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Abstract: Background: Previous studies with gerbil models have suggested that excessive iron exposure causes
cardiomyopathy and hepatic injury, but pathological analysis was not comprehensive, preventing a detailed un-
derstanding of how the metal induces this damage. Methods and results: Gerbils received single intraperitoneal
injections of iron dextran (200 mg/kg) or saline and were then analyzed comprehensively for hematological and
histological signs of organ damage. These tests included hematology parameters and determination of liver iron
concentration, malondialdehyde levels and glutathione peroxidase activity; examination of heart and liver tissue
stained with hematoxylin and eosin, Prussian-blue and Masson stain; and electron microscopy analysis of heart and
liver ultrastructure. lron-overloaded animals showed significantly different hematology parameters and significantly
higher liver iron concentrations than saline-injected animals, as well as significantly higher malondialdehyde levels
and significantly lower glutathione peroxidase activity. Histology analyses showed cellular damage, iron deposits,
and both myocardial and liver fibrosis, while electron microscopy of heart and liver sections showed abundant iron
deposition lysosomes, and disordered and swollen mitochondria. All these pathological changes increased with
exposure time. Conclusions: This comprehensive assessment of iron overload in a gerbil model suggests that exces-
sive iron deposition induces extensive cellular damage, particularly fibrosis in heart and liver. This damage may be
the direct result of iron-mediated lipid peroxide damage and of iron deposition that cause compression of myocar-
dial and liver cells, as well as vascular occlusion.
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Introduction liver dysfunction and cirrhosis, and endocrine
abnormalities including hypothyroidism, hypo-

Iron is a crucial component of hemoglobin with gonadism, and diabetes mellitus [4-8].

a key role in erythropoiesis, oxygen transporta-
tion and storage; in addition, it has important
functions in DNA synthesis, respiration and cell
metabolism, and it is essential for the function
of many cellular enzymes [1-3]. As a transition
metal, iron readily undergoes oxidation-reduc-
tion reactions between its ferric (Fe®*) and fer-
rous (Fe?") states, making it ideal for facilitating
numerous biochemical reactions. Too much
iron, however, can affect numerous tissues, es-

How iron overload causes these myriad patho-
logical changes is unclear. This condition ca-
uses a similar pathophysiology in the Mongolian
gerbil as in humans [9-12], and histological
studies in that animal model suggested that
iron overload induces hepatic fibrosis and car-
diomyopathy [13-15]. However, those studies
did not comprehensively examine a wide range

pecially the heart, liver and endocrine glands. of pathological indicators, especially hemato-
Thus, iron overexposure in humans, usually logical indicators, and they looked at pathology
resulting from transfusion-dependent anemia mostly about 10 weeks, leaving unanswered
and primary hemochromatosis, manifests clini- numerous questions about how iron leads to

cally as cardiac dysfunction and heart failure, organ damage.
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Therefore the present study aimed to perform
the most comprehensive analysis to date of tis-
sue damage caused by iron overload and to
take the first steps towards exploring the mech-
anism. A combination of histological and hema-
tological analyses were used, and we examined
exposure out to 18 weeks.

Material and methods
Animal model

Female Mongolian gerbils aged 8-10 weeks
and free of bacterial pathogens were pur-
chased from the Shanghai Institute of Biologi-
cal Products (Shanghai, China). The weight of
the gerbils ranged from 55 to 75 g. They were
housed in a pathogen-free environment in a te-
mperature-and-humidity-controlled room with
a 12-h light-dark cycle. They had free access to
water and standard rodent diet. Animal facili-
ties conformed to the requirements of the
Chinese Ministry of Science and Technology.
The study was approved by the Institutional
Animal Care and Use Committee of the First
Affiliated Hospital of Guangxi Medical Uni-
versity, Nanning, China.

