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Amyloid-β peptide (Aβ), generated by proteolytic cleavage of the amyloid precursor protein (APP), 
plays a pivotal role in the pathogenesis of Alzheimer’s disease (AD). The key step in the generation 
of Aβ is cleavage of APP by beta-site APP-cleaving enzyme 1 (BACE1). Levels of BACE1 are increased 
in vulnerable regions of the AD brain, but the underlying mechanism is unknown. In the present study, 
we reported the effects of ferrous ions at subtoxic concentrations on the mRNA levels of BACE1 and 
a-disintegrin-and-metalloproteinase 10 (ADAM10) in PC12 cells and the cell responses to ferrous ions. 
The cell survival in PC12 cells significantly decreased with 0 to 0.3 mM FeCl2, with 0.6 mM FeCl2 
treatment resulting in significant reductions by about 75%. 4,6-diamidino-2-phenylindole (DAPI) stai-
ning showed that the nuclei appeared fragmented in 0.2 and 0.3 mM FeCl2. APP-α-carboxyl terminal 
fragment (APP-α-CTF) associations with ADAM10 and APP-β-CTF with BACE1 were increased. Levels 
of ADAM10 and BACE1 mRNA increased in response to the concentrations of 0.25 mM, respectively. 
In addition, p-ERK and p-Bad (S112, S155) expressions were increased, suggesting that APP-CTF 
formation is related to ADAM10/ BACE1 expression. Levels of Bcl-2 protein were increased, but significant 
changes were not observed in the expression of Bax. These data suggest that ion-induced enhanced 
expression of AMDA10/BACE1 could be one of the causes for APP-α/β-CTF activation. 
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INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neuro-
degenerative disease worldwide. Its pathological features 
include synaptic degeneration, senile plaques and neuro-
fibrillary tangles, which eventually lead to neuronal loss 
[1]. The major components of senile plaque are amyloid-β 
peptide (Aβ), which are derived by proteolytic cleavage of 
amyloid precursor protein (APP), a type I membrane span-
ning protein. Two enzymes, beta-site APP-cleaving enzyme 
1 (BACE1; originally referred to as BACE) and BACE2, are 
involved in Aβ production. BACE1 is mainly responsible 
for β-cleavage of APP in vivo, and overexpression of BACE1 
increases the production of Aβ in vitro. Therefore, BACE1 
is considered the pivotal component in Aβ production [2]. 
Since less than 10% of total AD cases are associated with 
genetic factors [3], it is extremely important to investigate 
how environmental factors contribute to the pathogenesis 

of this disease. 
Although the cause or causes of AD are not yet known, 

most experts agree that AD probably develops as a result 
of multiple factors rather than a single cause. The greatest 
risk factor for AD is advancing age [4]. The risk of AD dra-
matically increases in individuals beyond the age of 70, and 
it is predicted that the incidence of AD will increase 
three-fold within the next 50 years [2]. Recent findings sug-
gest that age-related increases in oxidative stress account 
for aspects of AD [5]. Some evidence demonstrates that oxi-
dative stress is an early event in AD, occurring prior to 
cytopathology, and therefore may play a key pathogenic 
role in the disease [6]. It has been reported that iron can 
accelerate the production of Aβ and is found in high concen-
trations in the amyloid plaque [7]. 

The influence of metal ions on AD pathogenesis is becom-
ing evident. Although essential for cell function, increased 
tissue iron can promote tissue oxidative damage to the 
brain, which is especially vulnerable [8,9]. In the human 
brain, iron levels increase with age [10,11], and iron con-
tributes to the development of proteinopathies (abnormal 
deposits of proteins) associated with several prevalent neu-
rodegenerative diseases such as AD, Parkinson’s disease 
(PD), and Dementia with Lewy Bodies (DLB) [8,12]. Iron 
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levels are abnormally elevated in these age-related neuro-
degenerative diseases, suggesting that increased iron levels 
may contribute to their age risk-factor as well as impacting 
the age at onset especially in males [13]. Although a few 
studies focused on the effects of metal ions on the tran-
scription of APP, their effects on BACE1, the other pivotal 
component of Aβ production, are still not well understood. 

