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Abstract
Methylmercury is a potent neurotoxin that causes severe neurological disorders in fetuses and young
children. Recent studies indicated that MeHg could alter levels of immune mediators produced by
cells of the central nervous system. Results from this study indicated that MeHg could greatly induce
IL-6 release from primary mouse glial cultures. This property was not shared by other cytotoxic
heavy metals, such as CdCl2 or HgCl2. MeHg was known to induce cytosolic phospholipase A2
(PLA2) activation and expression, and this enzyme was required for IL-6 induction in some
experimental systems. Further experiments using structurally distinct pharmacological agents were
performed to test the hypothesis that MeHg induced PLA2 activation was necessary for MeHg
induced IL-6 release. Results indicated that AACOCF3 (≥ 10 μM), MAFP (≥ 0.625 μM) and BEL
(≥ 0.625 μM) significantly reduced MeHg induced IL-6 release in glia. However, these PLA2
inhibitors did not block MeHg induced GSH depletion. These results suggested that PLA2 activation
was required for MeHg to induce glial IL-6 release.
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Methylmercury (MeHg) is an environmental toxin that exerts its toxic effects in various organ
systems [6]. Severe neurological disorders occur in victims of MeHg poisoning, with the most
severe episodes being in fetuses and young children. Within the CNS, neurons in the cerebellum
and occipital lobe are severely affected [6,7]. Glia are also susceptible to MeHg toxicity, which
results in their failure to perform normally and may contribute to neuronal death [1]. Other
than cells in the CNS, MeHg is also toxic to other cell types including those in the immune
system. For example, toxic effects of this compound on B lymphocytes [21] and T lymphocytes
[22] were reported.
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Glia in the CNS release a number of cytokines that are important for proper CNS development
[17] and function [9]. Insults to the CNS can lead to altered patterns of cytokine release by
glia, which can be beneficial or detrimental to the CNS against the specific insult [25]. Other
than direct effects on immune cells, MeHg also alters immune mediators secreted by cells of
the nervous system [10]. Our previous studies indicate that MeHg causes IL-6 release in various
glial cell lines across different species [4,13]. Interestingly, MeHg does not cause
indiscriminative release of cytokines. For instance, while MeHg causes IL-6 release into culture
medium of human glioma cells, no TNF-α or IL-1β release can be observed in the same culture
medium [4]. Whether this IL-6 induction is unique to MeHg or it is a property shared by
HgCl2 is not known. In addition, whether IL-6 induction is a general property of cytotoxic
heavy metals remains to be determined.

MeHg has multiple cellular targets and interferes with normal cellular functions. For example,
it can cause significant depletion of glutathione (GSH), an important cellular antioxidant
[11]. It is not clear which signaling system is responsible for the IL-6 induction caused by
MeHg. This agent is known to alter the activities of phospholipases. MeHg can enhance
cytosolic phospholipase A2 (PLA2) activity in cultured neurons [19,26], astrocytes [20] and
vascular endothelial cells [16]. PLA2 can hydrolyze the sn-2 ester bond in phospholipids. This
causes release of free fatty acids (e.g., arachidonic acid) and lysophospholipids, a process
involved in cell injury and death caused by various cytotoxic agents [8]. Interestingly, there is
evidence that PLA2 activity has an important role in IL-6 induction. For example, IL-6
production induced by LPS in the U937 cells is dependent on PLA2. Inhibition of this enzyme
by AACOCF3, an analog of arachidonic acid, can reduce IL-6 secretion [27]. This raises the
possibility that activation of PLA2 by MeHg is an important step leading to glial IL-6
production. This hypothesis was tested in this study.

Mixed mouse cerebral glia derived from 1–2 days old C57BL/6 mice were prepared as
described previously [5]. Cells were plated in 75 cm2 flasks, expanded once into 150 cm2 flasks
before plating into multi-well culture plates for experiments. As previously reported, astrocytes
constituted the majority of cells in these cultures because more than 90% of culture surface
was covered by cells positive for glial fibrillary acidic protein (GFAP) staining [5]. The growth
medium was composed of Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12 medium)
supplemented with 5% newborn calf serum and 2.5 mM glutamine. To prepare for experiments,
cells were plated into culture plates in this growth medium at 140,000 cells/well in 24-well
plates with 700 μl medium per well (IL-6 measurement and viability assay) or 20,000 cells/
well in 96-well plates with 100 μl medium per well (GSH measurement). Testing agent was
added to each well two hours after plating. Following overnight incubation, the medium was
switched to DMEM/F12 supplemented with 1% newborn calf serum and 2.5 mM glutamine
for MeHg treatment.

