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Extracellular accumulation of amyloid beta protein (Aβ) plays a central role in Alzheimer’s disease (AD).
Some metals, such as copper, lead, and aluminum can affect the Aβ accumulation in the brain. However,
the effect of mercury on Aβ accumulation in the brain is not clear. Thus, this study was proposed to esti-
mate whether mercury concentration affects Aβ accumulation in PC12 cells. We treated 10, 100, and
1000 nM HgCl2 (Hg) or CH3HgCl2 (MeHg) for 48 hr in PC12 cells. After treatment, Aβ40 in culture
medium increased in a dose- and time-dependent manner. Hg and MeHg increased amyloid precursor pro-
tein (APP), which is related to Aβ production. Neprilysin (NEP) levels in PC12 cells were decreased by
Hg and MeHg treatment. These results suggested that Hg induced Aβ accumulation through APP overpro-
duction and reduction of NEP.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia and a prevalent neurodegenerative disorder in the
current society (1). Currently, there are ~35.6 million peo-
ple living with dementia worldwide in 2010 (2). AD is age-
related, and its clinical features include cognitive decline
and behavioral disorders (3). Despite the extensive research,
the pathophysiologic mechanism of AD is not clear; how-
ever, two types of accumulation in the brain feature it:
extracellular senile plaques and intracellular neurofibrillary
tangles (4). The major components of senile plaques are
amyloid beta (Aβ) (1,5,6). Most of all, Aβ accumulation
and senile plaques played an important role in the develop-
ment of the AD (7-9). Aβ are derived by cleavage of amy-
loid precursor protein (APP). There are two sequential
cleavages, mediated by β-secretase (aspartyl protease; β-
APP-site cleaving enzyme, BACE) and γ-secretase (10,11).
In addition, Aβ are degraded by several proteases, such as
neprilysin (NEP), insulin-degrading enzyme (IDE), and

endothelin-coverting enzyme (ECE) (12,13). Using mouse
models, it was found that NEP is the major Aβ-degrading
enzyme in the brain (14,15). NEP expression was decreased
in AD patients, and APP expression was increased in early-
onset familial AD patients (EOFAD) (13,16).

Recently, a number of metal ions have been suggested to
be risk factors associated with the pathogenesis of AD.
Copper, iron, and aluminum concentrations were increased
in senile plaques and neurofibrillary tangles of AD patients
(17,18). Some studies reported copper and iron levels in
serum and CSF increased in AD (19,20). Aluminum, cop-
per, iron, and lead induced the Aβ production using in vitro
and in vivo studies (21-25). Mercury is a well-known neuro-
toxic metal that is ubiquitous in the environment. In gen-
eral population, the main source of human exposure to
mercury is fish consumption. It has been reported that fish
consumption is positively related to the blood levels of mer-
cury (26,27). Methylmercury can easily cross the blood-
brain barrier, and targets and kills neurons in specific areas
of the nervous system including the visual cortex, cerebel-
lum, and dorsal root of ganglia (28). The potential role of
mercury toxicity in AD has been studied from diverse
approaches. First, in vitro exposure to mercury could cause
neurodegeneration (29). In addition, mercury is able to
induce oxidative stress and cell cytotoxicity (30,31). Some
autopsy studies reported mercury concentrations in brain of
AD patients (32,33). However, the results of mercury lev-
els in blood, urine, and CSF were controversial (20,34-37).
Even if Hg exposure is related to AD, whether Hg can
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affect Aβ accumulation in the brain is unclear.
The present study was conducted to determine whether

mercury affect Aβ accumulation mediated by imbalance
between Aβ synthesis and degradation. Aβ40 levels in cul-
ture medium were analysed, and protein and mRNA levels
of APP, BACE1, and NEP in PC12 cells were assessed.

