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ABSTRACT

There is growing evidence that heavy metals, in general, and mercurial compounds, in particular, are toxic
to the human immune system. We have previously shown that methyl mercuric chloride (MeHgCl) is a po-
tent human T-cell apoptogen; moreover, mitochondria appear to be a target organelle for the induction of
cell death. The objective of this study was to determine the impact of MeHgCl on mitochondrial function in
lymphocytes in terms of modulating reactive oxygen species (ROS) generation, thiol status, and caspase ac-
tivation. Using the fluorescent probe, 3,3'-dihexyloxacarbocyanine, we demonstrated that exposure to
MeHgCl for 1 h resulted in a profound decrease in the mitochondrial transmembrane potential. We next
observed the release of cytochrome ¢ from mitochondria into the cytosol; significant translocation was
noted between 4 and 8 h following treatment with mercury. ROS generation was monitored by following
the conversion of dihydroethidium to the fluorescent product, ethidium. Kinetic analysis indicated that
ROS generation was maximal after 16 h of exposure to MeHgCl. The toxicant also depleted the thiol re-
serves of the cell; glutathione levels were depleted in a dose-dependent fashion reaching minimal levels at
16 h. Real-time RT-PCR analysis demonstrated a significant reduction in both glutathione S-transferase
and glutathione peroxidase gene expression in mercury-treated cells. Finally, after 16 h of treatment with
MeHgCl, we observed activation of caspase-8, -9, and -3 along with increased expression of caspase-8 and -
9. We propose that the target organelle for MeHgCl is the mitochondrion and that induction of oxidative
stress is critical to activation of death- signaling pathways. Additonally, mercury acts as a genotoxin signif-
icantly altering the expression of genes that affect cell survival and apoptosis. Antioxid. Redox Signal. 4,
379-389.

INTRODUCTION

THE TOXIC EFFECTS OF MERCURY are directly related to
chemical species, dose, target tissue, and route of ex-
posure. Several studies have documented that acute expo-
sure to high levels of methylmercury leads to neurotoxicity,
whereas occupational exposure to mercury chloride ad-
versely affects renal function (3, 4, 7, 23). More recently,
there has been an increasing concern that chronic low-level
exposure to mercury may compromise the immune system.

The mechanism by which mercury acts as an immuno-
toxin is not well understood and clinical sequalae to expo-

sure are often paradoxical. For example, there is evidence
that exposure to both organic and inorganic mercury results
in immune activation leading to allergy and autoimmune
disease (8, 13, 32, 56, 57, 60). In contrast, both mercury
species have also been shown to be cytotoxic. In this case,
low-level exposure can trigger lymphocytic immunodefi-
ciency and result in chronic and/or recurrent infection (19,
26,40,41, 47). Although these observations may be contra-
dictory, it is more likely that they reflect differences in
mercury speciation, as well as animal susceptibility. It is
important to note that the few studies that have been con-
ducted on human cells consistently demonstrate impaired
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lymphocyte, monocyte, and neutrophil function (11, 12, 26,
36, 39,47, 55).

Over the past several years, we have focused our investiga-
tions on the immunotoxic effects of mercurials on human lym-
phoid cells. To date, our studies have clearly demonstrated that
mercuric compounds represent a potent class of immunotox-
ins that reduce lymphoid cell (T and B lymphocytes, as well as
monocytes) function. Using a wide range of techniques that
assess physical, biochemical, and/or molecular properties, we
have clearly shown that mercury-treated cells die in a manner
consistent with the induction of apoptosis (22, 50). Prior to
death, mercury- treated cells exhibit a profound decrease in
the adenine nucleotide energy charge ratio, an elevation in
[Ca?*],, and alterations in membrane function; these include
altered phospholipid synthesis, loss of normal lipid packing,
and the translocation of phosphatidylserine from the inner to
the outer surface of the plasma membrane (46, 50). Mercury-
treated cells also display morphologic alterations often associ-
ated with apoptosis, such as a decrease in cell size and a pro-
gressive increase in nuclear condensation with eventual loss
of organelle structure.

