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Abstract. Chronic iron overload may result in hepatic fibrosis 
and even neoplastic transformation due to a burst of reactive 
oxygen species (ROS). Mitochondria have been proposed to 
be important in the production of ROS. The purpose of this 
study was to investigate the role of the mitochondrial perme-
ability transition pore (mPTP) in the burst of ROS, and to 
clarify the mechanism whereby ROS induced by iron overload 
results in hepatic damage. It has been demonstrated that when 
ferrocene‑induced iron‑overloaded mice were fed the cyclo-
sporin A (CsA), a specific inhibitor of the mPTP, diet (10 mg/
kg/day) for 50 days, liver‑to‑body weight ratio, serum levels 
of alanine transaminase (ALT) and aspartate transaminase 
(AST), ROS production, mitochondrial swelling, loss of mito-
chondrial membrane potential (Δψ) and hepatocyte apoptosis 
decreased. However, the total antioxidant status, including 
superoxide dismutase (SOD), glutathione peroxidase (GSH‑Px) 
and catalase activities, increased. The protective effect of CsA 
on the liver of iron‑overloaded mice may be due to inhibition 
of the ROS burst and a successive antioxidant effect. To the 
best of our knowledge, these data provide the first support 
for the theory that ROS‑induced ROS release (RIRR) may be 
involved in the burst of ROS in the liver and greatly contribute 
to the hepatic damage initiated by iron overload.

Introduction

The liver is one of the most iron‑rich organs of the body. 
Approximately 20‑30% of the body's iron is stored in 

hepatocytes and reticuloendothelial macrophages, thus 
excessive iron accumulation is clearly observed in the liver. 
Numerous studies have indicated that dietary iron overload 
enhances hepatic fibrosis and even induces neoplastic trans-
formation (1,2). These phenomena may be associated with 
the role of iron in triggering oxidative stress (3). However, 
the molecular mechanism of iron‑induced hepatic damage is 
poorly understood.

Mitochondria are a potential target of iron‑mediated 
injury, due to the fact that they are intrinsically rich in iron (4). 
Numerous data have confirmed that mitochondrial dysfunc-
tion increases reactive oxygen species (ROS) production, with 
serious consequences, not only for respiratory function, but 
also for mitochondrial DNA transcription (5,6). The role of 
ROS in determining cell fate during exposure to excessive iron 
is already known; however, the mechanism whereby the burst 
of ROS is induced by iron overload is not yet understood. The 
mitochondrial production of ROS may be involved in signal 
transduction pathways where an initial oxidative stress signal 
originating at various cell sites is amplified by the mitochon-
dria, the phenomenon of which is termed ROS‑induced ROS 
release (RIRR).

RIRR is generated by circuits requiring mitochondrial 
membrane channels, including the mitochondrial perme-
ability transition pore (mPTP) (7). mPTPs are multi‑protein 
complexes that are capable of forming large, non‑selective 
pores in the inner mitochondrial membrane  (8). They are 
directly stimulated by environmental factors, such as ROS 
and injury (9). When the mPTP is continuously open, it causes 
mitochondrial swelling, which may result in rupture of the 
outer mitochondrial membrane  (10). Generated ROS may 
subsequently be released into the cytosol and trigger RIRR in 
the neighboring mitochondria. Thus, mitochondrion‑to‑mito-
chondrion RIRR constitutes a positive feedback mechanism 
for enhanced ROS production that potentially causes hepatic 
damage.

Due to the fact that iron is a catalyst in the Haber‑Weiss 
reaction and is involved in the initiation of oxygen radical 
formation (11), we hypothesized that the toxicity of iron over-
load is associated with mPTP‑mediated RIRR. To test this 
hypothesis, cyclosporin A (CsA) was used to inhibit mPTP 
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opening, in order to explore the underlying mechanisms of 
hepatic damage induced by iron overload.

