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ABSTRACT. Mercury (Hg) and cadmium (Cd) are the major toxic heavy metals and are known 
to induce neurotoxicity. Although many studies have shown that several heavy metals have 
neurotoxic effects, the cellular and molecular mechanisms thereof are still not clear. Oxidative 
stress is reported to be a common and important mechanism in cytotoxicity induced by heavy 
metals. However, the assays for identifying toxic mechanisms were not performed under the 
same experimental conditions, making it difficult to compare toxic properties of the heavy 
metals. In this study, we investigated the mechanisms underlying neurotoxicity induced by 
heavy metals and H2O2, focusing on cell death, cell proliferation, and oxidative stress under the 
same experimental condition. Our results showed that MeHg caused lactate dehydrogenase 
(LDH) release, caspase activation and cell-cycle alteration, and ROS generation in accordance 
with decreased cell viability. HgCl2 caused LDH release and cell-cycle alteration, but not caspase 
activation. CdCl2 had a remarkable effect on the cell cycle profiles without induction of LDH 
release, caspase activation, or ROS generation. Pretreatment with N-acetyl-l-cysteine (NAC) 
prevented the decrease in cell viability induced by MeHg and HgCl2, but not CdCl2. Our results 
demonstrate a clear difference in neurotoxic mechanisms induced by MeHg, HgCl2, CdCl2 or H2O2 
in SH-SY5Y cells. Elucidating the characteristics and mechanisms of each heavy metal under the 
same experimental conditions will be helpful to understand the effect of heavy metals on health 
and to develop a more effective therapy for heavy metal poisoning.
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Heavy metals are found ubiquitously, such as in the natural environment, workplace, food, and water supply [8], and heavy 
metal pollution has increased considerably worldwide because of high industrial activities. Humans and animals can be exposed 
to the heavy metals through inhalation of dust, consumption of contaminated drinking water and food, and direct ingestion of 
contaminated soil or industrial waste, thereby leading to potential health hazards [14].

Mercury (Hg) is one of the most widely used heavy metals. It exists in numerous chemical forms including elemental, inorganic, 
and organic Hg compounds. It has been reported that various forms of Hg can have diverse toxic effects on human populations 
[29]. Methylmercury (MeHg) is a potent environmental neurotoxic pollutant that is generated by bacterial methylation of inorganic 
Hg in an aquatic environment [21]. Although MeHg is one of the most important neurotoxic Hg toxins for humans, inorganic 
Hg compounds can accumulate in the brain and induce central nervous system damage in experimental animal models [30]. In 
addition, cadmium (Cd) is known as a major toxic heavy metal with Cd2+ as the most common form, which is produced by and 
used in various industrial processes. Contamination of agricultural soil with Cd causes the absorption of Cd compounds by plants, 
by which means humans and animals can be exposed to Cd. Accumulation of Cd in various organs causes severe damage to organs 
systems, including the nervous system [17, 32].
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Although many studies have shown that several heavy metals induce neurotoxicity, the cellular and molecular mechanisms 
thereof are still not clearly understood. Oxidative stress is commonly reported as an important mechanism underlying the 
cytotoxicity induced by heavy metals including Hg and Cd [2, 27, 37]. However, the assays for identifying toxic mechanisms 
were not performed under the same experimental conditions, making it difficult to compare toxic properties of the heavy metals. 
In this study, we intended to characterize the neurotoxic effects and mechanisms of heavy metals under the same experimental 
conditions in SH-SY5Y human neuroblastoma cells, which are widely used as a model cell system for studying the neurotoxicity 
of chemical substances. We investigated the mechanisms involved in the toxicity of MeHg, HgCl2, and CdCl2 on cell death, cell 
proliferation, and oxidative stress. In addition, we also monitored the effect of hydrogen peroxide (H2O2)-induced oxidative stress 
and antioxidants on SH-SY5Y cells.

MATERIALS AND METHODS

Reagents
Dulbecco’s modified eagle’s medium nutrient mixture F-12 HAM (DMEM/F-12) was obtained from SIGMA (Tokyo, Japan). 

