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Abstract
Isolated rat hepatocytes in culture were incubated with different concentrations of ironsorbitol (50, 100, 150, and 200 μM) to assess the changes in reactive oxygen species (ROS) and
lipid peroxidation leading to apoptotic hepatocyte cell death. The viability of hepatocytes was
declined depending on the iron concentration. One hour incubation of the cells with 100 μM iron
resulted in decreased of the hepatocyte viability down to 50% (EC50 μM). Cellular glutathione
(GSH) was depleted depending on the concentration of iron added to the hepatocytes in culture.
Decline in cellular GSH was associated with elevation in reactive oxygen species (ROS)
generation and formation of thiobarbituric acid reactive substances (TBARS) as index of lipid
peroxidation. TBARS concentration was elevated in hepatocytes exposed to >100 μM of iron
IRUPLQ$VLJQL¿FDQWLQFUHDVHLQ526IRUPDWLRQZDVDOVRREVHUYHGLQFHOOVLQFXEDWHGZLWK
75 μM of iron for 60 and 120 min. The consequences of ROS-mediated damages to hepatocytes
ZHUHREVHUYHGE\'1$IUDJPHQWDWLRQQXFOHDUVWDLQLQJE\SURSLGLXPLGGLGHDQG¿QDOO\ZLWK
induction of apoptotic hepatocyte cell death. Terminal deoxynucleotie transferase-mediated
dUTP nick end labeling i.e. TUNEL assay (In situ- cell death-detection kit) and nuclear staining
ZHUH DOVR XVHG WR FRQ¿UP DSRSWRVLV 7KHVH GDWD FOHDUO\ VKRZ WKDW LURQ RYHUORDG FDQ FDXVH
apoptotic cell death in isolated hepatocytes and generation of ROS precedes other changes
related to oxidative stress.
Keywords: Apoptosis; Iron overload; Hepatocyte; Oxidative Stress.

Introduction
Iron in excessive amounts may be toxic
particularly to the liver since it is the major
site of iron storage. Increased levels of iron
in laboratory animals fed high levels of iron
containing diet (Sochaski et al., 2002) and in
pregnant women (Hininger et al., 2001) taking
iron tablets has been reported.
* Corresponding author:
E-mail: allameha@modares.ac.ir

With massive iron overload, such ironinduced alterations may cause cell death, also
known as sideronecrosis. Studies on different
complications related to iron overload revealed
that inheritant hemochromatosis is associated
with apoptosis in hepatocytes (Zhao et al.,
1997). Iron catalyzed oxidative damage to
cellular components is probably responsible
IRU GHYHORSPHQW RI KHSDWLF ¿EURJHQHVLV DQG
carcinogenesis (Kowdley, 2004).
The mechanisms by which excess iron
exerts its cytotoxic effects include enhanced
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formation of free radicals and lipid peroxidation
in organelle membranes. Lipid peroxidation can
lead to structural and functional alterations in
lysosomes, mitochondria and the endoplasmic
reticulum. Different chemical forms of iron have
been shown to initiate lipid peroxidation in liver
cells (Khan et al., 1995; Valerio and Petersen,
1998; Knutson et al., 2000; Milckak and Bicker,
2002).
The ability of iron to catalyze the formation
of reactive oxygen species (ROS), including the
hydroxyl radical (·OH), has also been reported
(Halliwell, 1992; Kehrer, 2000; Ryan and Aust,
1992). According to Jacob and co-workers (1997)
inorganic iron is responsible for acceleration of
endothelial cell apoptosis due to ROS generated
of via Fenton reaction. In this connection the
UROH JOXWDWKLRQH DQG ĮWRFRSKHURO LQ LURQ
induced hepatotoxicity has been elucidated
(Milchak and Bricker, 2002). Hence, glutathione
plays a major role in maintaining cell viability
following iron exposure and probably there is a
synergistic relationship between GSH and other
antioxidants. It has been reported that chronic
iron exposure can result in elicitation of unique
pattern of stress protein expression which may
modulate hepatic long-term responses to iron
overload (Brown et al., 2007).
Despite the bulk of information on ironoverload complications, the relationship between
the cytotoxicity events and apoptotic cell death
is not fully understood. In this study, changes
in parameters related to oxidative stress were
monitored in isolated rat hepatocytes loaded
with iron to better understand the mechanisms
underlying iron-induced hepatotoxicity.