Although the apoptotic process is regulated at a number of
different levels, mitochondria can play a pivotal role in direct-
ing the cascade of events that ultimately lead to cell death. In
this regard, we have shown that low-level mercury exposure
causes functional and morphologic alterations in mitochon-
dria consistent with the activation of the apoptotic cascade.
Morphologically, the mitochondria of mercury-treated cells
exhibit a decrease in length and diameter, as well as loss of
the regular organization of the cristae (51, 52). Moreover, as a
result of the development of the membrane permeability tran-
sition, mitochondrial function is compromised. Thus, the mi-
tochondria of mercury-treated cells exhibit a profound re-
duction in the transmembrane potential (A\I’m). When this
occurs, there is mitochondrial uncoupling and the electron
flow is also disturbed. In addition, reactive oxygen species
(ROS) are generated; these two events conspire to activate
cell death. Changes in mitochondrial membrane function re-
sult in opening of the mitochondrial megapores and release of
cytochrome c. The association of cytochrome ¢ with a second
released protein (Apaf-1) and dATP serves to form an apop-
tosome that recruits, binds, and activates procaspase-9. Once
activated, this enzyme activates procaspase-3, an executioner
enzyme that triggers destruction of cell proteins. These activ-
ities occur concomitantly with ROS generation and loss of
thiol reserve. How mercury affects each of these events in
lymphocytes has not been elucidated. The major objective of
this investigation was to examine the impact of methyl mer-
curic chloride (MeHgCl) on mitochondrial function in lym-
phocytes in terms of temporal relations with ROS, thiol sta-
tus, and activation of caspase-8,-9, and -3.

MATERIALS AND METHODS

Cell isolation and culture

Blood was obtained from healthy donors whose blood
mercury burden was below detectable levels; donors were
22-40 years of age and included both genders. Also, replicate
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experiments used different donors, and no individual varia-
tion in the effective dose response to mercury was noted.
Human peripheral blood mononuclear cells (HPBMC) were
isolated by buoyantdensity centrifugation on Ficoll-Hypaque
as previously described (50). For selected experiments, puri-
fied populations of T-cells were obtained from the HPBMC
by the E-rosette technique (49). Following rosetting, cells
were centrifuged on Ficoll-Hypaque and the rosetted T-cells
in the pellet were lysed to remove the sheep erythrocytes.
When stained with anti-CD3 monoclonal antibody (Bec-
ton-Dickinson Immunocytometry Systems, San Jose, CA,
U.S.A.) and analyzed by flow cytometry, this fraction con-
tained >98% T-cells. Lymphocyte cultures (1 ml) containing 2
X 10° cells were established in 24-well tissue culture plates
in medium containing RPMI 1640 (GIBCO, Grand Island,
NY, US.A.) and 2% human AB serum. Cell cultures were
treated with varying amounts of MeHgClI (ICN Pharmaceuti-
cals, Irvine, CA, U.S.A.) for 1-16 h; the cells were then
washed and used for studies described below.

Flow cytometric analysis of mitochondria
transmembrane potential (AW, ), ROS generation,
and caspase activation

Perturbations in AW~ were monitored by flow cytometry
using a modification of the method described by Castedo et al.
(6). In brief, T-cells were exposed to mercury for varying peri-
ods of time as indicated above. AW  was measured directly
using 40 nM 3,3’-dihexyloxacarbocyanine [DiOC(3)] (Molec-
ular Probes, Eugene, OR, U.S.A.). Fluorescence was measured
after the cells were stained for 15 min at 37°C. The probe was
excited with a laser at 488 nm (250 mW); DiOC,(3) emission
was measured through a 530/30 nm bandpass filter. To assess
ROS generation by flow cytometry, cells were treated with 2
uM dihydroethidium for 15 min at 37°C; fluorescence was ex-
cited with a laser at 488 nm (250 mW) and emission detected
with a 575/26 nm bandpass filter. Logarithmic amplification
was used to detect the fluorescence of both probes.

Caspase activation was monitored using the following car-
boxyfluorescein (FAM)-labeled fluoromethyl ketone (FMK)
peptide inhibitors of caspase-8, -9, and -3: FAM-LETD-FMK
(caspase-8), FAM-LEHD-FMK (caspase-9),and FAM-DEVD-
FMK (caspase-3) (Intergen Co., Purchase, NY, U.S.A.). These
inhibitors irreversibly bind to the active caspase. Fluorescein
isothiocyanate fluorescence was detected as previously de-
scribed (53).

