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Abstract
Elevated iron accumulation has been reported in brain regions in some neurodegenerative disorders. However, the mechanism for this is largely
unknown. Divalent metal transporter 1 (DMT1) is an important divalent cation transporter. The aim of the present study is to construct recombinant
adenovirus encoding human DMT1 with iron responsive element (DMT1 + IRE) and infect MES23.5 dopaminergic cells in order to investigate the
relationship between increased DMT1 + IRE expression and iron accumulation. The human DMT1 gene was obtained by RT-PCR from tissues of
human duodenum. AdDMT1 + IRE was successfully constructed and identiﬁed by PCR, restriction endonuclease analyses and DNA sequencing,
respectively. It was able to efﬁciently infect MES23.5 cells, which was conﬁrmed by RT-PCR and Western blots. When incubated with 100 mM
ferrous iron for 6 h, the intracellular iron levels dramatically increased in AdDMT1 + IRE infected MES23.5 cells compared to the solely
adenovirus infected cells. Meanwhile, the levels of hydroxyl free radicals and malondialdehyde (MDA) in these cells increased. This led to the
activation of caspase-3. The apoptosis in AdDMT1 + IRE infected cells was shown with hypercondensed nuclei using Hoechst staining. Analysis
of DNA extracted from these cells showed the typical ‘‘ladder pattern’’, indicating the formation of mono- and oligonucleosomes. These results
suggested that increased DMT1 + IRE expression in MES23.5 cells caused the increased intracellular iron accumulation. This resulted in the
increased oxidative stress leading to ultimate cell apoptosis.
# 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Iron is an essential element for many processes of life,
including oxygen transport and electron transport during cellular
respiration (Beard, 2003; Gordon, 2003). It is also a cofactor for
nuclear, mitochondrial and cytosolic enzymes (Levenson and
Tassabehji, 2004). However, excess iron can generate highly
reactive hydroxyl radicals (OH) by the Fenton reaction (Stohs
and Bagchi, 1995), which can damage proteins, lipids and DNA.
Recently many literatures have conﬁrmed that iron plays a key
role in Parkinson’s disease (PD) and other neurodegenerative
diseases (Gotz et al., 2004; Wang et al., 2004, 2007; Youdim
et al., 2004; Berg and Hochstrasser, 2006; Jiang et al., 2006,
2007). Increased iron content was found in the substantia nigra
pars compacta (SNpc) of parkinsonian brains (Atasoy et al.,
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2004; Gerlach et al., 2006). However, the underlying mechanisms of iron accumulation remain unclear. Traditionally, the
transferrin (Tf)-Tf receptor (TfR) pathway is considered as a
major pathway of cellular iron uptake. Previous studies have
demonstrated that Tf or its receptor did not increase in the
parkinsonian brain, indicating Tf-TfR pathway might not be
responsible for iron accumulation in PD (Faucheux et al., 1993;
He et al., 1999; Zhang et al., 2000). The iron deposit in the SNpc
of the parkinsonian brain might occur by a different iron transport
mechanism. The identiﬁcation of divalent metal transporter 1
(DMT1) is the most important breakthrough in the ﬁeld of
mammalian iron metabolism. DMT1, also known as Nramp2
(nature resistance associated macrophage protein 2) or DCT1
(divalent cation transporter 1), is a major duodenal ferrous iron
transporter (Gunshin et al., 1997; Fleming et al., 1997; CanonneHergaux et al., 1999). DMT1 exists in at least four distinct
isoforms, which differ in both the C-terminus (with IRE and
without IRE) and the N-terminus (two different promoters)
(Gunshin et al., 1997; Lee et al., 1998). The function of
DMT1 + IRE was investigated in this study, which encodes a
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protein of 561 amino acids and contains an iron regulatory
element (IRE) in the 30 -untranslated regions.
DMT1 is involved in the brain iron metabolism (Burdo et al.,
2001; Huang et al., 2004) and highly expressed in the neurons
of the substantial nigra (SN) in PD, which correlates with the
iron abnormally deposited in the same area (Andrews et al.,
1999). Our previous studies showed increased DMT1 expression and elevated iron levels in the SNpc of PD mouse model
(Jiang et al., 2003). In the present study, we aim to verify the
hypothesis that increased DMT1 expression caused the iron
accumulation. We chose MES23.5 cells as the experimental
neuronal model, a dopaminergic cell line hybridized from
murine neuroblastoma-glioma N18TG2 cells with rat mesencephalic neurons exhibiting several properties similar to the
primary neurons originated in the SN (Crawford et al., 1992).
We employed a gene reconstruction technique to construct
recombinant adenovirus expression vector encoding human
DMT1 + IRE (AdDMT1 + IRE). Intracellular iron levels were
measured in MES23.5 cells infected with AdDMT1 + IRE, and
subsequent iron-induced apoptosis were conducted.