Only gerbils showing fine fur and normal behav-
ior and activity levels were included in our
study. Animals were randomly assigned into an
iron overload group and a saline group (n = 18
each), with animals in each group randomly
assigned into three subgroups (n = 6 each). The
three subgroups in the iron overload group
received weekly intraperitoneal injections of
iron dextran (Sigma-Aldrich, St Louis, USA) at
200 mg/kg. One subgroup received injections
for 14 weeks, another for 16 weeks, and the
third for 18 weeks. After these periods, all three
subgroups were left for 1 week without any in-
jection, followed by a 1-week iron equilibration
period. The three saline control subgroups were
treated in the same way as the iron overload
subgroups, except that the weekly injections
contained saline.

The iron overload and saline groups were moni-
tored throughout the study for changes in be-
havior, weight, and appetite. At the predeter-
mined time points (14, 16, or 18 weeks), one
subgroup of iron overload and saline animals
were fasted for 12 h, then anesthetized by
intraperitoneal injection of sodium pentobarbi-
tal (50 mg/kg). Blood, heart and liver were har-
vested for biochemical and histopathological
analysis. Hearts and livers were removed rap-
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idly by mid-sternal thoracotomy and carefully
cleared of excess tissue, washed with phos-
phate-buffered saline (PBS) and weighed.

Hematology analysis and determination of liver
iron concentration

Serum was sent to the clinical laboratory of the
First Affiliated Hospital of Guangxi Medical
University for determination of serum ferritin
(SF), cardiac troponin | (cTnl), amino-terminal
pro-brain natriuretic peptide (NT-proBNP), as-
partate aminotransferase (AST) and alanine
aminotransferase (ALT). Liver samples were
sent to the Guangxi Center for Analysis and
Testing Research for quantitative iron determi-
nation by atomic absorption spectroscopy.

Histological characterization and iron deposi-
tion in heart and liver

Heart and liver samples were fixed in 10% neu-
tral formalin, paraffin-embedded, sectioned (4
pm), and stained with hematoxylin and eosin
(HE) to assess cellular integrity, Prussian-blue
to examine iron deposition, or Masson stain to
visualize fibrosis. Heart and liver samples were
cut into small pieces (approximately 1 mm?3),
fixed in 0.1 mmol/L (3%, w/v) sodium cacodyl-
ate buffer (pH 7. 4) for 2 h at 4°C, and postfixed
in 1% osmium tetroxide. These samples were
then embedded in epoxy resin and cut into
ultrathin sections (70 nm), stained with uranyl
acetate and lead citrate, and observed under a
Hitachi H-500 transmission electron micros-
cope.

Malondialdehyde levels and glutathione per-
oxidase activity in heart and liver

Sections of left ventricular free wall and sec-
tions of liver were flash-frozen in liquid nitrogen
immediately upon organ removal, and stored at
-80°C until analysis. Levels of malondialdehyde
were determined using thiobarbituric acid, wh-
ile glutathione peroxidase activity was mea-
sured using the dithio-bis-nitrobenzoic acid
method.

Statistical analysis

Statistical analyses were carried out using
SPSS 16.0 (IBM, Chicago, USA). Data were
expressed as mean + standard deviation. Di-
fferences between the iron overload and saline
groups were assessed for significance using
the independent-samples t-test. Intra-group
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Table 1. Hematology parameters and liver iron concentration in gerbils treated with saline or iron for
14, 16 or 18 weeks

(Exgzz:)r © Group SF(ng/ml) LIC(mg/g) cTnl(ng/ml) NT-proBNP (pg/ml)  AST (U/L) ALT (U/L)
14 Saline 15.6+21  1.8+05  11.9+1.2  331.7+38.8 174.3+7.9  68.847.9
lon  455+6.4° 483+6.7° 22.0+3.6°  691.5+69.2° 180.0+7.4  77.8+63
16 Saline 174+3.5  1.7+0.7  12.4+0.8  319.3+38.8 165.8+10.3  67.8+7.2
lron 53.5+4.4°0 62.8+7.4°° 2584410  T17.74¢51.1°  238.7+33.0°® O7.0+7.7%
18 Saline 16.8+2.0  1.6+0.6  13.442.0  321.6+54.4 169.2+9.2  68.5+6.1