Measurement of intracellular glutathione (GSH)
levels and glutathione S-transferase activity

T-cells were prepared for GSH measurementas described by
Gmunder et al. (17). Cells were harvested and washed in phos-
phate-buffered saline; cell pellets were resuspended in ice-cold
2.5% sulfosalicylic acid (Sigma Chemical Co., St. Louis, MO,
U.S.A.) and sonicated. The cells were then centrifuged and the
supernatant aliquoted. GSH assays were performed using a
modification of previously described methods (1, 48, 58). In
brief, equal volumes of cell extract were mixed with assay
buffer containing 1 mM 5,5'-dithio-bis(2-nitrobenzoic acid)
(Sigma Chemical Co.), 1 mM NADPH, 1 mM EDTA, and 5
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units of glutathione reductase in phosphate buffer, pH 7.5. The
rate of thionitrobenzoate formation was monitored at 412 nm
for 7 min.

Relative levels of GSH were also determined in T-cells by
using the reporter molecule, monochlorobimane (MCB), in
conjunction with flow cytometric analysis (43). Cell cultures
were prepared as described above and stained for 10 min with
MCB (10 pg/ml); MCB fluorescence was excited with a laser
operated at 310 nm (80 mW) and emission detected through a
450/50 nm band pass filter.

To measure glutathione S-transferase activity, T-cells were
homogenized and centrifuged at 1,000 g and the supernatant
collected. The cell supernatant (400 wl) was mixed with 1
mM 1-chloro-2,4-dinitrobenzene (Sigma Chemical Co.) and
2.5 mM GSH (Sigma Chemical Co). After 6 min, the ab-
sorbance at 340 nm was determined. The enzyme activity was
calculated: 1 pwmol of 1-chloro-2,4-dinitrobenzene utilized
per minute (Ag,, = 9.6 mM).

Analysis of cytochrome c translocation

Mercury-treated T-cells were suspended in extraction
buffer containing 220 mM mannitol, 68 mM sucrose, 50 mM
PIPES-KOH, pH 7.4, 50 mM KCl, 5 mM EGTA, 2 mM
MgCl,, 1 mM dithiothreitol, 10 wM cytochalasin B, 1 mM
phenylmethylsulfonyl fluoride, and 10 pg/ml each of leu-
peptin, chymostatin, antipain, and pepstatin. After 30 min on
ice, cells were disrupted with a glass homogenizer as de-
scribed by Kluck et al. (25) and centrifuged at 14,000 g for 15
min, 30 pg of cytosolic protein was then fractionated by so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis and
analyzed by western blot analysis with anti-cytochrome ¢
monoclonal antibody (PharMingen, San Diego, CA, U.S.A.).
The blots were developed with goat anti-mouse Ig conjugated
to horseradish peroxidase (Southern Biotech; Birmingham,
AL, U.S.A.) utilizing chemiluminescence (DuPont NEN,
Boston, MA, U.S.A.).

Real time RT-PCR analysis of mRNA

Replicate cultures of lymphocytes were pooled (50 X 106
cells), and RNA was extracted from lysed cells with 5 ml of
Trisol (Gibco Life Technologies) according to the manufac-
turer’s instructions and then resuspended in 50 wl of diethyl
pyrocarbonate-treated water. RNA quantification was per-
formed by spectrophotometry; the RNA preparation was con-
sidered acceptable for further use if the A, /A, ratio was
between 1.8 and 2.1. Reverse transcription was performed on
aliquots of RNA (5 wg) using the SuperScript First-Strand
Synthesis System (Gibco Life Technologies) according to the
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manufacturer’s directions, and the reaction products were
stored at —20°C.

The real-time RT-PCR assay used the double-stranded
DNA-specific dye SYBR Green I (FastStart DNA Master
SYBR Green I kit; Roche Diagnostics) and PCR performed
on a LightCycler [(Roche Diagnostics) (44)]. cDNA amplifi-
cation was carried out in 20-pl samples containing 2 .l of re-
verse-transcribed cDNA (1:5 dilution), 0.2 wM primer (see
Table 1), 4 mM MgClz, SYBR Green I, deoxynucleoside
triphosphate mix, and FastStart Taq DNA polymerase. After
an initial denaturation at 95°C for 10 min, the reactions were
cycled through the LightCycler (45 cycles): denaturation of 1
s at 95°C, annealing for 5 at 55°C (glutathione peroxidase) or
at 58°C (glutathione S-transferase), and elongation of 15 s at
72°C. The primers and product are described in Table 1; iden-
tity and specificity of the PCR product were confirmed by
melting curve analysis and electrophoresis. The relative
amount of PCR product in each sample was calculated using
the LightCycler software; in brief, crossing points (threshold
cycles) were determined based on the log- linear portion of
the amplification curve (31).

