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ABSTRACT

Based on the available data, we speculated that changes in
brain iron metabolism induced by L-DOPA might be associated
with the neurotoxicity of L-DOPA. To investigate this possibility,
the effects of L-DOPA on the expression of iron influx proteins
[transferrin receptor (TfR) and divalent metal transporter 1
(DMT1)], iron efflux protein (ferroportin 1), and iron uptake in C6
glioma cells were determined in this study using Northern blot
and Western blot analysis and the calcein method. The findings
showed that treatment of C6 cells with different concentrations
of L-DOPA (0-100 nM) did not affect the expression of mRNA
and protein of TfR and DMT1 with iron-responsive element
(+IRE) and protein of ferroportin 1. However, a significant in-
crease in the expression of DMT1(—IRE) mRNA and protein

was found in cells treated, respectively, with 10 and 30 uM
L-DOPA (mRNA) and 1, 5, 10 and 30 uM L-DOPA (protein). The
increase in DMT(—IRE) protein induced by L-DOPA treatment
was in parallel with the increase in DMT(—IRE) mRNA. The
levels of DMT1(—IRE) mRNA and protein peaked in the cells
treated with 10 uM L-DOPA and then decreased progressively
with increasing concentrations of L-DOPA. Further study dem-
onstrated that treatment of the cells with 10 uM L-DOPA in-
duced a significant increase in ferrous uptake by C6 glioma
cells. The findings suggested that the increased DMT1(—IRE)
expression might be partly associated with the neurotoxicity of
L-DOPA. Clinical relevance of the findings needs to be investi-
gated further.

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder characterized mainly by degeneration of dopam-
ine-containing neurons. The affected sections of the brain are
therefore deprived of adequate amounts of the neurotrans-
mitter dopamine (Foley, 2000). Because dopamine itself can-
not access the brain directly, its natural precursor, L-DOPA,
is used in clinical treatment of patients with PD. .-DOPA
remains the most effective treatment for the symptomatic
control of PD (Dunnett and Bjorklund, 1999; LeWitt and
Nyholm, 2004). However, it was reported that long-term ad-
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ministration of high oral doses could cause drug-induced
involuntary movements, on-off fluctuation of efficacy, and
dyskinesias (Jenner and Brin, 1998; Foster and Hoffer,
2004).

The causes of the long-term side effects caused by L-DOPA
treatment of PD are not yet completely known. Based on
available data, we speculated that changes in brain iron
metabolism induced by L-DOPA might be associated with
neurotoxicity or side effects of L-DOPA. First, it has been
suggested that changes in trace metal concentrations in the
brain may be related to the long-term toxicity of L.-DOPA
(Weiner et al., 1978). Second, a clinical study (Boll et al.,
1999) demonstrated that L-DOPA can significantly affect
brain ceruloplasmin, a major factor in the regulation of re-
gional brain iron content and that cerebrospinal fluid ferroxi-
dase (CP) in L-DOPA-treated patients with PD was signifi-
cantly higher than that in patients with PD who were not

ABBREVIATIONS: PD, Parkinson’s disease; DMT1, divalent metal transporter 1; IRE, iron-responsive element; DMT1(+IRE), divalent metal
transporter 1 with iron-responsive element; DMT1(—IRE), divalent metal transporter 1 without iron-responsive element; BP bathophenanthroline
disulfonate; SSC, standard saline citrate; TfR, transferrin receptor; FP1, ferroportin 1; FAS, ferrous ammonium sulfate; CP, cerebrospinal fluid

ferroxidase; AM, acetoxymethyl ester.
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given L-DOPA. Third, ferritin levels are significantly lower in
several regions of postmortem brain of patients with PD who
were treated with L-DOPA than those in the age-matched
control patients (Dexter et al., 1990). These findings suggest
the possible association of L-DOPA-induced changes in brain
iron metabolism with the neurotoxicity of L-DOPA in patients
with PD.

To explore this possibility, we investigated the effects of
L-DOPA on the expression of some important proteins of
brain iron metabolism, including transferrin receptor (TfR),
divalent metal transporter 1 (DMT1), ferroportin 1 (FP1), as
well as iron uptake in C6 glioma cells. The rat C6 glioma cell
line was chosen for this study as a glial cellular model be-
cause it expresses TfR (Recht et al., 1990), DMT1 with or
without iron-responsive element (IRE) [DMT1(+IRE) or
DMT1(—-IRE), respectivelyl] (Lis et al., 2004), and ferropor-
tin-1 (di Patti et al., 2004), and because of the importance of
glial cells in iron homeostasis in the brain. Expression of TR,
DMT1, and FP1 was investigated because TfR and DMT1 are
two major iron-influx proteins involved in iron uptake by the
cells (Gunshin et al., 1997; Qian et al., 1997; Su et al., 1998),
and FP1 (IREG1, MTP1, or Slc11a3) is a main iron exporter
in mammals (Abboud and Haile, 2000; Donovan et al., 2000;
McKie et al., 2000). The existence of these proteins in the
brain has also been confirmed. Our data revealed that
treatment of C6 cells with L-DOPA induced a significant
increase in the expression of DMT1(—IRE), but not TfR,
DMT1(+IRE), and FP1, and a remarkable increase in ferrous
uptake by C6 glioma cells. The clinical relevance of the in-
creased expression of the iron influx protein, and then cell
iron accumulation induced by L-DOPA, needs to be investi-
gated further.

