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ABSTRACT

Objective: To find out whether DTPA-DG complex can enhance clearance of intracellular free iron.
Materials and Methods: Diethylenetriaminepentaacetic acid-D-deoxy-glucosamine (DTPA-DG) was
synthesized and examined for its activity as a cell-permeable iron chelator in human hepatocellular
carcinoma (HEPG2) cell line exposed to high concentration of iron sulfate and compared with
deferoxamine (DFO), a prototype iron chelator. The effect of DTPA-DG on cell viability was monitored using
the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide MTT assay as well. Results: There was a
significant increase of iron level after iron overload induction in HEPG2 cell culture. DTPA-DG presented
a remarkable capacity to iron burden reducing with estimated 50% inhibitory concentration value of 65.77
nM. In fact, glycosyl moiety was gained access of DTPA to intracellular iron deposits through glucose
transporter systems. Conclusion: DTPA-DG, more potent than DFO to sequester deposits of free iron with
no profound toxic effect. The results suggest the potential of DTPA-DG in chelating iron and permitting its
excretion from primary organ storage.
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INTRODUCTION

Although, iron is a vital element for the normal functioning
of body organs; excessive amounts in the body are very toxic,
especially for liver and heart. Iron-overload can result from
the genetic disorder named hereditary hemochromatosis (HH)
or secondary causes.!"
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HH is an autosomal recessive disorder that affects one in two
hundred in Caucasian people and higher prevalence in Irish
population.>3) High Fe gene mutation creates positive balance
of iron. Secondary iron overload is an evitable response to
repeated transfusions as in thalassemia and sickle cell anemia
or overdose of iron intake.*!

Iron chelators are mainstays of treatment for secondary
hemochromatosis. Since 1970 until now,!® the gold standard
iron chelator is deferoxamine (DFO) that improve life
expectancy of patients; it must be administered for long-term by
parenteral infusion for 5-7 days/week. Regardless cumbersome
administration, high cost and side-effects leading to poor
patient compliance.”! More recently literature has emerged to
discover more safe, efficient and affordable alternative chelator
to treat patients with iron overload.!'")
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Diethylenetriaminepentaacetic acid (DTPA) is a member
of a family of polyaminocarboxylic acid that is similar to
ethylenediaminetetraacetic acid (EDTA). This molecule widely
used as a chelating agent to treat internal contamination of
multivalent cations like: plutonium and americium [Figure 1].
The penta-anion DTPA- is potentially an octadentate ligand,
usually can form less than eight coordination bonds with divalent
metal cations. Currently, DTPA has been approved by the Food
and Drug Administration for chelating of transuranic elements
including: Plutonium, americium and curium. Furthermore,
DTPA can form complex with Gd**, "'In and *"Tc in order to
label chemical compounds to be used in nuclear medicine.[''"13]

The main drawback of this compound is impermeability to
the cell membrane so that is classified as an extracellular fluid
complexing agent.['*1") To overcome this handicap, several
structural derivatives have been synthesized and examined.
For example, Puchel is a lipophilic derivative of DTPA is used
in removing intracellular plutonium™® or DTPA-conjugate
compounds (DTPA-folate [Figure 2], DTPA-monoclonal
antibody) that increase cellular uptake of chelator through
receptor mediated endocytosis.['7-18]

Recently, we reported that glucosamine-DTPA conjugate
diethylenetriaminepentaacetic acid D-deoxy-glucosamine
(DTPA-DG) [Figure 3] could be penetrated to inside the
cancer cells easily.l'”) With this capability, cancerous cells
are characterized by a high-contrast in magnetic resonance
imaging technique.!'”!

The aim of this study is to report that DTPA-DG complex can
enhance clearance of intracellular free iron.

MATERIALS AND METHODS

Iron chelators
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The iron chelator DTPA-DG was synthesized in large scale
using recently published method.?” Various concentrations
of DTPA-DG (20, 40, 60, 80,100 mM) were used in this
investigation to evaluate the iron chelating capacity.
DFO (DFO; Novartis-Pharma) at 10 and 20 uM concentration
was used in parallel cultures for comparative purposes.
All reagents in powder form were used without further
purification.

Cell culture and induction of iron overload

The human hepatocellular carcinoma (HEPG2) obtained
from American type culture collection (ATCC no: HB-8065).
HEPG?2 cells were grown in high glucose Dulbecco’s
modification of Eagle’s medium; GIBCO® supplemented with
10% heat-inactivated fetal bovine serum, 1% glutamine, 10%
penicillin/streptomycin and NaHCO, (mg). The hepatocytes were
cultured in 75 cm? sterile polystyrene flasks (Seromed/Biochrom,
Germany) in an incubator with saturating humidified atmosphere
of 5% CO, in the air at 37°C. For cell harvesting 0.05% trypsin
solution, phosphate-buffered saline (PBS) is used. The viability
and count of cells were determined by 0.4% trypan blue exclusion
using hemocytometer. Iron overload was induced by adding
1 mM ferrous sulfate (FeSO,) solution to the media for 72 h.
Cells were harvested and washed in PBS. To ensure removal
of non-internalized iron that present in the media, cells were
washed once in PBS, then in washing buffer including 500 uM
DFO (DFO; Desferal; Novartis) and 1.5 mM EDTA in PBS and
in PBS buffer again."

