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Abstract

In the present study, we investigated the potential protective effects of three flavonoids (myricetin,
myricitrin and rutin) derived from medicinal plants against methyl mercury (MeHg)-induced
mitochondrial dysfunction in vitro. Incubation of mouse brain mitochondria with MeHg induced a
significant decrease in mitochondrial function, which was correlated with decreased glutathione
(GSH) levels and increased generation of reactive oxygen species (ROS) and lipid peroxidation.
The co-incubation of mouse brain mitochondria with myricetin or myricitrin caused a
concentration-dependent decrease of MeHg-induced mitochondrial dysfunction and oxidative
stress. The flavonoid rutin was ineffective in counteracting MeHg toxicity. Among the three tested
flavonoids, myricetin was the most efficient in protecting against MeHg-induced mitochondrial
dysfunction. Moreover, myricetin completely blocked MeHg-induced ROS formation and lipid
peroxidation and partially prevented MeHg-induced GSH depletion. The ability of myricetin to
attenuate MeHg-induced mitochondrial dysfunction and oxidative stress appears to be related to its
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higher scavenging capability when compared to myricitrin and rutin. Overall, the results suggest
that MeHg-induced mitotoxicity is associated with oxidative stress. The ability of myricetin to
prevent MeHg-induced oxidative damage in brain mitochondria renders this flavonoid a promising
molecule for further in vivo studies in the search for potential antidotes to counteract MeHg-
induced neurotoxicity.
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Introduction

Oxidative stress has been linked to several neuropathological conditions, such as
neurodegenerative diseases and metal-induced neurotoxicity (Aschner et al 2007; Kamat et
al 2008; Wang et al 2008). Of particular environmental concern, methylmercury (MeHg) is a
ubiquitous environmental toxin that has been reported to cause neurological and
developmental deficits both in animals and humans (Harada, 1995; Clarkson et al 2003). As
a result of the biomethylation of mercury compounds released from anthropogenic sources
in waterways, MeHg-containing fish represent a major source of human poisoning (Clarkson
et al 2003; Myers et al 2007). Therefore, populations that rely heavily on fish for food may
be exposed to neurotoxic levels of MeHg.

A number of synchronous mechanisms are likely to be associated with MeHg-induced
neurotoxicity, including impairment of intracellular calcium homeostasis, alteration of
glutamate homeostasis, oxidative stress and compromised cellular redox potential (Aschner
et al 2000; Clarkson 2002; Manfroi et al 2004; Aschner et al 2007; Johansson et al 2007;
Malagutti et al 2009). MeHg-induced oxidative stress is related to its direct chemical
interaction with nonenzymatic antioxidants, such as glutathione (GSH), as well as changes
in the activities of antioxidant enzymes (Ou et al 1999; Stringari et al 2006; Yin et al 2007;
Franco et al 2009; Farina et al 2009). In this regard, it has been reported that MeHg exposure
decreases the levels of GSH and increases the levels of peroxides and thiobarbituric acid
reactive substances (Farina et al 2005; Shanker et al 2005; Kaur et al 2006; Franco et al
2006; Carvalho et al 2007; Stringari et al 2008).

Based on the pro-oxidative properties of MeHg, the co-adjuvant use of antioxidants (in
association with the clinically available chelating therapies) might represent an efficient
therapeutic strategy to counteract MeHg neurotoxicity (Carvalho et al 2007). Flavonoids,
whose antioxidant properties have been well described (Rice-Evans et al 1996; Pietta 2000;
Rice-Evans et al 2001), could represent important therapeutic choices. Consistent with this
suggestion, a previous study from our group showed the beneficial in vivo effects of the
hydroalcoholic extract of plants of the genus Polygala against MeHg-induced neurotoxicity
in mice (Farina et al 2005). Moreover, an in vitro study showed that quercetin, a well known
flavonoid with antioxidant properties, prevented the mitotoxic effects of MeHg by inhibiting
MeHg-induced ROS formation (Franco et al 2007). In the same study, other compounds
derived from Polygala, such as coumarins and xanthones, did not display protective effects,
suggesting that flavonoids may represent promising neuroprotective agents to counteract
MeHg-induced neurotoxicity.