Fetal bovine serum (FBS) was purchased from Equitech-Bio, Inc. (Kerrville, TX, U.S.A.). Penicillin/streptomycin, Dulbecco’s 
phosphate-buffered saline (PBS) and menadione were purchased from Nacalai tesque (Kyoto, Japan). Camptothecin, nocodazole, 
4% paraformaldehyde phosphate buffer solution (4% PFA), N-acetyl-l-cysteine (NAC), catalase, mercury (II) chloride (HgCl2), 
hydrogen peroxide (H2O2) were from Wako (Osaka, Japan), FxCycle PI/RNase staining solution and CellROX from Thermo Fisher 
Scientific (Carlsbad, CA, U.S.A.) and Accumax from Innovative Cell Technologies (San Diego, CA, U.S.A.). Methylmercury (II) 
chloride standard (MeHg) and cadmium chloride 2.5-hydrate (CdCl2) were obtained from Kanto Chemical (Tokyo, Japan). Cell 
counting Kit-8 was from Dojindo (Kumamoto, Japan). Cytotoxicity detection KitPLUS (LDH) and Cell proliferation ELISA, 
BrdU (colorimetric) were purchased from Roche (Basel, Switzerland). Amplite fluorimetric Caspase 3/7 assay kit was from AAT 
Bioquest (Sunnyvale, CA, U.S.A.).

Cell culture
SH-SY5Y cells were grown at 37°C in DMEM/F-12 containing 10% FBS with 100 units/ml penicillin and 100 µg/ml 

streptomycin in the presence of 5% CO2. In all of experiments, the cells were used at no more than 20 passages. Cells at 80–90% 
confluence in 100 mm dish were collected and adjusted to a density of 2.0 × 105 cells/ml, then 100 µl or 2 ml of the cell suspension 
was added to a well of 96-well plate or 35 mm dish, respectively, 2 days before the following experiments. Cells were serum-
starved for 4 hr and then incubated with heavy metals, such as MeHg, HgCl2, and CdCl2, or H2O2 for 24 hr.

Cell viability assay
Cell viability assay was performed by using Cell counting Kit-8 (CCK-8) according to the manufacturer’s instructions. The 

absorbance of WST-8 formazan in SH-SY5Y cells grown on 96-well plates was measured at 450 nm using a microplate reader 
Infinite F200 (TECAN, Männedorf, ‎Switzerland). Cells treated with vehicle were used as control and taken to have 100% viability. 
To analyze the effect of antioxidants, 2.5 mM NAC or 1,000 U/ml catalase were treated to SH-SY5Y cells at 4 hr before the 
treatment with the heavy metals or H2O2.

LDH cytotoxicity assay
Lactate dehydrogenase (LDH) cytotoxicity assay was performed by using Cytotoxicity detection kit plus (LDH) according to 

the manufacturer’s instructions. In brief, SH-SY5Y cells were grown on 96-well plates and treated with heavy metals or H2O2 as 
described above. After 24 hr incubation, LDL cytotoxicity assay was performed, and LDL release was measured at absorbance at 
490 nm using a microplate reader Infinite F200. Dissolved cells by treatment with lysis solution supplied with the kit were used as 
positive control and taken as 100% LDH release.

Caspase assay
SH-SY5Y cells grown on 96-well plates with black walls and clear bottoms were stimulated as described above. Caspase assay 

was performed by using Amplite fluorimetric caspase 3/7 assay kit according to the manufacturer’s instructions. In brief, stimulated 
cells were treated with the substrate for activated caspase 3/7 (Z-DEVD). Fluorescence at 450 nm was measured by 350 nm 
excitation using a microplate reader Infinite F200. Cells treated with 1 µM camptothecin, (an inducer of apoptosis through the 
inhibition of DNA topoisomerases) were used as positive control and taken as 100% caspase 3/7 activation.