RESULTS

The objective of this study was to establish the temporal re-
lationship between the declinein AW, the generation of ROS,
the change in thiol status, and the activation of caspases in
mercury-exposed lymphocytes. T-cells were treated with
MeHgCl for varying periods of time and then stained with
both DiOC(3) and dihydroethidium to measure the A\I’m and
generation of superoxide anion (O,™), respectively (Fig. 1).
Multiparameter FACS analysis indicated that the majority of
control cells (75%) are characterized as exhibiting bright
DiOC,(3) fluorescence and virtually no ethidium fluorescence
(Fig. 1A; lower right quadrant). Thus, these cells generate
minimum levels of ROS and possess mitochondria with high
AWV . After exposure to MeHgCl for 2 h, 87% of the cells ex-
hibited a decrease in the DiOC(3) fluorescence, which is con-
sistent with a decline in the AW _ (Fig. 1B; lower left quad-
rant). At this time point, only 4% of these cells were
generating ROS (ethidium fluorescence; upper left quadrant).
Similar results were observed following 4 and 6 h of treatment
with MeHgCl (Fig. 1C and D). Significant ROS generation
was not observed until the cells had been exposed to MeHgCl
for 16 h; at this time point, 95% of the cells exhibited low
DiOC,(3) fluorescence and 51% were also positive for ethid-
ium fluorescence (Fig. 1E; upper left quadrant). To learn if the
loss of membrane potential triggered cytochrome c release

TABLE 1. PRIMERS USED TO AMPLIFY TARGET GENE FRAGMENTS
PCR
product
Gene Forward primer Reverse primer (nucleotides)
Glutathione S-transferase =~ CTATGATGTCCTTGACCTCCACCGTATA ATGTTCACGAAGGATAGTGGGTAGCTGA 402
Glutathione peroxidase CCCTCTGAGGCACCACGGT TAAGCGCGGTGGCGTCGT 291
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FIG. 1. Temporal relationship between the decline in AW , the generation of O,~, and the release of cytochrome ¢ into
the cytosol. T-cells were incubated in the absence (A) or presence of 1.5 wM MeHgCl for2 h (B), 4 h (C), 6 h (D) or 16 h (E). The
cells were stained with DiOC(3) and dihydroethidium simultaneously to monitor the A¥  and generation of O,~". Numbers rep-
resent the percentage of cells in each quadrant. Results are representativeof five experiments; at least 10,000 cells were analyzed
per sample. F: Western blot analysis of cytosolic cytochrome c. T-cells were incubated in the presence of medium alone (lane 1) or
1.5 wM MeHgCl (LDy) for 2 h (lane 2), 4 h (lane 3), or 8 h (lane 4). The cells were then disrupted, and the cytosol fraction was
collected, fractionated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis, and analyzed for cytochrome ¢ content by
western blot. The relative amounts of cytochrome ¢ were determined by scanning densitometry; values were 642 (control), 901 (2
h), 2,745 (4 h), and 5,673 (8 h). Note: a 40% increase in cytosolic cytochrome ¢ was observed within 2 h of exposure to MeHgCl;

the cytosolic concentration of cytochrome ¢ reached maximum levels of almost ninefold above control at 8 h.

from mitochondria, western blot analysis was performed.
Western blot analysis indicated that at short time periods (0-2
h), there was a minimal level of release of cytochrome ¢ into
the cytosol. In contrast, 4 h following exposure to MeHgCl,
there was a threefold increase in cytosolic cytochrome ¢, and
by 8 h these levels increased eightfold (Fig. 1F).

