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Abstract

Aim: To investigate the possible role of manganese in the regulation of mitochondrial aconitase (mACON) activity
human prostate carcinoma cell line PC-3 cells.  Methods: The mACON enzymatic activities of human prostate
carcinoma cell line PC-3 cells were determined using a reduced nicotinamide adenine dinucleotide-coupled assay.
Immunoblot and transient gene expression assays were used to study gene expression of the mACON. The putative
response element for gene expression was identified using reporter assays with site-directed mutagenesis and electro-
phoretic mobility-shift assays.  Results: In vitro study revealed that manganese chloride (MnCl2) treatment for 16 h
inhibited the enzymatic activity of mACON, which induced the inhibition of citrate utility and cell proliferation of PC-
3 cells.  Although results from transient gene expression assays showed that MnCl2 treatment upregulated gene
translation by approximately 5-fold through the iron response element pathway, immunoblot and reporter assays
showed that MnCl2 treatments inhibited protein and gene expression of mACON.  This effect was reversed by co-
treatment with ferric ammonium citrate.  Additional reporter assays with site-directed mutagenesis and electrophoretic
mobility-shift assays suggested that a putative metal response element in the promoter of the mACON gene was
involved in the regulation of MnCl2 on the gene expression of mACON.  Conclusion: These findings suggest that
manganese acts as an antagonist of iron, disrupting the enzymatic activity and gene expression of mACON and citrate
metabolism in the prostate.  (Asian J Androl 2006 May; 8: 307–315)
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1    Introduction

Aconitase (aconitase hydratase, EC4.2.1.3) is the
enzyme responsible for the interconversion of citrate and
isocitrate in the citric acid cycle [1].  Our previous in vitro

study using the stable-transfected mitochondrial aconitase
(mACON) antisense human prostate carcinoma cell cell
line PC-3 illustrated the key role of mACON in citrate util-
ity and bioenergy [2].  There are two different aconitases
in mammalian cells, cytosolic and mitochondrial, which
are encoded by two different genes [3].  Both aconitases
contain a (4Fe-4S) cluster that is required for their enzy-
matic activities.  The conserved iron responsive element
(IRE) contains an approximately 30-nucleotide, RNA
hairpin stem-loop located in the 5'-untranslated region of
ferritins, 5-aminolevulinate synthase and mACON mRNAs,
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and in the 3'-untranslated region of transferrin receptor
mRNA [4, 5].  Although the function of mACON is not
directly involved in the regulation of the iron pool in cells,
in vitro study demonstrates the deregulative effect of
iron on the human mACON gene in prostate carcinoma
cells [5].

Manganese is ubiquitous in mammalian systems and is
essential for proper development and function; nonetheless,
chronic overexposure to this metal elicits potent toxic
effects [6].  Recently, epidemiological study revealed that
iron status may affect manganese homeostasis in bio-
logical systems, although the mechanism remains to be
elucidated [7].  Early in vitro and in vivo studies showed
that manganese treatment significantly inhibits aconitase
activity, which can lead to the disruption of mitochon-
drial energy production and cellular iron metabolism in
the brain [8].  Although previous study in our laboratory
has demonstrated that the regulative effect of iron on the
human mACON gene is on the translational and transcrip-
tional levels in PC-3 cells [5], there is no information yet
to determine whether or not manganese disrupts the cit-
rate metabolism of human prostate cells.

Animal studies have shown striking lesions in the
kidneys and prostate gland after oral high-dose adminis-
tration of manganese acetate for 63 days in Sprague–
Dawley rats [9].  Although an epidemiological study from
Japan suggested that manganese might be related to pro-
static carcinogenesis [10], the adverse health effects of
manganese on the human prostate are still unknown.  The
objectives of the present study were to evaluate the regu-
latory link between manganese and iron on gene expres-
sion of mACON and citrate utilization in human prostatic
carcinoma cells.  The putative mechanisms for the regu-
lation of manganese on gene translation/transcription of
mACON were investigated.