2. Materials and methods
2.1. Materials
Unless otherwise stated, all chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The primary DMT1 + IRE antibody was
purchased from the ADI (ADI, San Antonio, TX, USA). PmeI and PacI were
from NEB (NEB, MA, USA). HindIII, KpnI and PMD18-T simple vector were
from TaKaRa (TaKaRa Biotechnology Co., Ltd.). HEK293 cells, pAdtrackCMV, pAdeasy1, DH10B, JM109 were obtained from Dr. Yi-Ming Shao of
Chinese Center for Disease Control and Prevention. Lipofectamine 2000 was
from Promega. Dulbecco’s modiﬁed Eagle’s medium (DMEM) and Dulbecco’s
modiﬁed Eagle’s medium Nutrient Mixture-F12 (DMEM/F12) were from
Gibco (Gibco, Grand Island, NY, USA). The PE-conjugated monoclonal active
caspase-3 antibody apoptosis kit was from BD Bioscience Company (BD
Biosciences pharmingen, Franklin Lakes, NJ, USA). MDA and hydroxyl
radicals reagent kits were from Nanjing Institute of Jiancheng Biological
Engineering. Hoechst 33258 was from Beyotime (Jiangsu, China). Other
chemicals and regents available were from local commercial sources.

2.2. Total RNA extraction and nested reverse transcriptional (RT)PCR
Total RNAwas isolated by using Trizol Reagent from frozen tissues of human
duodenum according to the manufacturer’s instructions. Then 2 mg of total RNA
was reverse-transcribed in a 20 ml reaction using reverse-transcription system. In
order to obtain a full-length gene, nested PCR was used. Primers were designed
using computer software (Primer Premier 5.0) based on sequences with Gene
Bank accession numbers AB004875. In the ﬁrst round of ampliﬁcation, the
forward primer was 50 -AGGGTACCTCTAAGAACTCAGCCACTCAG-30 . The
reverse primer was 50 -ACGAAGCTTAGCTTTTCAAAGATCCCACC-30 . The
diluted (1:100) resulting product was used as template for secondary PCR
reactions. The secondary forward primer was changed to 50 -AAGGTACCACCATGGTGCTGGGTCCTG-30 , which included a KpnI site. The reverse primer
for DMT1 + IRE was 50 -GCAAGCTTTTCACACAGTAAACCATAGAAACAC-30 , which introduced a HindIII restriction site. High-ﬁdelity PCR reactions
were ensured by using a mixture of Taq DNA polymerase and high-ﬁdelity DNA
polymerase pyrobest in a ratio of 9:1. Thermocycling was carried out as follows:
94 8C for 5 min, then 30 cycles of 94 8C for 1 min, 62 8C for 1 min and 72 8C for
2 min, followed by 72 8C for 10 min. The PCR products were cloned into a
PMD18-T simple vector for sequencing.
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2.3. Construction of recombinant adenovirus and virus package
Human DMT1 + IRE gene was digested from PMD18-T simple vector with
KpnI and HindIII, then cloned into the shuttle plasmid pAdTrack-CMV
containing a green ﬂuorescent protein (GFP) reporter gene. Linearized
pAdCMV-DMT1 + IRE was subsequently co-transformed into E. coli strain
BJ5183 cells along with a supercoiled adenoviral backbone plasmid pAdeasy1.
Recombinants were conﬁrmed by PCR and endonuclease analyses. PacI
digested recombinant was then transfected with lipofectamine 2000 into 293
cells to package viruses (He et al., 1998). The recombinant adenovirus was
named AdDMT1 + IRE. An empty adenovirus without the gene of interest was
also constructed as a control named AdGFP.