Cell proliferation assay
Cell proliferation assay was performed in cells grown on 96-well plates by using Cell proliferation ELISA, BrdU (colorimetric) 

according to the manufacturer’s instructions. BrdU incorporation into newly synthesized DNA was detected by absorbance at 
370 nm using a microplate reader. Cells treated with vehicle were used as control and taken as 100% proliferation.

Cell-cycle analysis using PI staining and flow cytometry
SH-SY5Y cells on 35 mm dishes were exposed to heavy metals or H2O2 as described above. Floating and attached cells 

harvested by using Accumax were collected by centrifuge at 2,000 rpm for 3 min. After, the cells were fixed using 4% PFA 
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and stained by using FxCycle PI/RNase staining solution according to the manufacturer’s instructions. Cell-cycle analysis was 
performed using BD FACSCalibur (BD Biosciences, San Jose, CA, U.S.A.). The population of each cell-cycle phase (sub-G1, G1, 
S and G2/M) was determined based on the DNA amount. The sub-G1 phase population was used to determine apoptosis. Cells 
treated with 1 µM nocodazole (20 hr), an inhibitor for mitosis, were used as a positive control to confirm cell-cycle alteration.

Measurement of ROS generation
ROS detection assay was performed in cells on black 96-well plates by using CellROX according to the manufacturer’s 

instruction. Cells were serum-starved 4 hr using DMEM/F-12 without phenol red, and then treated with heavy metals or H2O2. 
Cells were incubated with CellROX reagent (final 5 µM) for 24 hr. Fluorescence at 520 nm was measured by 485 nm excitation 
using a microplate reader (Infinite F200). Cells treated with 20 µM menadione were used as positive control and taken as 100% 
ROS generation.

Statistical analysis
Data are expressed as mean ± SEM. Statistical differences between two means were evaluated by the Student’s t-test. Multiple 

comparisons were evaluated with one-way analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s test. Differences were 
considered significant at P<0.05.

RESULTS

Effect of heavy metals and H2O2 on cell viability
First, we examined the toxic effect of the neurotoxic reagents on SH-SY5Y cells by measurement of cell viability after 24 hr 

exposure with different concentrations of MeHg, HgCl2, CdCl2 (0.3–30 µM) or H2O2 (10–1,000 µM). Exposure of cells to 
MeHg, HgCl2, CdCl2, and H2O2 elicited decreases in the cell viability in a dose-dependent manner (Fig. 1). Significant decrease 
in comparison with vehicle-treated controls were observed at 3 µM MeHg, 30 µM in HgCl2, 10 µM in CdCl2, and 50 µM in 
H2O2, in which the neurotoxic reagent showed approximately 50% decrease in the cell viability. For the following experiments, 
we used maximum concentrations of the neurotoxic reagent in which decrease in cell viability were not statistically significant 
and minimum concentrations which showed significant decrease (1 and 3 µM in MeHg, 10 and 30 µM in HgCl2, 3 and 10 µM in 
CdCl2, and 10 and 50 µM in H2O2).

Fig. 1. Decrease in cell viability of SH-SY5Y cells by MeHg, HgCl2, CdCl2, and H2O2. Cell viability of SH-
SY5Y cells was evaluated 24 hr after exposure to (A) MeHg (0.3–30 µM, n=7), (B) HgCl2 (0.3–30 µM, 
n=7), (C) CdCl2 (0.3–30 µM, n=7) or (D) H2O2 (10–1,000 µM, n=7). Data are expressed as a percentage of 
vehicle-treated cells (control). Results are shown as mean ± SEM. *P<0.05 as compared with the control.
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Induction of necrosis and apoptosis by heavy metals and H2O2
To explore the contribution of necrotic cell death on the effect of the heavy metals and H2O2, we first measured the LDH 

leakage, a general hallmark of cell membrane damage and necrotic cell death. MeHg or HgCl2 exposure (Fig. 2A and 2B) induced 
significant LDH leakage at 3 or 30 µM, respectively, compared to vehicle-treated controls in accordance with the result in cell 
viability assay. In contrast, CdCl2 or H2O2 exposure did not cause significant LDH leakage even at the highest concentration which 
elicited significant decrease in cell viability assay (Fig. 2C and 2D).

