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Abstract
Methylmercury (MeHg) is a highly neurotoxic pollutant, whose mechanisms of toxicity are related
to its pro-oxidative properties. A previous report showed under in vivo conditions the
neuroprotective effects of plants of the genus Polygala against MeHg-induced neurotoxicity.
Moreover, the flavonoid quercetin, isolated from Polygala sabulosa, displayed beneficial effects
against MeHg-induced oxidative damage under in vitro conditions. In this study, we sought for
potential beneficial effects of quercetin against the neurotoxicity induced by MeHg in Swiss
female mice. Animals were divided into six experimental groups: control, quercetin low dose (5
mg/Kg), quercetin high dose (50 mg/Kg), MeHg (40 mg/L, in tap water), MeHg + quercetin low
dose, and MeHg + quercetin high dose. After the treatment (21 days), a significant motor deficit
was observed in MeHg + quercetin groups. Biochemical parameters related to oxidative stress
showed that the simultaneous treatment with quercetin and MeHg caused a higher cerebellar
oxidative damage when compared to the individual exposures. MeHg plus quercetin elicited a
higher cerebellar lipid peroxidation than MeHg or quercetin alone. The present results indicate that
under in vivo conditions quercetin and MeHg cause additive pro-oxidative effects toward the mice
cerebellum and that such phenomenon is associated with the observed motor deficit.
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Introduction
Methylmercury (MeHg) is a highly neurotoxic compound that leads to neurological and
developmental deficits in both animals and humans (Clarkson et al., 2003). Even though
MeHg-induced neurotoxicity is a widely reported phenomenon, the molecular mechanisms
related to its toxicity are not completely understood. Mechanisms involved in MeHg
neurotoxicity include, but are not limimted to, (1) impairment of intracellular calcium
homeostasis (Sirois and Atchison, 2000), (2) oxidative stress (Manfroi et al., 2004; Stringari
et al., 2006) and (3) altered glutamate homeostasis (Aschner et al., 2007). Of particular
importance, the antioxidant glutathione (GSH) system appears to be an important molecular
target of MeHg-induced neurotoxicity (Stringari et al., 2008), corroborated by decreased
GSH levels and activities of GSH-related enzymes in the brain of MeHg-exposed animals.
Notably, female mice are less sensitive to MeHg-induced pro-oxidative damage when
compared to male animals (Rossi et al., 1997; unpublished data from our laboratory).

Despite massive efforts in search of new drugs that counteract mercurial toxicity, there are
no effective treatments available that completely abolish its toxic effects. In MeHg
poisoning, supportive care is given when necessary to maintain vital functions. In addition,
the use of chelating agents assists the body’s ability to eliminate mercury from the tissues
(Pingree et al., 2001; Carvalho et al., 2007). However, these drugs appear to be of limited
use because of their adverse side effects (Tchounwou et al., 2003) and limited ability to
cross the blood-brain barrier (Aposhian et al., 1995).

Some studies have focused their efforts on the protective effects of plants or natural
compounds in various neuropathological conditions. Of particular importance, the beneficial
effects of plants/natural compounds against metal-induced neurotoxicity have been reported
under both in vitro and in vivo conditions (Xu et al., 2005; Gupta & Flora, 2006; Franco et
al., 2007). In this regard, a recent study from our group (Farina et al., 2005a) has shown the
protective effects of the hydroalcoholic extract of Polygala paniculata - a plant traditionally
used in folk medicine as a sedative and an anti-inflammatory (Lee et al., 2004) - against
MeHg-induced neurotoxicity in mice. Moreover, we also found that quercetin, a flavonoid
isolated from Polygala sabulosa, decreased MeHg-induced hydrogen peroxide generetion in
mice brain mitochondria (Franco et al., 2007) and modulated astrocyte metallothionein
mRNA expression (Conklin et al., 1998) under in vitro conditions. Although several studies
have shown the antioxidant effects of quercetin and related compounds against pro-
oxidavive damage (Wagner et al., 2006; Meotti et al., 2007), including metal-induced
toxicity (Mishra and Flora, 2008), the potential beneficial effect of quercetin against MeHg-
induced neurotoxicity was not yet investigated in in vivo conditions.

There is evidence that cerebellar cells are selectively targeted by mercurials in vivo
(Sanfeliu et al., 2003) and that MeHg neurotoxicity affects the motor system (Grandjean et
al., 1997). The relationship between MeHg-induced motor deficit and MeHg-induced
cerebellar damage is a well-described phenomenon (Sakamoto et al., 1993). In this regard,
we have reported motor alterations in animals exposed to MeHg during adulthood (Dietrich
et al., 2005; Farina et al., 2005b) and the postnatal period (Manfroi et al., 2004; Stringari et
al., 2006). From a molecular point of view, it is proposed that the observed harmful effects
of MeHg on motor performance are related, at least in part, to its deleterious pro-oxidative
effects in the cerebellum (Franco et al., 2006). (Manfroi et al., 2004; Stringari et al., 2006).