Materials and methods

Materials. Ferrocene and CsA were obtained from Sigma 
(St. Louis, MO, USA). AIN‑93G was purchased from Dyets, 
Inc. (Bethlehem, PA, USA), and 2',7'-dichlorfluorescein-
diacetate (DCFH‑DA) and rhodomine 123 were purchased 
from Molecular Probes (Montluçon, France). William's 
medium E (WME) and fetal calf serum (FCS) were obtained 
from Gibco‑BRL (Paisley, Scotland), while collagenase D 
was purchased from Boehringer Mannheim (Mannheim, 
Germany). The remaining chemicals were purchased from 
the local market. Kunming mice were purchased from 
Tongji Medical School, Huazhong University of Science and 
Technology (Wuhan, China). The animals were cared for in 
accordance with the Guide for the Care and Use of Laboratory 
Animals. The use of animals was reviewed and approved 
by the Nanchang University Medical College Animal Care 
Review Committee.

Animal model for dietary iron overload. Thirty‑six male 
Kunming mice, initially weighing 14.7±0.7 g, were used in the 
present study. Mice were randomly divided into 3 groups desig-
nated as control, iron‑overloaded and CsA + iron‑overloaded. 
The animal model for dietary iron overload in this study was 
similar to that described previously (12). Briefly, the iron‑over-
loaded mice were fed for 4 months on a pellet diet (AIN‑93G) 
supplemented with iron in the form of ferrocene, while the 
CsA + iron‑overload group was fed the AIN‑93G diet supple-
mented, not only with iron, but also with CsA (10 mg/kg). 
Control mice were fed the AIN‑93G diet without iron and CsA. 
Possible differences in dietary consumption among the 3 groups 
were controlled for; the control animals received an amount 
of food that was equal to that which the respective treated 
animals consumed each day. The proportion of iron in the diet 
was maintained at 0.2% (w/w) for 90 days and then decreased 
to 0.4% (w/w) for the remaining 30 days. All the groups were 
kept at 23±2˚C under a 12‑h dark/light cycle. Animal care in 
this study conformed to the National Institutes of Health (NIH) 
Guide for Care and Use of Laboratory Animals (NIH publica-
tion 86‑23, revised 1986). Following chronic feeding, mice were 
euthanized by cervical dislocation, and blood was collected by 
cardiac puncture. The liver was immediately excised, weighed 
and divided for analysis as described below.

Determination of serum and liver iron concentrations. Serum 
iron concentration was determined using the assay based on the 
generation of an iron‑ferrozine complex, as described previ-
ously by Galleano and Puntarulo (13). Iron concentration in the 
digested liver sample was measured spectrophotometrically at 
535 nm, following reaction with 2 mM bathophenanthroline 
disulfonic acid (14).

Determination of serum aspartate transaminase (AST) and 
alanine transaminase (ALT) levels. Serum AST and ALT 
levels were measured using an autoanalyser (Cobas Integra 
400; Holliston, MA, USA) and an ALT/AST reagent kit from 
Roche Diagnostics (Indianapolis, IN, USA).

Preparation of the mitochondrial fraction. Mitochondria were 
isolated by conventional differential centrifugation from the 
liver of mice that had been starved overnight. The livers were 
homogenized in 250 mM sucrose, 1 mM EGTA and 10 mM 
HEPES buffer (pH 7.2). The mitochondrial suspension was 
washed twice in the same medium containing 0.1 mM EGTA, 
and the final pellet was resuspended in 250 mM sucrose to a 
final protein concentration of 80‑100 mg/ml, measured using 
the Biuret method, with bovine serum albumin (BSA) as the 
protein standard.

Mitochondrial swelling. The swelling experiments were 
conducted according to the procedure performed by Beavis 
et al (15), at 25˚C in a standard medium containing 125 mM 
sucrose, 10 mM HEPES buffer (pH 7.2), 2.5 mM succinate and 
4.0 mM rotenone. The final volume used was 1.0 ml, and the 
protein concentration was ~0.5 mg/ml. Absorbance changes 
at 520 nm were monitored in a thermostatically controlled 
Hitachi U‑2000 spectrophotometer.