The potential signal transduction pathway involved in 
the pathology of AD may be the activation of the MAPKs. 
MAPKs are classified into different subfamilies, and among 
them, the best known are the extracellular signal regulated 
kinase (ERK), the c-Jun N-terminal kinase (JNK) and p38 
[14]. The ERK-signal pathway results in phosphorylation 
of Bad at serine-112 (S1112) and -155 (S155) [15]. Increased 
Bad phosphorylation reduces its translocation to mitochon-
dria, limits the release of mitochondrial cytochrome c [16] 
and apoptosis-inducing factor, and increases the resistance 
to apoptosis. It has been reported that prolonged ERK acti-
vation is accompanied by the proapoptotic effect of ERK 
[17], whereas transient activation of ERK protects cells 
from death [18]. 

Bcl-2 families are well-characterized regulators of apop-
tosis, consisting of three distinct subfamilies. The Bcl-2 sub-
family contains antiapoptotic proteins, such as Bcl-2 and 
Bcl-XL, which reduce the release of cytochrome c [19,20]. 
The Bax subfamily contains proapoptotic proteins such as 
Bax and Bak, which induce the release of cytochrome c [21]. 
Furthermore, the ratio of proapoptotic and antiapoptotic 
Bcl-2 proteins may be a pivotal cue to release cytochrome 
c from mitochondria. 

Oxidative stress induces BACE1 transcription [22], 
thereby promoting the production of Aβ [23]. Aβ has iron 
chelating sites [24], thus protecting the cells from oxidative 
stress. Therefore, in the present study, we investigated the 
mRNA levels of BACE1/ADAM10 and altered APP carbox-
yl-terminal processing under ferrous iron treatment in 
PC12 cells. 

METHODS 

PC12 cell culture 

The PC12 cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Gibco, NY, USA) supplemented 
with 10% fetal bovine serum (FBS; Hyclone Laboratories, 
Logan, UT, USA), 5 μg/ml plasmocin, 100 U/ml penicillin, 
and 100 μg/ml. For induction of oxidative condition, PC12 
cells were treated with FeCl2 (0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 
and 0.6 mM) and then incubated at 37°C with 95% air and 
5% CO2 for 30 hr. 

Cell survival assay

A Cell Counting Kit-8 (CCK-8; Tokyo, Japan) was used 
in this study. One hundred microliters of cell suspension 
without FBS was dispensed into a 96-well plate. FeCl2 
(0.05, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.6 mM) was added to 
the plate wells, respectively. The plates were incubated at 
37°C with 95% air/5% CO2 for 30 hr. Then, 10 μl of CCK-8 
solution was added to each well of the plate and incubated 
for 1 hr. Absorbance was measured with a microplate read-
er (Molecular Devices, Sunnyvale, CA, USA) at 450 nm.

DAPI staining 

PC12 cells were washed extensively with serum-free 
DMEM and replated onto new 6-well plates. Cells were 
fixed in 4% paraformaldehyde buffered with 0.1 M phos-
phate (pH 7.3) for 30 min and then washed with phosphate 
buffered saline (PBS). The cells were permeabilized with 
0.3% Triton X-100 for 20 min, washed with PBS, and then 
stained with 4,6-diamidino-2-phenylindole (DAPI, Santa 
Cruz Biotechnology, CA, USA) for 10 min. Cells were ob-
served by fluorescence microscopy (Olympus IX71, Japan) 
at a peak excitation wavelength of 340 nm.

RNA extraction and quantitative real-time PCR 

Total RNA was extracted using Trizol reagent (Invitrogen 
Co., Carlsbad, CA, USA) according to the manufacturer's 
instructions, and the concentration of total RNA was de-
termined by measuring the absorbance at 260 nm. A first 
strand complementary DNA (cDNA) was prepared by sub-
jecting total RNA (1 μg) to reverse transcription using mo-
loney murine leukemia virus (MMLV) reverse transcriptase 
(iNtRON Bio, Sungnam, Kyunggi, Korea) and random pri-
mers (9-mers; TaKaRa Bio Inc, Otsu, Shiga, Japan). Each 
cDNA template (2 μl) was analyzed in triplicate by addi-
tion of 10 μl of 2× SYBRⓇ Premix Ex TaqTM (TaKaRa Bio. 
Inc., Otsu, Shiga, Japan) along with 10 pmol of each primer. 
Amplification was conducted using a 7,300 Real-Time PCR 
System (Applied Biosystems, Foster, CA, USA) and the fol-
lowing parameters: denaturation at 95oC for 5 minutes; 40 
cycles of denaturation at 95oC for 30 seconds; and annealing 
and extension at 63oC for 30 seconds and 72oC for 45 sec-
onds, respectively. The sequences of the oligonucleotides 
used for amplification were as follows: ADAM10 forward, 
5'-AGCAACATCTGGGGACAAAC-3'; ADAM10 reverse, 5'- 
TTGCACTGGTCACTGTAGCC-3'; BACE1 forward, 5'-TCG- 
CTGTCTACAGTCATCC-3'; BACE1 reverse, 5'-AACAAACG- 
GACCTTCCACTG-3'; β-actin forward, 5'-AGCCATGTACG- 
TAGCCATCC-3'; β-actin reverse, 5'-TTTGATGTCACGCAC- 
GATTT-3'. The relative expression levels of ADAM10 and 
BACE1 (normalized to that of β-actin) for each sample 
were determined using RQ software (Applied Biosystems). 
All real-time PCR experiments were repeated twice.