2.4. Cell culture and MES23.5 cells infection
HEK293 cells (E1-transformed human embryonic kidney cells) were
maintained in a growth medium DMEM supplemented with 10% fetal bovine
serum (FBS), 100 units/ml of penicillin and 100 mg/ml of streptomycin at 37 8C
in a humid 5% CO2, 95% air environment. Dopaminergic cell line MES23.5
cells were offered by Dr. Wei-Dong Le (Baylor College of Medicine, TX, USA).
They were cultured in DMEM/F12 containing Sato’s components growth
medium supplemented with 5% FBS, 100 units/ml of penicillin and 100 mg/
ml of streptomycin at 37 8C, in a humid 5% CO2, 95% air environment. For
experiments, cells were seeded at a density of 1  105/cm2 in the plastic ﬂasks
or on glass coverslips.
MES23.5 cells were resuspended in DMEM/F12 with 5% FBS supplement
and seeded at a density of 1  105/ml 24 h prior to infection. When the
conﬂuence is about 50–70%, cells were infected with AdGFP and
AdDMT1 + IRE, respectively. GFP ﬂuorescence was monitored at indicated
time to verify the infective efﬁciency. Thirty-six hours after infection, cells were
used for the further experiments.

2.5. Semi-quantitative reverse transcriptional (RT)-PCR
RNA was isolated from infected MES23.5 cells using Trizol Reagent. We
ampliﬁed 380 bp with the primer (sense: 50 -TAGGTACCATGCAGTATCCCAAGGTCCCAC-30 , antisense: 50 -AGCAAGCTTTTAGCCCACAGCCTGTTCAATC-30 ). The samples were heated at 95 8C for 5 min and the subsequent
cycles were performed at three temperature steps: 94 8C for 30 s, 54 8C for 30 s,
72 8C for 45 s, and after 32 cycles an additional 10 min for extension was carried
out. Ethidium bromide stained gels were scanned and qualiﬁed using Tanon Image
Software; DMT1 levels were normalized with respect to GAPDH levels.

2.6. Western blots
Cells were lysed directly on the culture dishes using lysis buffer
(50 mmol/l Tris–HCl, 150 mmol/l NaCl, 1% Nonidet-40, 0.5% sodium
deoxycholate, 1 mmol/l EDTA) plus 1 mM PMSF and protease inhibitors
(pepstatin 1 mg/ml, aprotinin 1 mg/ml, leupeptin 1 mg/ml). The protein
concentration was determined by the Bradford assay kit (Bio-Rad Laboratories, Hercules, CA). Sixty micrograms total proteins were separated using
10% SDS-polyacrylamide gels and then transferred to PVDF membranes.
After overnight blocking with 5% non-fat milk at 4 8C, the membranes were
incubated with rabbit anti-rat DMT1 + IRE antibody (1:2000, ADI, USA) for
1 h at room temperature. Anti-rabbit secondary antibodies conjugated to
horseradish peroxidase were used at a dilution of 1:500. Cross-reactivity was
visualized using ECL Western blotting detection reagents and then was
analyzed through scanning densitometry by Tanon Image System. b-Actin
was detected by mouse anti-b-actin monoclonal antibody (1:10,000, Sigma,
USA) according to similar procedures to ensure equal sample protein
loading.