Hepatocyte preparation. Hepatocytes were isolated by a 
two‑step collagenase perfusion method. Following mechanical 
disruption of the liver capsule, the liver cells were collected 
in WME and serially filtered through 30‑, 50‑ and 80‑mesh 
filters in an 85‑ml Cellector tissue sieve (Bellco Biotechnology, 
Vineland, NJ, USA). Typically, 10‑25x106 cells were obtained 
from one mouse liver.

Measurements of intracellular Δψ. The mitochondrial 
membrane potential (Δψ) was measured by flow cytometry 
using rhodomine 123, a fluorescent dye that has been demon-
strated to selectively accumulate in the mitochondria of 
living hepatocytes by a mechanism that is dependent on the 
Δψ (16). The hepatocytes were resuspended in 0.5 ml of 10 µg/
ml rhodomine for 15 min at 37˚C , and were immediately 
submitted for flow analysis.

Measurement of intracellular ROS production. To assess 
the intracellular ROS levels, flow cytometric analyses were 
performed using the oxidative-sensitive fluorescent probe, 
DCFH‑DA, as previously described (17). Hepatocytes were 
incubated with 10 µM DCFH‑DA for 30 min at 37˚C. Formation 
of 2',7'‑dichlorofluorescein (DCF) was then detected using a 
FACSCalibur (Becton‑Dickinson, Mountain View, CA, USA) 
equipped with an argon laser (488 nm) in the FL1 channel.

Determination of oxidative stress parameters and lipid 
peroxidation
MDA. The level of 3,4-methylenedioxyamphetamine (MDA) 
was determined according to the procedure employed by 
Okhawa et al (18). Briefly, 0.5 ml supernatant was mixed with 
1.5 ml thiobarbituric acid, 1.5 ml acetic acid (pH 3.5), 0.2 ml 
sodium dodecyl sulfate and 0.5 ml distilled water. Following 
mixing, the samples and standards were heated at 100˚C for 
1 h. The absorbance was recorded at 532 nm and compared 
with that of the MDA standards.

SOD. Superoxide dismutase (SOD) activity was deter-
mined according to the method utilised by Beauchamp and 
Fridovich (19). The reaction mixture consisted of 100 µmol/l 
xanthine, 100 µmol/l EDTA, 25 µmol/l NBT and 50 mmol/l 
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Na2CO3 (pH 10.2). The reaction was initiated by the addi-
tion of xanthine oxidase, and then the absorbance at 560 nm 
was read every 30 sec for 5 min. SOD activity was assayed 
spectrophotometrically as the inhibition of the photochemical 
reduction of NBT at 560 nm.

GSH‑Px. Glutathione peroxidase (GSH‑Px) activity was 
measured according to the method employed by Lawrence and 
Burk (20). The assay reaction comprised 50 mmol/l K2HPO4 
buffer, 1 mmol/l EDTA, 1 mmol/l NaN3, 1 mmol/l reduced 
glutathione, 0.2 mmol/l NADPH, 0.25 mmol/l H2O2 and 1 U/
ml glutathione reductase. GSH‑Px activity was assayed by 
monitoring NADPH oxidation at 340 nm, by measuring the 
absorbance every 15 sec for 5 min. The activity was calcu-
lated using a molar extinction coefficient for NADPH of 
6.22 mM‑1cm‑1 at 340 nm.

Catalase. Catalase activity in the liver homogenate was 
assayed using a modification of the procedure described by 
Pedraza‑Chaverri et al (21). The catalase activity of hepatic 
homogenates was assayed at 25˚C, based on the disappearance 
of 10 mM H2O2 at 240 nm. The results are expressed as U/mg 
protein.