Western blot analysis 

Cells were harvested, washed twice with ice-cold PBS, 
and then resuspended in 20 mM Tris-HCl buffer (pH 7.4) 
containing protease inhibitors (0.1 mM phenylmethyl-sul 
fonyl fluoride, 5 μg/ml aprotinin, 5 μg/ml pepstatin A, and 
1 μg/ml chymostatin) and phosphatase inhibitors (5 mM 
Na3VO4, 5 mM NaF). Whole cell lysate was prepared using 
20 strokes of a Dounce homogenizer, followed by cen-
trifugation at 13,000×g for 20 min at 4°C. Protein concen-
tration was determined using the BCA assay (Sigma, St 
Louis, MO, USA). Proteins (50 μg) were separated by 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred onto a polyvinylidene di-
fluoride (PVDF) membrane. The membrane was incubated 
with antibodies directed against the following proteins, as 
indicated: phosphorylated (p)-ERK (1：1,000), ERK (1：
1,000) (Transduction Laboratories, Lexington, KY, USA); 
p-Bad (S112, 136, 155) (Cell Signaling Technology, Beverly, 
MA, USA) (1：1,000); Bad, Bax, and Bcl-2 (Santa Cruz 
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Fig. 1. Cell viability under FeCl2 treatment in PC12 cells. PC12 
cells were incubated in DMEM containing 10% FBS and increasing 
concentrations of FeCl2 from 0 to 0.3 mM for 30 h. (A) Cell survival 
was measured by using Cell Counting Kit-8. (B) PC12 cells were 
stained with DAPI. a, 0 mM; b, 0.1 mM; c, 0.2 mM; d, 0.3 mM. 
Scale bar is 50 μM. Arrows indicate the fragmented nuclei. Data 
represent mean±SD from three independent experiments. **p＜
0.01, ***p＜0.001. 

Fig. 2. Increased expression of APP-
α-CTF and APP-β-CTF under FeCl2
treatment in PC12 cells. (A) Western 
blot analysis was carried out. (B) 
The expression of APP-α-CTF protein
was increased. (C) The expression of 
APP-β-CTF was evaluated. Expres-
sion of APP-α-CTF was normalized 
by GAPDH expression as an internal 
control (C). PC12 cells were incubated 
in DMEM containing 10% FBS and 
increasing concentrations of FeCl2
from 0 to 0.3 mM for 30 h. Data re-
present mean±SD from three inde-
pendent experiments. **p＜0.01, ***p
＜0.001. 

Biotechnology, CA, USA) (1：500); GAPDH (1：1,000) (Assay 
Designs, MI, USA); anti-APP (Santa Cruz Biotechnology, 
CA, USA) (1：500). Immunoreactive proteins were vi-
sualized by exposure to X-ray film. The protein bands were 

quantified by image-scanning, and optical density was 
measured using computer software (NIH Image software 
1.52), after the data was corrected by background sub-
traction and normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH), an internal control. 

Data analysis

The data are represented as the mean±SD from three 
independent experiments and analyzed by one-way analy-
sis of variance (ANOVA), followed by Tukey’s multiple com-
parison test. Differences between groups were considered 
statistically significant if the p values were less than 0.05. 