Taking into account (i) the absence of effective strategies for treating MeHg poisoning
(Tchounwou et al 2003), (ii) the neuroprotective effects of plant extracts against MeHg-
induced neurotoxicity in in vivo animal models (Farina et al 2005; Lucena et al, 2007) and
(iii) the promising role of flavonoids in counteracting MeHg-induced toxicity (Franco et al
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2007), the present study was designed to investigate the potential protective effects of three
flavonoids (myricetin, myricitrin and rutin) derived from Brazilian medicinal plants against
MeHg-induced mouse brain mitochondrial dysfunction. To better characterize the molecular
mechanisms associated with MeHg-induced toxicity and the potential protective effects
inherent to these flavonoids, particular emphasis was directed at the number and position of
hydroxyl/glycosyl groups in these flavonoids and how they correlate with the therapeutic
efficacy.

Materials and Methods

Materials

Adult Swiss Albino male mice (2 months old) were bred in the animal facilities of the
Universidade Federal de Santa Catarina. The animals were maintained according to the
Animal Care Guidelines from the National Institutes of Health of the United States of
America, and all experiments were approved by our ethic committee for animal use
(Comisséo de Etica no Uso de Animais - UFSC - 00084 and PO0373/CEUA,
23080.030005/2009-66/UFSC). Animals were maintained at 23°C on a 12 h light/dark cycle
with free access to water and food (Nuvital, PR, Brazil). Methylmercury (1) chloride,
mercuric chloride, 5,5'-dithiobis-(2-nitrobenzoic acid), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St Louis,
MO). All other chemicals were of analytical grade. Rutin was isolated from the ethanolic
crude extract of Polygala paniculata, as previously described (Farina et al 2005). Myricitrin
was isolated by chromatography fractionation from the crude ethanolic extract of Eugenia
uniflora leaves. Its aglycone myricetin was obtained through chemical hydrolysis of
myricitrin with 10% HCI in EtOH/H,0 (1:1) and purified by column chromatography. The
isolated flavonoids were identified by H and 13C NMR spectral analyses and showed
higher than 98% purity. The flavonoids were diluted in ethanol prior to use at a final ethanol
concentration of 0.1%.

Preparation of mouse brain mitochondrial-enriched fractions

Mouse brain mitochondrial-enriched fractions were prepared as previously described
(Franco et al 2007). A total of thirty animals were used in the study. Briefly, adult (8-10
weeks) male Swiss mice were sacrificed by decapitation. The whole brains (except
cerebellum) were removed and homogenized on ice in 10 volumes of isolation medium (10
mM HEPES buffer pH 7.0 containing 220 mM mannitol, 68 mM sucrose, 10 mM KClI and
0.1% serum albumin) and the homogenate was centrifuged at 4°C for 10 min at 1000 x g.
The supernatant was then centrifuged at 17,500 x g for 10 min at 4°C, resulting in a myelin-
rich supernatant and a pellet (P2) consisting of synaptosomes and free (extra-synaptosomal)
mitochondria. The supernatant was discarded, and the pellet was suspended in a medium
similar to the isolation medium without albumin. The samples were kept on ice until the
experiments were performed, usually within 10-15 min.