TUNEL assay. The terminal deoxynucleotidyl trans-
ferase‑mediated nick‑end labeling (TUNEL) assay was 
performed to detect hepatocyte apoptosis. The hepatocytes 
were plated on glass Lab‑Tek Chamber slides (Sigma) and 
washed with PBS, then fixed in 1% paraformaldehyde for 10 
min. These were then postfixed in pre‑cooled ethanol‑acetic 
acid (2:1) for a further 5 min at ‑20˚C. Following washing with 
PBS, the cells were incubated with a TUNEL reaction buffer 
at 37˚C for 1 h in a humidified chamber. As a positive control, 
cells were treated with DNase I (1.0 mg/ml, Sigma) for 10 min, 
to introduce nicks into the genomic DNA. The percentage of 
cardiomyocytes with DNA nick‑end labeling was determined 
by counting the number of cells exhibiting brown nuclei among 
1,000 cells in duplicate plates.

Statistical analysis. Values were expressed as the mean ± stan-
dard deviation from ≥12 independent experiments. Each 
treatment was performed in triplicate culture wells. The 
differences in the means between each group were tested by 
one‑way ANOVA followed by the Student‑Newman‑Keuls test 
(comparison between multiple groups). P<0.05 was considered 
to indicate a statistically significant difference.

Results

Effects of CsA administration on serum and hepatic iron 
concentrations in iron‑overloaded mice. As expected, the 
serum and hepatic iron concentrations were significantly 
increased in all treated animals. When mice were supple-
mented with CsA, the serum and hepatic iron concentrations 
were not significantly different compared with those of the 
iron‑overloaded group. This observation suggests that the 
severe iron loading caused by a continuous iron‑supplemented 
diet was not alleviated by CsA aministration (Fig. 1).

Effects of CsA administration on liver‑to‑body weight 
ratio (%) and serum levels of transaminases in iron‑over‑
loaded mice. There were no obvious health abnormalities 

in any of the groups, but the liver‑to‑body weight ratio was 
significantly increased in all the treated animals. Compared 
with the iron‑overloaded group, CsA showed significant 
protection against iron overload in the CsA + iron‑overloaded 
group (P<0.01).

Serum levels of transaminases (ALT and AST) were used 
as indicators to evaluate the involvement of CsA in the struc-
tural damage to the liver. In this experiment, the enzyme assays 
of serum transaminases demonstrated that the iron overload 
significantly raised the levels of ALT and AST to 227.1 and 
381.3 U/l, respectively (P<0.01 for both). CsA was capable of 
effectively inhibiting the enzyme activity. The levels of ALT 
and AST were reduced to 125.5 and 220.1 U/l, respectively 
(P<0.01 for both) when CsA was administered. This result 
revealed that the negative effect of iron overload in mice may 
be alleviated by CsA administration (Fig. 2).

Effects of CsA administration on hepatocyte apoptosis in 
iron‑overloaded mice. In the control group, a limited number 
of TUNEL‑positive hepatocytes were detected. By contrast, 
numerous hepatocytes in the iron‑overloaded group presented 
as positive for TUNEL, and this number was significantly 
greater than that of the control group (P<0.01). The number of 
TUNEL‑positive cells was significantly reduced (10.4±2.1%) 
compared with the iron‑overloaded group when CsA was 
administered (P<0.01) (Fig. 3).

Figure 1. Effects of cyclosporin A (CsA) on serum and hepatic iron concentra-
tions in iron‑overloaded mice. Mice were randomly divided into 3 groups and 
treated as described in Materials and methods. (A) Non‑heme iron content in 
the serum of mice in the different treatment groups. The blood was collected 
by cardiac puncture. Serum iron concentration was determined using the assay 
based on the generation of an iron‑ferrozine complex. (B) Liver iron content in 
the liver of mice in the different treatment groups. The liver was immediately 
removed and weighed, then digested by nitric acid and perchloric acid mixed 
at a ratio of 4:1. Iron content was assayed. Values are the mean ± standard 
deviation (n=12). aP<0.01 vs. control; cP>0.05 vs. iron‑overloaded group.

