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ABSTRACT 

Excessive iron is toxic to cells and organelles, where it 
can generate harmful reactive oxygen species (ROS) 
resulting in oxidative tissue damage. Liver is the ma- 
jor organ for iron storage and redox active iron in 
this tissue can cause fibrosis and cirrhosis in β-tha- 
lassemia patients. Desferrioxamine (DFO), deferi- 
prone (DFP) and deferasirox (DFX) are clinically ap- 
proved iron chelators used for the treatment of pa- 
tients with iron overload, but none of these chelators 
are completely free of side effects. In this study we 
report the properties of a new iron chelator 1-(N- 
acetyl-6-aminohexyl)-3-hydroxypyridin-4-one (CM1). 
The labile iron pool (LIP) content was measured by 
using a calcein fluorescence technique and the lipid- 
peroxidation products were quantified using the thio- 
barbituric acid reactive substances (TBARS) method. 
The cytotoxicity of CM1 was also examined with the 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. CM1 was demonstrated to re- 
duce iron-induced redox damage and to decrease the 
levels of the intracellular iron pool in hepatocytes. 
CM1 is a potentially useful iron-chelating agent which 
has potential to ameliorate liver iron overload and 
ROS-induced lipid peroxidation. CM1 is currently 
under investigation for oral efficacy. 
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1. INTRODUCTION 

Iron plays a crucial role in oxygen sensing and transport, 

electron transfer and catalysis [1]. Secondary iron over- 
load in β-thalassemia patients is commonly caused by in- 
creased dietary iron absorption and multiple blood trans- 
fusions [2]. The iron catalyzes production of reactive 
oxygen species (ROS) via the Fenton reaction which 
consequently leads to damage of the heart, liver, pan- 
creas and endocrine glands, resulting in organ dysfunc- 
tion [3]. Excessive iron accumulation predominantly in 
ferritin or hemosiderin in the liver can cause progressive 
liver injury, cirrhosis and eventually hepatocellular car- 
cinoma in iron-overload patients [4]. The cellular labile 
iron pool (LIP) which is transitory and serves as a cross- 
road of cellular iron metabolism, is redox-active and 
chelatable [5,6]. It can be modulated by biochemical me- 
chanisms that override the iron-regulatory protein (IRP) 
linked activities and contribute to basic cellular functions 
[7]. Addition of extracellular iron enhanced formation of 
ROS and lipid peroxide (LPO) in primary cultures of rat 
hepatocytes, whereas DFO and DFP prevented the ROS 
and LPO formations [8,9]. 

Iron chelation is the only medical regime which pre- 
vents excessive iron accumulation and neutralizes toxic 
levels of LIP [10]. Iron chelators can also be used for the 
treatment of alcohol- and iron-induced liver injury and 
fibrosis [11]. Desferrioxamine (DFO), deferiprone (DFP) 
and deferasirox (DFX) are all iron chelators which have 
been developed for the treatment of β-thalassemia pa- 
tients experiencing iron overload [12-14]; however some 
associated side effects have been reported with the use of 
these three compounds [15-17]. 

Currently, we have characterized the chemical struc- 
ture and studied the biological activity of a new bidentate 
synthetic iron chelator, CM1 [18]; the compound is a 3- 
hydroxypyridin-4-one (HPO) N-[6-(3-hydroxy-2-methyl- 
4-oxo-4H-pyridin-1-yl)-hexyl]-acetamide. In this inves- *Corresponding author. 
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tigation, we report the efficacy in the reduction of LIP 
levels, anti-lipid peroxidation and cytotoxicity of CM1 
in iron-loaded hepatocytes. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Dulbecco’s modified Eagle medium (DMEM), fetal bo- 
vine serum (FBS), penicillin/streptomycin, trypsin-EDTA 
and collagenase type IV were from Gibco BRL. Ferro- 
cence, dexamethazone and thiobarbituric acid (TBA) 
were from Sigma-Aldrich Chemical company. 3’,6’- 
Di(O-acetyl)-2’,7’-bis[N,N-bis(carboxymethyl)aminome 
thyl] fluorescein tetraacetoxy-methyl ester (Calcein-AM) 
and (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) were from Invitrogen. Ferric ammonium 
citrate (FAC) and ferrous ammonium sulfate (FAS) were 
from BDH Chemicals Ltd. DFO (Desferal®) was pur- 
chased from a drug store at Maharaj Nakorn Chiang Mai 
Hospital, Faculty of Medicine, Chiang Mai University, 
Chiang Mai. DFP (GPO-L-One®) was kindly donated by 
Dr. Chada Phisalaphong, PhD. at the Government Phar- 
maceutical Organization, Bangkok, Thailand. 