2    Materials and methods

2.1  Cell culture and chemicals
PC-3 cells were obtained from the American Type

Culture Collection (Manassas, VA, USA).  Fetal bovine
serum (FBS) was purchased from HyClone (Logan, UT,
USA) and all culture media used in the present study
were from Invitrogen (Grand Island, NY, USA).  Man-
ganese chloride (MnCl2), ferric ammonium citrate (FAC)
and other general chemicals or drugs used in the present
study were purchased from Sigma Chemical Company
(St.  Louis, MO, USA).  The bicinchoninic acid (BCA)

protein concentration assay kit was purchased from
Pierce (Rockford, IL, USA).  PC-3 cells were cultured
in RPMI 1640 medium containing 10% FBS.  The me-
dium was changed twice a week.

2.2  Mitochondrial aconitase and lactate dehydrogenase
enzymatic activity assay

PC-3 cells and HepG2 cells were incubated with RPMI
1640 medium with 2% FBS and different concentrations
of MnCl2 (1 µmol/L, 10 µmol/L and 100 µmol/L) and FAC
(10 µg/mL) for 16 h.  The enzymatic activities of mACON
and lactate dehydrogenase (LDH) were measured as pre-
viously described [5].  The mitochondria particles were
prepared by digitonin digestion and the mACON enzy-
matic activities were determined using a reduced nicoti-
namide adenine dinucleotide-coupled assay (n = 5).  The
LDH activities in the cytoplasm fraction were assayed at
30ºC for the amount of pyruvate consumed.  The enzy-
matic activities of mACON and LDH were adjusted ac-
cording to the protein concentrations of mitochondrial
and cytosolic extracts, respectively, which were deter-
mined using the BCA protein assay kit.

2.3  Western blot of human mitochondrial aconitase and
β-actin

PC-3 cells were incubated in RPMI 1640 medium
with 2% FBS and different concentrations of MnCl2

(1 µmol/L, 10 µmol/L and 100 µmol/L) for 16 h.  Cells
were lysed with lysing buffer (62.5 mmol/L Tris-HCl
[pH 6.8], 2% sodium dodecylsulfate [SDS], 10%
glycerol, 5% β-mercaptoethanol and 7 mol/L urea) and
the protein concentrations of aliquoted samples were mea-
sured using the BCA protein assay kit.  Equal amounts of
protein (60 µg) were loaded onto a 7.5% SDS-polyacry-
lamide gel, separated by electrophoresis, transferred to a
nitrocellulose membrane, and antibody binding was as-
sayed using an electrochemiluminescence detection
system, as described by the manufacturer (Amersham
Biosciences, New Territories, Hong Kong, China).  The
membrane was probed with a 1: 500 dilution of antibovine
mACON antiserum (a gift from Dr R. B. Franklin) or a
1: 1000 diluted anti-β-actin antiserum (C11; Santa Cruz
Biotechnology, Santa Cruz, CA, USA).  The intensity of
different bands was analyzed using GeneTools of
ChemiGenius (Syngene, Cambridge, UK).

2.4  Cell proliferation assays
Cell proliferation in the experiments comparing the
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proliferation rates of cells in response to MnCl2 was mea-
sured by the conversion of a 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxylmethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt (MTS) assay into a formazan prod-
uct by viable cells; the absorbance was then measured at
a wavelength of 490 nm using the cell Titer96ueous cell
proliferation assay kit (Promega Bioscience, San Luis
Obispo, CA, USA).  In this assay, 5 000 cells were seeded
into each well of a 96-well plate with RPMI 1640 me-
dium and 10% FBS, and incubated for 48 h.  The me-
dium was changed to RPMI 1640 medium with 2% FBS
and different concentrations of MnCl2 for an additional
3 days.  MTS dye solution was added and the plates were
read 3 h later.  The cell numbers in each well were deter-
mined using a microplate reader (Dynex Technologies,
Chantilly, VA, USA).