We quantified caspase-3 activity, which is a crucial biomarker of neuronal caspase-dependent apoptosis, to evaluate the effect 
of the heavy metals and H2O2 on apoptosis. Exposure of cells to 3 µM MeHg or 50 µM H2O2 significantly increased the caspase 
activity compared to the vehicle-treated control cells (Fig. 3A and 3D). However, in HgCl2 or CdCl2 exposure, significant increase 
in caspase activity were not observed (Fig. 3B and 3C). It was suggested that MeHg and H2O2 caused apoptosis through the 
caspase cascade. Furthermore, we also evaluated the effect of the heavy metals and H2O2 on apoptosis by sub-G1 analysis by 
flow cytometry (Fig. 4). Although a significant increase in sub-G1 population was observed in cells exposed to MeHg or H2O2 in 
accordance with the result in caspase activation, MeHg elicited only a small change in the sub-G1 population.

Inhibition of cell growth by heavy metals and H2O2
To determine whether the heavy metals and H2O2 affect cell proliferation, we measured incorporation of BrdU which is an 

analog of thymidine that is incorporated in DNA during replication. In exposure of cells to MeHg or CdCl2, BrdU incorporation 
was significantly decreased compared to vehicle-treated controls at the concentrations which elicited significant decrease in cell 
viability (Fig. 5A and 5C). BrdU incorporation was significantly decreased in a dose-dependent manner by exposure to 10 and 
30 µM HgCl2 (Fig. 5B). Exposure of cells to 50 µM H2O2 induced significant decrease in BrdU incorporation, although the extent 
of decrease in BrdU incorporation was less than those observed in the heavy metals (Fig. 5D).

Since the heavy metals and H2O2 inhibited cell proliferation, we confirmed whether the inhibition was related to cell-cycle 
alteration by using flow cytometry. The percentages of subpopulations of cells in cell cycle phases G1, S, and G2/M are shown in 
Fig. 5. Exposure of cells to 3 µM MeHg induced a dramatic decrease in the population of G1 cells and a corresponding increase 
in the population of G2 cells, indicating a G2 cell-cycle arrest (Fig. 6A). On the other hand, exposure to 30 µM HgCl2 or 10 µM 
CdCl2 induced a similar change in cell cycle distribution in which the proportion of cells in the G1 phase was lower, and that of 
cells in the S phase was higher, than in vehicle-treated controls (Fig. 6B and 6C). In contrast to the heavy metals, exposure to 
50 µM H2O2 exposure did not induce cell-cycle alteration (Fig. 6D).

Fig. 2. Increase in LDH release from SH-SY5Y cells by MeHg, HgCl2, CdCl2 and H2O2. LDH release from 
SH-SY5Y cells was evaluated 24 hr after exposure to (A) MeHg (1 and 3 µM, n=5), (B) HgCl2 (10 and 30 µM, 
n=5), (C) CdCl2 (3 and 10 µM, n=5) or (D) H2O2 (10 and 50 µM, n=5). Data are expressed as a percentage of 
vehicle-treated cells (control). Results are shown as mean ± SEM. *P<0.05 as compared with the control.
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Involvement of ROS in the toxicity by heavy metals and H2O2
Since it has been suggested that ROS plays an important role in the toxicity induced by heavy metals including MeHg, HgCl2 

and CdCl2, we determined the effect of heavy metals and H2O2 on ROS generation by using a fluorogenic indicator for ROS. 
Exposure of cells to MeHg, HgCl2 and H2O2 significantly increased ROS generation compared to the vehicle-treated controls 
(Fig. 7A, 7B and 7D), whereas changes in ROS generation caused by CdCl2 exposure were not observed (Fig. 7C).