2.2. HepG2 Cell Culture 

Human hepatocellular carcinoma (HepG2) cells were ob- 
tained from Medical Molecular Biology Research Unit of 
National Center for Genetic Engineering and Biotech- 
nology (BIOTEC), Thailand. Cells were cultured in 
DMEM medium containing 10% (v/v) FBS, 2 mM L- 
glutamine and 1.0% penicillin-streptomycin at 37˚C in a 
humidified 5% CO2 atmospheric incubator [19]. 

2.3. Mouse Hepatocyte Culture 

The animal study was conducted with approval of the 
Institutional Animal Care and Use Committee (IACUC) 
of Faculty of Medicine, Chiang Mai University (Refer- 
ence Number—3/2554). Mouse primary hepatocytes 
were isolated from C57BL/6 livers of 2 - 3 month-old 
(weight 25 - 30 g) received normal diet or fed with 0.2% 
(w/w) ferrocene-supplemented diet (Fe diet). Twelve 
mice were anesthetized by vaporized diethyl ether and 
their livers were perfused in situ with 0.025% (w/v) col-
lagenase type IV solution. The isolated hepatocytes were 
filtered through sterile gauze sheet, sedimented by low- 
speed centrifugation and resuspended in DMEM. The 
hepatocytes were cultured in the DMEM supplemented 
with 1% penicillin-streptomycin, 1 µM dexamethazone, 
0.2 U/ml insulin and 20% (w/v) FBS at 37˚C under 5% 
CO2 humidified atmosphere [20]. 

2.4. Cytotoxicity Test 

Cell toxicity was examined using the MTT dye assay  

[21]. Cells (3 × 103 cells/well) were treated with the 
tested compounds at 37˚C for the indicated time and in-
cubated with MTT dye solution. The insoluble purple 
formazan product was solubilized with DMSO into a 
colored solution. The absorbance of this solution was 
measured at 540/630 nm with a UV/VIS dual-wave- 
length spectrophotometer (Shimadzu, Kyoto Japan). 

2.5. Anti-Lipid Peroxidation Effect 

To investigate for a preventive effect, HepG2 cells (1 × 
106 cells) were pretreated with the DFO, DFP and CM1 
solutions, then exposed to 1 mM FAC (FeIII) [22] and 1 
mM FAS (FeII) solutions [21] separately. The treated 
cells were quantified lipid-peroxidation product as mal- 
ondialdehyde (MDA) using the TBARS method as de- 
scribed below. 

To investigate for a therapeutic effect, HepG2 cells (1 
× 106 cells) were initially treated with 1 mM FAC and 
FAS solutions, and subsequently treated with DFO, DFP 
and CM1 solutions. The treated cells were measured for 
MDA content using the TBARS method. 

2.6. TBARS Assay 

Treated cells were washed three times with PBS pH 7.4 
solutions and trypsinized with 1x trypsin-EDTA solution. 
Cell pellets were collected by low-speed centrifugation 
and mixed with the lysis solution containing 10% (w/v) 
SDS and 0.4% (w/v) thiobarbituric acid (TBA) in 10% 
acetic acid, pH 5.0. Total volume of the mixture was ad- 
justed to 0.8 ml with distilled water and incubated at 
90ºC for 60 min. n-Butanol (0.8 ml) was added to the 
lysate in order to extract the pink-colored MDA product. 
Finally, the solution was shaken vigorously, centrifuged 
at 1500 rpm for 15 min and the absorbance was mea- 
sured by a spectrophotometer at 532 nm against reagent 
blank [23]. 