MATERIALS AND METHODS

Cell culture. Rat pheochromcytoma cells (PC12 cells)
were obtained from Korean Cell Line Bank (KCLB). The
cells were cultured in RPMI 1640 media (Welgene, Daegu,
Korea) supplemented with 5% fetal bovine serum, 10%
heat-inactivated horse serum, and 100 U/ml penicillin &
streptomycin, and maintained at 37oC with 5% CO2.

Mercury exposure. PC12 cells were exposed to mer-
cury as follows: 0, 10, 100, 1000 nM of HgCl2 (Hg) or
CH3HgCl2 (MeHg) for 48 hr at 37oC.

Measurement of Aβ40. For the present studies, cells
were plated at a density of 1 × 106 cells/ml on poly-L-lysine
coated 35 mm plate. Cells were allowed to attach and
grown to 40-50% confluence. After treatment of Hg or
MeHg into the cells, the culture media were collected at 0,
6, 12, 24, and 48 hr to measure the Aβ40. The levels of Aβ40

in the culture media were measured with a Human/Rat beta-
Amyloid ELISA kit (Wako Pure Chemical Industries,
Osaka, Japan). Briefly, 100 µl of 5-fold diluted media were
placed in each well of a 96-well plate coated with mono-
clonal antibody specific for BNT77 and was incubated
overnight at 4oC. On the following day, the solution was
discarded and the plate washed 5 times with wash solution.
100 µl of HRP-conjugated antibody (BA27) were added
into the wells and incubated at 4oC for 2 hr. The antibody
solution was removed from the wells and washed 5 times
with wash solution. 100 µl of TMB solution were added
and incubated in the dark for 30 min at room temperature.
The reaction was terminated by adding 100 µl of stop solu-
tion, and the colorimetric absorbance was read at 450 nm.
The levels of Aβ40 in the media were calculated using the
standard curve.

Quantification of mRNA expression by real-time RT-
PCR. Total RNA was isolated from PC12 cells with the
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). First-

strand cDNA was synthesized from 1.0 µg of total RNA
with RT-&GO Mastermix (MP Biomedicals, Solon, USA)
and random nanomer (Takara, Tokyo, Japan) according to
the manufacturer’s instruction. Real-time RT-PCR was per-
formed with Mx3005P QPCR systems (Agilent Technolo-
gies, Forster city, USA) to quantify the mRNA levels of
APP, BACE1, and β-actin. Each PCR reaction contained
2 µl cDNA, 10 µl of SYBR Premix Ex TaqTM (TaKaRa,
Tokyo, Japan), and 125-500 nM of the forward and reverse
primers (Table 1). After an initial denaturation at 95oC for
30 sec, the amplification program consisted of 40 cycles of
denaturation at 95oC for 5 sec, annealing at 55oC for 30 sec,
and extension at 72oC for 30 sec. Semi-nested RT-PCR
method was used to quantify the mRNA expression of NEP.
The relative differences in mRNA expression in the Hg- or
MeHg-treated cells were calculated and expressed as a rela-
tive increase, setting the control at 100%.

Western blot analysis. PC12 cells (1 × 107 cell/ml) were
seeded on poly-L-lysine coated 100 mm plates. After 48 hr
of treatment, cells were lysed with 200 µl Protein Extrac-
tion Solution (Elpis Biotech, Taejeon, Korea) containing
0.1% protease inhibitor (Sigma-Aldrich Co., St. Louis,
USA). The lysates were then centrifuged at 12,000 g for
10 min at 4oC, and the supernatants were mixed with sam-
ple buffer and boiled for 10 min. Protein concentrations
were determined by Quick Start Bradford Protein Assay Kit
(Bio-rad, USA). Proteins were isolated by 10% SDS-poly-
acrylamide gel electrophoresis, and transferred to polyvi-
nylidene fluoride (PVDF) membranes (GE Healthcare,
Pittsburgh, USA). Non-specific binding was blocked by
incubation with 5% skim milk in TBS at room temperature
for 1 hr. Membranes were incubated with primary antibody
(APP: rabbit polyclonal IgG (Santa Cruz Biotechnology,
Santa Cruz, USA), 1:200; NEP: mouse monoclonal IgG
(Santa Cruz Biotechnology, Santa Cruz, USA), 1:50; Actin:
goat polyclonal IgG (Santa Cruz Biotechnology, Santa
Cruz, USA), 1:250) for 2 hr. Subsequently, the membranes
were incubated with appropriate secondary antibodies (anti-
rabbit IgG (Invitrogen, Carlsbad, USA), 1:2500; anti-mouse
IgG (Koma Biotech Inc., Seoul, Korea), 1:2500; anti-goat
IgG (Invitrogen, Carlsbad, USA), 1:2500) for 1 hr. The
blots were developed using PowerOpti-ECL Western blot-
ting detection reagent (Animal Genetics Inc., Hwasung,
Korea) and LAS-1000 plus (Fujifilm, Tokyo, Japan). The
blots were analyzed quantitatively using UN-SCAN-IT