Materials and Methods

Materials. Unless otherwise stated, all chemicals, including rab-
bit anti-human pB-actin polyclonal antibody, were obtained from
Sigma Chemical (St. Louis, MO). Bradford assay kit and pure nitro-
cellulose membrane were purchased from Bio-Rad Laboratories
(Hercules, CA), and TRIzol reagent, Dulbecco’s modified Eagle’s me-
dium, and fetal bovine serum were from Invitrogen (Carlsbad, CA).
ExpressHyb hybridization solution was obtained from Clontech
(Mountain View, CA), and Prime-a-Gene labeling system was from
Promega (Madison, WI). Micro Spin G-50 column, [a-2?P]dCTP, ECL
Western blotting analysis system kit, anti-mouse secondary anti-
body, and 5% blocking reagent were purchased from GE Healthcare
(Little Chalfont, Buckinghamshire, UK), and streptomycin sulfate
was from Invitrogen. Hybond-N membranes were products of GE
Healthcare. Rabbit anti-rat DMT1(+IRE) and DMT1(—-IRE1) poly-
clonal antibody and rabbit anti-mouse FP1 polyclonal antibody were
purchased from Alpha Diagnostic (San Antonio, TX), and mouse
anti-rat TfR monoclonal antibody was from BD Biosciences (San
Jose, CA). Calcein acetoxymethyl ester (calcein-AM) was purchased
from Invitrogen. Stock Fe?" aqueous solutions (20 mM) were always
prepared fresh as ferrous ammonium sulfate (FAS; Sigma Chemical)
according to Picard et al. (2000) and Breuer et al. (2000).

C6 Glioma Cell Culture and Treatment. The rat C6 glioma cell
line, obtained from the American Type Culture Collection (Manas-
sas, VA), was maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (v/v), sodium penicillin
(100 U/ml), and streptomycin sulfate (100 pg/ml) in a humidified
atmosphere at 37°C and 5% CO,_ To determine the effects of L-DOPA
on the expression of TfR, DMT1, FP1, and iron uptake, the rat C6
glioma cells were pretreated with different concentrations of L-DOPA
(0-100 uM) for a given period, and then Northern blot and Western
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blot assays and measurement of quenching of calcein fluorescence
were performed.

RNA Purification, Generation of Specific Probes, and North-
ern Blot Assay. Total RNA was isolated from C6 rat glioma cells
pretreated with or without different concentrations of L-DOPA using
TRIzol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The polymerase chain reaction products corresponding to posi-
tions nucleotides 5 to 574 (M58040) of TR, 1755 to 2592 (GenBank
accession number AF008439) of DMT1(+IRE), 1697 to 2031 (GenBank
accession number AF029757) of DMT1(—IRE), and 1298 to 1733 (Gen-
Bank accession number AF394785) of FP1 were used to generate the
special 32P-labeled probes. The RNA samples (30 ug) were subjected to
electrophoresis on 1.2% formaldehyde-agarose gels, transferred to Hy-
bond-N membranes with 10X standard saline citrate (SSC), and immo-
bilized using a UV cross-linker (Fisher Scientific Co., Pittsburgh, PA).
The blots were prehybridized at 65°C in ExpressHyb hybridization
solution (Clontech) for 1 h and then hybridized overnight at 65°C in the
same solution containing >?P-labeled probes using the Prime-a-Gene
labeling system. After three washes with 2X standard SSC containing
0.05% SDS at room temperature, the blots were washed three times in
0.1X SSC and 0.1% SDS with continuous shaking at 50 to 60°C. Ra-
dioactivity was then detected using a phosphorimager and quantified
using ImageQuant software (Molecular Dynamics, Sunnyvale, CA). For
normalization, the blot was stripped and reprobed with B-actin probe
corresponding to position 474 to 736 of rat B-actin (GenBank accession
number NM031144). The results were expressed as the ratio to B-actin.