Measurement of cell viability by MTT assay

This method is one of the more practical ways to determine
cytotoxicity of test agent. The principle of MTT assay is
that yellow tetrazolium salt converted to blue formazan
crystals by mitochondrial dehydrogenases of living cells.!*?
Cells (3 x 10%) were placed in a 96-well plate (Seromed/
Biochrom, Germany) and incubated for routinely 24 h at
37°C prior to use. After 24 h, they were treated with various
concentrations of DTPA-DG for 24 h. Then remained media
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Figure 1: Structural formula of Puchel, lipophilic derivative of
diethylenetriaminepentaacetic acid used for plutonium decorporation

Figure 2: Diethylenetriaminepentaacetic acid-folate structure,
conjugated form of DTPA for tumor targeting-delivery
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into wells were removed carefully and 100 pL of 0.5 mg/ml
MTT reagent was added to each well. The plate covered with
aluminum foil and incubated for 2 h until formazan crystal
is formed. Finally, the formazan product in each well was
dissolved in 100 ul of dimethyl sulfoxide completely.?? The
optical density of the 96-well plate was measured at 570 nm
by microplate reader and the results were compared with
untreated cell group.

Measurement of cellular iron content by atomic
absorption spectrometry

The total amount of free iron in the presence or absence
of chelator was determined by Perkin Elmer flame atomic
absorption spectrophotometer (Varian Spectra AA-220Fs/
Australia). In practice, iron loaded hepatocyte cultures incubated
for 24-48 h in the presence of 20, 40, 60, 80, 100 nM DTPA-DG
or 10, 20 uM DFO, then washed with isotonic buffer and
subsequently lysed with glass beads, the lysate was centrifuged
at 7000 rpm for 5 min. Aliquots were used for determination of
free iron content.!'*! The optical densities were recorded and data
processed with Perkin atomic absorption spectrophotometer.
Finally, iron chelating capacity of DTPA-DG was compared
with the effect of DFO at several concentrations.

Statistical analysis

Data were expressed as mean =+ standard deviation of three
independent measurements (n = 3). Statistical analysis of
in-vitro data was performed using the SPSS (version 19,
SPSS Inc., Chicago, Illinois, USA) software package and
Prism (version 5, GraphPad Software Inc., San Diego,
California, USA) software for determination of 50% inhibitory
concentration value (IC, ). Measurement data were analyzed
by Student’s t-test and one-way ANOVA followed by Tukey’s
Post-hoc test. A value of P<0.05 was considered as statistically
significant.
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Figure 3: Chemical structure of diethylenetriaminepentaacetic
acid-D-deoxy-glucosamine

RESULTS

Cell culture and induction of iron overload

The experimental model obtained by the addition of 1 mM
FeSO, to the culture media for 72 h. This procedure is in
agreement with Perak’s (2006) findings, which showed this
iron amount can be tolerable for HEPG2 cells in short-term
of cultivation.!

Following 72 h iron exposure duration, total intracellular iron
was increased from 16 pug Fe/g of wet cell pellet to 98 ug Fe/g.
In fact, there is increased 6-fold in iron level [Figure 4].

Measurement of cell viability by MTT assay

MTT assay of cytotoxicity associated with various
concentrations of DTPA-DG after 48 h demonstrated a
negligible (P > 0.05) decrease of cell viability observed by
MTT test [Figure 5].

Measurement of cellular iron content by atomic
absorption spectrometry

In order to demonstrate the ability of chelator to decrease
intracellular free iron content, the amount of free iron in
the presence of several concentrations of DTPA-DG was
quantified by using atomic absorption spectrophotometer.
Exposure of iron overload HEPG2 cell model for about
24 h to different concentrations of DTPA-DG (20-100
nM) dramatically decreases free iron level [Figure 6].
The lowest cellular iron content was observed with the
concentration 100 nM that approximately reached as much
as control cell group (P < 0.05). For concentration higher
than 40 nM DTPA-DG significant differences (P < 0.05,
P = 0.022) versus untreated cell group were observed; can
prove successful DTPA-DG’s function as intracellular iron
chelators in the low concentration range. The comparison of

120 Iron level

p<0.01

g

80

60

ng Fe/ mg of cell pellet

40

20

Iron Overload

Control

Figure 4: Cellular iron level in control and iron-overload human
hepatocellular carcinoma cell model as measurement by atomic
absorption spectrometry. Measurements were performed with sample
triplicates (n = 3)
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chelator efficacy with DFO exhibited that the highest rate
of decrease in the iron content from HEPG2 cells occurred
during 24 h treatment with DTPA-DG. The rate of decrease
was significantly (P < 0.05, P=0.011) higher in cell groups
in which 60 nM DTPA-DG were injected than those of
20 uM DFO [Figure 7].

