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A B S T R A C T

Aims: We previously demonstrated that iron overload induces endothelial dysfunction and oxidative stress,
which could increase the risk for atherosclerosis. However, the iron-related harmfulness under a genetic pre-
disposition to atherosclerosis is still unclear. Here, we have tested the hypothesis that chronic iron overload may
change vascular reactivity associated with worsening of the atherosclerotic process in apolipoprotein E knockout
(apoE(−/−)) mice.
Main methods: Serum and aortas of wild-type (WT) and apoE(−/−) mice injected with iron-dextran (IO, 10mg/
mouse/day, ip) or saline 5 times a week for 4 weeks, were used.
Key findings: Iron overload increased serum levels of iron and biomarkers of liver injury and oxidative stress, and
iron deposition in the aorta in both lines, but only apoE(−/−) IO mice had intensified hypercholesterolemia and
atherosclerosis. By scanning electron microscopy, the small endothelial structural damage caused by iron in WT
was worsened in the apoE(−/−) group. However, endothelial dysfunction was found only in the apoE(−/−) IO
group, identified by impaired relaxation to acetylcholine and hyperreactivity to phenylephrine associated with
reduced nitric oxide modulation. Moreover, tiron and indomethacin attenuated reactivity to phenylephrine with
greater magnitude in aortas of the apoE(−/−) IO group. Confirming, there were changes in the antioxidant
(superoxide dismutase and catalase) activity, increased expression of cyclooxygenase-2 in the aorta and elevated
levels of thromboxane A2 and prostacyclin metabolites in the urine of apoE(−/−) IO.
Significance: Our results showed that chronic iron overload intensifies the atherosclerotic process and induces
endothelial dysfunction in atherosclerotic mice, probably due to the oxidative stress and the imbalance between
the relaxing and contractile factors synthesized by the damaged endothelium.

1. Introduction

Iron is an essential metal for cellular homeostasis, participating in
many physiological processes due to its ability to donate and receive
electrons [1–3]. However, in situations of both primary (hereditary)
and secondary (acquired) origins, there may be iron overload with
consequent increase of circulating levels and deposits in different tis-
sues [4]. These conditions are often associated with endocrine, hepatic
and cardiovascular dysfunctions [5–7].

It is well established that iron overload induces cardiovascular

damage through oxidative stress [5,6,8,9]. Moreover, the increased
generation of reactive oxygen species (ROS) in the vasculature is as-
sociated with endothelial dysfunction in both human and experimental
models of iron overload [5,10,11]. In this regard, we have previously
demonstrated that iron overload in rats causes endothelial dysfunction
as a function of increased ROS and decreased nitric oxide (NO) bioa-
vailability in both conductance and resistance arteries [8,9,12].

Oxidative stress and endothelial dysfunction are closely associated
with various cardiovascular diseases, not only due to changes in vas-
cular tonus but also by increasing leukocyte adhesion and lipid
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peroxidation, thus contributing to atherosclerosis [13]. Interestingly,
although iron is capable of inducing these mentioned changes, the role
of iron overload per se in the atherogenesis (termed the “iron hypoth-
esis”) has been questioned due to conflicting results obtained in both
animal and human studies [14–19].

Because a dynamic interaction exists between endothelial function
and atherosclerosis, and both of which may be influenced by oxidative
stress, we propose that endothelial dysfunction could be a potential
mechanism by which iron overload intensifies atherosclerosis instead of
generates it, thereby increasing the risk of cardiovascular events. In the
present study we tested whether chronic iron overload can induce not
only structural but also functional damage to the vascular endothelium
of apoE−/− mice, in association with exacerbation of the athero-
sclerotic process.

2. Material and methods

2.1. Animals and treatments

The experiments were conducted in adult (5-months-old, 22-25 g)
females apolipoprotein E knockout (apoE−/−) mice that had a C57BL/
6J genetic background, and in wild-type (WT) mice, which were kept in
cages with free access to water and standard rodent feed under condi-
tions of controlled temperature and humidity and were subject to a 12 h
light-dark cycle. It was previously demonstrated that female apoE−/−

mice spontaneously develop hypercholesterolemia and atherosclerosis
at this age even without high fat diet [20]. All experiments were con-
ducted in accordance with the Brazilian Guidelines for the Care and Use
of Animals for Scientific and Educational Purposes and were approved
by the Institutional Ethics Committee on Animal Use (86/2015 CEUA-
UFES).

Animals were distributed into four groups: WT control (WT Ct,
n=16); WT with chronic iron overload (WT IO, n=16); apoE−/−

control (apoE−/− Ct, n=26); and apoE−/− with chronic iron (apoE−/

− IO, n=27). The iron overload model was done as previously de-
scribed [21,22]: daily intraperitoneal injections of iron-dextran (Fer-
rodex®, Fabiani Ltda, São Paulo, Brazil) at 10mg/mouse, 5 days a week
for 4 weeks, while the control group received saline isotonic solution for
the same period and the same enforcement regime as the IO group.
Animals from each lineage were randomly distributed for Ct or IO
groups, and all evaluations were done by one observer blinded to the
animal group.