2.7. Chelation of Intracellular LIP 

HepG2 cells and isolated mouse hepatocytes (density 
5000 cells/well) were loaded in vitro with 0.5 mM FAC 
solution at 37ºC for 24 hr. The cells were treated with 
CM1, DFO and DFP solutions at the concentrations of 0 
- 70 µM for 6 and 12 hr (HepG2 cells) and for 6, 12 and 
24 hr (isolated mouse hepatocytes). The amount of LIP 
was measured using the calcein fluorescent technique as 
described below. 

In addition, the in vivo iron-loaded mouse hepatocytes 
were treated with CM1, DFO and DFP solutions at the 
concentrations of 0 - 25 µM for 6, 12 and 24 hr. The 
amount of LIP was measured using the calcein fluores- 
cent technique as described below. 
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2.8. Measurement of LIP Content 

Amount of intracellular LIP was determined using a cal-
cein fluorescent probe and was inversely proportional to 
measured fluorescence intensity (FI) [7,24,25]. The cells 
were incubated with 1 µM calcein-AM solution in 
DMEM at 37˚C for 15 min and washed three times with 
HEPES buffer solution. FI was measured using a 96-well 
plate spectrofluorometer (λexcitation 485 nm, λemission 535 
nm) [26]. 

2.9. Statistical Analysis 

The results were shown as mean ± SEM for all para- 
meters. Statistical significance of the obtained data was 
analyzed by using Student’s t-test. 

3. RESULTS 

3.1. Cytotoxicity Test 

The IC20 values of DFO, DFP and CM1 in HepG2 cells 
were found to be 70, 100 and 140 µM, respectively (Fig- 
ure 1(a)), CM1 being the least toxic compound. With 
iron-loaded mouse hepatocytes, the hydroxypyridinone 
chelators were found to be less toxic, showing cell vi- 
ability > 95% (Figures 1(b) and (c)). In contrast DFO, at 
concentrations above 25 μM, is more toxic to in vitro 
iron-loaded hepatocytes (Figure 1(b)). When the hy- 
droxypyridinones were presented as neutral 3:1 com- 
plexes, there was little damage induced in HepG2 cells 
even after 48 hr incubation (Figure 2); for concentrations 
up to 100 μM, the cell viability was greater than 90%. In 
contrast, although ferroxamine (FO) was found not to be 
toxic after 24 hr exposure, treatment for an additional 24 
hr rapidly decreased numbers of viable HepG2 cells in a 
concentration-dependent manner (IC50 = 40 µM) (Figure 
2(b)). Interestingly the IC50 value of FO was found to 
lower than for the unbound DFO (Figure 1(a)). 

3.2. Anti-Lipid Peroxidation Effect 

The amount of lipid-peroxidation product, MDA detected 
in FAS-treated HepG2 cells was found to be marginally 
higher than in FAC-treated HepG2 cells (Figure 3). Un- 
der conditions where the cells are pre-incubated with the 
iron preparations, followed by exposure to 60 µM DFO, 
100 µM DFP and 100 µM CM1 for 24 hr, the levels of 
MDA were lower in both types of iron-loaded HepG2 
cells, although there was a larger influence on the cells 
loaded with FAS (Figure 3(b)). With FAS loaded cells, 
CM1 was found to equi-effective with DFO. When the 
HepG2 cells were pre-incubated with the chelators for 24 
hr followed by exposure to FAS or FAC, a decrease in 
MDA levels was observed under both conditions (Figure 
4). The chelators had greater influence on MDA levels in 
the FAC loaded cells (Figure 4(a)) and DFO was found 

to be the most potent. Under these conditions both hy- 
droxypyridinones reduced MDA levels to that of the 
control cells. With FAS loaded cells, the buffering of 
MDA levels was not so efficient, CM1 being the most 
effective ligand. 

3.3. Dose-Response Chelation of LIP 

The LIP content of HepG2 cells pretreated with FAC for 
24 hr was decreased in the presence of all three chelators 
(Table 1). This decrease in LIP levels was monitored by 
an increase in the FI of the intracellular calcein. DFO 
was found to cause a large decrease in LIP levels at con-
centrations up to 35 μM at both 6 and 12 hr. The effect 
was reduced at DFO levels of 70 μM. There was a simi-
lar effect with DFP, again with a reduced effect at the 
highest concentration investigated. CM1 produced a de-
layed influence of LIP levels, the influence after 12 hr 
being much greater than the effect at 6 hr. There was no 
marked loss of effect at 70 μM with CM1. 