Iron 62.2+5.5%°¢ 72.6+6.2°¢¢ 28.2+3.5°  803.2+37.8*¢¢  289.8+15.7>%¢ 141.3+8.8*°¢

Footnotes: Data are shown as mean + SD, n=6 for all subgroups. Abbreviations: SF, serum ferritin; LIC, liver iron concentration;
cTnl, cardiac troponin I; NT-proBNP, amino-terminal pro-brain natriuretic peptide; AST, aspartate aminotransferase; ALT, alanine
aminotransferase. 2, P < 0.05 vs saline; ®, P < 0.05 vs 14-week iron; ¢, P < 0.05 vs 14-week iron; ¢, P < 0.05 vs 16-week iron.
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Figure 1. Histology of heart tissue in gerbils treated with saline or iron dextran for 14, 16 or 18 weeks. Tissues
were stained with hematoxylin and eosin (HE), Prussian blue or Masson’s stain, or they were analyzed by transmis-
sion electron microscopy (TEM). HE staining revealed normal cell morphology in the saline group, compared to cell
swelling, fatty changes and myocytolysis in the iron overload group. Prussian blue staining revealed no detectable
iron deposition in the saline group, compared to numerous iron deposits, mainly around the cell nucleus and blood
vessels, in the iron overload group. Masson staining revealed no obvious fibrosis in the saline group, compared to
substantial fibrosis in the iron overload group. TEM showed normal cellular architecture in the heart tissue of saline
animals, with well-ordered myocardial fibers and no observable electron-dense material. Heart tissue from iron over-
load animals, however, contained irregularly shaped mitochondria that were often disordered or swollen, as well as
electron-dense intracellular deposits (possibly within lysosomes).

differences between 14, 16 and 18 week sub- of variance (ANOVA), followed by a Student-
groups were assessed using one-way analysis Newman-Keuls test for multiple-comparison
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Figure 2. Histology of liver tissue in gerbils treated with saline or iron dextran for 14, 16 or 18 weeks. Tissues were
stained as described in Figure 1. HE staining showed normal hepatocyte structure and well-ordered hepatic cords in
the saline group; iron overload tissue showed hepatocyte swelling, fatty changes, soluble cytoplasm, karyopyknosis
and disordered hepatic cords. Prussian-blue staining showed no obvious iron deposition in the saline group, com-
pared to abundant single deposits or deposits in clusters, which were observed primarily in Kupffer cells, hepato-
cytes and macrophages. Masson staining showed minimal fibrosis in blood vessels in saline animals, compared to
obvious, extensive liver fibrosis in iron overload animals. TEM revealed normal organelle structure in saline animals,
compared to abundant iron deposits (possibly in lysosomes) around the nucleus, together with mitochondrial swell-
ing and vacuolization.

testing. P < 0.05 was considered statistically were not consistent for NT-proBNP or cTnl con-
significant. tent. Detailed results are shown in Table 1.
Results Histological characterization and iron deposi-