  A

  B



LIU et al:  MECHANISM WHEREBY EXCESSIVE IRON CAUSES LIVER DAMAGE1176

Effects of CsA administration on the oxidative parameters 
of iron‑overloaded mice. The effects of CsA on the oxidative 
stress of iron‑overloaded mice (n=12) were estimated by deter-
mining the activities of MDA, SOD, GSH‑Px and catalase in 
the liver tissue. The MDA level is a key marker of endogenous 
lipid peroxidation. In the iron‑overloaded group, the MDA 
level increased significantly in the liver compared with the 
control group (P<0.01). By contrast, the MDA level in the 
CsA‑treated group decreased significantly compared with the 
ferrocene‑treated group (P<0.01). This revealed that CsA was 
able to successfully block lipid peroxidation. SOD, GSH‑Px 
and catalase are intracellular antioxidant enzymes that protect 
against oxidative processes. As shown in Table I, iron overload 
induced severe oxidative damage and the SOD, GSH‑Px and 
catalase levels decreased markedly, while CsA effectively 
normalized the enzyme activities.

Effects of CsA administration on mitochondrial swelling 
in iron‑overloaded mice. Iron‑induced damage to the inner 
mitochondrial membrane may be assessed by the classic 
swelling techniques, which monitor the net influx of the 
osmotic support that is associated with a non‑specific 
increase in membrane permeability. It was demonstrated that 
iron‑dextran induced mitochondrial swelling, as revealed by 
the large decrease in the absorbance of the mitochondrial 
suspension at 520 nm. However, CsA inhibited the swelling 
process (P<0.01) (Fig. 4).

Effects of CsA administration on Δψ of iron‑overloaded 
mice. The Δψ was determined by the Δψ‑sensitive fluorescent 
probe, rhodimine 123. The findings revealed that iron overload 
induced Δψ depolarization and CsA prevented Δψ dissipation 
(Fig. 5).

Effects of CsA administration on ROS production in 
iron‑overloaded mice. By flow cytometry, using the DCFH‑DA 
fluorescent probe, it was demonstrated that iron‑dextran 
induced ROS production. As expected, iron overload induced 
a ROS burst, while ROS overproduction was prevented when 
CsA was added simultaneously to iron (P<0.01) (Fig. 6).

Discussion

Iron is an essential micronutrient. The capacity of readily 
exchanging electrons under aerobic conditions causes iron 
to be essential for fundamental cell functions, such as DNA 

Table I. Effects of CsA on oxidative stress parameters in iron‑overloaded mice.

Index	 Control	 Iron‑overloaded	 CsA + iron‑overloaded

SOD activity (U/mg protein)	 382.2±15.5	 120.1±5.0a	 302.6±13.0b

GSH‑Px activity (mU/mg protein)	 248.4±8.9..	 108.6±4.0a	 160.3±6.2a,b

Catalase activity (U/mg protein)	 316.2±14.5	 186.3±6.5a	 271.6±8.7b..
MDA content (pmol/mg protein)	 130.4±4.4..	   518.5±21.1a	   281.2±10.3a,b

CsA, cyclosporin A; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MDA, 3,4-methylenedioxyamphetamine. Data are 
expressed as the mean ± standard deviation (n=12). aP<0.01 vs. control; bP<0.01 vs. iron‑overloaded group.

Figure 2. Effects of cyclosporin A (CsA) on the liver‑to‑body weight ratio (%) 
and serum levels of transaminases of iron‑overloaded mice. Mice were 
randomly divided into 3 groups and treated as described in Materials and 
methods. (A and B) Alanine transaminase (ALT) and aspartate transaminase 
(AST) activities in the serum of mice in the different treatment groups. The 
blood was collected by cardiac puncture. Serum AST and ALT levels were 
measured as described in Materials and methods. (C) Liver‑to‑body weight 
ratio of mice in the different treatment groups. The liver was immediately 
removed and weighed and the liver‑to‑body weight ratio was calculated. 
Values are the mean ± standard deviation (n=12). aP<0.01 vs. control; bP<0.01 
vs. iron‑overloaded group; dP<0.05 vs. control and iron‑overloaded groups.