A similar influence on LIP levels was observed for in 
vitro iron-loaded mouse hepatocytes (data not presented), 
although the greater influence was observed at the 24 hr 
chelator exposure for all three chelators, there being a 
clear dose response at this time point (Figure 5). At 
concentrations  20 μM, all three chelators produced a 
similar influence on LIP values. Above this concentration 
range, DFP emerged as the most potent ligand for de-
creasing LIP values. CM1 did not produce a large in-
cremental change in this parameter above 20 μM. With 
the in vivo iron loaded mouse, all three chelators (6 - 25 
μM) were found to decrease LIP levels by similar amo- 
unts (Table 2). 

4. DISCUSSIONS 

The liver is an important organ for iron metabolism and 
storage. Excess free radicals can cause progressive liver 
injury and eventually cirrhosis or hepatocellular carci- 
noma in iron overloaded patients [4]. In an attempt to 
identity an improved orally active iron chelator for the 
treatment of such patients, we have identified the lead 
compound CM1 [18]. 

In this paper we report the influence of CM1 on the 
metabolism in iron-related hepatocytes and compare 
their properties with those of DFP and DFO. CM1 was 
found to be the least toxic to HepG2 cells (Figure 1(a)). 
Furthermore, obvious toxicity was expressed by either 
hydroxypyridinone in iron-loaded hepatocytes, in con- 
trast to DFO which produced a 40% loss in cell popula- 
tion at concentrations exceeding 25 μM (Figure 1(b)). 
DFO has been previously reported to be toxic to both 
K562 cells and hepatocytes at concentrations falling in 
the region of 10 μM [27]. In contrast, hydroxypyridi- 
nones, particularly hydrophilic molecules, have been re-  
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Figure 1. Toxicity of FAC and iron chelators on HepG2 cells, mouse hepatocytes and in vivo loaded mouse hepatocytes. Cells were 
treated with FAC and the iron chelators (0 - 200 µM) for 24 hr, and measured their viability by using MTT assay. n = 3 ± SEM, *p < 
0.05 when compared to no treatment. 
 

HepG2 cells: 24 hours

Concentrations (M)
0 25 50 75 100 125 150 175 200

%
 C

el
l v

ia
b

il
it

y

0

20

40

60

80

100

120

140

FAC
DFP-Fe(3:1)
DFO-Fe(1:1) 
CM1-Fe(3:1)

       

HepG2 cells: 48 hours 

Concentrations (M)
0 25 50 75 100 125 150 175 200

%
 C

el
l v

ia
bi

li
ty

0

20

40

60

80

100

120

140

FAC
DFP-Fe (3:1)
DFO-Fe (1:1) 
CM1-Fe (3:1)

*

*

*

*

*

*

*

*

*

 
(a)                                                            (b) 

Figure 2. Toxicity of FAC and iron-chelator complexes on HepG2 cells for 24 and 48 hr. Cells were treated with the iron-chelator 
complexes and FAC (0 - 200 µM) for 24 and 48 hr, and measured their viability by using MTT assay. n = 3 ± SEM, *p < 0.05 when 
compared to no treatment. 
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(a)                                                             (b) 

Figure 3. Anti-lipid peroxidation (therapeutic) effect of iron chelators on iron-loaded HepG2 cells. Cells were pretreated with FAC (1 
mM) (top) and FAS (1 mM) (bottom) for 24 hr, and incubated with DFO (60 µM), DFP (100 µM) and CM1 (100 µM) for further 24 
hr. MDA concentrations were measured by using TBARS method. n = 3 ± SEM *p < 0.05 when compared to control; #p < 0.05 when 
compared to no treatment. 
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Figure 4. Anti-lipid peroxidation (preventive) effect of iron chelators on iron-loaded HepG2 cells. Cells were pretreated with DFO 
(60 µM), DFP (100 µM) and CM1 (100 µM) for 24 hr, and incubated with FAC (1 mM) (top) and FAS (1 mM) (bottom) for further 
24 hr. MDA concentrations were measured by using TBARS method. n = 3 ± SEM, *p < 0.05 when compared to control; #p < 0.05 
when compared to no treatment. 
 
ported to be non toxic to hepatocytes up to levels of 100 
μM [28]. 