Western Blot Analysis. Untreated C6 rat glioma cells and those
treated with different concentrations of L-DOPA were washed with
ice-cold phosphate-buffered saline (Invitrogen); homogenized with
Tris buffer containing 1% Triton X-100, 0.1% SDS, 1 mM phenyl-
methylsulfonyl fluoride, and protease inhibitors (pepstatin 1 pg/ml,
aprotinin 1 pg/ml, and leupeptin 1 pg/ml); and then subjected to
sonication using Soniprep 150 (MSE Scientific Instruments, London,
UK) three times for 10 s each. After centrifugation at 10,000g for 15
min at 4°C, the supernatant was collected, and protein content was
determined using the Bradford assay kit (Bio-Rad). Aliquots of the
cell extract containing 40 pg of protein were diluted in 2X sample
buffer (50 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromphenol
blue, and 5% B-mercaptoethanol) and heated for 5 min at 95°C before
SDS-PAGE on a 10% gel and subsequently transferred to a pure
nitrocellulose membrane. After transfer, the membrane was blocked
with 5% blocking reagent in Tris-buffered saline containing 0.1%
Tween 20 overnight at 4°C. The membrane was rinsed in three
changes of Tris-buffered saline/Tween 20, incubated in fresh wash-
ing buffer once for 15 min and twice for 5 min, and then incubated
for overnight at 4°C with primary antibodies: rabbit anti-rat
DMT1(+IRE), DMT1(—IRE1) polyclonal antibody, rabbit anti-mouse
FP1 polyclonal antibody, 1:5000; mouse anti-rat TfR monoclonal
antibody, 1:1000. After three washes, the membrane was incubated
for 2 h in horseradish peroxidase-conjugated anti-rabbit or anti-
mouse second antibody (1:5000) and developed using enhanced
chemiluminescence (ECL Western blotting analysis system kit). The
blots were detected using a Lumi-imager F1 workstation (Roche
Molecular Biochemicals, Mannheim, Germany). The intensity of the
specific bands was determined by densitometry with the use of
LumiAnalyst 3.1 software (Roche Molecular Biochemicals). To en-
sure even loading of the samples, the same membrane was probed
with rabbit anti-human B-actin polyclonal antibody at a 1:5000 di-
lution. In certain experiments, the cells were pretreated with 1 mM
bathophenanthroline disulfonate (BP), an Fe?" chelator, for 16 h at
37°C, and then expression of DMT1-IRE protein was determined.

Calcein Loading of the Cells and Iron Transport Assay. The
cells were loaded with calcein-AM according to a method described
previously (Ci et al., 2003). In brief, the cells were incubated with
L-DOPA (0 or 10 uM) or BP (1 mM) in Dulbecco’s modified Eagle’s
medium for 16 h and then washed twice with medium and incubated
at a density of 6 X 10° cells/ml with 0.125 uM calcein-AM in serum-
free medium for 5 min at 37°C. Excess calcein-AM on cell surface was
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removed by three washes with Hanks’ balanced salt solution, pH 7.4.
Just before measurements, 100 ul of calcein-loaded cell suspension
(approximately 6 X 10° cells) and 100 ul of HEPES were added to a
96-well plate. After initial baseline of fluorescence intensity was
collected, FAS (4 uM, final concentration in incubation medium) was
added to the plates. The fluorescence was measured with a Fluostar
Galaxy fluorescence plate reader (BMG, Durham, NC) (A, of 485
nm, A, of 520 nm, 37°C) equipped with excitation and emission
probes directed to the bottom of the plate. The quenching of calcein
fluorescence was recorded in every 5 min for 30 min. Data were
normalized to the steady-state (baseline) values of fluorescence. To
avoid the potential effects of intracellular transferrin on experimen-
tal results, the C6 rat glioma cells were suspended in Dulbecco’s
modified Eagle’s medium/HEPES medium and maintained at 37°C
for a minimum of 4 h to deplete intracellular store of transferrin
before calcein loading of the cells.

Statistical Analysis. The difference between means was deter-
mined by one-way analysis of variance followed by a Student-
Newman-Keuls test for multiple comparisons. The results were
expressed as means = S.E.M. A probability value of P < 0.05 was
taken to be statistically significant.

Results

Effects of L-DOPA on TfR Expression in C6 Glioma
Cells. We investigated the effects of L-DOPA on the expres-
sion of TfR mRNA and protein in C6 glioma cells. The cells
grown on 75-cm? flask were treated with L-DOPA (0, 10, 30,
and 100 uM, or 1, 5, 10, 30, 60, and 100 uM) for 16 h.
Northern blot and Western blot analysis was then conducted.
Figure 1, A and C, respectively, presents representative
Northern blot (a signal mRNA band with expected molecular
mass of ~5 kDa) and Western blot (a single band with a
molecular mass of ~90 kDa). The relative values of TfR
mRNA and protein are summarized in Fig. 1, B and D. The
data demonstrated that L.-DOPA did not induce any changes
in the expression of TfR mRNA and protein.