mediated dUTP nick end labeling (TUNEL)
assay was the product of Roche Diagnostic,
Germany. All other solvents and reagents were
of the highest grade commercially available.
Hepatocyte isolation
Male adult rats of Wistar strain, 200-250 g
were obtained from Pasteur Institute of Iran.
Animals were allowed to acclimatize for 1 week
and provided with rodent chow pellets and tap
water ad libitum. Hepatocytes were isolated
by collagenase perfusion of the liver according
WR 6HJOHQ   %ULHÀ\ WKH DEGRPHQ RI
the animal was opened under pentobarbital
(60 mg/kg BW) anesthesia and the portal vein
ZDVFDQQXODWHGZLWKD7HÀRQFDWKHWHU/LYHUZDV
perfused with EGTA (0.2 mM)-containing buffer
free of Ca2+ and Mg2+, pH 7.3 at 37°C. This was
followed by a second perfusion with 100 ml of
second perfusion buffer containing collagenase
S+ 7KHÀRZUDWHZDVDGMXVWHGWR
30 ml/min for 15-25 min. The perfused liver
was then transferred to a Petri dish containing
washing buffer, gently dispersed in the buffer
pre-cooled on ice.
,VRODWHGFHOOVZHUH¿OWHUHGWKURXJKIRXUOD\HUV
of gauze, washed three times with washing buffer
precipitated every time by centrifugation. After
WKH ¿QDO FHOO ZDVKLQJ WKH FHOOV ZHUH FRXQWHG
using a hemacytometer and initial cell viability
was determined using 0.2% (w/v) trypan blue
exclusion test according to Moldeus et al.,
1995. Viability exceeding 90% was found in all
preparations used in this study. The number of
cells was estimated as 4-5×10 6 cells/liver and the
cells were metabolically active for about 10 h.
Incubation condition
Hepatocyte suspension (10 6 cells/ml) was
loaded with different concentrations of ironsorbital (Jectofer™), viz. 0, 100, 150, 200 or
 PRO LQ (UOHQPH\HU JODVV ÀDVNV +4
(100 μmol) was also added to the culture media
as the iron carrier as suggested by Jacob and coworkers (1977). Flasks were capped with rubber
stoppers before incubation for 2 h at 37 °C in a
water bath shaker under continuous 10%, 85% N2
and 5% CO2. The cytotoxicity effects of iron was
determined in hepatocyte preparation incubated
with iron-sorbital at different time intervals viz.

Experimental
Chemicals
Bovine serum albumin (BSA), collagenase
W\SH,,GLFKORURÀXRUHVFLQGLDFHWDWH '&)
DA), EGTA, 8-hydroxy quinoline (8-HQ),
reduced glutathione (GSH)
Iron-sorbitol (Jectofer™) containing ferrous
iron (50 mg/ml) in 2 ml ampoules was from
Astra, UK.
Iron (III), and thiobarbituric acid (TBA) were
from Sigma Chemical Co. St. Louis, USA.
In situ cell death detection kit, i.e., TdT116
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incubation of cells with iron for a period of 10
or 40 min, the levels of TBARS were measured
in 1.0 ml aliquots of hepatocyte suspension
(10 6 cells/ml) using thiobarbituric acid (TBA)
reagent. The absorbance of the reaction product
was recorded at 532 nm in a Shimatzu-UV-3000
spectrophotometer.

30, 60, 120 and 180 min. The concentration at
which iron caused 50% reduction (EC50 μM) in
isolated hepatocytes viability after incubation
for 2 h was determined by trypan blue exclusion
assay.
Histological studies
7KH ¿UVW VLJQV RI DSRSWRVLV LQ KHSDWRF\WHV
treated with iron were noticed under the
ÀXRUHVFHQFH PLFURVFRSH DIWHU VWDLQLQJ ZLWK
either acridine orange or ethidium bromide.
Hepatocytes
incubated
with
different
concentrations of iron, viz. 0 (control), 50, 100,
and μM for 60 min in this assay. Then 10 μl
of cell suspension was mixed with stain and
smear was prepared covered with cover slip and
REVHUYHGXQGHUÀXRUHVFHQWPLFURVFRSH