2.2. Euthanasia and sample preparation

At the end of the treatment, the mice were anaesthetized with xy-
lazine (10mg/Kg, ip) plus ketamine (80mg/Kg, ip). Blood samples
were collected with guillotine exsanguination and serum aliquots were
separated by centrifugation at 1400 G. Samples were stored at −80 °C
until the day of analysis. The aortas were dissected, and the connective
tissue was removed. For vascular reactivity study, only the thoracic
aorta was used. For morphological analysis the arch and thoracic aorta
were fixed in Karnovsky. Meanwhile, other aortas were frozen at
−80 °C for analysis of protein expression, NO production and anti-
oxidant enzymes activity assays.

2.3. Serum measures

The serum iron was measured in duplicate by a modified Goodwin
colorimetric method with the use of commercial colorimetric kit
(Bioclin, Belo Horizonte, Brazil). Cholesterol was determined by enzy-
matic colorimetric method (CHOD - PAP), while the activities of the
liver injury biomarkers glutamic-oxaloacetic transaminase (GOT) and
glutamic-pyruvic transaminase (GPT) were evaluated by Reitmamm
and Frankel method and commercial colorimetric kits were used for all
analyses (Bioclin, Belo Horizonte, Brazil). Malondialdehyde (MDA) was

measured using a colorimetric method previously described [23] to
estimate thiobarbituric acid reactive substances (TBAR), products of
lipid peroxidation; and advanced oxidation protein products (AOPP)
assay was used to evaluate the oxidation of proteins [24].

2.4. Analysis of atherosclerotic plaque and iron deposit in aortic arch

After 24 h of fixation with Karnovsky, the arcs aortic were immersed
in Krebs-HEPES buffer (in mM: 130 NaCl, 5.6 KCl, 2 CaCl2, 0.24 MgCl2,
8.3 HEPES, and 11 glucose, pH 7.4) with 30% sucrose for 1 h, then
embedded in inclusion medium for cryostat (Killik ®, Easy Path). The
sections of the aortic arch were cut in a cryostat at 10 μm thickness and
transferred to gelatinized slides, and were frozen until the time of
protocol.

On the day of protocol, the slides were kept in an oven at 37 °C for
1 h to remove the inclusion medium and fixed on the slide with ice-cold
acetone. Tissue iron deposits were visualized in sections of the aortic
arch stained with Prussian blue (Mallory's method), and atherosclerotic
plaque was marked with Oil-Red-O staining. For cell counting into the
plaques, toluidine blue was used to stain nuclei. Histological sections
were examined with optical microscope coupled to a camera for image
acquisition.

2.5. Scanning electron microscopy

Scanning electron microscopy was performed by methods pre-
viously described [25]. After fixation of the aorta with Karnovsky-ca-
codylate buffer for 24 h, and post-fixed in a solution of 1% osmium
tetroxide, 1.25% potassium ferrocyanide and 0.2M cacodylate buffer
(solution B) for 1 h, the samples were then washed in cacodylate buffer
(0.1M) and ultrapure water and cut open, in longitudinal sections
under a stereomicroscope, dehydrated in ascending grades of ethanol,
and critical-point dried with liquid CO2. The specimens were mounted
on stubs sputter coated with 10 nm of pure gold and examined using a
scanning electron microscope (Jeol, JEM6610 LV, Jeol Inc., USA). For
each specimen, four photomicrographs were randomly taken at ×2000
magnification.

2.6. Vascular reactivity protocols

Aortic segments (2 mm in length) were mounted in a small-vessel
dual chamber myograph for measurement of isometric tension [26],
containing an organ bath with Krebs-Henseleit solution (KHS, in mM:
115 NaCl, 25 NaHCO3, 4.7 KCl, 1.2 MgSO4 7H2O, 2.5 CaCl2, 1.2
KH2PO4, 11.1 glucose, and 0.01 Na2 EDTA) at a temperature of 37 °C
gassed with 95% de O2 and 5% CO2 (pH 7.4). Segments were stretched
to their optimal lumen diameter for active tension development. After a
45-min equilibration period, aortas were exposed to 120mM KCl to
check their functional integrity. To verify the functional integrity of the
endothelium a relaxation curve induced by acetylcholine (ACh, 10−10

to 3.10−4 M) was performed in aortic rings precontracted with phe-
nylephrine at concentration that produce approximately 50–70% of the
contraction induced by 120mM KCl in each case. After 60min washout,
concentration-response curves to phenylephrine (10−10 to 3.10−4 M)
were determined, and after new stabilization period, curves con-
centration responses to sodium nitroprusside (10−10 to 3.10−4 M) were
constructed to evaluate the endothelium-independent relaxation. Ad-
ditionally, the role of endothelium-derived vasoactive factors was in-
vestigated by pre-incubating a nonspecific NO synthase inhibitor N-
nitro-L-arginine methyl ester (L-NAME, 100 μM), a superoxide anion
scavenger (tiron, 1mM) or a nonspecific cyclooxygenase (COX) in-
hibitor (indomethacin, 10 μM) 30min before phenylephrine.