As ROS generation can serve to lower the cells’ reductive
reserve, we also determined the effect of MeHgCI on T-cell
GSH content (Fig. 2A). The resting level of GSH in untreated
T-cells was 1.1 nmol/10° cells. Following exposure to
MeHgCl for 16 h, a dose-dependent reduction in the GSH
concentration was observed. We also determined the level of
oxidized glutathione disulfide (GSSG) in the treated cells.
We noted that the concentration of this thiol level was not af-
fected by the presence of mercury; however, the resting level
of GSSG in T-cells was very low, and hence it was difficult to
detect any alteration due to mercury (data not shown). Not
only was the GSH content reduced, the activity of glutathione
S-transferase was also diminished in MeHgCl-treated cells

(Fig. 2A); thus, mercury-treated cells have a diminished ca-
pacity to reduce O, and other ROS. The effect of MeHgCl
on GSH levels over time was also monitored by measuring
MCB fluorescence levels. As shown in Fig. 3A, control cells
exhibited the highest GSH content with a mean channel MCB
fluorescence of 287. Exposure of lymphocytes to MeHgCl for
2 h (Fig. 3B) resulted in a slight decline in GSH content;
mean channel MCB fluorescence was 230. Similar results
were observed at 4 h (data not shown). A significant reduc-
tion in GSH levels was observed after 6 h of exposure to
MeHgCl [mean channel MCB fluorescence was 168 (Fig.
3C)]. The GSH content was further reduced after 16 h of ex-
posure; mean channel MCB fluorescence was reduced to 74.

Previous studies have suggested that mercury may also in-
fluence gene expression (11). Therefore, we also analyzed
mercury-treated cells for levels of glutathione S-transferase
and glutathione peroxidase mRNA by real-time RT-PCR. Am-
plification plots are presented in Fig. 2B and C. Comparisons
for each curve were performed based upon the threshold
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FIG. 2. Effect of MeHgCl on cellular GSH levels, glutathione S-transferase (GST) activity, and gene expression. (A) Ef-
fect of MeHgCl on GSH content and GST activity. T-cells were incubated with 0-5 wM MeHgCl for 16 h. Cells were prepared as
described in Materials and Methods and analyzed for GSH content (circles) and GST activity (squares). Results are plotted as
GSH content (nmol/106 cells) or GST activity (units/10° cells) versus MeHgCl concentration. Note: MeHgCl treatment results in
a dose-dependent reduction in GSH content and GST activity. The results represent the means = SEM of three experiments. (B
and C) Amplification plots of real-time RT-PCR for GST (B) and glutathione peroxidase (C). The plots were prepared by plotting
cycle versus fluorescence intensity for control cells (circles) or cells treated with 1.5 wM MeHgCl for 2 h (triangles), 4 h
(squares), or 8 h (diamonds).The horizontal line represents the threshold cycle (Cy).
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FIG.3. Temporal relationship of the effect of MeHgCl on GSH content. T-cells were incubated in medium (A) or in the pres-
ence of 2.5 pM MeHgCl for 2 h (B), 6 h (C) or 16 h (D); the cells were then stained with MCB and analyzed by flow cytometry.
Numbers represent the mean MCB fluorescence. Results are representative of three experiments; at least 20,000 cells were analyzed.
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FIG. 4. Effect of MeHgCl on caspase activation. HPBMC were pretreated with medium alone (A, E, and I) or 1.5 uM
MeHgCl for 3 h (B, F, and J), 6 h (C, G, and K) or 16 h (D, H, and L). The cells were then assessed for caspase activation using
the fluorescent caspase inhibitors: FAM-LETD-FMK (caspase-8; A-D), FAM-LEHD-FMK (caspase-9; E-H), and FAM- DEVD-
FMK (caspase-3;I-L). Stained cells were analyzed by flow cytometry. Bars indicate region of positive fluorescence;the percent-
age of positive cells is presented in each panel. Results are representative of two experiments.

cycle (Cv); the larger the starting copy number, the lower
the Cy. The highest level of expression of both glutathione
S-transferase and glutathione peroxidase was found in the
control cultures with Cyvalues of 28.7 and 19.9, respectively.
Within 2 h following exposure to MeHgCl, there was a signif-
icant decline in the transcript levels of both genes. The Cvy
was 33.5 for glutathione S-transferase and 23.1 for glu-
tathione peroxidase; this represents a decrease to <10% of the
transcript levels observed in the control cultures. Transcript
levels remained depressed for both genes following 8 h of ex-
posure to MeHgCl, although we did observe a rebound at 4 h.