Effects of L-DOPA on Expression of DMT1(+IRE) and
DMT1(—IRE) mRNA and Protein in C6 Glioma Cells. To
determine the effects of L-DOPA on the expression of two
forms of DMT1 mRNAs and proteins, C6 glioma cells were
treated with L.-DOPA (10, 30, and 100 uM, or 1, 5, 10, 30, 60,
and 100 uM), and then Northern and Western blot analyses
were conducted. Cells not exposed to L-DOPA were used as
controls. Figure 2, A and C, respectively, present represen-
tative Northern blots (a single major band with a molecular
mass of ~4.4 kDa for DMTI(+IRE), 2.4 kDa for
DMT1(—1IRE), and 2 kDa for B-actin), and Fig. 2, E and G,
presents representative Western blots (a single band with a
molecular mass of ~56 kDa for two isoforms of DMT1 and
~45 kDa for B-actin). The results were in good agreement
with the expected molecular masses based on published data
(Conrad et al., 2000; Gambling et al., 2001). Figure 2, B, D, F,
and H, show relative values of DMT1 mRNAs (B and D) and
proteins (F and H). Treatment of C6 cells with different
concentrations of L-DOPA did not induce any changes in the
expression of DMT1(+IRE) mRNA or protein. No difference
was found between relative values of DMT1(+IRE) mRNA
(Fig. 2B) and protein (Fig. 2F). However, a significant in-
crease in the expression of DMT1(—IRE) mRNA was found in
cells treated with 10 and 30 uM L-DOPA. In addition, treat-
ment with L-DOPA (1, 5, 10, and 30 uM) induced a significant
increase in the expression of DMT1(—IRE) protein. The lev-
els of DMT1(—IRE) mRNA and protein both were the highest

in the cells treated with 10 uM L-DOPA and then decreased
progressively with increasing concentrations of L-DOPA. Al-
though the values of DMT1(—IRE) mRNA at 100 uM and
protein at 60 and 100 uM L-DOPA are higher than those at 0
uM (the control), no significant differences were found among
them. The data clearly revealed that the increase in
DMT(—IRE) protein induced by L-DOPA treatment was in
parallel with an increase in DMT(—IRE) mRNA in C6 glioma
cells. The results also showed that treatment of C6 cells with
1 mM BP for 16 h did not induce any significant changes in
the expression of DMT1(—IRE) protein (Fig. 3).

Effects of L-DOPA on Expression of FP1 Protein in
C6 Glioma Cells. Ferroportin 1, a newly discovered trans-
membrane protein, is a major iron export protein in mam-
mals (Abboud and Haile, 2000; Donovan et al., 2000; McKie
et al., 2000). Decrease in the expression of FP1 might lead to
a decrease in cell iron export and then iron accumulation in
the cells. Therefore, we also investigated the effect of L-DOPA
on the expression of FP1 protein in C6 glioma cells. The cells
were treated with .-DOPA (0, 1, 5, 10, 30, 60, or 100 uM), and
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Fig. 1. Effects of L-DOPA on expression of TfR in C6 glioma cells. Total
cellular RNA was isolated from C6 glioma cells that were pretreated with
L-DOPA (0, 10, 30, or 100 uM) for 16 h. Northern blot was then per-
formed. To confirm equal loading of RNA, each blot was rehybridized with
32P-labeled probe for B-actin. In the case of TfR protein assay, the cells
were pretreated with different concentrations of L-DOPA (0, 1, 5 10, 30,
60, or 100 M) for 16 h, and Western blot analyses were then performed
as described under Materials and Methods. A, representative Northern
blot (a signal mRNA band with molecular mass of ~5 kDa). B, the relative
values of TfR mRNA expression. C, representative Western blot (a single
band with a molecular mass of ~90 kDa). D, the relative values of TfR
protein. B (mRNA) and D (protein) were normalized for B-actin. Data are
means = S.E.M. (percentage of control) from three independent experi-
ments. No significant differences were found among the values.
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Western blot analysis was then conducted. Figure 4A pre-
sents representative Northern blots (a single major band
with a molecular mass of ~60 kDa for FP1 and 45 kDa for
B-actin), and Fig. 4B shows the relative values of FP1 pro-
tein. No significant difference in expression of FP1 protein
was found among the cells treated with or without different
concentrations of L-DOPA.

Effects of L-DOPA and BP on Iron Uptake by C6
Glioma Cells. To confirm that the calcein method provides a
valid measure of the ferrous uptake, a baseline signal was
obtained from normal cells and those with no ferrous added
cells (Fig. 5). This indicated that the fluorescence was steady
in the 30-min recording. After stabilization of the fluores-
cence signal, FAS (4 uM, final concentration) was added and
incubated with untreated C6 cells and those treated with
L-DOPA (10 pM) or BP (1 mM). Because the levels of
DMT1(—IRE) protein were the highest in the cells treated
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with 10 uM L-DOPA, this concentration was therefore used
in this assessment. Results showed that FAS time-depen-
dently quenched calcein fluorescence. There was no signifi-
cant difference between cells treated with L-DOPA (L-DOPA
group) and without L-DOPA (control group) for up to 15 min.
The significant difference in quenching of fluorescence was
observed between the two groups (control and L-DOPA) after
incubating for 20 min or longer at 37°C (Fig. 5). This indi-
cated that L-DOPA (10 uM) treatment could significantly
increase ferrous uptake by C6 glioma cells. However, no
significant difference was found between ferrous uptake by
the cells treated with or without BP (Fig. 5).