Reactive oxygen species (ROS)
The rate of ROS generation induced by iron in
hepatocytes was determined following incubation
with different concentrations of iron. The level
of ROS was measured based on the procedure
GHVFULEHGE\/H%HOHWDO%ULHÀ\PORI
hepatocyte suspension was pre-incubated with
iron for 30 min, and then centrifuged at 50× g
for 1 min to collect the cells. The cells were resuspended and then incubated with DCF-DA
IRUPLQDW &7KHÀXRUHVFHQFHLQWHQVLW\
was recorded at excitation of 500 and emission
of 520 nm wavelengths in a Shimatzu RF-5000
VSHFWURÀXRULPHWHU 7KH FRQFHQWUDWLRQ RI '&)
generated in hepatocytes was determined from
standard curve using known concentrations of
DCF.

Nuclear staining by propidium iodide
Samples from hepatocytes incubated with
100 μM iron for 60 min were taken and stained
with annexin V and propidium iodide. The
GLVWULEXWLRQ SDWWHUQ RI FHOOV DVVHVVHG LQ D ÀRZ
cytometry resulted in four types of histograms
related to distribution and differentiation of
FHOOV7KLVDVVD\ZDV¿UVWVHWXSZLWKWK\PRF\WHV
which were incubated with dexamethasone for 6
h and considered as positive control.

'HWHFWLRQ DQG TXDQWL¿FDWLRQ RI '1$
fragmentation
Hepatocytes were incubated in 24-well culture
plates in a CO2 incubator for 1 h. DNA was then
prepared for gel electrophoresis. Electrophoresis
was carried out in 2% (w/v) agarose gel in
40 mM Tris-acetate buffer (pH 7.4) at 90 V for
1 h. The fragmented DNA was visualized by
staining with ethidium bromide.

Measurement of glutathione level
Hepatocyte glutathione was measured by
HPLC according to the procedure described by
+DUYH\HWDO%ULHÀ\IROORZLQJH[SRVXUH
to different concentrations of iron, the cells were
washed and scraped in cold phosphate-buffered
saline. After centrifugation, cell pellet was lysed
in ice-cold 0.6 N perchloric acid containing 2
mM EDTA. Precipitated proteins were removed
by centrifugation and the supernatant was
diluted (1:1 v/v) in mobile phase buffer and then
pH was adjusted to 2.0-2.3 with 6 N NaOH.
Ten μl of each sample was injected into the
column for chromatography equipped with an
electrochemical detector.

TUNEL assay
The role of iron in inducing DNA
fragmentation in isolated hepatocytes was
IXUWKHU FRQ¿UPHG E\ 781(/ DVVD\ XVLQJ D
commercial kit. In this technique, the terminal
deoxynucleotidyl transferase (TdT) binds to the
3´-OH end and synthesizes a polynucleotide at
the nick end. Then the biotinylated nucleotides
interacts with avidin-peroxidase that can be
detected histochemically (Iwasa et al., 1996).
7KHDVVD\ZDV¿UVWVWDQGDUGL]HGZLWKWK\PRF\WHV
treated with dexamethasone (positive control).
Accordingly, untreated thymocytes were used
and considered as negative control. The assay

Lipid peroxidation
Formation of thiobarbituric acid reacting
substances (TBARS) was determined as a marker
of lipid peroxidation according to the procedure
described by Buege and Aust, 1978. After
117
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Figure 1. Changes in glutathione in isolated hepatocytes
incubated with Iron.
Data are ‘Mean ± SE’ of three assays carried out in duplicate.
Controls were incubated in absence of iron.