Perturbation of mitochondrial function and the transloca-
tion of cytochrome c to the cytosol have been shown to be im-
portant prerequisites for the activation of the caspase cascade.
To monitor caspase activation, we utilized specific fluores-
cent caspase inhibitors of caspase-8 (FAM-LETD- FMK),
caspase-9 (FAM-LEHD-FMK), and caspase-3 (FAM-DEVD-
FMK), which irreversibly bind to active caspases. As shown
in Fig. 4A, E, and I, the percentage of control cells that exhib-
ited caspase-8, -9, and -3 activation was 23%, 22%, and 12%,
respectively. There was a slight increase in caspase activation
in cells treated with MeHgCl for 3 and 6 h: 28% and 27%
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(caspase-8), 32% and 35% (caspase-9), and 19% and 21%
(caspase-3), respectively (Fig. 4B, C, F, G, J, and K). In con-
trast, there was a significant increase in the percentage of
cells exhibiting caspase-8 (90%), caspase-9 (88%), and cas-
pase-3 (43%) activation 16 h following exposure to MeHgCl
(Fig. 4D, H, and L).

DISCUSSION

The goal of this investigation was to explore the relation-
ship between mercury exposure, mitochondrial function, thiol
status, and caspase activation. Results of the investigation
clearly suggest a pivotal role for mitochondria in mercury-
induced T-cell death and further define a sequence of events
that lead to activation of the apoptotic cascade. First, we
noted a rapid decline in the AW within 1 h of exposure to
MeHgCl. We next observed the release of cytochrome ¢ from
mitochondria into the cytosol; significant translocation was
noted between 4 and 8 h following treatment with mercury.
Finally, after 16 h of treatment with MeHgCl, we observed an
increase in the generation of ROS; this event was accompa-
nied by a profound depletion in thiols and activation of cas-
pase-8, -9, and -3. From the sequence of events, we infer that
MeHgCl impairs normal mitochondrial function causing a
subsequent liberation of ROS and loss of thiol reserve,
thereby modulating the cytosolic environment that enhances
caspase activation and ultimately the induction of the apop-
totic cascade.

The earliest sign of mitochondrial involvement is the de-
velopment of a membrane permeability transition and a de-
crease in the AW . We probed the AV of MeHgCl-treated
cells using the fluorescent dye DiOC(3); uptake of this dye
into the mitochondria is almost entirely electrogenic and
driven by the AW . The negatively charged energized inner
membrane binds the cationic lipophilic fluorochrome and
provides a measure of AW (28,29, 37). Changes in the AW
leading to the development of the permeability transition re-
sult in the opening of the transmembrane megapore channels
that are thought to be regulated by the Bcl-2 family of pro-
and antiapoptotic proteins (10, 27, 63). Once open, a number
of mitochondrial associated proteins are released into the cy-
toplasm; these proteins include cytochrome ¢, Apaf-1, and
apoptosis-inducing factor (9, 18, 25, 33, 38, 42, 54, 64). Cy-
tochrome ¢ and Apaf-1 oligomerize to form the apoptosome,
a complex that recruits and binds caspase-9. The apoptosome
is then able to activate, by autocatalytic cleavage, this en-
zyme, which in turn cleaves and activates the executioner cas-
pases 3, 6, and 7 (5, 20, 64). Indeed, we have shown that cas-
pase-3 and -6 are activated in lymphocytes 16 h following
exposure to low levels of MeHgCl. Thus, perturbation of mi-
tochondrial function leading to the release of cytochrome ¢
and the formation of the apoptosome is critical not only to
apoptosis in general, but also to the apoptogenic effects of
mercury, in particular.

We also observed that mercury activates caspase-8. This
caspase is normally associated with upstream events linked to
receptor-mediated apoptosis (2, 21). Relevant to these obser-
vations, several investigators have reported that caspase-8
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may be activated via receptor-independent mechanisms (16).
Furthermore, in their studies of drug-induced apoptosis, Ess-
man et al. (14) recently suggested that caspase-8 activation
occurred downstream of caspase-3. Thus, it is possible that
once activated, caspase-3 and other executioner caspases
cleave and activate the upstream caspases. This event could
serve to amplify the cascade and facilitate the death process.