Discussion

To our knowledge, this study is the first investigation of
the effects of L-DOPA on the expression of iron influx proteins
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Fig. 2. Effects of L-DOPA on expression of DMT1(+IRE) and DMT1(—IRE) mRNA and protein in C6 glioma cells. The C6 glioma cells were pretreated
with L-DOPA (0, 10, 30, and 100 uM) for 16 h, and total cellular RNA was isolated. Northern blot analyses were then performed. To confirm equal
loading of RNA, each blot was rehybridized with *?P-labeled probe for B-actin. Western blot was conducted using cells pretreated with different
concentrations of L-DOPA (0, 1, 5, 10, 30, 60, and 100 uM) for 16 h as described under Materials and Methods. A, representative Northern blots of
DMT1(+IRE) and B-actin (molecular masses of ~4.4 and 2 kDa, respectively). B, the relative values of DMT1(+IRE) mRNA expression. C,
representative Northern blots of DMT1(—IRE) and B-actin (molecular masses of ~2.4 and 2 kDa, respectively). D, the relative values of DMT1(—IRE)
mRNA expression. E, representative Western blots of DMT1(+IRE) and B-actin (molecular masses of ~56 and 45 kDa, respectively). F, the relative
values of DMT1(+IRE) protein expression. G, representative Western blots of DMT1(—IRE) and B-actin (molecular masses of ~56 and 45 kDa,
respectively). H, the relative values of DMT1(—IRE) protein expression. Data are means = S.E.M. (percentage of control) from three independent

experiments. *, P < 0.05 versus the control (0 uM L-DOPA).
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(TfR and DMT1), iron efflux protein (FP1), and iron uptake in
C6 glioma cells. Our data show that treatment of C6 cells
with L-DOPA did not induce any changes in the expression of
TfR and DMT1(+IRE) mRNA and protein and ferroportin 1
protein. However, a significant increase in the expression of
DMT1(—IRE) mRNA and protein was found in cells treated
with 10 and 30 uM L-DOPA (mRNA) and with 1, 5, 10, and 30
uM  L-DOPA (protein), respectively. The increase in
DMT(—-IRE) protein induced by L-DOPA treatment was in
parallel with the increase in DMT(—IRE) mRNA. By plotting
the values of DMT1(—IRE) mRNA and protein against one
another, a highly significant correlation was found (r =
0.927, P < 0.001). This implied that DMT1(—IRE) gene ex-
pression is regulated by L-DOPA at the transcriptional level.
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Fig. 3. Effects of BP on expression of DMT1(—IRE) protein in C6 glioma
cells. Western blot was performed using cells pretreated with BP (0 or 1
mM) for 16 h as described under Materials and Methods. A, representa-
tive Western blots of DMT1(—IRE) and B-actin. B, the relative values of
DMT1(—IRE) protein expression. Data are means + S.E.M. (percentage
of control) from three independent experiments. There is no significant
difference in the levels of DMT1(—IRE) protein of C6 glioma cells pre-
treated with or without BP.
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Fig. 4. Effects of L-DOPA on the expression of FP1 protein in C6 glioma
cells. The C6 glioma cells were pretreated with L.-DOPA (0, 1, 5, 10, 30, 60,
and 100 uM) for 16 h, and Western blot analyses were then performed as
described under Materials and Methods. Values of protein expression
were normalized for B-actin, and data were means = S.E.M. (percentage
of control) of three independent experiments. A, representative Western
blots of FP1 and B-actin (molecular masses of 60 and 45 kDa, respec-
tively). B, the relative values of FP1 protein expression. No significant
difference in FP1 protein expression was found between the cells treated
with or without L-DOPA.

The levels of DMT1(—IRE) protein peaked in cells treated
with 10 uM L-DOPA and then decreased progressively with
increasing concentrations of L-DOPA. Further study demon-
strated that treatment of cells with 10 uM L-DOPA induced a
significant increase in ferrous uptake by C6 glioma cells.

DMT1 (DCT-1 or NRAMP2) is a widely expressed mem-
brane protein (Fleming et al., 1997; Gunshin et al., 1997). It
is responsible for the uptake of a broad range of divalent
metal ions (Fleming et al., 1997; Gunshin et al., 1997; Tandy
et al., 2000). The existence of this protein in the brain has
been well determined (Burdo et al., 2001; Ke et al., 2004). In
general, DMT1(+IRE) is predominantly expressed by epithe-
lial cell lines, whereas DMT1(—IRE) is expressed by blood
cell lines (Canonne-Hergaux et al., 1999, 2001). The func-
tions of DMT1(+IRE) and DMT1(—IRE) have not been com-
pletely understood (Picard et al., 2000). However, available
data support the notion that DMT1(—IRE), rather than
DMT1(+IRE), is the entity responsible for transmembrane
transport of the iron released from transferrin to the early
endosomal lumen (Touret et al., 2003). Recent studies also
inferred that DMT1(—IRE) is found predominantly in three
compartments: the plasma membrane, early/recycling endo-
somes, and the endoplasmic reticulum (Touret et al., 2003).
In the present study, we found a significant increase in the
expression of DMT1(—IRE) as well as iron uptake in C6
glioma cells treated with L-DOPA. It implies that L-DOPA
has a role in stimulating the expression of DMT1(—IRE) and
then inducing a significant increase in cell iron uptake. The
findings suggest that L-DOPA-induced changes in iron me-
tabolism might be associated with some side effects of L-
DOPA treatment of PD.