Table 1. Primers used for real time RT-PCR analysis

mRNA Forward primer Reverse primer

APP AACATGTGCGCATGGTGGA CACGGCAGGGACGTTGTAGA
BACE1 TGGTGGACACGGGCAGTAGTA TCGGAGGTCTCGGTATGTACTGG
NEP CCCAGTGTATGGTGTACCAG TGGCCGGTAGGTTCCACACC
β-actin GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG
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(Silk Scientific Inc., Orem, USA).

Statistical analysis. All results are represented as mean ±
SE. Statistical analyses were performed with one-way
ANOVA following multiple-comparison tests using Dun-
can’s method. The level of statistical significance was set at
p < 0.01 or p < 0.05. All statistical analyses were per-
formed using the PASW statistics package for Windows
(version 18.0).

RESULTS

The effect of Hg and MeHg on Aβ accumulation. In
order to confirm whether Hg or MeHg affect Aβ concentra-
tion, the levels of Aβ in the medium were measured by
ELISA method. Exposure of PC12 cells to various concen-
trations (10-1000 nM) of Hg or MeHg for 48 hr increased
the levels of Aβ in a dose-dependent manner (Fig. 1A).

These increases were significant at 100 nM in Hg treatment
(p < 0.01) and 10 nM in MeHg treatment (p < 0.05). At
1000 nM there were 517% and 483% increase in Aβ com-
pared to controls, respectively. The effect of time-course of
Hg and MeHg on Aβ accumulation was evaluated (Fig.
1B). From 12 hr after administration, 100 nM Hg initiated
an increase in Aβ level. 100 nM MeHg prompted an accu-
mulation of Aβ from 6 hr after treatment.

The effect on mRNA levels of APP, BACE1, and NEP.
Quantitative real-time RT-PCR was performed to evaluate
the effect of Hg and MeHg on intracellular APP, BACE1,
and NEP expression (Fig. 2). mRNA expression of APP in
PC12 cells that were treated with Hg or MeHg increased in
a dose-dependent manner; these increase were significant at
100 nM in both treatment (p < 0.01, Fig. 2A and Fig. 2B).
Fig. 2 shows that Hg or MeHg treatment had no significant
effect on BACE1 expression, while increasing concentra-

Fig. 1. The effects of Hg or MeHg on secreted Aβ40. (A) PC12 cells were incubated with different concentrations (10, 100, and
1000 nM) of Hg or MeHg for 48 hr, and Aβ40 levels were measured in culture media by ELISA. (B) PC12 cells were treated with 100 nM
of Hg or MeHg for 0, 6, 12, 24, and 72 hr, and Aβ40 levels were evaluated. Quantitative data are stated as mean ± SEM (n = 4); *p < 0.05
vs. control, **p < 0.01 vs. control.