2.5  Citrate and intracellular adenosine triphosphate
(ATP) assay

PC-3 cells were incubated for 48 h in RPMI 1640
medium with 2% FBS and different concentrations of
MnCl2 (0 , 0.1 µ, 1 , 10  and 100 µmol/L).  The citrate
concentrations in the media and intracellular adenosine
triphosphate (ATP) levels were measured according to
previously described methods [2].  The citrate concen-
trations and the intracellular ATP levels were adjusted
according to the protein concentrations of whole-cell
extracts, which were measured using the BCA protein
assay kit.

2.6  Site-direct mutagenesis and luciferase assays
The reporter vector, pGL188, containing the pro-

moter (–158 to +38) of the human mACON gene was
constructed as previously described [5].  The reporter
vectors containing the mutated metal response element
(MRE), antioxidant response element (ARE), sterol re-
sponse element (SRE) and Sp1 binding site (Sp1) were
constructed using the QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA, USA) as previously de-
scribed [11].  The complementary double-stranded prim-
ers used for the in vitro site-directed mutagenesis were 5'-
G G CG C C GTG TGG G AG AG C TC TTTAATG C
GACCTCATC-3' (for pAREm), 5'-GCCTTCACCGTGA
CGCCCATATCTTCCGGGCA CGC-3' (for pSREm), 5'-
CACTCTTCCGGGCACGAAACTGCCCAAAGGCTTTA-
3 ' ( f o r  p S p 1 m )  a n d  5'-CAGGGTTCTAGGGAGGCTG
ATCCTTCACCGTGACG-3' (for pMREm), the underline
representing the mutation site.  PC-3 cells (1 × 104/well)

were cultured into the individual wells of a 24-well plate
in RPMI 1640 medium with 10% FBS 1 day before
transfection.  Cells were transiently co-transfected with
1 µg/well of luciferase reporter vector and 0.5 µg/well
of β -galactosidase (β -GAL) expression vector
(pCMVSPORTβgal; Invitrogen) using TransFast trans-
fection reagent (0.6 µg/well; Promega Bioscience) as
previously described [5].  Cells were lysed with 200 µL
of Luciferase Cell Culture Lysis Reagent (Promega
Bioscience).  For the luciferase assay, 20 µL of cell ly-
sate was used.  For the β-GAL enzyme assay, 100 µL of
cell lysate was used, as detailed by the manufacturer
(Promega Bioscience).  The luciferase activity was de-
termined as relative light units using the LumiCount
luminometer (Packard BioScience, Meriden, CT, USA)
and adjusted by the β-GAL activity.

2.7  Reporter assay for iron response element
The constructions of IRE reporter vectors were as

previously described [6].  An 878 bp DNA fragment con-
taining the cytomegalovirus (CMV) enhance/promoter
and a transcriptional start site from pcDNA3 (Invitrogen;
Carlsbad, CA, USA) was subcloned into the pGL3 basic
reporter vector at the Bgl II and Hind III sites.  This
reporter vector was designated as pCMVGL3.  A double-
stranded DNA oligonucleotide annealed by two comple-
mentary oligonucleotides (5'-AGTTTAATGCGACCTC
ATCTTTGTCAGTGCACAAAATGGCGC-3' and 5'-
CATGGCGCCATTTTGTGCACTGACAAAGATGAGG
TCGCATTAA-3') was ligated into pCMVGL3 at the
Hind III and Noc I sites, and this reporter vector was
designated as pCMVIREGL3.  The mutation of the iron
response element (pCMVIRE12mGL3) was constructed
using the QuikChange site-directed mutagenesis kit
(Stratagene), with a pair of complementary primers
(IREm12 5'-GCGACCTCATCTTTGTCAXXXXCAA
AATGGCGCCCTAC-3' where X represents the deletion
sites).  Transient transfection and reporter assays were
performed as described above.