2.7. MTT assay
Cells were treated with different doses of ferrous iron, freshly prepared with
stock solutions. After incubation in MTT (5 mg/ml) for 4 h at 37 8C, cell injury
was measured by colorimetric assay (TECAN, Austria).
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2.8. Intracellular iron concentration assay and hydroxyl free radicals
and lipid peroxidation measurements
Cells were treated with 100 mM ferrous iron (FeSO4) for additional 6 h.
After washed with cold PBS, cells lysed with nitric acid. Intracellular iron
concentration was measured using inductively coupled plasma (ICP-2) detector.
For the intracellular hydroxyl free radicals and lipid peroxidation measurements, cells were lysed by ultrasound and protein concentration was measured
by the Bradford method. Intracellular hydroxyl free radicals measurement was
performed as described before (Han et al., 2004), using a commercially
available kit following the manufacture’s recommended procedures (Nanjing
Institute of Jiancheng Biological Engineering, China). The levels of MDA
(malondialdehyde), a terminal product of lipid peroxidation, were measured as
the indication of lipid peroxidation, using a commercially available kit (Nanjing
Institute of Jiancheng Biological Engineering, China). The thiobarbituric acidreactive substrates were quantiﬁed using 1, 1, 3, 3-tetraethoxypropane as the
standard. The absorbance at 532 nm was measured with a colorimetry. Data
were presented as the mean  S.E.M. of each group. Each experiment was
repeated three times.

2.9. Active caspase-3 assay
Active caspase-3 assay was measured according to the manufacturer’s protocol (BD PharmingenTM, BD Biosciences pharmingen, USA). Brieﬂy, cell
treatment was the same as the above. After washing twice with cold PBS, cells
were resuspended in Citoﬁx/CytopermTM solution at a concentration of 1 
106 cells/0.5 ml. After incubation for 20 min, cells were washed with Perm/
Washing buffer twice, and then incubated in Perm/Wash buffer with antibody
(1:5). After washing once with Perm/Wash buffer, cells were resuspended with
0.5 ml Perm/Wash buffer and analyzed by ﬂow cytometry. The percentage of
positive cells reacting with the antibody was examined with Cellguest Software.

2.10. Hoechst 33258 staining and DNA fragmentation detection
Nuclear morphology was detected using the method described before (Yao
et al., 2006). Cells were ﬁxed, washed twice with PBS and stained with Hoechst
33258 staining solution according to the manufacturer’s instructions (Beyotime,
Jiangsu, China). Apoptotic cells were deﬁned on the basis of nuclear morphology changes, such as chromatin condensation and fragmentation. The total
number of condensed cells was counted manually by researchers blinded to the
treatment schedule using unbiased stereology (West et al., 1991; Feng and
Zhang, 2004) and a ﬂuorescence Olympus microscope (Olympus, Japan). For
each well, we delineated a 400 mm2 frame and counted all condensed and
normal nuclei with at least 10 different ﬁelds in one well. Average sum of
condensed and normal nuclei was calculated per well. The data were expressed
as a percentage of condensed nuclear number to the total number.
The ‘‘ladder pattern’’ of DNA fragmentation was detected by agarose gel
electrophoresis after iron treatment. DNA from cultured MES23.5 cells was

isolated following the instructions of the DNA ladder detection kit (BioDevTech., China). After staining with ethidium bromide (0.5 mg/ml), DNA bands
were visualized by UV transillumination.

2.11. Statistical analysis
Each experiment was performed at least three times, and the results are
presented as mean  S.E.M. One-way analysis of variance (ANOVA) or t-test
was used to compare the differences between means. A level of P < 0.05 was
considered to be statistically signiﬁcant.

3. Results
3.1. AdDMT1 + IRE efﬁciently infected MES23.5 cells
Human DMT1 + IRE gene was ampliﬁed by RT-PCR. The
length of DMT1 + IRE was 1772 bp (Fig. 1A). The product was
conﬁrmed to be the correct sequence of human DMT1 cDNA.
The constructed AdDMT1 + IRE was conﬁrmed by PCR
(Fig. 1B) and endonuclease analyses (Fig. 1C). Recombinant
could yield a small fragment of 3.0 kb, yet pAdeasy1 could not
yield the small fragment by PacI digesting, indicating the
successful construction of recombinant adenovirus expression
vector. AdDMT1 + IRE and AdGFP without human DMT1 +
IRE gene were obtained after packaging and ampliﬁcation in
HEK293 cells. Recombinant adenoviruses AdDMT1 + IRE and
AdGFP both contained green ﬂuorescent protein (GFP) reporter
gene, allowing us to measure infection frequency of infected
MES23.5 cells (Fig. 2). Thirty-six hours after infection of
MES23.5 cells, the infection efﬁciency reached to 60.2% in
AdDMT1 + IRE infected cells and 57.8% in AdGFP infected
cells. Increased DMT1 expression was conﬁrmed by RT-PCR
and Western blots. Data showed that DMT1 + IRE mRNA
(Fig. 3A) and protein levels (Fig. 3B) increased signiﬁcantly in
AdDMT1 + IRE infected cells compared to AdGFP infected
cells.
3.2. Cell viability reduced when treated with ferrous iron in
AdDMT1 + IRE infected MES23.5 cells
Different doses of ferrous iron were added to the culture
medium. When incubation with 100 mM ferrous iron for 24 h,