At present, it is unknown how L-DOPA regulates
DMT1(—IRE) expression. L-DOPA, as a catechol compound,
is a chelator for divalent metals. Therefore, it is possible that
the increase in DMT1(—IRE) protein and consequently iron
uptake-induced L-DOPA might be caused by the decreased
intracellular iron resulting from the chelating effect of L-
DOPA. To determine this possibility, we investigated the
effects of BP, a chelator of divalent metals (Fe?*), on the
expression of DMT1(—IRE) protein and iron uptake in the
cells. The results showed that treatment of C6 cells with 1
mM BP for 16 h did not induce any significant changes in the
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Fig. 5. Effects of L-DOPA and BP on iron uptake by C6 glioma cells. After
the initial baseline (fluorescence intensity) was collected, FAS (final
concentration is 4 uM in incubation medium) was added and incubated
with the cells that were pretreated with 0 uM (control), 10 uM L-DOPA
(L-DOPA), or 1 mM BP (BP). The quenching of calcein fluorescence by
iron was measured every 5 min for 30 min. The fluorescence assay for iron
uptake by C6 cells was performed in duplicate for three independent
experiments. The data represent means + S.E.M. (percentage of base-
line). *, P < 0.05 versus the control group.
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expression of DMT1(—IRE) protein and iron uptake. These
findings are in agreement with the ones reported by Barisani
et al. (1995), who found no effect of the Fe?* chelator fer-
rozine (1 mM) on ®°Fe uptake by rat hepatocytes. This im-
plies that the increased expression of the DMT1(—IRE) pro-
tein and cell iron accumulation, induced by L-DOPA, is not
caused by the chelating effect of L-DOPA. To understand the
mechanisms involved in the increase in DMT1(—IRE) expres-
sion, further studies are needed.

Cell iron balance depends on iron uptake and iron efflux
(Qian and Wang, 1998). Accumulated evidence shows that
FP1/CP or FP1/hephaestin systems might play a key role
in iron efflux from cells in the brain (Qian and Wang, 1998;
Qian and Ke, 2001; Qian et al., 2002; Ke and Qian, 2003).
The effect of L-DOPA on the expression of these iron efflux
proteins is another important issue that needs to be ad-
dressed. A clinical study (Boll et al., 1999) demonstrated
that L-DOPA can significantly affect brain CP and that
cerebrospinal fluid CP in L-DOPA-treated patients with
PD is significantly higher than the one observed in pa-
tients with PD who were not given L-DOPA. CP is a key
protein in brain iron metabolism and is widely believed to
have a role in iron release from brain cells. However, as an
enzyme, CP itself is unlikely to be a membrane iron trans-
porter (Vulpe et al., 1999; Anderson et al., 2002). In addi-
tion to CP, FP1 has recently been suggested as a key player
in iron release from brain neurons and in iron transport
across the basolateral membrane of the blood-brain barrier
(Qian and Ke, 2001; Qian and Shen, 2001; Qian et al.,
2002). This newly discovered transmembrane iron export
protein might interact with CP or its homolog hephaestin
in the process of iron release from brain cells. Recent
studies have demonstrated that FP1 is particularly abun-
dant in the brain (Burdo et al., 2001; Jiang et al., 2002;
Jeong and David, 2003; Wu et al., 2004). It strongly sup-
ports the hypothesis that this protein may function to
export iron from brain cells, playing a physiological role in
brain iron homeostasis. In this study, we did not measure
CP content but found that L.-DOPA treatment had no effect
on FP1 expression in the cells. This implies that L.-DOPA
has no effect on cellular iron efflux but can increase the
expression of iron influx protein DMT1(—IRE) and iron
influx into the cells. In this case, cell iron will overaccu-
mulate. It might be one of the causes for the neurotoxicity
of L.-DOPA.

Our study provides initial and important evidence for the
association of the L-DOPA-induced changes in iron metabo-
lism with the side effects of L-DOPA treatment in PD. The
data we present show that L-DOPA is maximally active at the
concentration of 10 uM in vitro. However, it is unknown at
present whether this concentration is likely to be reached in
the brain of patients with PD treated with L-DOPA, because
a number of factors affect the concentration of L-DOPA in the
brain in vivo, including decarboxylation of L-DOPA, the speed
of which is very rapid. It should therefore be pointed out that
the clinical relevance of the increased expression of the iron
influx protein and then the cell iron accumulation induced by
L-DOPA needs to be investigated further.