2.8  Electrophoretic mobility-shift assay
An electrophoretic mobility-shift assay (EMSA) was

performed as previously described [12].  The double-
stranded DNA fragment containing the putative MRE
response element (MRE; 5'-GTTTCATCCTGGGCAT
GTCTCCTCTGCCTTTG-3') was 5'-end labeled with γ-
P32ATP using T4 polynucleotide kinase.  Nuclear extracts
of PC-3 cells with or without pretreatment with MnCl2



.310.

Manganese blocks mitochondrial aconitase expression

were gathered with the NE-PER nuclear and cytoplasmic
extraction reagents as described by the manufacturer
(Pierce).  The 5'-end-labeled MRE (MRE probe; 5 nmol)
was incubated with 2 µg of nuclear extract from PC-3 cells
in 20 µL of binding buffer (25 mmol/L HEPES buffer,
pH 7.9, 50 mmol/L KCl, 1 mmol/L MgCl2, 0.5 mmol/L
EDTA, 0.5 mmol/L dithiothreitol, 0.5 mmol/L phenylmeth-
ylsulfonyl fluoride and 4% glycerol) containing 0.1 µg of
poly (dI-dC)-poly(dI-dC).  The binding shift was chal-
lenged with 50-fold double-stranded MRE without the
5'-end having been labeled with γ-P32ATP.  Protein-DNA
complex formation was analyzed on 4% polyacrylamide
gels by autoradiography.

2.9  Statistical analysis
Results are expressed as mean ± SEM of at least three

independent replications of each experiment.  Statistical
significance was determined using paired t-test analysis
with the SigmaStat program for Windows (version 2.03;

SPSS Inc., Chicago, IL, USA).

3    Results

In vitro study using human prostate carcinoma cells
(PC-3 cells) revealed that MnCl2 treatment (0–100 µmol/L)
for 16 h significantly inhibited mACON enzymatic activ-
ity (Figure 1A).  The results indicated 13% inhibition at
1 mmol/L and 46% inhibition at 100 µmol/L for PC-3
cells.  MnCl2 treatments did not affect cytosolic LDH
activity of cells, indicating that even up to 100 µmol/L of
MnCl2 treatment did not induce necrosis of PC-3 cells
(Figure 1B).  In contrast, the inhibitory effect of MnCl2 was
itself attenuated by the co-treatment with 100 µg/mL of
FAC (Figure 1C).  Additionally, combinations of MnCl2

and FAC did not affect the LDH enzymatic activity
(Figure 1D).  The decreased mACON enzymatic activity
enhanced citrate secretion from PC-3 cells  (Figure 2A).
Attenuation of citrate utility in the Krebs’ cycle caused a

Figure 1. Modulation of manganese chloride (MnCl2) and ferric ammonium citrate (FAC) on mitochondrial aconitase (mACON) enzymatic
activity in PC-3 cells.  Cells were treated with 3 mL of different concentrations of MnCl2 and FAC, as indicated, for 16 h.  (A, C): mACON
enzymatic activities were determined using a reduced nicotinamide adenine dinucleotide-coupled assay.  (B, D): Lactate dehydrogenase
(LDH) activities in the cytoplasm fraction were assayed at 30ºC for the amount of pyruvate consumed.  Experimental data are presented
as the percentage (mean ± SEM, n = 6) of the enzymatic activity induced by MnCl2 or FAC treatments, relative to control-treated (COL)
samples (bP < 0.05; cP < 0.01).
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40% decrease of intracellular ATP levels in MnCl2-treated
cells in comparison to the control samples with non-
treated groups (Figure 2B).  The MTS assay showed
that MnCl2 treatments for 48 h inhibited cellular prolif-
eration of PC-3 cells (Figure 2C).