For IL-6 measurement, culture medium from each well was collected after overnight (>18 hrs)
MeHg treatment, stored at −70°C for later IL-6 ELISA analysis. Cell viability was determined
immediately by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay [12,13]. The OD of each well was measured by a plate reader (Spectra Max 190,
Molecular Devices, Sunnyvale, CA) with a filter setting at 570 nm (reference filter setting was
630 nm). Our previous studies indicated that the MTT viability assay agreed well with results
from the trypan blue exclusion viability assay [13]. Mouse IL-6 ELISA kits were obtained from
eBioscience (San Diego, CA). The assay was set up in duplicates, and a standard curve was
run in parallel, per the manufacturer’s instructional manual.

A set of experiments was conducted to measure cellular GSH levels according to the protocol
described previously [5]. After MeHg treatment, cultures were incubated with 40 μM
monochlorobimane (prepared in Hank’s Balanced Salt Solution) at 37°C for 20 min. The
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fluorescence of each well was detected by a fluorescence plate reader (Spectra Max Gemini
XS, Molecular Devices, Sunnyvale, CA) with the following settings: excitation 390 nm,
emission 485 nm.

PLA2 inhibitors including arachidonyl trifluoromethyl ketone (AACOCF3), bromoenol lactone
(BEL) and methyl arachidonyl fluorophosphonate (MAFP) were from Cayman Chemical (Ann
Arbor, MI). MeHgCl, HgCl2, CdCl2, monochlorobimane and other general biochemical
reagents were from Sigma (St. Louis, MO) unless otherwise stated. Results were pooled from
12 replicate samples derived from 4 independent experiments (IL-6 ELISA and MTT assay)
or 12 replicate samples derived from 3 independent experiments (GSH assay) and expressed
as mean ± SEM. Statistical analyses were performed by one-way or two-way ANOVA. The
Bonferroni test was used for post-hoc analysis, and p< 0.05 was considered as significant
difference.

As a follow-up of our previous experiments using glial cell lines [4,13], the first set of
experiments determined the effect of MeHg on IL-6 secretion in primary mouse glia and
correlated this to its cytotoxicity. Mouse glia were treated with various concentrations of MeHg
overnight (>18 hrs), and then IL-6 production and cell viability in each well were determined.
Results indicated that MeHg at 2.5, 5, or 10 μM reduced the viability from 100% (control) to
~100%, ~88%, or ~38%, respectively (Fig. 1A, open circles, left-side axis). MeHg at these
concentrations caused IL-6 secretion from ~14 (control) to ~40, ~185 or ~227 pg/ml,
respectively (Fig. 1A, solid circles, right-side axis). Subsequent experiments indicated that
prolonged MeHg incubation beyond one day did not further increase IL-6 release (not shown).
Since these glial cultures did contain a small number of microglia, experiments were performed
to determine the contribution of microglia to the observed IL-6 release. Results indicated that
treatment of purified microglia (280,000 cells/well) overnight with 5 μM MeHg caused IL-6
release from ~5 pg/ml (control) to ~18 pg/well. In contrast, mixed glia at 140,000 cells/well
could generate ~185 pg/ml IL-6 under similar experimental conditions (Fig. 1A). We thus
concluded that, even though microglia could generate IL-6 after MeHg treatment, they only
had a minor contribution to the IL-6 release we detected in this mixed glial culture.

The following set of experiments indicated that CdCl2 did not induce IL-6 production (Fig.
1B, solid circles) despite its cytotoxic effect (Fig. 1B, open circles). In addition, HgCl2, another
toxic mercury compound, did not induce IL-6 release (Fig. 1C). These results suggested that
cytotoxicity exerted by a toxic metal is not a sufficient cause for IL-6 production, and that the
induction of IL-6 appeared to be an unique property of MeHg.

Subsequent experiments indicated that even though MeHg caused IL-6 production and
cytotoxicity simultaneously, very cytotoxic concentrations of MeHg (e.g., those that reduced
the viability to ~25% or below) induced very little IL-6 (data not shown). A moderate cytotoxic
concentration (5 μM) of MeHg (see Fig. 1A, open circles) was used for the following sets of
experiments.

Shanker et al. [20] reported that 5 μM MeHg caused a fast (within 10 min) and significant
increase (~300% of control) of PLA2 activity in primary astrocytes. Furthermore,
AACOCF3, a specific inhibitor for this enzyme, completely blocked the activation. To test
whether activation of PLA2 was required for MeHg induced IL-6 production, cells were
pretreated with AACOCF3 overnight, followed by 5 μM MeHg (without the inhibitor) for one
day, and then the IL-6 production and viability were determined. IL-6 release caused by 5 μM
MeHg was used as 100% for comparison in this set of experiments. Results indicated that
inhibition of PLA2 by this agent led to a concentration dependent decrease of IL-6 secretion
(Fig. 2A, solid circles). The IL-6 secretion dropped from 100% (defined by the IL-6 levels
induced by 5 μM MeHg) to ~79%, ~59% or ~15% as a result of 10, 20 or 40 μM AACOCF3

Chang and Tsai Page 3

Neurosci Lett. Author manuscript; available in PMC 2010 September 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pretreatment, respectively. AACOCF3 at 10–20 μM appeared to increase cell viability in MeHg
treated cultures, but the difference was not statistically significant (Fig. 2A, open circles).