tion in heart and liver
Hematology parameters and liver iron concen-

tration Pathology of heart and liver sections from iron

overload animals showed abundant iron depos-
Hematology parameters and liver iron concen- its associated with cellular swelling, myocytoly-
tration were significantly higher in the iron over- sis, and nuclear pycnosis; heart tissue showed
load group than in the saline group at 14, 16, myocardial cell fatty degeneration, and liver
and 18 weeks, although AST and ALT levels at cells showed hepatic steatosis. Myocardial and
14 weeks were similar between the two groups. hepatic tissue also showed necrosis and fiber
None of the hematology parameters or liver hyperplasia. Transmission electron microscopy
iron concentration in the saline group varied revealed irregularly shaped mitochondria, wh-
significantly over the three time points. Most ich often featured disordered, absent cristae
hematology parameters and liver iron concen- and fatty changes. In addition, electron-dense
tration significantly increased over time in the material was observed within myocardial cells
iron overload group, though these increases and liver cells of iron overload animals, possibly
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Figure 3. Malondialdehyde (MDA) levels and glutathione peroxidase (GPX) activity in the heart and liver of gerbils
treated for 14, 16, or 18 weeks with saline or iron. Malondialdehyde levels (A, B) and glutathione peroxidase activity
(C, D) were measured in the (A, C) heart and (B, D) liver. Data are presented as mean + SD (n = 6 for all subgroups).
a, P < 0.05 vs saline; °, P < 0.05 vs 14-week iron; ¢, P < 0.05 vs 14-week iron; ¢, P < 0.05 vs 16-week iron.

within lysosomes. All these pathological chang-
es of iron overload animals became worse over
time (14-18 weeks), while no significant patho-
logical changes were observed in the saline
group even at 18 weeks. The results are shown
in Figures 1 and 2.

Increased oxidative stress

Iron accumulation inside the heart and liver is
expected to lead to oxidative stress caused by
free radicals. To verify whether our animal
model showed this, we measured malondialde-
hyde levels, which correlate directly with levels
of oxidative stress, and activity of glutathione
peroxidase, which correlates inversely with lev-
els of iron-induced oxidative damage. Malon-
dialdehyde levels were significantly higher, and
the glutathione peroxidase activity was signifi-
cantly lower, in iron overload animals than in
saline controls at all time points. While these
parameters did not vary significantly in the
saline group across the three time points, they
showed progressive change over time in the
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iron overload group. Detailed results are shown
in Figure 3A-D.

Discussion

Here we establish a gerbil model of iron over-
load and analyze it comprehensively to show
that excessive exposure to the metal induces
significant histopathology in heart and liver,
including cellular degeneration, apoptosis, and
fibrosis, all of which worsens with increasing
exposure time. Our results suggest that iron
overload induces irreversible damage of heart
and liver in the absence of effective treatment.
Our results directly implicate iron-induced oxi-
dative stress as the cause of many of these
changes.

These findings have particular clinical rele-
vance as iron overload becomes more frequent,
due to growing numbers of patients who receive
iron through prolonged blood transfusion thera-
py or through intestinal absorption, such as in
cases of thalassemia, inherited hemochroma-
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tosis, sickle cell anemia and myelodysplastic
syndrome [16, 17]. The body cannot effectively
excrete excess iron, so prolonged accumulation
may lead to problems in the heart, liver and
endocrine glands, which can translate clinically
into congestive heart failure, hepatic cirrhosis,
diabetes, failure of sexual development, osteo-
porosis, and even early mortality [4-8, 18-20].

In our study, liver iron concentration was signifi-
cantly higher in iron overload animals than in
saline animals at all three time points. This
parameter has long been regarded as the gold
standard for evaluating body iron content [21],
and it can provide more reliable results than
measuring serum levels of ferritin, the expres-
sion of which is influenced by many factors su-
ch as inflammation, infection and chronic dis-
ease [22]. In hearts and livers from saline ani-
mals, however, staining failed to detect iron.
The iron in the overload animals appeared to
accumulate in the sarcoplasm, beginning first
in the perinuclear areas and spreading to the
entire sarcoplasm.

Serum levels of cTnl and NT-proBNP were sig-
nificantly higher in the iron overload group than
in the saline group. Iron overload leads to dys-
regulation of myocardial L type calcium chan-
nels and impairs excitation-contraction cou-
pling, ultimately giving rise to diastolic and sys-
tolic dysfunction [23]. Elevated levels of cTnl
serve as a highly specific and sensitive marker
of myocardial injury, and elevated levels of
NT-proBNP indicate asymptomatic left ventricu-
lar dysfunction [24, 25].