A CMV enhancer/promoter containing the sequence
for an IRE of human mACON cDNA-driving luciferase
reporter vector (pCMVIREGL3) was constructed to
observe the modulation of MnCl2 on the gene translation
of mACON.  The results from the reporter assays indi-
cated that MnCl2 treatment (100 µmol/L) upregulated 5-
fold of the luciferase activity of pCMVIREGL3, but had
no effect on pCMVGL3 reporter vectors (Figure 3A).
Continued study revealed that MnCl2, similarly to FAC,
upregulated the luciferase activity of the pCMVIREGL3
reporter vector through the IRE pathway, because this
effect was blocked by deleting four nucleotides in the
IRE sequence (Figure 3B).  However, the immunoblot
assay indicated that MnCl2 treatment inhibited mACON
gene expression in PC-3 cells (Figure 3C).  The unex-
pected contrary results indicated that MnCl2 induced gene
translation, but decreased mACON protein abundance.
Therefore, we continue to study the regulatory effect of
MnCl2 on the gene transcription of mACON.  The tran-
sient gene expression with the reporter vector contain-
ing the DNA fragment, which is located at the 5'-flank-
ing region (–158 to + 38) of the mACON gene, showed
that MnCl2 treatment affected mACON gene expression
in a dosage-dependent manner (Figure 3D).  The pro-
moter activity of the mACON gene decreased by 45%
when PC-3 cells were treated with 100 µmol/L MnCl2.
Although the inhibitory effect of MnCl2 on the promoter
activity of the human mACON gene in PC-3 cells was
attenuated when cells were co-treated with FAC, the
combination of FAC and manganese treatments did not
restore 100% activity (Figure 4A).  In combination with
similar results shown in Figure 1C, this suggests that the
regulation of mACON by MnCl2 and FAC may not be
through the same signal pathway.  Several putative re-
sponse elements, including the MRE, ARE, SRE and Sp1
binding sites, were found on the promoter of the mACON
gene using simple DNA sequence analysis with the Ge-
netics Computer Group (GCG) program (Accelrys, Inc.,
San Diego, CA, USA).  Mutation of MRE from
CTCGCCTTC to CTGATCCTTC using site-directed
mutagenesis abolished the repressive effects of MnCl2

treatment (Figure 4B).  However, mutation of ARE
upregulated the promoter activity of mACON after MnCl2

Figure 2. Effects of manganese chloride (MnCl2) on intracellular
adenosine triphosphate (ATP) levels, citrate utility and cell prolif-
eration in PC-3 cells.  Cells were treated with different concentra-
tions of MnCl2, as indicated, for 48 h.  (A): Media were collected
for the citrate assay. (B): Cells were harvested for determination of
intracellular adenosine triphosphate (ATP) levels.  Data are pre-
sented as the percentage (mean ± SEM, n = 6) of the citrate concen-
tration and ATP levels resulting from MnCl2 treatments, relative to
the control samples with no treatment (bP < 0.05; cP < 0.01).  (C):
Cells (5 000 cells/well; n = 8) were incubated with MnCl2 and the
viable cell numbers were determined using 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxylmethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt (MTS) assay.  Each treatment point repre-
sents the percentage (mean ± SEM) of stimulations of absorbance
at 490 nm induced by MnCl2 treatments relative to control samples
with no treatment (bP < 0.05; cP < 0.01).
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Figure 3. Modulation of manganese chloride (MnCl2) on mitochondrial aconitase (mACON) gene expression in PC-3 cells. (A): MnCl2

upregulates gene translation of mACON (black boxes represent control samples with no treatment and white boxes represent 100 µmol/L
MnCl2 treatment).  (B): Regulation of MnCl2 and ferric ammonium citrate on mACON gene expression is dependent on the loop/bulge of
the iron response element on the mACON gene (white boxes represent control sample with no treatment; gray boxes represent 10 µg/mL
ferric ammonium citrate (FAC) treatment; black boxes represent 100 µmol/L MnCl2 treatments.  (C): Cells were treated with different
concentrations of MnCl2, harvested and lysed to extract protein for use in the immunoblot assay with antibovine mACON antiserum
(mACON) or antihuman β-actin antiserum (β-actin).  (D): MnCl2 downregulates the promoter activity of mACON.  pGL188 reporter
vector transfected PC-3 cells were treated with different concentrations of MnCl2, as indicated.  Experimental data are presented as the
percentage (mean ± SEM) of luciferase activity resulting from MnCl2 treatment relative to control samples with no treatment (bP < 0.05;
cP < 0.01).

treatment.  Results from EMSA also revealed an unknown
transcription factor bound to this specific MRE sequence,
which was inhibited by MnCl2 treatment (Figure 4C).