As a result of copper intracellular assay experiments,
reducing in free iron level was significantly
correlated (P <0.05, P=0.001, 72 = 0.994) with iron chelator
concentration [Figure 8]. DTPA-DG was the most effective
at decreasing free iron content in HEPG2 cell line with an
IC,, value near 65.77 nM.
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Figure 5: MTT assay of cytotoxicity associated with various concentrations
of diethylenetriaminepentaacetic acid-D-deoxy-glucosamine after 48 h.
Data are presented as the percentage of cell viability relative to the
untreated normal human hepatocellular carcinoma (mean + standard
deviation, n = 3). As a result, a negligible (P > 0.05) decrease of cell
viability observed by MTT test
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Figure 7: The comparison of two chelators diethylenetriaminepentaacetic
acid-D-deoxy-glucosamine and deferoxamine efficacy in similar
conditions after 24 h indicated statistically (P < 0.05) a higher reducing
of cellular iron content with DTPA-DG than with DFO at much lower
doses. Results are the mean + standard deviation of three separate
experiments (n = 3)

DISCUSSION

In this study, iron-clearing efficiency and safety profile of
DTPA-DG was assessed using iron overload HEPG2 cell
culture model. This model was chosen because the liver is
primary iron storage site and HEPG2 are well-established
in-vitro model for human hepatocytes.

Recently, we have reported that linking of glucosamine
through its 2-amino group to DTPA increased remaining
of DTPA-DG into cells, which is mechanistically when
DTPA-DG enters the cell after 6-Phosphorilation by the
hexokinase enzyme, is not metabolized further; then DTPA
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Figure 6: A dose-dependent decrease of free iron content after
24 h incubation of human hepatocellular carcinoma cells at 37°C
which treated with 20-100 nM of diethylenetriaminepentaacetic
acid-D-deoxy-glucosamine. The decrease was significant (P < 0.05) at
concentration equal to or higher than 40 nM of DTPA-DG in comparison
with untreated cells (n = 3). Results are the mean + standard deviation
of three separate experiments
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Figure 8: A significant (P < 0.05, 12 = 0.994) correlation with iron chelator
dose and its success in reducing cellular iron content is shown in this
figure. Diethylenetriaminepentaacetic acid D-deoxy-glucosamine at
concentration of 65.77 nM has been able to reduce 50% of iron deposits
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more efficiently reduces intracellular iron in the iron loaded
HEPG2 cells.['923:24]

DTPA-DG was found to be much more efficient at iron
decorporation than DFO in HEPG2 cell line; scilicet, the
chelator has shown a significant effect at lower doses. Because
glucose receptor mediated endocytosis pathway is led to high
cell uptake of DTPA without cell destruction.!'!

Surveys such as studies conducted by Schibli e al. have shown
that when glucose is linked to a molecule through C2 position,
its affinity for cell surface receptor doesn’t alter essentially.*!
So, DTPA-DG can be transported through glucose channels
with similar manner as unconjugated glucose.!>>*!

Another experiment was MTT colorimetric assay that is
a suitable technique for determining cell viability after
drug treatment. Our finding about HEPG2 cell cultures
were subjected to the MTT assay after 48 h indicated no
significant detrimental effect of DTPA-DG on cell viability
at concentration 20-100 nM. In conclusion, DTPA-DG is a
negligible toxicity profile.

Iron chelator activity was estimated by the IC, . Actually, the
concentration of compound that is effective to reduce up to
50% of iron deposits was calculated by Prism software.

In 1963 published a paper by Walsh et al., in which they claimed
that long-term use of DTPA could be a possible method for
eliminating excessive iron in the urine.?” The current study
defines that glucose-targeted delivery of DTPA will be more
successful in minimizing accumulation of iron than DTPA by
itself. While future study with more focus on pharmacodynamics
and pharmacokinetic of DTPA-DG will be required.

CONCLUSION

Based on a pressing need to design a new iron-chelating
agent, this project was undertaken to evaluate the efficacy
of a new DTPA-DG iron chelator in iron overload HEPG2
cell model. The stark decrease of iron deposits showed the
high efficiency of DTPA-DG in iron decorporation from the
main target of iron overload. We found that the glycosyl
moiety facilitates entrance of DTPA into cells without any
iron interaction capabilities. It was also shown DTPA-DG is a
non-toxic compound that can be rescue cells from deleterious
effects of free iron.

Finally, this new cell-permeable iron chelator can be decreased
tissue iron deposits more effectively than the known chelator
DFO. These promising results encourage us to continue more
experiments on DTPA-DG complex for treatment of iron
overload disease and animal experiments that will be published
in near future.
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