Taking into account that (i) there are no effective treatments for MeHg poisoning; (ii) plants
of the genus Polygala have presented beneficial effects against MeHg-induced neurotoxicity
in experimental in vivo conditions; (iii) Polygala sabulosa-derived quercetin presents
protective effects against mercurial-induced oxidative stress under experimental in vitro
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conditions; (iv) the cerebellar antioxidant GSH system represents an important molecular
target involved in MeHg-induced neurotoxicity, the present study was aimed at the
investigation of potential neuroprotective effects of quercetin in MeHg-exposed mice.
Considering the relationship between motor impairment and cerebellar oxidative damage
after MeHg exposure, both phenomena were used for evaluating neurotoxicity and
neuroprotection.

Materials and methods
Chemicals and plant material

Methylmercury(II) chloride was from Aldrich Chemical Co. (Milwaukee, WI, USA). β-
Nicotinamide adenine dinucleotide phosphate sodium salt, reduced form, 5,5′-dithio-bis (2-
nitrobenzoic) acid, GR from Baker's yeast, and reduced GSH were obtained from Sigma (St.
Louis, MO, USA). All other chemicals were of the highest grade available commercially.

Plant Material, Extraction and Isolation
Polygala sabulosa A.W. Bennett was collected in Rancho Queimado (SC, Brazil) and
identified by comparison with the voucher UPCNB19640 by Prof. Dr. Olavo de Araújo
Guimarães of the Botany Department of the Universidade Federal do Paraná, Brazil. The
dried and powdered whole plant (500 g) was extracted exhaustively with ethanol (96%) at
room temperature. The crude extract (135 g) obtained was partitioned into hexane, CH2Cl2,
ethyl acetate (EtOAc), and water to give four distinct hexane-soluble (16.1 g), CH2Cl2-
soluble (28 g), EtOAc soluble (16.8 g), and aqueous (64.6 g) fractions. The EtOAc-soluble
fraction (10 g) was subjected to column chromatography over silica gel eluted with a hexan/
EtOAc/EtOH gradient system to give 72 fractions of 50 mL each. The combined fr. 30–36
eluted with hexan/EtOAc/EtOH (15:80:5) was further chromatographed on silica gel (3 × 25
cm) eluting with a hexane-acetone gradient from 90:10 to 0:100 (28 fr., 30 mL each) to
obtain quercetin as pure yellow crystals (indicating purity higher than 99%), m.p. 312–314
°C (25 mg). The compound isolated was identified by comparison of their physical and
spectral (IV, 1H, and 13C NMR) data with authentic samples, and their chemical structure
are depicted in Figure 1.

Animals and Treatment
Adult (2-months-old) female mice (Swiss albino) obtained from the Central Biotery (UFSC,
Florianópolis, Brazil) were maintained at 25 °C on a 12:12 h light/dark cycle, with free
access to food. Animals were weighed daily. All experiments were conducted in accordance
with the Guiding Principles in the Use of Animals in Toxicology, adopted by the Society of
Toxicology in July 1989, and all experiments were approved by our ethics committee for
animal use (313/CEUA). Thirty-six animals were divided into six experimental groups:
control, quercetin low dose (5 mg/Kg), quercetin high dose (50 mg/Kg), MeHg, MeHg +
quercetin low dose, and MeHg + quercetin high dose, with six animals each. The flavonoid
was administrated daily by subcutaneous injections and MeHg was diluted in tap water (40
mg/L, ad libitum). A daily mercury dose of 5.4 ± 0.5 mg/kg was calculated based on the
daily liquid ingestion (7.2 ± 0.5 mL/animal), which was not statistically different among
groups. The flavonoid was dissolved in dimethylsulfoxide and the control animals received
just vehicle injections (1 mL/kg body weight). Quercetin and MeHg doses were based in
previous studies (Lu et al., 2006; Dietrich et al., 2005). The use of dimethylsulfoxide as
injection medium was due to the relative high hydrophobicity of quercetin and due to the
absence of significant pro-oxidative effects of the vehicle when administered once a day at 1
mL/kg body weight (Farina et al., 2003).
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Behavioral tests
At the end of the treatment (3 weeks), animals were subjected to behavioral/functional tests
for evaluating locomotor activity and coordination (open-field and rotarod tasks). Open-field
tests were performed in an isolated facility with no interference noise or human activity. The
locomotor activity was assessed during the treatment in 6 min sessions using an open-field
box [56 (long) × 42 (wide) × 40 cm (high)] with the floor divided into 12 squares. The
duration of the trials (6 min) was based on well-standardized protocols (Rosa et al., 2003;
Farina et al., 2005b). The number of squares crossed with the four paws was used as a
measure of locomotor activity. After the open-field test, mice were subjected to the rotarod
task, which was based on the study of Dunham and Miya (1957), with minor modifications.
In short, the homemade apparatus consisted of a bar with a diameter of 2.5 cm subdivided
into four compartments by disks of, 25 cm with diameters. The bar rotated at a constant
speed of 21 rpm and the durations (s) that the animals remained on the apparatus were
recorded. Each mouse was subjected to three trials and the interval between trials was 60
sec. The mean of their values was used in the statistical analysis as dependent variable. The
maximal time for a trial was 60 sec, after which the animal w as removed if it was still in the
device. The investigator that performed the behavioral tests was blind to the treatment
assignments.