References

Abboud S and Haile DJ (2000) A novel mammalian iron-regulated protein involved
in intracellular iron metabolism. JJ Biol Chem 275:19906-19912.
Anderson GJ, Frazer DM, McKie AT, and Vulpe CD (2002) The ceruloplasmin

L-DOPA Increases DMT1(—IRE) and Iron Uptake in C6 Cells

973

homolog hephaestin and the control of intestinal iron absorption. Blood Cells Mol
Dis 29:367-375.

Barisani D, Berg CL, Wessling-Resnick M, and Gollan JL (1995) Evidence for a low
Km transporter for non-transferrin-bound iron in isolated rat hepatocytes. Am J
Physiol 269 (4 Pt 1):G570-G576.

Boll MC, Sotelo J, Otero E, Alcaraz-Zubeldia M, and Rios C (1999) Reduced ferroxi-
dase activity in the cerebrospinal fluid from patients with Parkinson’s disease.
Neurosci Lett 265:155-158.

Breuer W, Ronson A, Slotki IN, Abramov A, Hershko C, and Cabantchik ZI (2000)
The assessment of serum nontransferrin-bound iron in chelation therapy and iron
supplementation. Blood 95:2975-2982.

Burdo JR, Menzies SL, Simpson IA, Garrick LM, Garrick MD, Dolan KG, Haile DJ,
Beard JL, and Connor JR (2001) Distribution of divalent metal transporter 1 and
metal transport protein 1 in the normal and Belgrade rat. J Neurosci Res 66:1198—
1207.

Canonne-Hergaux F, Gruenheid S, Ponka P, and Gros P (1999) Cellular and subcel-
lular localization of the Nramp2 iron transporter in the intestinal brush border
and regulation by dietary iron. Blood 93:4406—4417.

Canonne-Hergaux F, Zhang AS, Ponka P, and Gros P (2001) Characterization of the
iron transporter DMT1 (NRAMP2/DCT1) in red blood cells of normal and anemic
mk/mk mice. Blood 98:3823-3830.

Ci W, Li W, Ke Y, Qian ZM, and Shen X (2003) Intracellular Ca®" regulates the
cellular iron uptake in K562 cells. Cell Calcium 33:257-266.

Conrad ME, Umbreit JN, Moore EG, Hainsworth LN, Porubcin M, Simovich MdJ,
Nakada MT, Dolan K, and Garrick MD (2000) Separate pathways for cellular
uptake of ferric and ferrous iron. Am J Physiol 279:G767-G774.

Dexter DT, Carayon A, Vidailhet M, Ruberg M, Agid F, Agid Y, Lees AJ, Wells FR,
Jenner P, and Marsden CD (1990) Decreased ferritin levels in brain in Parkinson’s
disease. J Neurochem 55:16—-20.

di Patti MC, Persichini T, Mazzone V, Polticelli F, Colasanti M, and Musci G (2004)
Interleukin-1beta up-regulates iron efflux in rat C6 glioma cells through modula-
tion of ceruloplasmin and ferroportin-1 synthesis. Neurosci Lett 363:1862—1866.

Donovan A, Brownlie A, Zhou Y, Shepard J, Pratt SJ, Moynihan J, Paw BH, Drejer
A, Barut B, Zapata A, et al. (2000) Positional cloning of zebrafish ferroportinl
identifies a conserved vertebrate iron exporter. Nature (Lond) 403:776-781.

Dunnett SB and Bjorklund A (1999) Prospects for new restorative and neuroprotec-
tive treatments in Parkinson’s disease. Nature (Lond) 399 (6738 Suppl):A32-A39.

Fleming MD, Trenor CC III, Su MA, Foernzler D, Beier DR, Dietrich WF, and
Andrews NC (1997). Microcytic anemia mice have a mutation in Nramp2, a
candidate iron transporter gene. Nat Genet 27:383-386.

Foley P (2000) The L-DOPA story revisited. Further surprises to be expected.
J Neural Transm Suppl 60:1-20.

Foster HD and Hoffer A (2004) The two faces of L-DOPA: benefits and adverse side
effects in the treatment of Encephalitis lethargica, Parkinson’s disease, multiple
sclerosis and amyotrophic lateral sclerosis. Med Hypotheses 62:177-181.

Gambling L, Danzeisen R, Gair S, Lea RG, Charania Z, Solanky N, Joory KD, Srai
SK, and McArdle HJ (2001) Effect of iron deficiency on placental transfer of iron
and expression of iron transport proteins in vivo and in vitro. Biochem JJ 356 (Pt
3):883-889.

Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, Nuss-
berger S, Gollan JL, and Hediger MA (1997) Cloning and characterization of a
mammalian proton-coupled metal-ion transporter. Nature (Lond) 388:482—488.

