a brush. The slices were individually preincubated
with HEPES-saline buffer (300 uL/slice) for 30 min at room
temperature (RT). For the treatments, the HEPES-saline
buffer was replaced by fresh buffer in the absence (control)
or presence of MnCl, (1-1,000 M) and incubated for 3 h at
37°C. These concentrations were chosen based on previous
reports, which have used similar concentrations in vitro
[22]. The concentrations chosen encompass the physiological
(10 uM), threshold of toxicity (100 M), and toxic (1,000 M)
spectrum based on reports by Suzuki et al. [28] performed in
monkeys.

The extended incubations (6 h) required different buffers
similar to the conditions used for maintenance of organotypic
slice cultures. The maintenance of cell viability under this
experimental condition has been previously described [27].
Dissection (4°C) and preincubation (30 min, RT) were per-
formed in Krebs-Ringer bicarbonate buffer (KRB) (122 mM
NaCl, 3mM KCI, 1.2mM MgSO,, 1.3mM CaCl,, 0.4 mM
KH,PO,, 25mM NaHCO;, and 10mM D-glucose). The
buffer was bubbled with 95% O,-5% CO, to pH 7.4. For
the treatments, the medium was replaced by a nutritive
incubation medium composed of 50% KRB, 50% Dulbecco’s
modified Eagle’s medium (DMEM), 20 mM of HEPES, and
100 pg/mL of gentamicin, at 37°C in a 95% O,/5% CO,
atmosphere, in the absence (control) or presence of MnCl,
(1-1,000 uM), and the slices were incubated for 6 h [26, 27].

2.4. Cell Viability. Slice viability was analyzed by the col-
orimetric MTT [3'—(4,5—dimethylthiazol—Zyl) 2,5-diphenyl-
tetrazolium bromide] reduction assay [29]. At the end of
the treatments, the medium was removed and the slices (in
triplicates) were incubated with 0.5mg/mL MTT (200 uL)
in HEPES-saline buffer (in the case of 3h treatments) or
KRB (6h treatments). The slices were incubated for 20
minutes at 37°C. Mitochondrial dehydrogenases in viable
cells reduce MTT to formazan crystals, which are dissolved in
dimethylsulfoxide (DMSO). The absorbance was quantified
spectrophotometrically using a microplate reader (A = 540
nm). Results are expressed as a percentage of the control
(absence of MnCl,).

2.5. Western Blotting Analysis. To access MAPK activation,
western blot analysis of slices samples was performed as
previously described [25, 30, 31]. Briefly, the slices were
solubilized with SDS-stopping solution (4% SDS, 2mM
EDTA, 50 mM Tris, 5% [-mercaptoethanol, pH 6.8) for 5

minutes at 100°C. Aliquots for protein concentration determi-
nation were collected before 3-mercaptoethanol addition and
protein concentration was later determined by the Peterson
method [32]. Next, 25:100 (v/v) of sample dilution was
added (40% glicerol, 25mM Tris, bromophenol blue, and
pH 6.8). Sixty ug of total protein/track were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using 10% gels (miniVE Vertical Electrophore-
sis System, GE Healthcare Life Sciences, Piscataway, NJ,
USA), followed by transfer to nitrocellulose membranes
using a semidry blotting apparatus (TE 70 SemiPhor Unit, GE
Healthcare Life Sciences, Piscataway, NJ, USA) (1.2 mA/cm?;
1h 30min) as described by Bjerrum and Heegaard (1988).
After blocking with 5% skim milk in Tris buffered saline
(TBS) (Tris 10mM, NaCl 150mM, pH 7.5) for 1 hour,
membranes were incubated overnight (4°C) with primary
antibodies to detect the phosphorylated forms of ERK1/2,
JNK1/2/3, p38MAPK, and TH, in the dilutions recommended
by the manufacturer. Subsequently, membranes were incu-
bated for 1h at RT with anti-Rabbit IgG HRP conjugate
secondary antibodies. All steps were followed by three 5
minutes washing with TBS-T (TBS with the addition of
Tween-20 0.1% and pH 7.5). The blots were developed by
chemiluminescent reaction. Subsequently, membranes were
stripped of the antibodies using a solution of NaOH 0.2 N and
then reprobed to detect the total forms (phosphorylated plus
nonphosphorylated form) of the target proteins. The bands
were quantified using the Scion Image software (Frederick,
MD, USA). The ratio of the optic density (OD) of the phos-
phorylated protein band over the OD of the total protein band
was calculated and the phosphorylation level of each protein
was determined as a percentage of the control (considered
100%).

The antibody against ERK1/2 detected two bands, one
at approximately 44 kDa and the second at approximately
42kDa, corresponding, respectively, to the two ERK iso-
forms, ERK1 and ERK2. Anti-vaSMAPK detected a single band
of approximately 38 kDa; anti-JNK 1/2/3 detected two bands,
one at approximately 54 kDa and the second at approximately
46 kDa, corresponding, respectively, to the three JNK iso-
forms, JNK2/3 and JNKI.