AST and ALT levels were found to be significant-
ly higher in iron overload animals than in saline
controls. This is consistent with the fact that
damaged hepatocytes release AST and ALT into
the blood. However, our findings contrast with a
previous study in a gerbil model of iron over-
load, which found similar AST and ALT levels
between experimental animals and controls
after 10 weeks of iron injections [26]. While we
also observed similar levels between the two
groups after 14 weeks of exposure, we found
significantly higher levels in the iron overload
group at 16 and 18 weeks. We speculate that
14 weeks may constitute a compensatory
phase of liver damage, while 16 and 18 weeks
are decompensatory phases.

In our study, both myocardial interstitial fibrosis
and liver fibrosis occurred as early as 14 weeks
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in the iron overload group. This heart and liver
fibrosis worsened with increasing exposure
time. These results contrast with those of a pre-
vious study in a gerbil model of iron overload,
which reported fibrous tissue hyperplasia in the
liver but not myocardium [27]. Our results are
nevertheless consistent with those from a dif-
ferent gerbil model of iron overload, which did
show myocardial fibrosis; in this model, the iron
chelator deferasirox alleviated cardiac iron
overload and subsequently myocardial fibrosis
[28]. Together, these results suggest not only
that iron overload can significantly affect both
the heart and liver, but also that procedures
associated with gerbil models may require
more standardization and longer exposure peri-
ods in order to provide consistent results.

We observed iron-induced structural damage,
dysfunction, and disordering (e.g. absence of
cristae) in the mitochondria of myocardial cells
and liver cells from iron overload animals. We
also observed electron-dense material within
the cells, possibly within lysosomes. All these
pathological changes are consistent with previ-
ous studies [29], and with the well-known fact
that mitochondria are a direct target of iron
damage [30].

Levels of malondialdehye in our iron overload
group were significantly higher, and the activity
of glutathione peroxidase was significantly
lower than in the saline group at all three time
points. In fact, this difference increased with
increasing exposure time. Iron overload leads
to the formation of reactive oxygen species via
Fenton and Haber-Weiss reactions, resulting in
the peroxidation of membrane lipids, cellular
proteins, and nucleic acids [31, 32]. Malon-
dialdehyde, a lipid peroxidation product, serves
as an indicator of increased oxidative stress,
with higher levels reflecting greater stress.
Glutathione peroxidase serves to detoxify per-
oxides and H202, so lower levels may be inade-
quate for protecting cells from oxidative stress.
Our results suggest that iron-induced lipid per-
oxidation produces large amounts of lipid per-
oxidation products while also reducing the
cell’'s ability to remove free radicals and prevent
myocardial injury and liver damage. While our
findings are consistent with those of one gerbil
model reporting an iron-induced increase in
lipid peroxidation and decrease in glutathione
peroxidase [33], another gerbil model found
that iron overload increased malondialdehyde
levels in heart without affecting levels in the

Am J Transl Res 2015;7(2):385-392



Assessment of iron-induced organ damage

liver [26]. These discrepancies further highlight
the potential need to standardize gerbil models
of iron overload and make them more rigorous
through larger sample sizes and longer fol-
low-up.

Our results provide potentially the most com-
prehensive analysis to date on effects of iron
overload in a gerbil model. They strongly sup-
port the idea that iron overload leads to dam-
age and interstitial fiber hyperplasia in multiple
organs. This hyperplasia in our model is associ-
ated with a significant increase in malondialde-
hyde levels and significant decrease in glutathi-
one peroxidase activity. It is suggested that iron
overload induces interstitial fiber hyperplasia
by causing lipid peroxidation damage. We spec-
ulate that tissue compression and emphraxis
caused by the presence of iron deposits also
contribute to iron-induced hyperplasia and
other pathological changes. Further studies are
needed to explore the mechanism(s) of iron
overload toxicity.
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