  A

  B

  C



MOLECULAR MEDICINE REPORTS  7:  1173-1179,  2013 1177

synthesis, transport of oxygen and electrons, and cell respira-
tion (22). However, as humans have no means to control their 
iron excretion, excess iron consumed in the diet accumulates 
in parenchymal organs and threatens cell viability (23). In 
the current study, in mice fed a diet supplemented with ferro-
cene, severe iron overload occurred and cell damage arose 
mainly in the liver (the body's main storage site for iron). 
In the present study, a specific inhibitor of mPTP, CsA, was 
used (24). Notably, CsA was unable to reduce iron accumula-
tion in the liver, but it was able to protect the liver from iron 
overload.

The mPTP is a voltage‑dependent, high‑conductance 
channel located in the inner mitochondrial membrane, which 
has been suggested to be formed by the interaction of several 
proteins that connect the mitochondrial matrix to the cyto-
solic space (25). It has been proposed that the mPTP is able 
to open in two modes: low and high conductance (26). When 
mPTPs are opened in the long‑lasting high‑conductance 
mode, necrosis and apoptosis are initiated (27). In the physio-
logical setting, ROS is the most important inducer of mPTP 
opening (28).

The chemical structure of iron and its ability to drive 
one‑electron reactions causes iron to be key for the production 
and metabolism of ROS in biological systems.A previous 
study clearly demonstrated that these pathological events are 
induced by iron‑generated ROS (29). As demonstrated in the 
present study, such an iron burden initiates significant oxidative 
stress. We found that the production of ROS was greater in the 
iron‑overloaded group compared with the control group. ROS 

Figure 3. Effects of cyclosporin A (CsA) on liver apoptosis in iron‑overloaded mice. Following 4 months of feeding, mice were euthanized by cervical 
dislocation. Livers were immediately removed and fixed by perfusion with 10% buffered formalin, and 5‑µm paraffin‑embedded sections were obtained. 
Subsequently, the sections were subjected to terminal deoxynucleotidyl transferase‑mediated nick‑end labeling (TUNEL) assay. (A‑C) Detection of apoptotic 
hepatocytes by TUNEL in the different groups: (A) control, (B) iron‑overloaded and (C) CsA + iron‑overloaded. Representative photomicrographs show 
TUNEL‑positive apoptotic hepatocytes. Original magnification, x200. (D) Quantitative analysis of apoptotic hepatocytes expressed as the percentage of 
TUNEL‑positive nuclei in hepatocytes. Values are the mean ± standard deviation (n=12). aP<0.01 vs. control; bP<0.01 vs. iron‑overloaded group.

  A   B

  C   D

Figure 4. Effects of cyclosporin A (CsA) on the mitochondrial swelling of 
iron‑overloaded mice. Mitochondria were isolated by conventional differential 
centrifugation from the liver of mice. The swelling experiments were conducted 
as decribed in Materials and methods. (A) Effect of CsA and iron overload 
on Ca2+‑induced mitochondrial swelling. During the onset of mitochondrial 
swelling, 150 µM Ca2+ was added to initiate the reaction. (B) Quantitative 
analysis of mitochondrial swelling. Values are the mean ± standard deviation 
(n=12). aP<0.01 vs. control; bP<0.01 vs. iron‑overloaded group.

  A

  B
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are capable of causing oxidative damage to macromolecules, 
leading to lipid peroxidation, oxidation of amino acid side 
chains (particularly cysteine), formation of protein‑protein 
cross‑links and oxidation of polypeptide backbones, resulting 
in protein fragmentation, hepatic cell apoptosis and even 
necrosis (30).