RESULTS

FeCl2 treatment decreases cell survival in PC12 cells 

Cell survival and DAPI staining were examined in PC12 
cells treated with FeCl2 for 30 h. Cell survival in PC12 cells 
was significantly decreased in cells treated with 0.05, 0.10, 
0.15, 0.2, 0.25, and 0.3 mM FeCl2 (p＜0.01), while that in 
0.6 mM FeCl2 was significantly reduced by about 75% (p
＜0.001) (Fig. 1A). This result suggests that the iron con-
centrations from 0.05 mM to 0.3 mM induced oxidative 
stress. DAPI staining with enhanced fluorescence was ob-
served in treatment groups of 0.1, 0.2, and 0.3 mM FeCl2, 
and the nuclei appeared fragmented in 0.2 and 0.3 mM 
FeCl2 (Fig. 1B).

APP-α-CTF and APP-β-CTF expressions with FeCl2 
treatment 

To investigate APP-α-CTF and APP-β-CTF expressions 
with FeCl2 treatment, Western blot analysis was carried 
out, and the expression levels of ADAM10 and BACE1 
mRNA were determined. Expressions of APP-α-CTF and 
APP-β-CTF were respectively increased according to FeCl2 
concentration (p＜0.001) (Fig. 2). In these conditions, the 
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Fig. 4. Phosphorylation of Bad at 
S112, S155, and S136. (A) Phospho- 
rylated forms of Bad at functional 
sites S112, S155, and S136 were eva-
luated by Western blot analysis. (B) 
Relative amounts of p-Bad (S112), (C) 
relative amount of p-Bad (S155), and 
(D) relative amount of p-Bad (S136) 
were normalized to Bad exp- ression 
as an internal control. PC12 cells were 
incubated in DMEM containing 10% 
FBS and increasing concentrations of 
FeCl2 from 0 to 0.3 mM for 30 h. Data 
represent mean±SD from three inde-
pendent experiments. *p＜0.05, ***p
＜0.001. 

Fig. 3. Increased expression of ADA- M10 and BACE1 mRNA expression under FeCl2 treatment in PC12 cells. Changes in ADAM10 and 
BACE1 were evaluated by quantitative real-time PCR. Expression of ADAM10 (A) and BACE1 (B) were normalized to β-actin expression 
as an internal control. PC12 cells were incubated in DMEM containing 10% FBS and increasing concentrations of FeCl2 from 0 to 0.3 mM 
for 30 h. Data represent mean±SD from three independent experiments. **p＜0.01, ***p＜0.001. 

expressions of ADAM10 and BACE1 mRNA were increased 
significantly relative to the expressions of APP-α-CTF and 
APP-β-CTF (Fig. 3). This result indicates that increased 
mRNA of ADAM10 and BACE1 may be associated with the 
increases of APP-α-CTF and APP-β-CTF expression.

ERK pathway are activated by FeCl2 treatment

The phosphorylation of Bad at two functional sites, S112 
and S155, was investigated. The phosphorylation of Bad at 
S112 and S155 was increased in response to FeCl2 concen-
tration (Fig. 4A∼C), and phosphorylation of Bad at S136 
was slightly augmented (Fig. 4A, Fig. 4D). This indicates 
that the translocation of Bad was blocked from cytosol to 
mitochondria. Thus, mitochondrial cytochrome c release 
was limited [16]. In this condition, p-ERK was significantly 
increased (Fig. 5). Therefore, PC12 cells treated with FeCl2 
were associated with ERK signal pathway. 

Expressions of Bcl-2 and Bax protein are related to 
oxidative stress 

Bcl-2 protein expression was increased according to 
FeCl2 concentration (Fig. 6A, B), but Bax protein expression 
was only slightly changed (Fig. 6A, C). This data was con-
sistent with Fig. 1, suggesting that the expressions of Bcl-2 
and Bax protein may be related to oxidative stress. 

  DISCUSSION

High concentrations of reactive iron increase oxida-
tive-stress induced neuronal vulnerability, and iron accu-
mulation increases the toxicity in the brain [8,9]. Cellular 
iron mismanagement may cause or exacerbate AD through 
a variety of cellular mechanisms [8,12]. Iron has been 
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Fig. 6. Expression of Bcl-2 and Bax. (A) 
Proteins were measured by Western 
blot anaysis. (B) Relative amount of 
Bcl-2 and (C) relative amount of Bax. 
Expressions of Bcl-2 and Bax were 
normalized to GAPDH expression as 
an internal control. PC12 cells were 
incubated in DMEM containing 10% 
FBS and increasing concentrations of 
FeCl2 from 0 to 0.3 mM for 30 h. Data 
represent mean±SD from three inde-
pendent experiments. **p＜0.01, ***p
＜0.001. 