It is important that the scavenging ligands are not toxic 
due to redox cycling of their respective iron complexes. 
For this reason we also investigated the hepatocyte vi- 
ability in the presence of the iron complexes of DFO, 
DFP and CM1 (Figure 2). All three iron complexes in- 
duced little adverse effect after 24 hr exposure even at 
the relatively high levels of 200 μM iron (Figure 2(a)). 
However after 48 hr exposure FO, the iron complex of 
DFO, caused considerable toxicity to HepG2 cells at 
concentrations in excess of 25 μM (Figure 2(b)). Re- 
markably, both hydroxypyridinones displayed little tox- 
icity even after 48 hr exposure at the highest concentra- 

tion (200 μM). 
The cytosolic labile iron pool (LIP) is a source of che- 

latable and redox-active iron, which is transitory and 
serves as a crossroad of cell iron metabolism. In princi- 
ple, LIP if elevated, can promote ROS generation. For 
this reason LIP levels are negatively regulated by IRP- 
dependent expression of iron import and iron storage 
proteins [7]. Cellular LIP and ferritin levels are in- 
versely correlated with IRP activity in iron-loaded rat 
heaptocytes [10]. As the iron load of hepatocytes in- 
creases, the proportion of hemosiderin increases [29] and 
by implication the size of the LIP. Iron uptake from non- 
transferrin sources can lead to progressive deposition of 
excess iron in hepatic parenchymal cells and lead  
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Figure 5. Effect of DFO, DFP, and CM1 treatment on LIP 
levels in in vitro iron-loaded hepatocytes of twelve mice. The 
cells were pretreated with FAC (0.5 mM) solution for 24 hr and 
incubated with iron chelators (0 - 70 µM) for 24 hr. LIP levels 
expressed as FI was measured by the calcein fluorescence tech- 
nique. n = 3 ± SEM, #p < 0.05 when compared to no treat- 
ment. 

to oxidative damage [30-32]. The excess iron deposition 
is associated with fibrosis and cirrhosis [33]. Oxidative 
damage in K562 cells is associated with the appearance 
LIP after treatment with transferrin-bound iron or FAC 
[34]. Both ferric and ferrous ions have been reported to 
induce lipid peroxidation in HepG2 cells [22,23]. As 
cellular LIP levels are associated with ROS production, 
LIP is a target for iron chelator-mediated cell protection 
[35]. Iron overload in HepG2 cells can be initiated in the 
presence of by non transferrin bound iron (NTBI) (e.g. 
FAC and Fe-NTA), the uptake of iron occurring via 
transferrin-independent pathways [36]. Thus, hepatocyte 
cultures are useful for the investigation of the protective 
and therapeutic effects of iron chelators against iron-in- 
duced lipid peroxidation. 

In this work we confirm that the hepatocyte LIP is in-
creased by incubation with both FAS and FAC and that 
this increase can be reversed in the presence of chelators. 
With in vitro iron-loaded hepatocytes DFO and DFP 
were found to be more effective than CM1 at decreasing 
LIP levels (Table 1 and Figure 5). However, with in vivo  

 
Table 1. Effect of DFO, DFP, and CM1 treatment on LIP levels in in vitro iron-loaded HepG2 cells. Cells were incubated with FAC 
(0.5 mM) solution for 24 hr and treated with the iron chelators (0 - 70 µM) for 6 and 12 hr. LIP levels expressed as FI were measured 
by the calcein fluorescence technique. n = 3 ± SEM, #p < 0.05 when compared to no treatment. 