Iron, as a transition metal catalyst, is essential for the 
initiation step in the generation of ROS. Subsequently, excess 
ROS are the major cause of liver damage. Nevertheless, the 
mechanism of the burst of ROS induced by iron overload 
has not yet been clarified. Recent data have confirmed that 
mitochondria are also capable of producing a significant ROS 
release when the Δψ is null following mPTP opening (31,32). 
Additionally, ROS are the most important inducer of 
mPTP opening (33). These transitions have been described 
and occur via mechanisms involved in the process of 
RIRR (31,32). Although the phenomenon of RIRR initiated 
by ischemic reperfusion injury has been confirmed in cardio-
myocytes (34), RIRR initiated by iron overload has not yet 
been demonstrated in hepatocytes. We suggest that under 
conditions that lead to RIRR, such as exposure to iron over-
load, the increase in ROS reaches a threshold level triggering 
mPTP opening, which in turn leads to the simultaneous 
collapse of Δψ and a transient increase in ROS generation 
by the electron transfer chain (35). The release of this ROS 
burst into the cytosol may potentially function as a second 
messenger to activate RIRR in the neighboring mitochondria. 
Thus, mitochondrion‑to‑mitochondrion RIRR constitutes a 
positive feedback mechanism for enhanced ROS production, 
potentially leading to significant mitochondrial and cell 
injury. RIRR is generated by circuits requiring mitochon-
drial membrane channels, including the mPTP. Therefore, 
the mPTP is important in RIRR. Our present results have 
demonstrated that the large‑amplitude ROS burst initiated by 
iron overload was prevented by the administration of CsA. 
Moreover, depolarization and apoptosis were prevented, 
while inhibition of the ROS burst in mice was estimated by 
determining the activities of MDA, SOD, GSH‑Px, catalase, 
ALT and AST in serum and tissues. CsA not only protected 
the liver from damage by efficiently inhibiting MDA forma-
tion, and by reducing AST and ALT, but it also enhanced 
the activities of the antioxidant enzyme system of the host, 
including those of SOD, GSH‑Px and catalase.

Similar to the propagation of mitochondrial depolarization 
and ROS production demonstrated in isolated cardiomyocytes 
by Zorov et al (34), it has been observed that mPTP‑mediated 
RIRR also exists in liver subjected to iron overload. Iron 
overload initiates the generation of ROS, and ROS induce 
mPTP opening. Extensive matrix swelling with long‑lasting 
mPTP opening may lead to the unfolding of cristae, causing 
the outer membrane to rupture, irreversibly damaging the 
mitochondria, and consequently, ROS are released from the 
mitochondrial matrix into the cytosol. Thus, ROS may poten-
tially function as a second messenger to activate RIRR in the 
neighboring mitochondria, and the liver overloaded with iron 
becomes damaged.

In conclusion, our results strongly support the hypothesis 
that RIRR mediated by mPTP may generate a large number 
of ROS, and provide a possible mechanism by which excess 
dietary iron uptake results in liver damage in mice.

Figure 6. Effects of cyclosporin A (CsA) on reactive oxygen species (ROS) 
production in iron‑overloaded mice. (A) Effects of CsA or iron overload 
on intracellular ROS levels in hepatocytes. The figure shows the overlay of 
three  representative fluorescence flow cytometric analyses performed in 
hepatocytes. (B) Quantitative analysis of ROS production. Values are the 
mean ± standard deviation (n=12). aP<0.01 vs. control; bP<0.01 vs. iron‑over-
loaded group.

  A

  B

Figure 5. Effects of cyclosporin A (CsA) on the mitochondrial membrane 
potential (Δψ) of iron‑overloaded mice. Livers were removed and hepato-
cytes were isolated by a two‑step collagenase perfusion method. (A) Effects 
of CsA or iron overload on the Δψ. Hepatocytes were immediately collected, 
resuspended in PBS, stained with Rho 123 for 15 min and subjected to flow 
cytometry. (B) Quantitative analysis of Δψ. Values are the mean ± standard 
deviation (n=12). aP<0.01 vs. control; bP<0.01 vs. iron‑overloaded group.

  A

  B
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