Finally, we confirmed the relationship between toxicity of heavy metals and oxidative stress by measurement of cell viability 
with or without pretreatments of antioxidants, NAC and catalase. Cells were pretreated with 2.5 mM NAC or 1,000 U/ml catalase 
for 4 hr before the addition of the heavy metals and H2O2. The decrease in cell viability induced by MeHg and HgCl2 exposure 
were significantly attenuated by pretreatment with NAC (Fig. 8A and 8B) in accordance with the results in ROS generation. On the 
other hand, H2O2-induced decrease in cell viability was attenuated by pretreatment with catalase but not with NAC (Fig. 8D). In 
contrast, both NAC and catalase did not cause a significant change in the effect of CdCl2 on cell viability (Fig. 8C).

Fig. 3. Increase in caspase activity in SH-SY5Y cells by MeHg, HgCl2, CdCl2 and H2O2. Caspase 3/7 activity in SH-SY5Y 
cells was evaluated 24 hr after exposure to (A) MeHg (1 and 3 µM, n=5), (B) HgCl2 (10 and 30 µM, n=5), (C) CdCl2 (3 
and 10 µM, n=5) or (D) H2O2 (10 and 50 µM, n=5). Data are expressed as a percentage of 1 µM camptothecin-treated 
cells (positive control). Results are shown as mean ± SEM. *P<0.05 as compared with the vehicle-treated cells.

Fig. 4. Increase in Sub-G1 apoptotic SH-SY5Y cells by MeHg, HgCl2, CdCl2 and H2O2. Sub-G1 population of SH-SY5Y cells 
was evaluated using flow cytometry 24 hr after exposure to (A) MeHg (3 µM, n=5), (B) HgCl2 (30 µM, n=5), (C) CdCl2 
(10 µM, n=5) or (D) H2O2 (50 µM, n=5). Data are expressed as a percentage of the total number of cells. Results are shown 
as mean ± SEM. *P<0.05 as compared with the vehicle-treated cells.
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Fig. 5. Decrease in BrdU incorporation in SH-SY5Y cells by MeHg, HgCl2, CdCl2 and H2O2. BrdU incorporation in SH-
SY5Y cells was evaluated 24 hr after exposure to (A) MeHg (1 and 3 µM, n=5), (B) HgCl2 (10 and 30 µM, n=5), (C) CdCl2 
(3 and 10 µM, n=5) or (D) H2O2 (10 and 50 µM, n=5). Data are expressed as a percentage of vehicle-treated cells (control). 
Results are shown as mean ± SEM. *P<0.05 as compared with the control.

Fig. 6. Alteration of cell cycle in SH-SY5Y cells by MeHg, HgCl2, CdCl2 and H2O2. Alteration of cell cycle in SH-SY5Y 
cells was evaluated using flow cytometry 24 hr after exposure to (A) MeHg (3 µM, n=5), (B) HgCl2 (30 µM, n=5),  
(C) CdCl2 (10 µM, n=5) or (D) H2O2 (50 µM, n=5). Data are expressed as a percentage of total cells in G1, S and G2/M 
population. Results are shown as mean ± SEM. *P<0.05 as compared with the vehicle-treated cells.
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Fig. 7. Increase in ROS generation in SH-SY5Y cells by MeHg, HgCl2, CdCl2 and H2O2. ROS generation in SH-SY5Y 
cells was evaluated 24 hr after exposure to (A) MeHg (1 and 3 µM, n=6), (B) HgCl2 (10 and 30 µM, n=6), (C) CdCl2 
(3 and 10 µM, n=6) or (D) H2O2 (10 and 50 µM, n=6). Data are expressed as a percentage of 20 µM menadione-treated 
cells (positive control). Results are shown as mean ± SEM. *P<0.05 as compared with the vehicle-treated cells.