4    Discussion

The incorporation of the antiknock additive methyl-
cyclopentadienyl manganese tricarbonyl into gasoline
worldwide has led to increased chronic environmental
exposure to manganese [13].  Excessive manganese ac-
cumulation can result in adverse neurological, reproduc-
tive and respiratory effects in both laboratory animals
and humans.  Manganese is believed to exert toxicity by
the formation of reactive oxygen species, disruption of
cellular iron homeostasis, inhibition of complexes within

the mitochondrial electron transport chain, generation of
damaging radical quinones, or inhibition of total cellular
aconitase activity [14].  The mechanisms of manganese
toxicity in neurology have been well studied, and one of
the major issues is the adverse effect of manganese on
aconitase, which interferes with cellular iron homeosta-
sis in the brain [8].

Manganese is found in all mammalian tissues with
concentrations ranging from 0.1 µg/g to 4.9 µg/g of wet-
tissue weight and from 4 µg/L to 14 µg/L in whole blood
of normal adult humans; in contrast, manganese con-
centrations range between 3 µmol/L and 20 µmol/L in
most tissues of adult rats [6, 14].  Manganese and iron
have similar physical and chemical properties, and re-
placement of iron by manganese in the iron–sulfur cen-
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ter of aconitase results in inhibition of aconitase activity,
as has been reported in published studies for more than
two decades [1].  Results from the present study show
that a non-toxic dose of manganese chloride significantly
inhibits the enzymatic activity of mACON in human pro-
static carcinoma cells.  The inhibitory effect is reversible
when the cells are co-treated with manganese and iron.
This is the first report indicating that manganese inhibits
mACON enzymatic activity in prostate cells in vitro.

Limiting mACON activity prevents citrate from en-
tering the Krebs’ cycle, which induces the accumulation
and secretion of citrate from the prostate epithelial cells.
This biochemical change in citrate production likely pre-
cedes early histopathological evidence of prostate
malignancy.  A bioenergetic hypothesis suggests that
normal citrate-producing prostate epithelial cells become

citrate-oxidizing malignant cells following transformation,
which results in a net increase of 22 ATP/mol glucose
and provides the energy for the activities associated with
the process of malignancy [15].  In agreement with other
studies, the results obtained here indicate that MnCl2 in-
hibits the biosynthesis and enzymatic activity of mACON,
the attenuation of citrate utility, cellular bioenergetic syn-
thesis and the proliferation of PC-3 cells [2, 5, 11, 12].
The present study, along with a previous study from
another laboratory, indicates that high concentrations
(625 µmol/L–2.5 µmol/L) of manganese treatments could
lead to the disruption of mitochondrial energy produc-
tion [8].

Previous study from our laboratory indicated that
FAC upregulation of mACON gene transcription may in-
volve a putative antioxidant response element signal path-

Figure 4. The putative metal response element (MRE) involves the modulation of manganese chloride (MnCl2) on mitochondrial aconitase
(mACON) gene expression in PC-3 cells.  (A): pGL188 reporter vector-transfected PC-3 cells were treated with 100 µmol/L MnCl2 (Mn),
10 µg/mL ferric ammonium citrate (FAC) or without treatment (COL).  (B): PC-3 cells were transfected with different mutant-form
reporter vectors (white boxes represent control samples with no treatment and black boxes represent 100 µmol/L MnCl2 treatment).
Experimental data are presented as the percentage (mean ± SEM) of luciferase activity resulting from MnCl2 treatments relative to control
samples with no treatment (bP < 0.05; cP < 0.01).  (C): The electrophoretic mobility-shift assay used the 32 bp MRE oligonucleotide probe
end-labeled with γ-32P ATP (MRE probe) and nuclear extract (NE) from the PC-3 cells with (NE + Mn) or without (NE) MnCl2 treatment.
The gel shift disappeared when the reaction mixture was challenged with unlabeled double-stranded oligonucleotide (MRE) containing the
putative MRE.
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way [5], instead of the metal response element involved
in zinc and manganese regulation, as in the present study
[12].  Together, these studies seem to suggest a regula-
tory link between energy utilization and metal metabo-
lism in human prostatic carcinoma cells; this may be an
important determinant of prostate cancer onset.