Figure 2. The level of TBARS in isolated hepatocytes incubated
with iron.
Data are ‘Mean±SE’ of three assays carried out in duplicate.
The concentration of TBARS was expressed as μM.

was then applied for assessment of apoptosis in
hepatocytes due to iron. Hepatocytes suspension
ZDV¿[HGRQVOLGHVODEHOHGDQGWKHQSURFHVVHG
for microscopic observation.

apoptosis in isolated hepatocytes. iron caused
a remarkable decrease in cellular GSH levels
depending on the iron concentration added to the
hepatocyte cultures (Figure 2).
Figure 3 shows the changes in the rate of lipid
peroxidation in isolated hepatocytes incubated
with different concentrations of iron for 10 or
 PLQ 7KHUH ZHUH QR VLJQL¿FDQW FKDQJHV LQ
the levels of TBARS in hepatocytes incubated
with different concentrations of iron for10 min,
whereas, similar concentrations of iron incubated
for 40 min caused a remarkable increase in lipid
peroxidation products. As shown in Figure 4,
changes in reactive oxygen species (ROS) was
associated with elevation in lipid peroxidation
products. The pattern of DNA fragmentation in
isolated hepatocytes incubated for 1-h with 100
μmol of iron as compared to control group has

Results
Cytotoxicity
Isolated hepatocytes were incubated with
different concentrations of iron-sorbitol. This
resulted in a concentration-dependent decrease in
FHOOYLDELOLW\7KHFRQFHQWUDWLRQRILURQVXI¿FLHQW
to cause a 50% decrease in hepatocytes viability
(EC50 μM) at different time intervals (60, 120 and
180 min) is summarized in Figure 1. The EC50
for iron was found to be 100 μM for hepatocytes
incubated for 2 h (Figure 1). Based on this data,
higher concentration of iron was used to induce
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Figure 4. Cytotoxicity of iron in isolated hepatocytes.
Isolated hepatocytes incubated with different concentrations
of iron-sorbital and sampling was carried out at different time
intervals to determine cell viability by trypan blue exclusion
assay. Data are ‘Mean±SE’ of three analyses carried out in
duplicate. IC50 for iron was found to be 100 μmol.

Figure 3. Reactive oxygen species in isolated hepatocytes
incubated with iron.
Data are ‘Mean±SE’ of three assays carried out in duplicate.
³526´ IRUPDWLRQ ZDV H[SUHVVHG DV ÀXRUHVFHQFH LQWHQVLW\
units.
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A
Figure 5. DNA fragmentation in hepatocytes incubated with
iron.
From left to right lane 1, 2 and 4-7 show DNA fragments
obtained from hepatocytes incubated for 1 h with iron at a
concentration of 100 μmol. Lane 3 from left shows DNA
standard ladder.

been demonstrated in Figure 5. Flow cytometry
performed on hepatocytes incubated with 100
μm of iron resulted in four types of histograms.
Data related to the total cells, distribution
according to the differential staining, cells
stained with annexin-V and those stained with
propidium iodide were assessed. The results of
ÀRZF\WRPHWU\LQGLFDWHGWKDWGHSHQGLQJRQWKH
duration of incubation of hepatocytes with iron,
the number of apoptotic cell bodies are increasing.
Figure 6 shows the effect of two concentrations
(50 and 100 μmol) of iron on nuclear and stained
with acridine orange and ethidium bromide.
The number of apoptotic cell phenotypes were
found to be increased in cells incubated with
higher concentrations of iron. Reductions in
cytoplasmic volume and condensation of nuclei
were the prominent criteria observed in apoptotic
cells. The nuclei stained with ethidium bromide
appeared as red color. Figure 7 shows the results
RI781(/ DVVD\ ,Q WKLV ¿JXUH DSRSWRWLF FHOOV
appeared in brown color due to DAB precipitation
in hepatocytes exposed to 100 μmol of iron for
60 min.

B
Figure 6. Acridine orange and ethidium bromide staining of
apoptotic cell bodies.
3DUW$VKRZVKHSDWRF\WHVLQFXEDWHGIRUKZLWKȝPRODQG
3DUW%VKRZVFHOOVWUHDWHGZLWKȝPRORILURQ$UURZKHDGV
show apoptotic cell deaths. Reduction in cytoplasmic volume
and condensation of nuclei were prominent criteria observed
in apoptotic cells. The nuclei stained with ethidium bromide
appear as red color.

mediates apoptosis (Simon et al., 2000; Castisti
and Vercesi 1999). ROS generation is associated
with oxidation of target molecules among which
unsaturated fatty acids (USFAs) are probably
more vulnerable to oxidative stress. Necrosis
occurs when cell damages overcome the defense
mechanisms, whereas alternatively cells may
undergo apoptosis pathways. The release of ROS
is one of the major signaling pathways involved
in many different forms of apoptotic cell death in
many cell types (Kroemer et al., 1995). The role
of ROS in initiation of such damages was further
approved when it was shown that damages caused
by iron were reversed when iron-chelating agent
such as deferoxamine was used (Demling et al.,
1991).
In this study, short-term (2 h) incubation
of freshly isolated rat hepatocytes with iron