In addition to the loss of AW and cytochrome c release, we
have previously shown that mercury-treated cells also exhibit
alterations in pH,, ATP depletion, and a low adenylate energy
charge (39, 51, 52). Thus, the mitochondria are unable to
maintain the electrogenic and protonmotive forces required to
generate the AW and preserve mitochondrial function. ATP
depletion would in itself damage the cell due to failure to pro-
vide energy for membrane pumps; a greater hazard, however,
is the generation of ROS. Although a number of systems exist
in lymphocytes to synthesize free radicals, the most impor-
tant ROS generator is the electron transport chain. When the
function or integrity of the chain is compromised, for exam-
ple, by treatment with uncoupling agents, mitochondria gen-
erate excessive amounts of oxygen radicals. Accumulation of
radicals has been shown to be an effective mechanism to acti-
vate the apoptotic cascade (15, 30, 34, 45, 62, 65). There are
several mechanisms by which ROS may induce apoptosis.
First, it is likely that binding of mercury to membranes, and
the loss of coupling, generates ROS. These short-lived, short-
range species are then free to enhance lipid and protein per-
oxidation chain reactions in the mitochondrial membrane,
thereby exacerbating organelle dysfunction. We have in fact
previously reported that the mitochondrial membrane phos-
pholipid, cardiolipin, undergoes oxidation in the presence of
mercury (52). Second, ROS may activate caspases directly.
Indeed, caspases are activated in a reducing environment
(59), and caspase-3, in particular, is regulated by redox status
of the cell (61). A third possibility is that low levels of ROS
may be rapidly generated and dismutated in cells shortly after
exposure to MeHgCl. In this case, O, would serve in a sig-
naling capacity to trigger the caspase cascade. Our results
clearly indicate that the ROS generation is indeed a conse-
quence of exposure to mercury; this is a relatively late event
occurring at about the same time that the caspases are acti-
vated. It should be noted, however, that the methods used in
this study lack the sensitivity to detect low levels of ROS.

Loss of mitochondrial function is further aggravated when
there is a decline in thiol reserves, because molecules such as
GSH scavenge ROS and protect membranes from oxidative
damage. We have shown that the decrease in GSH levels
proceeds in parallel with the generation of ROS. Thus, it is
tempting to speculate that ROS cause the decline in reductive
reserve. In addition, a loss of thiol groups may be due to mer-
cury ions oxidizing thiols to form mixed additive compounds
(-S-Hg; -S-Hg'-S-).

Results of the study provide evidence that MeHgCl inhibits
glutathione S-transferase activity and that there is a profound
decrease in its expression. Furthermore, real-time RT-PCR
indicated that glutathione peroxidase expression is pro-
foundly impaired by mercury. Accordingly, mercury inter-
feres with the thiol reserve of the cell by preventing both its
regeneration and its utilization. These observations are con-
sistent with results of our previous studies, as well as those of
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FIG.5. Schematic representation of MeHgCl-induced apoptosis. Mercury-induced apoptosis can be envisioned as occurring
in three phases: an early inductive phase (yellow background), a later effector phase (pink background), and a late degradative
phase (blue background). Collectively, our studies indicate that mitochondria are pivotal to the induction of apoptosis by
MeHgCl. MeHgCl first induces a profound decline in the AW, which ultimately leads to the translocation of cytochrome ¢ to the
cytoplasm, formation of the apoptosome, and caspase activation. However, caspase activation does not occur for 16 h when a state
of oxidative stress develops. Oxidative stress is the combined result of ROS generation by the perturbed mitochondria and a de-
cline in thiol reserve, which is due, in part, to genotoxic events that impair the expression of genes critical to the recycling and uti-
lization of GSH.
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other workers, where a linkage between mercury toxicity and
depletion of cellular thiols was demonstrated (24, 35, 48, 65).
It is likely that the low GSH levels predispose the cell to ROS
damage, thereby attenuating death signaling pathways.

In summary, based on our experimental findings (summa-
rized in Fig. 5), we propose that the primary effects of mer-
cury are twofold: degradation of mitochondrial function and
depletion of thiol reserves. The induction of oxidative stress,
which is specifically associated with the induction of the mi-
tochondrial permeability transition and the loss of reductive
reserve, leads to the formation of the apoptosome and activa-
tion of the caspase cascade. However, it should also be noted
that mercury is genotoxic because profound changes are ap-
parent in the expression of genes that influence cell survival
and apoptosis. Knowledge of the apoptotic pathway itself
may provide therapeutic approaches and the design of drugs
that serve to counteract the insidious effect of this highly
toxic element.
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