2.6. Statistical Analyses. Statistical analyses were performed
by one-way analysis of variance (ANOVA) followed by
Duncan’s post hoc test when appropriate using STATISTICA
5.1 software (SS Inc., Tulsa, OK, USA). Differences were
considered to be significant when P < 0.05. The values were
expressed as mean + S.E.M.

3. Results

3.1. Assessment of Cell Viability in Striatal and Hippocampal
Slices Exposed to Mn. Previous studies show selective neu-
rotoxicity of Mn toward basal ganglia structures, such as
the striatum (caudate, putamen, and nucleus accumbens),
globus pallidus, and substantia nigra [1]. In this study, in
vitro Mn exposure (10-1,000 M) for 3 or 6 hours did not
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FIGURE 1: Effect of MnCl, on cell viability in striatal (a) and hippocampal (b) slices from immature rats. Slices were incubated for 3h or 6 h
in the absence (control) or presence of MnCl, (10-1000 uM). Cell viability was assessed by analysis of MTT reduction. The data represent
the percentage of MTT reduction compared to control (considered as 100%) and express the mean + SEM derived from 4 independent

experiments.

significantly affect cell viability in either striatal (Figure 1(a))
or hippocampal slices (Figure 1(b)) assessed by MTT. The
results for 3 and 6 hours incubations were obtained separately
and are expressed as percentage relative to the control.

3.2. MAPKs Modulation in Striatal Slices Exposed to Mn. The
phosphorylation levels of ERK1/2, JNK1/2/3, and p38™MA*¥
were assessed in striatal or hippocampal slices isolated from
immature rats (PND14) in response to in vitro Mn exposure.
Slices were exposed for 3 or 6h to Mn at concentrations
ranging from 10-1,000 uM and then analyzed by western
blotting.

Figures 2(a) and 2(b) show that Mn exposure (10 uM,
3 h) significantly increased ERK1 and ERK2 phosphorylation
(49.81+7.66%) (F(3,12) = 3.53, P = 0.048) and 54.96+6.43%
(F(3,12) = 3.64, P = 0.045), respectively, in striatal slices.
JNK1/2/3 (Figures 2(c) and 2(d)), and p38MAPK (Figures 2(e)
and 2(f)) phosphorylation were not significantly different
from controls after 3 h exposure to Mn.

When striatal slices were exposed to 1,000 uM Mn for
6 h, significant increases in ERK1 (42.96 + 4.48%) (F(3,12) =
19.79, P = 0.000465), ERK2 (22.65+2.84%) (F(3, 12) = 23.25,
P =0.000264) (Figures 3(a) and 3(b)), JNKI1 (33.29 + 6.60%)
(F(3,19) = 3.88, P = 0.025), and JNK2/3 (30.65 + 7.29%)
(F(3,19) = 5.11, P = 0.00922) (Figure 3(d)) phosphoryla-
tion were observed. However, only JNK1 (21.00 + 6.16%)
(F(3,19) = 3.88 P = 0.025) and JNK2/3 (20.65+4.59%) (F(3,
19) = 5.11, P = 0.00922) phosphorylation (Figures 3(c) and
3(d)) were significantly increased after exposures to 100 yM
Mn and no significant changes were observed in p38™MAPK
phosphorylation under the same experimental conditions
(Figures 3(e) and 3(f)).

3.3. MAPKs Modulation in Hippocampal Slices Exposed to
Mn. Hippocampal slices exposed to Mn for 3h showed a
significant increase of ERK1 (50.44 + 6.47%) (F(3,19) = 3.23,
P =0.046) and ERK2 phosphorylation (29.02 + 5.45%) (F(3,
19) = 3.48, P = 0.042) at 100 uM Mn (Figures 4(a) and 4(b)).
Moreover, ERK2 phosphorylation was also significantly
increased (30.62 + 7.80%) (F(3,19) = 3.48, P = 0.042) at
the highest Mn concentration tested (1,000 uM). JNK1/2/3
(Figures 4(c) and 4(d)) and vaSMAPK (Figures 4(e) and 4(f))
phosphorylation were not modified in the hippocampal slices
after 3 h exposure to Mn.

When hippocampal slices were exposed to Mn for 6h, a
significant increase in the phosphorylation of ERK1 (19.04 +
4.48%) (F(3,19) = 3.21, P = 0.046) and ERK2 (13.34+4.46%)
(F(3,19) = 3.02, P = 0.049) (Figures 5(a) and 5(b)), JNK1
(22.58 + 5.41%) (F(3,19) = 5.22, P = 0.008), and JNK2/3
(67.97 + 24.94%) (F(3,19) = 3.11, P = 0.048) (Figures 5(c)
and 5(d)) were observed at the highest Mn concentration
(1,000 4M). No significant changes were observed in p38™4FX
phosphorylation under the same experimental conditions
(Figures 5(e) and 5(f)).