Discussion
iron storage diseases are believed to cause
organ damages through generation of reactive
oxygen species, ROS (Qu et al., 2001; Knight et
al., 2001). ROS is probably an early signal that
119
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is generated even with lower iron concentration
(75 μmol) and 1 h before the number of
hepatocytes reached to 50%. It appears that
changes in ROS and lipid peroxidation precede
GSH depletion which occurred due to iron doses
above EC50 (Figure 2).
The pattern of distribution of hepatocytes
H[SRVHG WR LURQ DFFRUGLQJ WR ÀRZ F\WRPHWULF
data further indicated a decline in cell viability
in treated groups. Flow cytometry data using
DQQH[LQ9 FRQ¿UPHG PRGL¿FDWLRQV LQ FHOO
membrane particularly in rearrangement of
phosphatidyl serine from the inner plasma
membrane.
Depletion
of
intracellular
glutathione in hepatocytes incubated with iron
by approximately 90% adds to the oxidative
stress which can potentate iron cytotoxicity. The
protective role of glutathione is better explained
when it was shown that lipid peroxidation and
cytotoxicity resulted from iron to cells in culture
are reversed by exogenous GSH (Milchak and
Bricker, 2002).
DNA fragmentation is used to distinguish
between necrotic and apoptotic hepatocyte cell
death. The pattern of chromatin condensation
and DNA fragmentation induced by iron
clearly showed the process of apoptosis in the
hepatocytes (Figure 5). The results of TUNEL
assay showing the nick end of the fragments of
'1$DOVRFRQ¿UPHGWKHDSRSWRWLFSDWWHUQRI'1$
fragmentation. It is worth mentioning that ironrelated change in hepatocytes was depending on
the concentration of iron in the cell culture. There
was a gradual change in parameters studies, and
upon increased levels of iron the ratio of necrotic
cells to apoptotic cell bodies was increased.
Recently, it has been reported that under
certain condition, where the hepatitis C virus
polyprotein is expressed in transgenic mice,
iron overload may leads to hepatocellular
carcinoma (Furutani et al., 2006). Similar
morphological changes also observed in vivo
in iron-overload induced rats. Typical features
of apoptosis including condensation of the
nuclei, increased nuclear permeability, and
membrane bleb formation were observed in
our laboratory in liver of rats directly injected
with iron formulation (Unpublished data). The
resultes presented in this paper indicate that the
iron induced apoptotic cell death is mediated

A

B
Figure 7. Nuclear DNA end labeling (TUNEL assay) in
hepatocyte treated with iron.
+HSDWRF\WHVH[SRVHGWRȝPROLURQIRUK$SRSWRWLFFHOOV
appear in brown color due to DAB precipitation in hepatocytes
exposed to 100 μmol of iron for 1 h. Part A and part B show 10×
DQGîPDJQL¿FDWLRQ

resulted in changes in a panel of markers
related to oxidative stress leading to apoptotic
cell death. As it was expected, relatively small
fraction (~20%) of hepatocytes isolated by
collagenase perfusion underwent cell death in
untreated groups. Nevertheless, the bulk of lipid
peroxidation products formed during incubation
of hepatocytes with iron indicated the extent of
the damages caused to the membranes.
ROS generation in isolated hepatocytes was
an early response to iron that was dependent
on the dose and time of cell exposures to iron.
Moreover, as it was expected increased ROS was
associated with elevation of lipid peroxidation
products. Oxidative damages to cell membrane
or its organelles, particularly lysozyme and
mitochondrial membrane could be responsible
for marked decrease in cell viability. Comparing
these results with ROS data may suggest that ROS
120
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by oxidative stress. ROS generation is probably
WKH¿UVWHYHQWWKDWRFFXUVLQKHSDWRF\WHVORDGHG
with iron. Overall our results provide further
evidences about the mechanism(s) by which iron
overload induces hepatotoxicity.
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