Fig. 1. Construction of recombinant adenovirus expression vector containing human DMT1 + IRE. (A) RT-PCR for the human DMT1 + IRE gene. The product of
DMT1 + IRE is 1772 bp. (B) DMT1 + IRE expression in recombinant adenovirus plasmid AdDMT1 + IRE by PCR. (C) Recombinant adenovirus plasmid was
digested by PacI. Recombinant could yield a smaller fragment of 3.0 kb. Lane1: pAdDMT1 + IRE yielded a smaller fragment of 3.0 kb. Lane2: pAdeasy1 could not
yield the small fragment of 3.0 kb.
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Fig. 2. GFP ﬂuorescence expression was monitored after infection by confocal microscope. (A) GFP ﬂuorescence expression in MES23.5 cells after infection with
AdGFP for 36 h: (a) the same ﬁeld of AdGFP infected MES23.5 cells by phase contrast microscopy. (B) GFP expression ﬂuorescence in MES23.5 cells after infection
with AdDMT1 + IRE for 36 h: (b) the same ﬁeld of AdDMT1 + IRE infected cells by phase contrast microscopy. Magniﬁcation 200. (C) The statistical analysis of
infection efﬁciency. Data were presented as mean  S.E.M.

Fig. 3. DMT1 + IRE expression in MES23.5 cells. MES23.5 cells were infected with AdDMT1 + IRE for 36 h, DMT1 + IRE mRNA and protein levels were
detected. (A) DMT1 + IRE mRNA levels increased signiﬁcantly after AdDMT1 + IRE infection compared with that of control. (B) The protein levels of
DMT1 + IRE were higher in AdDMT1 + IRE infected cells than that of control. Data were presented as mean  S.E.M. (*P < 0.01, compared with AdGFP infected
cells).

there was a signiﬁcant reduction in cell viability in
AdDMT1 + IRE infected cells (Table 1). However, no
signiﬁcant change was observed in AdGFP infected cells.
Low doses of ferrous iron had no effects on the cell viability in
AdDMT1 + IRE infected cells. To avoid the inﬂuence of
reduced cell number on the following experiments, we selected

100 mM ferrous iron incubated for 6 h for the further
experiments.

Table 1
Changes of cell viability with different doses of ferrous iron treatment

To verify whether the increased expression of DMT1 in
AdDMT1 + IRE infected MES23.5 cells was able to transport
iron into the cells; the intracellular iron levels were detected by
ICP-2. The results showed that the intracellular iron levels in
AdDMT1 + IRE infected cells signiﬁcantly increased compared to AdGFP infected cells and uninfected cells after iron
treatment (Table 2). Our next question is whether the increased
intracellular iron could cause the reactive oxidative stress. As
expected, exposure to ferrous iron for 6 h intracellular hydroxyl

Groups

MTT (% of control)

Control
AdGFP (50 mmol/l iron)
AdGFP (100 mmol/l iron)
AdDMT1 + IRE (100 mmol/l iron)

100.00  3.58
88.98  5.84
87.49  5.68
73.83  5.62*

F = 5.55. Data were presented as mean  S.E.M.
*
P < 0.05, compared with control.