An increase in available cellular iron concentrations
inhibits the binding of iron response element binding pro-
tein (IREP) to IRE, resulting in enhanced ferritin, mACON
and 5-aminolevulinate synthase (eALAS) translation, and
the repression of transferrin receptors [5, 16].  In the present
study, we used the reporter vector with a CMV enhancer/
promoter and the sequence of the human mACON IRE
driving the luciferase to demonstrate that MnCl2, simi-
larly to FAC, upregulates the gene translation of mACON
through the IRE pathway; moreover, MnCl2 had greater
efficacy (5-fold vs. 2-fold) than FAC did on the IRE sig-
nal pathway.  The present study indirectly supports the
hypothesis that manganese acts similarly to iron on cel-
lular IREP–IRE binding activity, which alters cellular iron
homeostasis [5, 8].  This result is also in agreement with
other studies that have demonstrated that 200 µmol/L of
manganese treatment inhibits the IREP–IRE binding ac-
tivity in PC12 cells and human PLC hepatoma cells [17].

Although the results from the transient gene expression
assay indicate that MnCl2, similarly to FAC, enhances the
translation of mACON, the immunoblot assay reveals that
MnCl2 treatment inhibits mACON protein abundance.  The
regulation of mACON promoter activity by MnCl2 is blocked
when the putative MRE mutates from CTCGCCTTCA
to TGATCCTTCA.  Results from EMSA also indicate
that MnCl2 inhibits unknown factors from binding to the
MRE sequence, which blocks gene transcription of the
mACON.  The putative MRE sequence on the mACON
promoter is homologous to the MRE (HTHXXGCTC;
H = A, C or T; X = any residue) on the metallothionein
genes and the Cu, Zn-superoxide dismutase gene in
Saccharomyces cerevisiae [18].  The putative ARE sequence
of  t he  mAC ON promoter  i s  homologous  to
TGACNNNGC, which has been demonstrated as the
antioxidant binding site for NF-E2 relative factor 2 and
Maf proteins in metal-inducible genes [19].  Although
our previous study indicated that FAC upregulation of
mACON gene transcription may also occur through the
ARE signal pathway, results from the present study show
that the ARE sequence in the mACON promoter is a nega-
tive regulation element in manganese treatment.  The
mechanism of neurotoxicity of manganese is partially a

result of induction of oxidative stress, as shown in rat
brains [20].  The contrary mechanism of FAC and MnCl2

regulation on mACON gene transcription through the
ARE-like recognition sequence needs further investigation.

The present study demonstrates that MnCl2 com-
petes with iron, which leads to inhibition of mACON
enzymatic activity and interrupts citrate utility in human
prostatic carcinoma cells in vitro.  Although MnCl2 can
act as iron does to upregulate mACON gene translation
through the bulge/loop of the IRE, MnCl2 blocks the gene
transcription of mACON through the MRE pathway.

Acknowledgment

The authors thank Dr R. B. Franklin for his genero-
sity in providing the mACON antibody.  This study was
supported by research grants CMRP G1006 and G34026
from Chang Gung Memorial Hospital and by grants NSC
94-2320-B-182-017 and NSC 94-2314-B-182A-155 from
the National Science Council (Taiwan, China).

References

1 Villafranca JJ, Mildvan AS.  The mechanism of aconitase action:
II.  Magnetic resonance studies of the complexes of enzyme,
manganese (II), iron (II) and substrates.  J Biol Chem 1971;
246: 5791–8.