In addition to AACOCF3, PLA2 can be inhibited by MAFP (structurally similar to
AACOCF3) [2,15] and BEL (structurally distinct from those two above) [14]. MAFP at 0.625
μM or higher concentrations significantly reduced MeHg induced IL-6 release (Fig. 2B, solid
circles). With 10 μM MAFP, the IL-6 release was ~51% of that caused by 5 μM MeHg. MAFP
at this concentration range did not affect cytotoxicity caused by MeHg (Fig. 2B, open circles).

The other PLA2 inhibitor, BEL, also led to a concentration dependent inhibition of MeHg
induced IL-6 release (Fig. 2C, solid circles). Significant inhibition could be observed at 0.625
μM BEL. At 10 μM BEL, the IL-6 release was ~22% of that caused by MeHg. Concurrent
viability assay indicated that this agent could prevent MeHg induced cytotoxicity (Fig. 2C,
open circles).

Given the observations that PLA2 inhibitors prevented MeHg induced IL-6 release,
experiments were performed to determine whether these agents could block other aspects of
MeHg cytotoxicity. The effect of these inhibitors on MeHg induced GSH depletion was
analyzed in this set of experiments. The concentrations used in this set of experiments were:
20 μM AACOCF3, 10 μM MAFP and 5 μM BEL. These were concentrations that could
significantly decrease IL-6 release caused by 5 μM MeHg (Fig. 2). Experiments were thus
performed to determine whether they could prevent GSH depletion caused by 5 μM MeHg.

MeHg treatment on mouse glia led to a concentration dependent decrease of GSH levels (Fig.
3A). With 5 μM MeHg, the GSH levels was significantly (p< 0.001) decreased to ~78% of
control (Fig. 3A and comparison between 1st set of columns in Fig. 3B). Pretreatment of cells
with AACOCF3 led to an increase of cellular GSH levels to ~113% of control, which was
significantly (p< 0.001) depressed after cells were treated with MeHg (Fig. 3B, comparison
between 2nd set of columns). Pretreatment of cells with MAFP did not alter cellular GSH levels,
and MeHg significantly (p<0.001) caused GSH depletion (Fig. 3B, comparison between 3rd

set of columns). Pretreatment of cells with BEL increased cellular GSH levels to ~134% of
control, and this was significantly (p< 0.001) depressed after cells were treated with MeHg
(Fig. 3B, comparison between 4th set of columns). These results indicated that even though
these agents could prevent IL-6 release induced by MeHg, they could not prevent the GSH
depletion caused by MeHg. However, it should be noted that both AACOCF3 and BEL could
significantly increase cellular GSH levels (to ~113% and ~134% of control, respectively, Fig.
3B). This property might partially account for their abilities to prevent MeHg induced cell
death (see Fig. 2A and 2C, respectively). See below for further discussion of this subject.

Verity et al., reported that MeHg increase PLA2 activities in cultured cerebellar granule neurons
[26]. The finding was confirmed by Shanker et al., who reported that MeHg, in addition to
activating PLA2 (within minutes), also increased PLA2 protein expression (within hours) in
primary astrocytes [20] and primary neurons [19]. Activation of PLA2 is involved in damaging
effects to cells caused by a variety of cytotoxic agents [8]. Pharmacological inhibition of this
enzyme can reduce the formation MeHg-induced reactive oxygen species, thus may help to
reduce MeHg induced cytotoxicity [18].

Results from this study further indicate that PLA2 activation by MeHg is required for its ability
to induce IL-6 release. Activation of PLA2 can cause generation of arachidonic acid and
lysophosphatidyl choline, both of which are potent stimulators of IL-6 release [3,24]. While
PLA2 inhibitors specifically prevented IL-6 released caused by MeHg, they did not prevent
every aspect of MeHg cytotoxicity. For example, they did not prevent GSH depletion caused
by MeHg (Fig. 3B).
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Whether inhibition of PLA2 could promote cell survival in MeHg treated cultures was a subject
of investigation in previous reports. Verity et al. reported that 10 μM MeHg induced PLA2
activation in cultured cerebellar granule neurons could be inhibited 50% by 100 μM mecaprine.
However, this did not lead to a reduced cytotoxicity [26]. In contrast, Mazerik et al. reported
that 1 μM AACOCF3 pretreatment led to significant less cytotoxicity caused by 10 μM MeHg
in bovine pulmonary artery endothelial cells [16]. The discrepancy between these findings may
be caused by different cell type used, different experimental protocols (e.g., pretreatment
duration) and how cytotoxic MeHg exhibited in those particular experimental conditions.