Tissue preparation for biochemical analyses
After the behavioral tests, animals were killed by decapitation and the cerebella were
homogenized (1:5 w/v) in [N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)], 25
mM, pH 7.4, buffer. Tissue homogenates were centrifuged at 20,000 × g at 4 °C for 30 min.
The supernatants obtained were used for determining enzymatic activities (glutathione
peroxidase and glutathione reductase), as well as glutathione and thiobarbituric acid reactive
substance (TBARS) levels.

Biochemical analyses
Antioxidant enzymes—Glutathione peroxidase (GPx) activity was measured by the
Wendel (1981) method, using tert-butylhydroperoxide as a substrate. NADPH disappearance
was monitored by a spectrophotometer at 340 nm. Glutathione reductase (GR) activity was
determined by the method described by Carlberg and Mannervik (1985). The rate of GSSG
reduction was indirectly determined through monitoring the NADPH disappearance at 340
nm.

Glutathione levels and lipid peroxidation—Glutathione was measured as nonprotein
thiols based on Ellman (1959) with minor modifications. Briefly, samples (200 µg of
protein) were precipitated in cooled trichloroacetic acid 10% and centrifuged at 15,000×g
for 2 min, and the supernatant was incubated with DTNB in a 0.5 M phosphate buffer, pH
8.0. Absorbances were measured at 412 nm. Lipid peroxidation was measured as
thiobarbituric acid reactive substances (TBARS) based on Ohkawa et al. (1979). Briefly,
samples (200 µg of protein) were incubated in a reaction media containing 0.28% 2-
thiobarbituric acid (TBA), 1.2% SDS, and 0.45 M/0.12 M acetic acid/HCl buffer (pH 3.4).
After incubation at 95 °C for 60 min, TBARS were measured at 532 nm and compared to a
standard curve of malondialdehyde (MDA). Although some lines of evidence suggests the
absence of quantitative relationship among sample MDA content and lipid peroxidation
(Janero, 1990), the MDA/TBA reactivity has been shown to be an acurrate indicator for
measuring lipoperoxidative damage in murine brain tissues (Carvalho et al., 2007; da Silva
et al., 2008).
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Determination of protein—The protein content was quantified by the method of
Bradford (1976), using bovine serum albumin as a standard.

Statistical analysis
Differences between groups (MeHg or quercetin effects) were evaluated by one-way
analysis of variance, followed by Duncan's multiple range tests when appropriate. Two-way
analysis of variance was also performed to evaluate quercetin vs. MeHg interactions.

Results
Liquid and solid consumptions and body weight did not differ between groups during the
treatment period (data not shown). MeHg alone did not decrease the locomotor activity in
the open field test in the absence of quercetin (Figure 2A). However, a significant
interaction between MeHg and quercetin was observed [F2,24 = 6.683; P = 0.0049], which
indicates a synergistic negative effect of both compounds when co-administrated. Even
though neither MeHg nor quercetin affected motor performance of animals in the rotaroad
task, the co-exposure to both compounds displayed a significant motor deficit and such
phenomenon was dependent on the flavonoid dosage (Figure 2B). In fact, two-way ANOVA
showed a significant [F2,24 = 53.77; P<0.0001] interaction between MeHg and quercetin
toward the motor performance of animals, which reinforces the idea of a synergistic
negative effect of both compounds when co-administrated.