Incubations and biochemical determinations

P2 (2 mg of protein) was incubated with MeHg (100 uM) diluted in incubation buffer, and/
or flavonoids (0.03, 0.1 and 0.3 mM) in a incubation medium containing 10 mM HEPES
buffer (pH 7.0), 220 mM mannitol, 68 mM sucrose and 10 mM KClI (total incubation
volume = 300 uL). Incubations were carried out at 25°C for 15 minutes (for measuring ROS
formation), 30 minutes (for measuring GSH levels and MTT reduction) or 60 minutes (for
measuring lipid peroxidation end products). The specific incubation periods prior to ROS
and GSH levels and lipid peroxidation end product measurements were based on temporal
events related to MeHg-induced oxidative damage (Franco et al 2007), commencing with
ROS generation, followed by GSH oxidation and ultimately lipid peroxidation-end product
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formation. Parallel experiments with the presence of catalase (200 units) were also carried
out in order to elucidate molecular mechanisms of toxicity and protection. Mitochondrial
function was assessed by the conversion of the metabolic dye methylthiazolyldiphenyl-
tetrazolium bromide (MTT) to formazan (Denizot et al 1986). GSH content was measured as
nonprotein thiols according to a method previously described (Ellman 1959). The lipid
peroxidation end products were determined by the thiobarbituric acid reactive substances
(TBARS) assay originally described by Ohkawa et al (1979). ROS formation was
determined according to the method described by Ali et al (1992), using the fluorescent dye
2'7'-dichlorofluorescein diacetate (DCFDA).

Assessment of protein content

Protein concentration was determined according to Bradford (1976), using a bovine serum
albumin as a standard.

Statistical analysis

Results

Statistical differences among groups were analyzed by one-way ANOVA analysis of
variance followed, when appropriate, by the Duncan's multiple range test. Data are presented
as mean + standard error (SE) and differences were considered statistically significant when
P<0.05.

Figure 1 (A-C) illustrates the chemical structures of the flavonoids myricetin (3,3',4',5,5',7-
hexahydroxyflavone), myricitrin (myricetin-3-O-rhamnoside) and rutin (quercetin-3-O-
rutinoside). The incubation of mouse brain mitochondria with 100 uM MeHg induced a
significant decrease in the mitochondrial function (Figure 2A). This event was paralleled by
a significant decrease in GSH levels (Figure 2B). MeHg also increased ROS generation
(Figure 2C) and TBARS levels (Figure 2D). The simultaneous incubation of mitochondria
with catalase (200 U) completely inhibited MeHg-induced mitochondrial dysfunction and
lipid peroxidation, indicating that removal of hydrogen peroxide confers protective effects
against the deleterious effects of MeHg in mouse brain mitochondria (data not shown).

Myricetin restored mitochondrial function in a concentration-dependent manner (Figure
3A). The flavonoid myricitrin was somewhat effective in reversing the effects of MeHg on
mitochondrial function after MeHg incubation (Figure 3B); however, this effect was
incomplete and even at the highest concentrations of the flavonoid (0.1 and 0.3 mM),
remaining statistically significant (P<0.001) from the controls. Rutin was ineffective in
attenuating the MeHg-induced loss of mitochondrial function (Figure 3C).

Figure 4 depicts the protective effects of the flavonoids against MeHg-induced ROS
generation (DCFDA assay). Myricetin completely prevented MeHg-induced ROS
generation at 0.1 and 0.3 mM (Figure 4A). Myricitrin prevented MeHg-induced ROS
generation only at 0.3 mM (Figure 4B). The protective effects of rutin against MeHg-
induced ROS generation were partial and observed only at 0.1 and 0.3 mM (Figure 4C).

MeHg-induced lipid peroxidation in mouse brain mitochondria was completely prevented by
0.3 mM myricetin (Figure 5A). Myricitrin partially inhibited MeHg-induced lipid
peroxidation at 0.3 mM (Figure 5B) and rutin did not show significant effects (Figure 5C).

MeHg-induced GSH depletion was partially prevented by 0.3 mM myricetin (Figure 6A).
The glycoside flavonoids myricitrin and rutin were unable to protect against MeHg-induced
depletion of mitochondrial GSH (Figure 6B and C). The individual effects of the tested
flavonoids (in the absence of MeHg) on mitochondrial function, ROS formation, lipid
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peroxidation and GSH levels were performed in parallel experiments and were not different
when compared to the control conditions (data not shown).

The ability of myricetin to counteract MeHg-induced mitochondrial dysfunction and
oxidative stress was higher when compared to myricitrin and rutin. This was confirmed by
analysing ECgq values (Table 1), which indicated that the protective potencies of the
flavonoids against MeHg-induced mitotoxicity were myricetin > myricitrin > rutin.