3.3. Intracellular iron levels, hydroxyl free radicals and
lipid peroxidation increased in AdDMT1 + IRE infected
MES23.5 cells after iron incubation
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Fig. 4. Caspase-3 activity was increased in AdDMT1 + IRE infected MES23.5 cells after iron incubation. Infected MES23.5 cells were treated with 100 mmol/l
ferrous iron for 6 h and activated caspase-3 levels were detected by ﬂow cytometry. (A) Representatives of the ﬂuometric assay. (B) Statistical analysis. Activated
caspase-3 levels in AdDMT1 + IRE infected cells were higher than that in AdGFP infected cells. There was no signiﬁcant difference between uninfected cells and
AdGFP infected cells after iron treatment. Data were presented as mean  S.E.M. (*P < 0.01, compared with AdGFP infected cells).
Table 2
Cellular iron levels in MES23.5 cells and infected cells after ferrous iron
incubation for 6 h
Groups

Iron contents (mg/106 cells)

Control
Fe2+
AdGFP/Fe2+
AdDMT1 + IRE/Fe2+

0.41  0.09
0.64  0.03
0.62  0.01
2.67  0.15*

F = 108.01. Data were presented as mean  S.E.M.
*
P < 0.01, compared with AdGFP infected cells.

free radicals and MDA levels of cells infected with
AdDMT1 + IRE showed a signiﬁcant increase (P < 0.01)
(Table 3).
3.4. Caspase-3 activation was observed in AdDMT1 + IRE
infected MES23.5 cells after iron incubation
Caspase-3 is a key protein in the process of apoptosis.
Consistent with the above increased cellular ROS formation,
activation of the effector caspase-3 was also observed. The
active caspase-3 was measured using the PE-conjugated
monoclonal active caspase-3 antibody apoptosis kit. As shown
in Fig. 4, activated-caspase-3 positive cells in AdDMT1 + IRE
infected cells markedly increased after exposure to ferrous iron
compared to AdGFP infected cells. These results indicated that
increased cellular iron levels caused by DMT1 could active the
executive caspase-3 through free radicals in MES23.5 cells.
Table 3
Intracellular hydroxyl free radicals and MDA levels in MES23.5 cells and
infected cells after ferrous iron incubation for 6 h


Groups

OH concentration
(U/mg protein)

MDA concentration
(nmol/mg protein)

Control
Fe2+
AdGFP/Fe2+
AdDMT1 + IRE/Fe2+

21.76  1.30
24.23  0.21
25.34  0.22
33.09  0.92*

1.59  0.04
1.89  0.18
1.97  0.14
3.24  0.09*



OH: F = 36.32; MDA: F = 33.82. Data were presented as mean  S.E.M.
*
P < 0.01, compared wtih AdGFP infected cells.