With respects to the biochemical parameters, cerebellar lipid peroxidation, glutathione
levels, glutathione peroxidase (GPx) and glutathione reductase (GR) activities were
evaluated. Either MeHg [F1,24 = 32.79; P<0.0001] or quercetin [F2,24 = 12.10; P = 0.0002]
alone displayed a significant stimulatory effect toward the cerebellar levels of thiobarbituric
acid reactive substances (TBARS), a marker of lipid peroxidation (Figure 3A). However, no
significant interaction was observed [F2,24 = 1.239; P = 0.3076]. Cerebellar glutathione
levels (Figure 3B) and cerebellar glutathione reductase activity (Figure 4A) were not
changed by either MeHg or quercetin treatments. MeHg exposure decreased glutathione
peroxidase activity [F1,27 = 48.92; P<0.0001], but quercetin co-exposure did not [F2,27 =
1.711; P = 0,1998] lead to an added effect (Figure 4B). No significant MeHg vs. quercetin
interaction was observed [F2,27 = 1.329; P = 0.2814].

Discussion
A previous study from our group (Farina et al., 2005a) reported significant beneficial effects
of the hydroalcoholic extract of the plant Polygala paniculata against MeHg-induced
neurotoxicity in mice. In that study, the hydroalcoholic extract of Polygala paniculata
prevented the behavioral and neurochemical changes induced by the oral exposure to MeHg,
pointing to this plant as a potential therapeutic agent for the treatment of pathological
conditions related to excitotoxicity and oxidative stress, including MeHg poisoning. In
agreement, plants of the genus Polygala have been reported to display neuroprotective
effects in several other neuropathological conditions related to excitotoxicity and oxidative
stress (Lee et al., 2004; Park et al., 2006). A subsequent study from our group (Franco et al.,
2007) indicated that the flavonoid quercetin, isolated from plants of the genus Polygala, also
showed a highly beneficial effect in attenuating both organic (MeHg) and inorganic (HgCl2)
mercury-induced mitochondrial toxicity and oxidative stress. Accordingly, we hypothesized
that quercetin could effectively protect against MeHg-induced neurotoxicity in in vivo
models. However, quercetin co-exposure (co-administrated with MeHg, at either 5 mg/Kg or
50 mg/Kg) failed to prevent MeHg-induced neurotoxicity. Conversely, quercetin
synergistically potentiated the deleterious effects of MeHg on murine locomotor activity and
motor performance. Moreover, quercetin when administered alone at the higher dose (50
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mg/Kg) induced a small but significant increase in the cerebellar lipid peroxidation. This
hormetic-like effect of this antioxidant flavonoid is likely related to the pro-oxidative
properties of quercetin or its quinone metabolite(s) (Awad et al., 2002).

Although MeHg when administererd alone did not affect the locomotor activity in the open
field and the motor performance in the rotarod apparatus, it displayed a significant main
effect toward both behavioral parameters when administered with quercetin. Moreover,
quercetin, which did not affected locomotor activity and slightly impaired motor
performance per se, induced significant negative effects toward locomotor activity and
motor performance when co-administered with MeHg. This phenomenon indicates that
MeHg and quercetin synergistically interact to induce locomotor deficits and motor
impairment in female mice. This hypothesis is supported by the significant interactions
observed between MeHg and quercetin toward animal locomotor activity and motor
performance.

There is some evidence that cerebellar cells are selectively targeted by mercury compounds
in vivo (Sanfeliu et al., 2003) and that MeHg neurotoxicity affects the motor system
(Grandjean et al., 1997). Indeed, the relationship between MeHg-induced motor deficit and
MeHg-induced cerebellar damage is a well-described process (Sakamoto et al., 1993). In
this regard, we have reported motor deficits in animals exposed to MeHg during adulthood
(Dietrich et al., 2005, Farina et al., 2005b) as well as in the suckling period (Franco et al.,
2006). Here, we observed that MeHg exposure affects the motor coordination of mice in the
rotarod task and the locomotor activity in the open field. Based on literature data, these
results suggest that the harmful effect of MeHg on the motor coordination is related, at least
in part, to its deleterious pro-oxidative effects on mouse cerebellum. The observed increased
levels in cerebellar lipid peroxidation reinforce such idea.