2 Juang HH.  Modulation of mitochondrial aconitase on the
bioenergy of human prostate carcinoma cells.  Mol Genet
Metab 2004; 81: 244–52.

3 Kennedy MC, Mende-Mueller L, Blondin GA, Beiner H.
Purification and characterization of cytosolic aconitase from
beef liver and its relationship to the iron-responsive element
binding protein.  Proc Natl Acad Sci U S A 1992; 89: 11730–4.

4 Addess KJ, Basilion JP, Klausner RD, Rouault TA, Pardi A.
Structure and dynamics of the iron responsive element RNA:
implications for binding of the RNA by iron regulatory bind-
ing proteins.  J Mol Biol 1997; 274: 72–83.

5 Juang HH.  Modulation of iron on mitochondrial aconitase
expression in human prostatic carcinoma cells.  Mol Cell
Biochem 2004; 265: 185–94.

6 Roth JA, Garrick MD.  Iron interactions and other biological
reactions mediating the physiological and toxic actions of
manganese.  Biochem Pharmacol 2003; 66: 1–13.

7 Ellingsen DG, Haug E, Ulvik RJ, Thomassen Y.  Iron status in
manganese alloy production workers.  J Appl Toxicol 2003;
23: 239–47.

8 Zheng W, Zhao Q.  Iron overload following manganese expo-
sure in cultured neuronal, but not neuroglial cells.  Brain Res
2001; 897: 175–9.

9 Ponnapakkam T, Iszard M, Henry-Sam G.  Effects of oral
administration of manganese on the kidneys and urinary blad-



Asian J Androl 2006; 8 (3): 307–315

.315.

der of Sprague–Dawley rats.  Int J Toxicol 2003; 22: 227–32.
10 Nakata S, Sato J, Imai K, Yamanaka H, Ichinose Y.  Epidemio-

logical characteristics of prostate cancer in Gunma Prefecture,
Japan, Gunma University Urological Oncology Study Group.
Int J Urol 1995; 2: 191–7.

11 Feng TH, Tsui KH, Juang HH.  Cholesterol modulation of the
expression of mitochondrial aconitase in human prostatic car-
cinoma cells.  Chin J Physiol 2005; 48: 93–100.

12 Tsui KH, Chang PL, Juang HH.  Zinc blocks gene expression
of mitochondrial aconitase in human prostatic carcinoma cells.
Int J Cancer 2006; 118: 609–15.

13 Lynam DR, Roos JW, Pfeifer GD, Fort BF, Pullin TG.  Envi-
ronmental effects and exposures to manganese from use of
methylcyclopentadienyl manganese tricarbonyl (MMT) in
gasoline.  Neurotoxicology 1999; 20: 145–50.

14 Aschner M, Erikson KM, Dorman DC.  Manganese dosimetry:
species differences and implications for neurotoxicity.  Crit
Rev Toxicol 2005; 35: 1–32.

15 Costello LC, Franklin RB.  The intermediary metabolism of

the prostate: a key to understanding the pathogenesis and
progression of prostate malignancy.  Oncology 2000; 59: 269–
82.

16 Eisenstein RS.  Iron regulatory proteins and the molecular
control of mammalian iron metabolism.  Annu Rev Nutr 2000;
20: 627–62.

17 Kwik-Uribe CL, Reaney S, Zhu Z, Smith D.  Alterations in
cellular IRP-dependent iron regulation by in vitro manganese
exposure in undifferentiated PC12 cells.  Brain Res 2003; 973:
1–15.

18 Labbe S, Thiele DJ.  Copper ion inducible and repressible
promoter systems in yeast.  Meth Enzymol 1999; 306: 145–
53.

19 Murata M, Gong P, Suzuki K, Koizumi S.  Differential metal
response and regulation of human heavy metal-inducible genes.
J Cell Physiol 1999; 180: 105–13.

20 Erikson KM, Dobson AW, Dorman DC, Aschner MA.  Man-
ganese exposure and induced oxidative stress in the rat brain.
Sci Total Environ 2004; 334–335: 409–16.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