Fig. 8. Effect of NAC and catalase on decrease in cell viability of SH-SY5Y cells induced by MeHg, HgCl2, CdCl2 
and H2O2. Cell viability of SH-SY5Y cells was evaluated 24 hr after exposure to (A) MeHg (3 µM, n=5), (B) HgCl2 
(30 µM, n=5), (C) CdCl2 (10 µM, n=5) or (D) H2O2 (50 µM, n=5). NAC (2.5 mM) or catalase (1,000 U/ml) was added 
4 hr before the addition of heavy metals and H2O2. Data are expressed as a percentage of vehicle-treated cells (control). 
Results are shown as mean ± SEM. *P<0.05 as compared with the control.
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DISCUSSION

First, we determined the toxic effect and concentration for each neurotoxic reagent on SH-SY5Y cells by assessing cell viability. 
MeHg, HgCl2, CdCl2, and H2O2 decreased cell viability in a dose-dependent manner at concentrations between 0.3–30 µM. The 
rank-order of toxicity of heavy metals on cell viability was MeHg >CdCl2 >HgCl2 in SH-SY5Y cells under our experimental 
conditions.

Necrosis and apoptosis are two major forms of cell death observed physiologically and pathophysiologically. To explore 
the effects of neurotoxic reagents on cell death, we first measured LDH leakage, a general hallmark of cell membrane damage 
and necrotic cell death. In cells exposed to MeHg or HgCl2, significant LDH leakage was detected at the concentrations that 
caused significant decrease in cell viability, indicating that induction of necrosis was one of the major causes of the decrease in 
cell viability. In contrast, no changes in LDH leakage were detected following exposure to CdCl2 or H2O2, although concurrent 
decreases in cell viability and LDH leakage in SH-SY5Y cells exposed to CdCl2 or H2O2 had been reported previously [16, 25, 33]. 
On the other hand, we detected an increase in caspase activity following MeHg or H2O2 exposure, suggesting that MeHg or H2O2 
caused apoptosis through the caspase cascade as reported previously in SH-SY5Y cells [10, 13, 15, 31]. Although it has also been 
reported that HgCl2 or CdCl2 promotes caspase-dependent apoptosis in SH-SY5Y cells [19, 31, 34], we did not detect increases 
in caspase activity. Furthermore, we also detected increase in sub-G1 population by MeHg or H2O2, but not by HgCl2 or CdCl2, 
suggesting that apoptotic cell death is caused by toxicity of MeHg or H2O2. However, the MeHg-induced increase in caspase 
activity and the sub-G1 population was noticeably lower than that induced by H2O2. These results may indicate that apoptosis does 
not play a major role in the induction of cell death by MeHg exposure. It has been reported that lower (~1 µm) concentration of Cd 
induced LDL release, caspase-3 activation, and apoptosis in primary rat cortical neurons [22]. The type of cell, such as the origin 
species, and primary culture or cell line, probably explain the discrepancy.

The BrdU incorporation assay clearly indicated that MeHg, HgCl2, CdCl2, and H2O2 inhibited cell proliferation in SH-SY5Y 
cells. Heavy metal exposure remarkably decreased BrdU incorporation in accordance with cell viability data, suggesting that not 
only cell death but also inhibition of cell proliferation may be a major cause of decrease in cell viability by MeHg, HgCl2, CdCl2. 
Therefore, we investigated whether the inhibition of cell proliferation was related to the toxic effects of cell-cycle regulation by 
using flow cytometry. Cell-cycle analysis revealed that MeHg, HgCl2 and CdCl2, but not H2O2, changed cell-cycle profiles of 
SH-SY5Y cells, confirming the disturbance of the cell cycle. MeHg promoted distinct changes in cell-cycle in which the percentage 
of cell in G1 phase was decreased and that in G2/M phase was increased. However, HgCl2 or CdCl2 exposure promoted distinct 
cell-cycle changes in which the percentage of cells in the G1 phase was decreased and that of cells in the S phase was increased. 
These results suggested that the cell-cycle dysregulation was, at least in part, involved in the inhibition of cell proliferation by 
MeHg, HgCl2, or CdCl2. There have been conflicting reports about the effects of heavy metals on the cell cycle. For example, Cd 
exposure results in not only G1 phase cell cycle arrest with increasing p21 levels [6], but also G2/M phase arrest in the absence of 
p21 induction in Cd-exposed human fibroblasts [3]. However, previous reports in rat glioma c6 cell line, rat pheochromocytoma 
PC12 cell line, and HeLa cell line [7, 23] are in concordance with our findings that exposure to MeHg results in G2 phase cell 
cycle arrest. In addition, arrest of S-phase by MeHg has also been reported in SH-SY5Y cells [20]. Besides, stimulation of cell 
proliferation through oxidative stress (activation of NOX) by SH-reactive metals, including Hg and Cd, has been reported in human 
promyelocytic leukemia PLB-985 cell line and human keratinocyte HaCat cells line [24]. Furthermore, MeHg and CdCl2 caused 
cell cycle arrest via changes in the expression of wide variety of genes and proteins related to cell cycle regulation [36], such as 
p21, cyclin E, and CDK2 [1, 4, 12, 26, 35]. Although effects on the cell cycle appear to depend on cellular condition, differences in 
the molecular mechanisms involved in cell cycle arrest by heavy metals in SH-SY5Y cells should be clarified in further studies.