Discussion

Previous studies (Franco et al 2007; Wagner et al 2010) have shown the protective effects of
the flavonoid quercetin from MeHg-induced toxicity and oxidative stress in both
mitochondria-enriched fractions and brain slices. In the present study, we observed that
three additional flavonoids (derived from Polygala paniculata and Eugenia uniflora)
protected against MeHg-induced mitochondrial dysfunction and oxidative stress. The results
clearly showed that myricetin, which had high antioxidant capability, also displayed higher
protective effect against MeHg-induced mitotoxicity when compared to myricitrin and rutin.

The available antidotal strategies to treat mercury poisonings are largely based on chelating
therapies. The use of sulfhydryl (SH)-enriched chelators is based on the high affinity of
MeHg to —SH groups, thus assisting in eliminating mercury from tissues predominantly via
renal excretion. However, these drugs are of limited use, because of their adverse side
effects (Tchounwou et al 2003). Moreover, chelating agents are generally used after
exposures to inorganic mercury, such as mercury vapour and mercury salts. It has been
proposed that chelating therapies are ineffective in poisonings with organic forms of
mercury, such as MeHg and ethyl mercury (Clarkson et al 2003), although this issue remains
controversial (Pingree et al 2001; Koh et al 2002; Carvalho et al 2007). Nevertheless, there
is general agreement that metal chelators are unable to completely eliminate mercurials'
body burden and by inference, toxicity. Accordingly, the use of compounds with antioxidant
properties and no apparent side effects could represent an efficient co-adjuvant strategy to
counteract MeHg-induced toxicity. In this context, flavonoids seem to be highly attractive
candidates due to their well known antioxidant effects (Rice-Evans et al 1996; Pietta 2000;
Rice-Evans 2001), as well as their potential metal-chelating properties (Renugadevi and
Prabu, 2009). Such class of compounds has displayed neuroprotective effects in several
experimental models of neurodegeneration (Lee et al 2008; Williams et al 2004; Lucena et
al 2007; Shimmyo et al 2008). Of particular significance, we have previously demonstrated
that flavonoid-containing plant extracts (obtained from the Brazilian plants Polygala
paniculata or Cypura paludosa) effectively protected against MeHg-induced neurotoxicity
in mice (Farina et al 2005; Lucena et al 2007). In the present study, the three studied
flavonoids (myricetin, myricitrin and rutin) displayed differential effects in preventing
MeHg-induced oxidative damage in mouse brain mitochondria. In fact, myricetin was the
only flavonoid that completely inhibited MeHg-induced ROS formation and lipid
peroxidation. The antioxidant ability of myricetin was correlated to its protective effects
against MeHg-induced mitochondrial dysfunction, evaluated by its capability to reduce
MTT (see Figure 2). In fact, significant negative correlations were detected for
mitochondrial function vs. TBARS levels (Pearson coefficient = —0.9320; P<0.0001) and
for mitochondrial function vs. ROS levels (Pearson coefficient = —0.8193; P<0.0001),
indicating that the scavenger properties of myricetin were responsible, at least in part, for its
protective effects against MeHg-induced mitochondrial dysfunction. Although myricitrin
and rutin were also effective in protecting against MeHg-induced mitotoxicity and TBARS
generation, they failed in most instances to fully reverse MeHg's effects, or when effective,
the protection was reached only at higher concentrations than those required for myricetin.
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As already mentioned, the protective effects of myricetin were related to its antioxidant
properties (Figures 3, 4, and 5). The antioxidant capacity of a given flavonoid depends upon
its chemical structure. There are several molecular characteristics that confer the ability of a
given flavonoid to promptly donate electrons and reduce reactive species. Basically,
polyphenolic flavonoids possess a diphenylpropane (CgC3Cg) skeleton (Rice-Evans et al
1996). The presence of hydroxy! groups linked to phenolic rings correlates with their
capability to donate electrons (Harborne 1986). The positions and, more importantly, the
amounts of hydroxyl groups present in the polyphenolic skeleton increase their ability to
neutralize reactive species (Rice-Evans et al 1996). Based on these observations, one could
posit that the increased antioxidant efficacy of myricetin in the present study is based on its
higher number of hydroxyl functional groups, which can scavenge ROS generated during
MeHg exposure. From a molecular point of view, the presence of three hydroxyl groups in
the B-ring of myricetin is noteworthy. Lack of saturation at the C-ring is another structural
property that confers antioxidant ability to flavonoids (see Figure 7). The removal of this
functional group from flavonoids has been reported to impair their antioxidant potency
(Shahidi et al 1992). Similarly, the blockade of the hydroxyl group in the C-ring through
glycosylation has also been reported to decrease the antioxidant ability of this class of
compounds (Shahidi et al 1992). This evidence is in agreement with the reduced protective
effects of myricitrin and rutin against MeHg toxicity when compared to myricetin (see
Figure 7). This idea is reinforced by the fact that the Trolox equivalent antioxidant activity
(TEAC) of myricetin is higher when compared to rutin and miricitrin (Rice-Evans et al
1996;Hopia et al 1999). Although the protective effectiveness of myricetin was clearly
higher when compared to myricitrin and rutin, the in vivo protective properties of such
flavonoids against MeHg-induced neurotoxicity have yet to be addressed. In this regard, it is
important to take into consideration that glycosylated myricetin derivatives can undergo
hydrolysis in the gastro-intestinal tract, releasing the polyphenolic skeleton and increasing
antioxidant capabilities (Harborne 1986).