Fig. 5. Activation of ERK signal pathway. Changes in phos-
phorylated forms of ERK as well as ERK were evaluated by 
Western blot analysis (A). Expression of p-ERK was normalized
to ERK expression as an internal control (B). PC12 cells were 
incubated in DMEM containing 10% FBS and increasing con-
centrations of FeCl2 from 0 to 0.3 mM for 30 h. Data represent 
mean±SD from three independent experiments. ***p＜0.001. 

shown to regulate APP synthesis and processing [8,12,13]. 
In this study, we have shown that iron provokes oxidative 
stress responses in rat PC12 cells. BACE1 transcription lev-
els increased at the subtoxic concentration of iron that had 
little effect on cell survival. Transcriptional and transla-
tional upregulation of BACE1 can be triggered by oxidative 
stress [22]. BACE1 knock-out mice fail to produce Aβ [25], 
indicating that BACE1 is the major enzyme for Aβ pro-
duction. BACE1 overexpression leads to the production of 
Aβ in vitro [26]. It has been reported that iron can accel-
erate the production of Aβ and is found in high concen-
trations in the amyloid plaque [7]. Therefore, oxidative 
stress has been considered to have a key pathogenic role 
in AD [27,28]. However, in the initial stages of AD, Aβ may 
have neuroprotective effects. Because Aβ possesses iron 
chelating sites, oxidative stress-induced intracellular iron 

levels stimulate APP holo-protein expression and the sub-
sequent generation of Aβ as a compensatory response that 
eventually reduces oxidative stress [29]. This finding in-
dicates that oxidative stress not only causes damage to cel-
lular structures, but also provokes cellular responses. Thus, 
the physiological pathway of Aβ production may be consid-
ered a compensatory or neuroprotective response that re-
duces oxidative stress damage. These findings also support 
roles for Aβ in physiological iron regulation [30,31]. 

We show that ADAM10 is upregulated (under 0.2 mM 
of FeCl2) and is thought to maintain physiological homeo-
stasis in response to Aβ increase. Production of Aβ is pre-
vented by α-secretase activity which cleaves APP in the 
Aβ region thereby releasing the soluble N-terminal frag-
ment sAPPα and a C-terminal fragment that is further 
cleaved by γ-secretase [3]. sAPPα has been shown to exert 
neurotrophic and neuroprotective effects in vitro [32,33]. 
However, ADAM10 transcription levels have no remarkable 
changes when treated with 0.2 mM FeCl2. Apparent dis-
crepancies between our values and those of earlier studies 
may be due to the effects of Aβ. Aβ may have a decisive 
role in reducing oxidative stress by chelating ferrous ions. 
Thus, we suggest that Aβ has a neuroprotective effect on 
transient oxidative stress or early stage AD.

Our results indicate that ERK activation protects against 
apoptotic cell death. It has been reported that prolonged 
ERK activation is accompanied by the proapoptotic effect 
of ERK [17], whereas a transient activation of ERK protects 
cells from death [18]. In the present study, we found that 
activation of the ERK pathway is neuroprotective at sub-
toxic concentrations. Thus, the protection strategies that 
target these mechanisms merit further exploration. Fur-
thermore, the kinetics and duration of ERK activation may 
play an important role in influencing its effect on cell fate. 

Bcl-2 plays a protective role against oxidative stress in-
duced by FeCl2 in rat PC12 cells. Bcl-2 is an antiapoptotic 
protein which reduces cytochrome c release [19]. Bax is a 
proapoptotic protein which induces cytochrome c release 
[21]. Overall, cell responses tended to reduce the release 
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of cytochrome c from mitochondria. Thus, the antiapoptotic 
pathway is predominant. Consistent with this, the ERK 
pathway is activated. Phosphorylation of Bad at S112 and 
S155 is upregulated and implies that the antiapoptotic cell 
response is increased. ERK has been shown to be required 
for the prevention of apoptosis and the promotion of cell 
survival through the phosphorylation of proapoptotic Bad 
[34]. 

In conclusion, mRNA expressions of ADAM10 and 
BACE1 were associated with increases of APP-α-CTF and 
APP-β-CTF expression, respectively, under ferrous iron-in-
duced oxidative stress. This process may involve p-ERK 
activation. 
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