Mechanistically, it is well known that MeHg-induced neurotoxicity is related to oxidative
stress, which is closely associated with glutamate and calcium dyshomeostasis (Soares et al.,
2003; Aschner et al., 2007). Notably, the glutathione antioxidant system has been reported to
represent a molecular target for the deleterious effects of MeHg in the central nervous
system (Stringari et al., 2008). In the present study, cerebellar GSH levels and glutathione
reductase activity were not changed in response to MeHg exposure. It is notable that
cerebellar GSH levels were measured as non-protein thiols based on the protocol developed
by Ellman (1959), which does not discriminate between reduced glutathione and other non-
protein thiols. Because GSH accounts for approximately 90% of the total non-protein thiols
in cells (Cooper, 1998; Franco and Cidlowski, 2006), one could suppose that the absence of
significant effects of treatments toward non-protein thiols levels also represents non-
significant effects toward cerebellar GSH levels. On the other hand, cerebellar GPx activity
was significantly lower in MeHg-exposed mice when compared to control animals. Since
GPx catalyzes the reduction of hydrogen peroxide, phospholipid-hydroperoxide, and other
organic hydroperoxides at the expense of GSH (Flohe, 1971), the increased cerebellar levels
of TBARS (marker of lipid peroxidation) in MeHg-exposed animals was an expected
observation. On the other hand, quercetin, which synergically decreased locomotor activity
and motor performance when administered with MeHg, did not affect cerebellar GPx
activity, but showed a significant main effect toward cerebellar lipid peroxidation. Taking
into account that both MeHg and quercetin induced positive main effects toward cerebellar
lipid peroxidation and that MeHg vs. quercetin interaction was not significant, it is
reasonable to suggest that both compounds increased cerebellar lipid peroxidation in an
additive, but not synergic manner. The potential molecular mechanism related to MeHg-
induced lipid peroxidation should be related, at least in part, to the decreased cerebellar GPx
activity. Regarding to the potential mechanisms related to quercetin-induced cerebellar lipid
peroxidation and motor/locomotor impairments, our findings do not point to the GSH
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antioxidant system as a potential molecular target involved with such phenomena. However,
pro-oxidative effects of quercetin or its quinone metabolite(s) (Awad et al., 2002), might be
responsible for the observed events.

In conclusion, even though Polygala paniculata (Farina et al., 2005a) and quercetin (Franco
et al., 2007) possess beneficial effects against MeHg induced toxicity under in vivo and in
vitro conditions, respectively, quercetin does not possess such beneficial effects under our in
vivo conditions. Conversely, quercetin synergystically increased such toxicity when co-
administrated with MeHg and this phenomenon appears to be related to the pro-oxidative
effects of the flavonoid and/or its metabolite(s).
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Figure 1.
Chemical structure of Quercetin
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Figure 2.
Effects of MeHg and/or quercetin treatments on the motor profile of female mice.
Locomotor activity (A) is presented as crossed squares in the open field arena. Motor
performance (B) is presented as falling latency on the rotarod apparatus (seconds).
*Statistically different when compared to animals treated with MeHg alone; **Statistically
different when compared to animals treated with MeHg alone or animals treated with MeHg
+ quercetin 5 mg/Kg; #Statistically different when compared to control group (animals
treated with vehicle and water as liquid source). Data were analyzed by ANOVA, followed
by Duncan's multiple range tests, and are expressed as mean ± SEM. N = 6 animals per
group. P values above bars indicate significant effects of MeHg. ns = not significant.
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Figure 3.
Effects of MeHg and/or quercetin treatments on the cerebellar levels of thiobarbituric acid
reactive substances and glutathione of female mice. Thiobarbituric acid reactive substances
(A) are presented as nmol of malondialdehyde (MDA)/mg protein. Glutathione levels (B)
are presented as µmol/g tissue. *Statistically different when compared to animals treated
with MeHg alone; **Statistically different when compared to animals treated with MeHg
alone or animals treated with MeHg + quercetin 5 mg/Kg; #Statistically different when
compared to control group (animals treated with vehicle and water as liquid source). Data
were analyzed by ANOVA, followed by Duncan's multiple range tests, and are expressed as
mean ± SEM. N = 6 animals per group. P values above bars indicate significant effects of
MeHg. ns = not significant.
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Figure 4.
Effects of MeHg and/or quercetin treatments on the cerebellar glutathione peroxidase and
glutathione reductase activities of female mice. Glutathione reductase (A) and glutathione
peroxidase (B) activities are presented as nmol NADPH oxidized/min/mg protein.
*Statistically different when compared to animals treated with MeHg alone; **Statistically
different when compared to animals treated w ith MeHg alone or animals treated with MeHg
+ quercetin 5 mg/Kg; #Statistically different when compared to control group (animals
treated with vehicle and water as liquid source). Data were analyzed by ANOVA, followed
by Duncan's multiple range tests, and are expressed as mean ± SEM. N = 6 animals per
group. P values above bars indicate significant effects of MeHg. ns = not significant.
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