From a molecular point of view, it is also important to note that the toxicity elicited by
MeHg is related, at least in part, to the increased generation and/or decreased detoxification
of ROS (Carvalho et al 2007; Franco et al 2007; Lucena et al 2007; Stringari et al 2008;
Farina et al 2009). Of particular importance, hydrogen peroxide has been proposed as a key
molecule involved with the pro-oxidative damage induced by MeHg. Allen and
collaborators showed that catalase, an enzyme that catalyzes the conversion of hydrogen
peroxide to water, was able to prevent the decrease of glutamate transport induced by MeHg
in cultured astrocytes (Allen et al 2001). In agreement, our group has previously shown that
hydrogen peroxide was able to decrease the function of mouse brain mitochondria induced
by MeHg under in vitro conditions and that this event was blunted by the addition of
catalase in the reaction medium (Franco et al 2007). These observations corroborate the fact
that compounds that stimulate (Farina et al 2009) or mimic (Farina et al 2003; de Freitas et
al 2009) glutathione peroxidase activity are protective against MeHg-induced toxicity both
in vitro and in vivo. Corroborating the fact that hydrogen peroxide is able to generate
hydroxyl radical via Fenton's reaction, lipid peroxidation has been proposed as an important
event related to the cytotoxicity elicited by MeHg (Manfroi et al 2004; Franco et al 2006;
Wagner et al 2010). With a particular relevance to the present study, it is noteworthy that the
flavonoid myricetin, which possesses the highest ability to scavenge ROS due to the
aforementioned structural properties (hydroxyl functional groups and unsaturations in the C-
ring), also possessed the highest protective effects against MeHg-induced mitochondrial
dysfunction.

In conclusion, the novel results presented herein show the in vitro protective effects of the
flavonoids myricetin, myricitrin and rutin against MeHg-induced mitochondrial dysfunction
and oxidative stress. The molecular mechanisms associated with this protection appear to be
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related to the antioxidant properties of the flavonoids, which counteract MeHg-induced ROS
formation. This idea is reinforced by the fact that myricetin, which possesses an increased
antioxidant capability when compared to its glycoside derivatives, presented the highest
protective efficacy in our experimental protocol. Although the results of this study cannot be
translated into human or animal models, it is noteworthy that flavonoids have been reported
to display neuroprotective effects under in vivo conditions (Das et al 2008; Hamaguchi et al
2009) and their metabolites have been found in the brain tissues of rodents after oral
administration (Paulke et al 2006), suggesting their ability to cross the blood-brain barrier.
Thus, the ability of myricetin to attenuate and reverse MeHg-induced oxidative damage in
brain mitochondria under in vitro conditions warrants further in vivo studies in the search for
potential antidotes to counteract MeHg-induced neurotoxicity.
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Figure 1.
Chemical structures of the flavonoids (A) myricetin, (B) myricitrin and (C) rutin.
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Figure 2.