LIP levels expressed as percentage of FI 

Chelator concentration (μM) 
Chelator 

 
Incubation time in presence of 

chelator (hr) 
8.75 17.5 35 70 

6 16.95 ± 3.49 15.53 ± 2.23 21.58 ± 2.37# 5.3 ± 1.74 
DFO 

12 13.66 ± 2.15 28.95 ± 3.45 22.79 ± 4.51 3.69 ± 7.22 

6 18.38 ± 3.85 17.41 ± 2.82 23.72 ± 1.52 15.30 ± 4.52 
DFP 

12 9.57 ± 5.41 22.66 ± 5.85 33.35 ± 5.16 10.76 ± 3.75 

6 3.47 ± 2.82 13.63 ± 1.60# 6.96 ± 2.9 3.37 ± 2.07 
CM1 

12 38.39 ± 1.85# 31.32 ± 4.16 17.12 ± 1.32# 24.62 ± 5.25 

 
Table 2. Effect of DFO, DFP, and CM1 treatment on LIP levels in in vivo iron-loaded mouse hepatocytes. The hepatocytes obtained 
from the livers of twelve Fe diet-fed mice were treated with the iron chelators (0 - 25 µM) for 6, 12 and 24 hr. LIP levels expressed as 
percentage of FI were measured by the calcein fluorescence technique. n = 3 ± SEM, #p < 0.05 when compared to no treatment. 

LIP levels expressed as percentage of FI 

Chelator concentration (μM) Chelator 
Incubation time in presence of 

chelator (hr) 
6.25 12.5 25 

6 7.60 ± 0.00# 18.54 ± 3.65 13.07 ± 2.12 

12 6.64 ± 3.18 7.96 ± 3.53 10.18 ± 2.47 DFO 

24 12.39 ± 1.41 11.95 ± 2.46 12.3 ± 0.75 

6 5.32 ± 0.35 9.42 ± 1.41 6.69 ± 3.50 

12 11.95 ± 5.35 8.41 ± 4.58# 5.75 ± 5.35 DFP 

24 5.32 ± 2.83 10.18 ± 0.35 11.50 ± 3.53 

6 8.05 ± 1.06 6.69 ± 4.25 - 

12 15.93 ± 4.28 13.72 ± 0.35 17.70 ± 2.83 CM1 

24 14.16 ± 1.41 5.75 ± 0.36 5.75 ± 1.44 
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iron loaded-hepatocytes there was little difference the 
effects of three chelators, all these being effective at de- 
creasing LIP levels (Table 2). 

The elevated LIP levels associated with the incubation 
of HepG2 cells in FAC- and FAS-containing media leads 
to enhanced MDA levels (Figures 3 and 4). The increase 
induced by FAS can be completely rectified in the pres-
ence of DFO and CM1, DFP being somewhat less effec-
tive (Figure 3(b)). In contrast, when HepG2 cells were 
pre incubated with chelator and then exposed to FAC or 
FAS loading, the ligands were more effective at neutral-
izing the MDA levels induced by FAC, all the chelators 
reducing MDA levels to the control levels, or even lower 
(Figure 4(a)). With FAS loading, CM1 was found to be 
the most effective chelating agent (Figure 4(b)). 

5. CONCLUSION 

As a result of this preliminary investigation it is clear 
that CM1 is able to penetrate hepatocytes and hence 
scavenge the LIP. This in turn leads to a reduction in 
MDA levels. CM1 has a comparable efficacy in this 
processes with that of DFP, the parent hydroxypyridi- 
none. It is also established that CM1 is relatively non 
toxic to hepatocytes. In view of these finding CM1 will 
now be subjected to detailed efficacy studies in various 
iron-overloaded animal models. 
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ABBREVIATIONS 

Calcein-AM = 3’,6’-Di(O-acetyl)-2’,7’-bis[N,N-bis(car- 
boxymethyl)aminomethyl] fluorescein tetraacetoxyme- 
thyl ester,  
DFO = desferrioxamine,  
DFP = deferiprone,  
DFX = deferasirox,  
DMEM = dulbecco’s modified eagle medium,  
FAC = ferric ammonium citrate,  
FAS = ferrous ammonium sulfate,  
FBS = fetal bovine serum,  

FI = fluorescence intensity,  
FO = ferroxamine,  
HPO = 3-hydroxypyridin-4-one, 
LIP = labile iron pool,  
MDA = malondialdehyde, MTT = 3-(4,5-dimethylthia- 
zol-2-yl)-2,5-diphenyltetrazolium bromide, NTBI = non 
transferrin bound iron,  
ROS = reactive oxygen species,  
TBA = thiobarbituric acid,  
TBARS = thiobarbituric acid reactive substances. 
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