Finally, we measured ROS generation caused by exposure of cells to heavy metals and confirmed that ROS is related to toxicity 
by using antioxidant reagents. We showed that exposure of cells to MeHg, HgCl2, and H2O2 induced significant ROS generation. 
Pretreatment of antioxidant NAC or catalase significantly suppressed decreases in cell viability induced by MeHg, HgCl2, or 
H2O2. These results indicated that ROS generation was involved in the mechanism underlying toxicity of MeHg and HgCl2. It 
has been known that excessive ROS levels cause considerable cellular damage, leading to cell death, including via apoptosis 
[28]. Although HgCl2 induced a remarkable increase in ROS generation, caspase activity and the population of sub-G1 cells were 
not altered, suggesting that ROS may not play an important role in induction of apoptosis in cells exposed to HgCl2. However, 
we did not observe a significant increase in ROS generation by exposure to CdCl2 under our experimental conditions. Although 
it has been reported that ROS generation plays an important role in neuronal apoptosis induced by CdCl2 in SH-SY5Y cells 
[18, 34, 37], relatively higher concentrations of CdCl2 (10 µM~) were used in their experiments. The present study showed that a 
relatively lower concentration of CdCl2 (~10 µM) did not cause a significant increase in ROS generation and apoptosis induction. 
Furthermore, pretreatment of antioxidants did not change the decrease in cell viability caused by exposure to CdCl2, suggesting 
that ROS did not play a major role in the toxicity of CdCl2 under our experimental conditions. It has been indicated that neuronal 
characteristics of SH-SY5Y cells were changed with increasing passage numbers [11], which accompany the change in sensitivity 
to pneumolysin toxicity [9]. Therefore, although induction of ROS generation by lower concentration of Cd (2.5 µM) was 
reported in SH-SY5Y cells [5], different culture conditions (passage number, composition of medium, presence of serum during 
exposure etc.) are predicted to result in different effects of heavy metals.

In this study, we examined the mechanisms underlying the neurotoxicity of heavy metals and H2O2, focusing on cell death, cell 
proliferation, and oxidative stress, under the same experimental conditions. We showed that MeHg caused LDH release, caspase 
activation, cell-cycle alteration, and ROS generation in accordance with a decrease in cell viability. HgCl2 caused LDH release 
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and cell cycle alteration, but not caspase activation. CdCl2 had a remarkable effect on cell-cycle without induction of LDH release, 
caspase activation and ROS generation. Pretreatment of NAC prevented the decrease in cell viability induced by MeHg and HgCl2, 
but not CdCl2. Our results demonstrate a clear difference in neurotoxic mechanisms induced by MeHg, HgCl2, CdCl2 or H2O2 in 
SH-SY5Y cells. It is assumed that the disparity of the results is related to the origin species of cells, primary culture or cell line, 
model of cells, culture conditions, differentiated or undifferentiated status, reagent concentrations, exposure time, which lead to 
conflicting conclusions regarding the mechanisms of heavy metal toxicity. Elucidating the characteristics and mechanisms of each 
heavy metal under same experimental conditions will be helpful to understand the effect of heavy metals on health and to develop 
more effective therapies for heavy metal poisoning.
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