Fig. 2. The mRNA levels of APP, BACE1, and NEP after Hg or MeHg treatment. PC12 cells were cultured with medium only or with vari-
ous concentrations (10, 100, and 1000 nM) of Hg (A) or MeHg (B) for 48 hr. Data are expressed as mean ± SEM (n = 4). *p < 0.05 vs. con-
trol, **p < 0.01 vs. control.
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tions of Hg or MeHg reduced mRNA expression of NEP in
PC12 cells (p < 0.01).

The effect of Hg and MeHg on protein expression of
APP and NEP. As, Hg and MeHg affect mRAN expres-
sion of APP and NEP, the protein level of APP and NEP
according to exposure of Hg and MeHg were examined
(Fig. 3). PC12 cells exposed to increasing doses of Hg or
MeHg (10-1000 nM) showed a dose-dependent increase in
APP protein expression. At 100 nM of Hg or MeHg, there
were significantly increased in APP levels in both treat-
ments (p < 0.01). In addition, a decline in NEP protein
expression following Hg or MeHg exposure was observed,
with the most significant decrease at 100 and 1000 nM con-
centrations (p < 0.01).

DISCUSSION

The present study was performed to demonstrate whether
mercury induces Aβ accumulation in the brain and, if it
does, what the mechanism of the accumulation is. PC12
cells were treated with Hg or MeHg at 10-1000 nM, equiva-
lent to around 2-200 µg Hg/L. These concentrations are not
too high, because brain mercury levels in the general popu-
lation are around 20 µg/L and can reach 174 µg/L in Green-
landers (33,38). MeHg is easily absorbed by the gastrointestinal
tract and dispersed by blood throughout the body, including
the brain. However, the main mercury species in the brain is

inorganic mercury because demethylation of MeHg occurs
in the brain (32,39). Thus, two different species of mercury -
mercuric chloride (inorganic mercury) and methylmercury
chloride (organic mercury) - were used for treatment.

In the results, Hg and MeHg increased Aβ40 levels in the
medium in a dose- and time-dependent manner. Especially,
Aβ40 increased significantly at 100 nM (20 µg/L) Hg or
MeHg, which is similar to human brain levels in general
population. These days, mercury is considered as one of the
potential exogenous factors responsible for AD (40,41). Oliv-
ieri et al. (31) reported that mercury (50 µg/L) increased Aβ
and tau phosphorylation in SHSY5Y neuroblastoma cells.
However, they did not mention the mechanism of Aβ accu-
mulation.

Aβ accumulation depends on the balance between Aβ
production and degradation in the brain (42). The mRNA
expression levels of APP and BACE1, which are related to
Aβ production, were measured. Both Hg and MeHg
increased mRNA expression of APP at 100 nM (Fig. 2).
mRNA expression level of BACE1 did not change after
exposure of Hg and MeHg. The findings matched those in
the protein expression level of APP (Fig. 3). Pb, Mn, and
Cu could induce Aβ accumulation through overproduction
of APP (21,43-46). Nevertheless, the present study is the
first report that Hg also increased Aβ deposit mediated by
overproduction of APP without interaction with BACE1.

NEP is an important Aβ-degrading enzyme in the mam-
malian central nervous system. It has been reported that the

Fig. 3. The protein expression levels of APP and NEP. PC12 cells were cultured with culture medium only or media with various con-
centrations (10, 100, and 1000 nM) of Hg (A, B) or MeHg (A, C) for 48 hr. (A) Cell lysates were immunoblotted for APP or NEP, and Actin
was used as a loading control. Data are expressed as mean ± SEM (n = 4), **p < 0.01 vs. control.
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expression or activity of NEP was reduced in the rat brain
by Pb and Cu (12,13,21,44). However, little is known about
the impact of Hg on NEP expression. In the present results,
moderate dose (100 nM) of Hg and MeHg decreased NEP
expression in the mRNA and protein levels dramatically.

In conclusion, these results show that Hg and MeHg
exposure may be a risk factor of AD due to Aβ accumula-
tion in the brain, and this Aβ accumulation is mediated by
overproduction of APP and reduction of NEP.
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