Jenner PG and Brin MF (1998). Levodopa neurotoxicity experimental studies versus
clinical relevance. Neurology 50:S39—-S43.

Jeong SY and David S (2003) Glycosylphosphatidylinositol-anchored ceruloplasmin
is required for iron efflux from cells in the central nervous system. J Biol Chem
278:27144-27148.

Jiang DH, Ke Y, Cheng YZ, Ho KP, and Qian ZM (2002) Distribution of ferroportinl
protein in different regions of developing rat brain. Dev Neurosci 24:94-98.

Ke Y and Qian ZM (2003) Iron misregulation in the brain: a primary cause of
neurodegenerative disorders. Lancet Neurol 2:246-253.

Ke Y, Wang K, Duan XL, Chang YZ, Zhu L, Yang XD, Ho KP, and Qian ZM (2004)
Iron-independent and age-dependent expression of the two mRNA isoforms of
divalent metal transporter 1 in different brain regions of rats. Neurobiol Aging
26:739-748.

LeWitt PA and Nyholm D (2004) New developments in levodopa therapy. Neurology
62 (Suppl 1):5S9-S16.

Lis A, Barone TA, Paradkar PN, Plunkett RJ, and Roth JA (2004) Expression and
localization of different forms of DMT1 in normal and tumor astroglial cells. Brain
Res Mol Brain Res 122:62-70.

McKie AT, Marciani P, Rolfs A, Brennan K, Wehr K, Barrow D, Miret S, Bomford A,
Peters TJ, Farzaneh F, et al. (2000) A novel duodenal iron-regulated transporter,
IREG1, implicated in the basolateral transfer of iron to the circulation. Mol Cell
5:299-309.

Picard V, Govoni G, Jabado N, and Gros P (2000) Nramp 2 (DCT1/DMT1) expressed
at the plasma membrane transports iron and other divalent cations into a calcein-
accessible cytoplasmic pool. J Biol Chem 275:35738-35745.

Qian ZM and Ke Y (2001) Rethinking the role of ceruloplasmin in brain iron
metabolism. Brain Res Rev 35:287-294.

Qian ZM, Li HY, Sun HZ, and Ho K (2002) Targeted drug delivery via the transferrin
receptor-mediated endocytosis pathway. Pharmacol Rev 54:561-587.

Qian ZM and Shen X (2001) Brain iron transport and neurodegeneration. Trend Mol
Med 7:103-108.

Qian ZM, Tang PL, and Wang Q (1997) Iron crosses the endosomal membrane by a
carrier-mediated process. Prog Biophys Mol Biol 67:1-15.

Qian ZM and Wang Q (1998) Expression of iron transport proteins and excessive iron
accumulation in the brain in neurodegenerative disorders. Brain Res Rev 27:257—
2617.

Recht LD, Griffin TW, Raso V, and Salimi AR (1990) Potent cytotoxicity of an

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

974  Chang et al.

antihuman transferrin receptor-ricin A-chain immunotoxin on human glioma cells
in vitro. Cancer Res 50:6696—6700.

Su MA, Trenor CC, Fleming JC, Fleming MD, and Andrews NC (1998) The G185R
mutation disrupts function of the iron transporter Nramp2. Blood 92:2157—
2163.

Tandy S, Williams M, Leggett A, Lopez-Jimenez M, Dedes M, Ramesh B, Srai SK,
and Sharp P (2000) Nramp2 expression is associated with pH-dependent iron
uptake across the apical membrane of human intestinal Caco-2 cells. J Biol Chem
275:1023-1029.

Touret N, Furuya W, Forbes J, Gros P, and Grinstein S (2003) Dynamic traffic
through the recycling compartment couples the metal transporter Nramp2
(DMT1) with the transferrin receptor. J Biol Chem 278:25548-25557.

Vulpe CD, Kuo YM, Murphy TL, Cowley L, Askwith C, Libina N, Gitschier J, and

Anderson GJ (1999) Hephaestin, a ceruloplasmin homologue implicated in intes-
tinal iron transport, is defective in the sla mouse. Nat Genet 21:195-199.

Weiner WJ, Nausieda PA, and Klawans HL (1978) The effect of levodopa, lergot-
rile, and bromocriptine on brain iron, manganese and copper. Neurology 28:
734-7317.

Wu LJ, Leenders AG, Cooperman S, Meyron-Holtz E, Smith S, Land W, Tsai RY, Berger
UV, Sheng ZH, and Rouault TA (2004) Expression of the iron transporter ferroportin
in synaptic vesicles and the blood-brain barrier. Brain Res 1001:108-117.

Address correspondence to: Dr. Zhong Ming Qian, Department of Applied
Biology and Chemistry Technology, The Hong Kong Polytechnic University,
Kowloon, Hong Kong. E-mail: bezmgian@polyu.edu.hk

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