3.4. Phosphorylation of TH at Ser*® in Striatal Slices Exposed
to Mn. TH is the rate-limiting enzyme for dopamine (DA)
synthesis. Medium- and long-term modulation of TH activity
occurs by regulation of gene expression and in the short-term
by regulation of enzyme activity. Phosphorylation on serine
residues, by several enzymes, is the primary mechanism of
short-term TH activity regulation [33, 34]. Previous studies
in PCI12 cells demonstrated increased Ser*® phosphorylation
and activation of TH in response to Mn [23]. However, in
our experimental protocol (with tissue slices) no significant
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'The panels (b), (d), and (f) show the striatal quantification of P-ERK, P-JNK, and P-p38™**¥, respectively. The phosphorylation level of each
protein was determined by computer-assisted densitometry as a ratio of the O.D. of the phosphorylated (P) band over the O.D. of the total
(T) band, and the data are expressed as percentage of the control. The values are presented as mean + S.E.M derived from 4 independent

experiments. “P < 0.05.

changes in TH-Ser*® phosphorylation in response to Mn (10~
1,000 uM) exposure were observed (Figure 6).

4. Discussion

Recent data from our group demonstrated that developmen-
tal Min exposure from postnatal days 8-12 (PND8-12) altered
the activity of key cell signaling elements, causing increased

phosphorylation of DARPP-32-Thr-34, ERK1/2, and AKT in
the striatum of rats on PNDI14 [12]. Additionally, in the same
experimental protocol, Mn impaired motor coordination
later at the 3rd, 4th, and 5th week of life. These results were
in line with recent evidence indicating that MAPK pathways
might be involved in the neurotoxicity induced by Mn in
various experimental models, such as mesencephalic cells
[16], PC12 cells [15, 23, 35], microglial cells [36, 37], primary
astrocyte culture [17], and in vivo developmental exposure
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[12, 13]. However, the current knowledge on Mn-induced
neurotoxicity does not allow for stating whether changes in
MAPK signaling pathways represent cause or consequence
of Mn-induced cell toxicity. In an attempt to investigate if
Mn can modulate MAPK signaling pathways in conditions
where cells are still completely viable, we took advantage of
a slice-based model to evaluate Mn-induced effects in vitro
with particular emphasis on striatal and hippocampal tissues.
Employing experimental conditions (Mn concentration and

exposure time) that do not cause significant cell death (eval-
uated by the MTT assay; Figure 1), we observed that both
striatal and hippocampal slices showed significant changes in
MAPKs phosphorylation.

Our results showed that slice incubation with MnCl,
did not induce significant changes in cell viability (Figure 1).
This finding corroborates findings by Sistrunk et al. [22],
who failed to observe Mn-induced cell death in an in vitro
model of rat striatal slices exposed to MnCl, (10-1,000 M)
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for 4 hours. However, a decrease in cell viability in vitro was
demonstrated in DAergic PCI2 cells [14, 23] after exposure
to high Mn concentrations for extended periods (24-48 h).
It needs to be taken into account that the cell viability
in the present work was assessed only by the MTT test.
Other methods such as lactate dehydrogenase (LDH) or
neutral red could be tested in future works. Nevertheless, as

mentioned above, it needs to be considered that studies in
pure PCI2 cultures are void of glial cells, which are known
modulators of Mn CNS homeostasis. Astrocytes accumulate
higher levels of Mn than neurons and may be an initial
site for Mn-induced damage, thus, lowering the neuronal
burden of Mn [8]. Furthermore, the slice model provides
only a short time window for metal exposure (in our case
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a maximum of 6 hours) beyond which the cell viability is
compromised [27]. Lead (Pb), another metal widely recog-
nized as a neurotoxicant [38], has also been evaluated in the
slices model [25]. No changes in cell viability were observed
after the treatment of hippocampal slices from PNDI4 rats
with Pb acetate. However, phosphorylation levels of ERK
and p38™4PX were increased. These results indicate that even

though cell viability is not compromised, toxic metals may
still cause changes in cells signaling pathways in vitro that may
disturb cellular function [25].

Our results showed an increase in ERK phosphorylation
in striatal slices exposed to a low Mn concentration (10 M)
for 3 hours (Figure 2(b)). ERK and JNK phosphorylation also
increased in striatal slices exposed to 100 and 1,000 uM Mn
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for 6 hours (Figures 3(b) and 3(d), resp.). Of note, these
changes in MAPK signaling pathways were observed in slices
completely viable (no changes in the MTT assay), indicating
that altered intracellular MAPKs signaling pathways may
represent an early event of Mn action in the slices. ERK1/2
activation has also been observed in the striatum of immature
rats (PND14) developmentally exposed to Mn (PND8-12)
[12]. Therefore, it appears that activation of ERK1/2 by Mn
may be an early and conserved mechanism observed both in
vitro and in vivo.