Effects of MeHg on mitochondrial function and oxidative stress markers. Mitochondrial
enriched fractions were isolated from mouse brains and incubated in the absence (white
bars) or in the presence (black bars) of 100 uM MeHg. Subsequently, (A) mitochondrial
function, (B) GSH levels, (C) ROS formation, and (D) lipid peroxidation were determined.
ROS, GSH and lipid peroxidation were measured at 15, 30 and 60 minutes after incubations
with MeHg, respectively. Data are expressed as nmol/mg protein (A and C) or percent of
controls (B and D) (mean * SE; n = 6).

** (p<0.01), *** (p<0.001) when compared to the control group by one-way ANOVA,
followed by Duncan's multiple range test.
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Figure 3.

Effects of flavonoids against MeHg-induced mitochondrial dysfunction. Mitochondrial
enriched fractions were isolated from mouse brains and incubated with MeHg (100 uM) and
(A) myricetin, (B) myricitrin and (C) rutin (0.03, 0.1 and 0.3 mM). After incubations (30
min at 25 °C), mitochondrial activity was determined by the MTT reduction assay. Data are
expressed as percent of controls (mean £ SE; n = 6).

** (p<0.01), *** (p<0.001) when compared to the control group by one-way ANOVA,
followed by Duncan's multiple range test.
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Figure 4.

Effects of flavonoids against MeHg-induced mitochondrial ROS formation. Mitochondrial
enriched fractions were isolated from mouse brains and incubated with MeHg (100 uM) and
(A) myricetin, (B) myricitrin and (C) rutin (0.03, 0.1 and 0.3 mM). After incubations (15
min at 25 °C), mitochondrial ROS formation was determined by DCF fluorescence. Data are
expressed as percent of controls (mean + SE; n = 6).

* (p<0.05), ** (p<0.01), *** (p<0.001) when compared to the control group by one-way
ANOVA, followed by Duncan’s multiple range test.
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Figure 5.

Effects of flavonoids against MeHg-induced mitochondrial TBARS formation.
Mitochondrial enriched fractions were isolated from mouse brains and incubated with MeHg
(100 uM) and (A) myricetin, (B) myricitrin and (C) rutin (0.03, 0.1 and 0.3 mM). After
incubations (60 min at 25 °C), mitochondrial thiobarbituric acid reactive substances
(TBARS) was determined. Data are expressed as nmol of MDA (malondialdehyde)/mg
protein (mean £ SE; n = 6).

** (p<0.01), *** (p<0.001) when compared to the control group by one-way ANOVA,
followed by Duncan's multiple range test.
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Figure 6.
Effects of flavonoids against MeHg-induced mitochondrial GSH depletion. Mitochondrial

enriched fractions were isolated from mouse brains and incubated with MeHg (100 uM) and
(A) myricetin, (B) myricitrin and (C) rutin (0.03, 0.1 and 0.3 mM). After incubations (30
min at 25 °C), mitochondrial GSH levels were determined as non-protein thiols (NPSH).
Data are expressed as nmol/mg protein (mean + SE; n = 6).

*** (p<0.001) when compared to the control group by one-way ANOVA, followed by
Duncan's multiple range test.
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Figure 7. The chemical structure of the flavonoid myricetin and its functional groups

The most important chemical properties of flavonoid compounds, which support their
antioxidant activity, are the presence of a catechol or dihydroxylated B-ring (1), the presence
of unsaturation in the C-ring (2) and a 4-oxo function in the C-ring (3) (Rice-Evans et al
1996).
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Table 1
ECsq values of the flavonoids in preventing MeHg (100 uM) induced mitochondrial dysfunction (MTT), ROS
formation and lipid peroxidation (LPO).

ECso (M)

Flavonoid MTT ROS LPO

Myricetin ~ 56.2 27.8 81.0
Myricitrin ~ 270.7 946  297.6
Rutin - 2175 4514
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