3.5. Cell apoptosis was found in AdDMT1 + IRE infected
MES23.5 cells after iron incubation
To further conﬁrm the cell apoptosis, the nuclear morphology was analyzed by blue Hoechst 33258. In uninfected and
AdGFP infected cells after iron treatment, nuclei appeared with
regular contours and were round and large in size. However, the
nuclei of AdDMT1 + IRE infected cells appeared hypercondensed (brightly stained) and fragmentation of chromatin
(Fig. 5). We further detected DNA laddering in these cells.
DNA extracted from AdDMT1 + IRE infected cells showed an
apparent ladder pattern (Fig. 5F) after exposure to 100 mM
FeSO4 for 6 h, which indicated the formation of mono- and
oligonucleosomes. No apparent laddering occurred in uninfected cells and AdGFP infected cells.
4. Discussion
A growing body of evidence suggests that iron accumulation
plays a key role in the etiology and pathology of neurodegenerative diseases, such as Parkinson’s disease (Gotz et al., 2004;
Berg and Hochstrasser, 2006). However, the underlying
mechanisms of iron accumulation have not been fully
elucidated. The identiﬁcation of DMT1 provides an approach
to investigate cellular mechanism of iron accumulation. In the
present study, we successfully constructed the recombinant
adenovirus encoding human DMT1 + IRE with Adeasy system.
Because the infection does not interfere with the host genome,
Adeasy system shows a low risk to induce alteration of the host
DNA. Therefore, it has been wildly used to deliver gene
expression (Chinsangaram et al., 2003; Wesley et al., 2004;
Mascola et al., 2005). After its infection of MES23.5 cells, a
signiﬁcant increase in intracellular iron levels was observed,
which is in agreement with other studies conducted in the COS7 cells and CHO cells (Worthington et al., 2000; Zhang et al.,
2000).
Experimental evidence has supported a link between DMT1
and iron accumulation because of its iron uptake function.
Increased DMT1 expression coincidentally correlated with the
abnormal iron deposited in the same area as the neurons of the
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Fig. 5. Morphological changes and DNA laddering were observed in AdDMT1 + IRE infected MES23.5 cells after iron treatment for 6 h. A is the control; B–D were
representative photographs of Hoechst staining of normal, AdGFP and AdDMT1 + IRE infected cells incubated with ferrous iron for 6 h. The nuclei of
AdDMT1 + IRE infected cells appeared hypercondensed (brightly stained) and fragmentation of chromatin. Magniﬁcation 400. (E) The statistical analysis of
condensed nuclei in different groups. Data were expressed as mean  S.E.M. of three independent experiments. (F) Agarose gel electrophoretic pattern in different
groups. DNA extracted from AdDMT1 + IRE infected cells showed an apparent ladder pattern after exposure to 100 mM FeSO4 for 6 h. (a) Control; (b) Fe2+; (c)
AdGFP/Fe2+; (d) AdDMT1 + IRE/Fe2+.

substantial nigra in PD (Andrews et al., 1999; Jiang et al.,
2003). However, whether DMT1 is the cause of iron
accumulation is not fully understood. Expression of DMT1
on neurons suggests that they might participate in the iron
uptake process in neurons (Suh and Samuel, 2003; Moos and
Morgan, 2004; Aracena et al., 2006; Cheah et al., 2006; Shindo
et al., 2006). In the present study, we provide direct evidence
that increased expression of DMT1 could induce iron uptake.
This supports the correlation of the increased DMT1 and
elevated iron levels in parkinsonian brain and suggests the
important role of DMT1 in iron accumulation in PD.
Oxidative stress plays a key role in PD (Youdim and BenShachar, 1990; Kidd, 2000; Jenner, 2003; Andersen, 2004),
which is able to promote lipid peroxidation, oxidation of
protein, and DNA damage. Iron is a key molecular involved in
the oxidative stress, which is capable to catalyze H2O2 and form
the highly reactive hydroxyl radicals resulting in increased
oxidative damage (Jellinger et al., 1990). As shown in our
study, increased intracellular iron caused an increase in the
levels of intracellular hydroxyl free radicals and the formation
of MDA.
Under certain pathological conditions oxidative stress may
lead to apoptosis (Zhang et al., 2003). Mounting evidence has
strongly implicated the involvement of apoptosis in the death of
neurons following exposure to toxic compounds in the
neurodegeneration of dopaminergic neurons (Andersen,
2001; Nagatsu, 2002; Tatton et al., 2003; Ekshyyan and Aw,
2004). The caspase family of cysteine proteases plays a key role
in apoptosis. These enzymes participate in a cascade that is
triggered in response to proapoptotic signals and culminates in
cleavage of a set of proteins, resulting in disassembly of the

cells (Thornberry and Lazebnik, 1998; Enari et al., 1998). We
conﬁrmed the presence of apoptosis in our experimental
condition by detecting caspase-3 activation, nuclear morphological changes and DNA fragmentation. These ﬁndings
indicate that increased DMT1 expression could in deed lead
to apoptosis in a caspase-3-dependent pathway.
In summary, recombinant adenoviral expression vector
encoding human DMT1 + IRE protein was ﬁrstly constructed.
After infection with AdDMT1 + IRE, increased cellular iron
was detected after iron treatment. Elevated cellular iron
induced oxidative stress, increased caspase-3 activity and
ultimately apoptosis. This supports the function of increased
DMT1 expression in iron accumulation and the notion that
increased DMT1 results in oxidative stress and apoptosis,
processes known to occur in PD.
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