The majority of in vitro studies concerning the effects of
Mn on cell signaling pathways were conducted in cell culture
models [23, 39]. However, neuroglial interactions may play
important roles in the modulation of neurotoxic processes,
including those triggered by metals [40, 41]. Thus, in vitro
studies, which in general are focused on single cell type
(e.g., neuron or astrocyte alone), fail to take into account
toxic events that are dependent upon neuronal and glial
interactions. In contrast, tissue slices from rat brain maintain
the natural extracellular matrix, neuronal connectivity, and
neuroglial interactions, providing an appropriate experimen-
tal model for studies on acute neurotoxic events [42, 43].

The model of 400 ym thick brain slices is well established [42,
44] and has been used for in vitro studies on the neurotoxicity
of metals, such as cadmium (Cd) [30] and Pb [25].

Striatal slices are rich in DAergic neurons, in contrast
to hippocampal slices. Of particular importance, Mn shows
selective neurotoxicity to DAergic neurons by mechanisms
that have yet to be fully defined but possibly involve interac-
tion with DA, leading to its oxidation forming toxic quinones
and consequent oxidative stress [45-47]. A recent study in
Caenorhabditis elegans showed that extracellular and not
intracellular DA is responsible for Mn-induced DAergic neu-
rodegeneration [48]. Moreover, it is known that the striatum
expresses higher levels of DMT-1, which is the predominant
transporter for divalent Mn into cells [49]. Therefore, the
presence of DAergic neurons and DMT1 in striatal slices
may explain, at least in part, the significant modulation of
MAPKs by a relative low Mn concentration in striatal tissue
as compared to hippocampus.

With respect to the susceptibility of hippocampal slices to
Mn, we noted increased ERK1/2 phosphorylation following
exposure of hippocampal slices to 100 and 1,000 4uM Mn for
3 hours (Figure 4(b)). ERK and JNK also showed increased



10

phosphorylation in hippocampal slices exposed to 1,000 yuM
Mn for 6 h (Figures 5(b) and 5(d), resp.). In a recent study,
the hippocampus was studied as a site for Mn neurotoxicity
in vivo, since Mn exposure increased the levels of thiobarbi-
turic acid reactive species (TBARS), diminished total thiol
content, and increased superoxide dismutase and catalase
activity, indicating oxidative stress within this structure [50].
Therefore, although the basal ganglia are the most susceptible
sites to Mn neurotoxicity, it is also evident that Mn may cause
broad spectrum neuropathological changes in both neurons
and glia in other brain regions, which may account for some
of the nonmotor symptoms associated with this disorder [1].

Given the (1) importance of TH in controlling DA levels
in neurons, (2) the involvement of DA metabolism in Mn
neurotoxicity, as well as (3) a plethora of studies showing TH
activity modulation and Ser*® phosphorylation by Mn [23,
39], we investigated Mn’s effects on TH Ser*® phosphorylation
in striatal slices from immature rats. This site is phosphory-
lated by protein kinase A (PKA) and protein kinase C (PKC),
increasing TH activity. Ser**dephosphorylation by protein
phosphatase 2A (PP2A) results in decreased TH activity
[33]. Our results showed no significant alteration in TH
phosphorylation at Ser*® (Figure 6). This result indicates that
in immature striatal slices Mn does not act in an analogous
way to PCI2 cells exposed to Mn (100 uM). In the latter
study, a sustained TH-Ser*® phosphorylation (6-24h) was
observed, independent from H,0O, production and in the
absence of significant changes in cell viability [23].

Thus, based on our and previous studies, it can be inferred
that Mn requires longer exposure periods to induce cell
death in slices. However, important molecular changes were
observed within short periods after Mn exposure, such as
the activation of ERK1/2 and JNK1/2/3 signaling pathway
(Figures 2-5). These findings are in agreement with those pre-
viously reported by our group in a model of developmentally
exposed rats where ERK1/2 activation but not JNK1/2/3 was
noted [12]. Thus, striatal slices of immature rats exposed in
vitro to Mn reproduce (at least in part) the changes observed
in vivo.

5. Conclusions

A key finding in this study is the Mn-dependent activation of
ERK1/2 and JNK1/2/3 in striatal and hippocampal slices with
no significant changes in cell viability. This finding indicates
that MAPKSs activation may represent an important primary
event that precedes the deleterious effects of Mn on the
cellular viability. Extrapolating our data to in vivo conditions,
one would posit that Mn is able to modulate the activation of
MAPKSs in tissues that maintain their metabolic competence
and viability. The physiological significance of such activation
represents a research topic that needs further attention.
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