Results from this study using a moderate cytotoxic concentration (5 μM) of MeHg and an
overnight pretreatment paradigm indicated that inhibition of PLA2 by 20 μM AACOCF3 could
slightly raise cell viability in MeHg treated cultures even though the difference was not
statistically significant (Fig. 2A). On the other hand, 10 μM MAFP had no effect on MeHg
induced cytotoxicity (Fig. 2B). In contrast, 5 μM BEL significantly prevented MeHg induced
cytotoxicity (Fig. 2C). Further studies indicated that the ability of these agents to raise cellular
GSH levels (Fig. 3B) correlated well with their ability to prevent MeHg induced cytotoxicity.
As a result, the agent that could best raise GSH levels (i.e., BEL) was the most effective in
preventing MeHg induced cell death. These results were consistent with an earlier report that
indicated cells with higher GSH levels were more resistant to mercury cytotoxicity [23].

In conclusion, MeHg causes IL-6 release in primary mouse glia. Even though cytotoxicity is
accompanied with IL-6 release, cytotoxicity itself caused by heavy metals is not sufficient for
IL-6 induction. MeHg induced PLA2 activation is necessary for IL-6 induction. While the
detailed downstream events necessary for IL-6 induction remains to be elucidated, results from
others suggest that both arachidonic acid and lysophosphatidyl choline released by PLA2 are
potent stimulator for IL-6 production [3,24]. Built on those earlier studies describing the ability
of MeHg to increase PLA2 activity and expression in glia [20], the current study extends those
findings and establishes that an increase of IL-6 release is a cellular consequence of glial
PLA2 activation. Whether this IL-6 release by glia attenuates or aggravates MeHg
neurotoxicity in animals remains to be determined.
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Fig. 1. Effect of MeHg, CdCl2and HgCl2on IL-6 release and cellular viability in primary mouse
glia
Mouse glia were treated with MeHg, CdCl2 or HgCl2 overnight (>18 hrs), and then the medium
in each well was collected for IL-6 ELISA and cellular viability was determined by the MTT
viability assay. Results indicated that MeHg (Fig. 1A) caused concentration-dependent
decrease of viability (open circles, left-side axis) and concurrent increase of IL-6 release (solid
circles, right-side axis). Both CdCl2 (Fig. 1B) and HgCl2 (Fig. 1C) caused concentration-
dependent decrease of viability (open circles, left-side axis). However, these two agents did
not induce IL-6 release (solid circles, right-side axis).
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Fig. 2. Inhibition of MeHg induced IL-6 release by PLA2inhibitors
Mouse glia were treated with various concentrations of AACOCF3 (Fig. 2A), MAFP (Fig. 2B)
or BEL (Fig. 2C) two hours after plating. After overnight incubation, cells were treated with
5 μM MeHg (without inhibitors) overnight, and then the viability (open circles, left-side axis)
and IL-6 levels in the medium (solid circles, right-side axis) were determined. IL-6 release
caused by 5 μM MeHg was used as 100% in this set of analyses. Results indicated that all three
PLA2 inhibitors decreased MeHg induced IL-6 release. Among them, BEL was the only one
that could significantly prevent MeHg cytotoxicity.
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Fig. 3. Effect of PLA2inhibitors on MeHg induced GSH depletion
Fig. 3A : Concentration dependent depletion of cellular GSH by MeHg. Mouse glia were
treated with various concentrations of MeHg for 4 hours, and then the cellular GSH levels were
determined. MeHg at 2.5 μM or above caused significant GSH depletion. Fig. 3B : PLA2
inhibitors did not prevent MeHg induced GSH depletion. Mouse glia were treated with 20
μM AACOCF3, 10 μM MAFP or 5 μM BEL two hours after plating. After overnight incubation,
cells were treated with 5 μM MeHg (without inhibitors) for 4 hours, and then cellular GSH
was determined. Two-way ANOVA analysis indicated that both MeHg and PLA2 inhibitors
had significant effects on GSH levels. There was no interactions between these two treatments.
Post-test Bonferroni analyses between each set of columns indicated that MeHg always caused
significant (p< 0.001) GSH depletion regardless of whether cells were untreated or were treated
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with PLA2 inhibitors. Further analysis indicated that both AACOCF3 (p< 0.01) and BEL (p<
0.001) could significantly raise cellular GSH levels above control.
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