2.7. Vascular nitric oxide production

NO production was determined using 4,5-diaminofluorescein
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diacetate (DAF-2) as previously described [9]. Aortas were dissected
and embedded in freezing medium. Transverse arterial sections (10 μm)
were obtained by cryostat, collected on glass slides incubated at 37 °C
under the same conditions of the vascular reactivity protocol for 30min
with 0.1M phosphate buffer containing CaCl2 (0.45 mM) and pheny-
lephrine (10−4 M), in the absence and presence of L-NAME (100 μM) to
evaluate specific NO-dependent fluorescence. The slides were dried and
incubated for 30min at 37 °C in a light-protected humidified chamber
with 8 μM DAF-2 diluted in phosphate buffer solution containing CaCl2
and phenylephrine (10−4 M). After 30min, digital images were col-
lected on the Leica DM 2500 fluorescence microscope and Leica DFC
310 X camera, using the same image configuration for Ct and IO groups.
For quantification, 5 segments of the aorta per animal were used to
obtain the sample mean. The mean fluorescence density was calculated
using Image J. software 1.44p.

2.8. Activity of antioxidant enzymes in aorta

Proteins from homogenized aortas were used to measure the activity
of antioxidant enzymes. The enzymatic activity of catalase was eval-
uated by the decay of the absorbance after addition of hydrogen per-
oxide, which occurs through the enzyme catalase. During the protocol,
50 μL of sample and 5 μL of 10% triton were pipetted into an eppendorf,
vortexed and held for 15min on ice to release the catalase. 240 μL of
10mM phosphate buffer pH 7.0 was then added to each well and the
spectrum was cleared. Then, in duplicate, 10 μL of sample and 240 μL of
medium were pipetted with hydrogen peroxide (room temperature) and
waited 2min for reading at 240 nm for 30min, with a reading every
30 s.

Already SOD activity, was evaluated with a method that is based on
the inhibition of the auto-oxidation of adrenaline by SOD. Adrenaline
when added in basic media reacts with the superoxide anion and forms
the adrenochrome which exhibits maximum absorption at 480 nm.
Thus, the lower the absorbance of the adrenochrome, the greater the
ability of SOD to dismantle the superoxide anion and inhibit the auto-
oxidation reaction, thus reflecting its activity by an indirect method. To
this end, 190 μL of glycine buffer and 10 μL of sample was added and
the spectrum was cleared. After, 5 μL of adrenaline was pipetted into
each well, immediately read at 480 nm for 10min, every 40 s.

2.9. Western blot analysis

Proteins from homogenized aortas (80 μg) were separated by 10%
SDS-PAGE and subsequently transferred to nitrocellulose membranes
that were exposed to the primary monoclonal antibody anti-COX-2
(1:1000, Cayman Chemical, Ann Arbor, MI, USA). After being washed,
membranes were incubated with anti-mouse immunoglobulin antibody
conjugated to horseradish peroxidase (1:5000; Sigma Aldrich, St. Louis,
MO, USA). After being washed thoroughly, immunocomplexes were
detected using an enhanced hoseradish peroxidase/luminol chemilu-
minescence system (ECL Plus; GE Healthcare, Buckinghamshire, UK)
and immunodetection was carried out using ChemiDoc system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Signals on the immunoblot were
quantified using the ImageJ computer program. The same membrane
was used to determine α-actin (1:20000, Sigma Aldrich, St. Louis, MO,
USA) expression. Protein expression data are expressed as the ratio
between signals on the immunoblot corresponding to the studied pro-
tein and α-actin.

2.10. Measurement of thromboxane and prostacyclin metabolites in the
urine

The level of 11-deydro thromboxane B2 (TXB2) and prostaglandin I
metabolites (PGIM) in urine collected for 24 h were quantified using a
competitive enzyme immunoassay kit to estimate systemic production
of TXA2 and PGI2, respectively. All urinary prostanoid metabolites

measures were normalized for the creatinine content in the same
sample. The TXB2 (No 519510) and PGIM (No 501100) kits were pur-
chased from Cayman Chemical (Ann Arbor, MI, USA), and creatinine
obtained from Bioclin (Belo Horizonte, MG, Brazil).

2.11. Drugs and chemicals

Salts and reagents used, when not otherwise indicated, were pur-
chased from Sigma and Merck (Darmstadt, Germany).

2.12. Statistical analyses

Vasoconstrictor responses induced by phenylephrine were ex-
pressed as force normalized by the ring size (mN/mm). Vasodilator
responses are expressed as a percentage of the previous contraction. For
each concentration-response curve, the maximum effect (Rmax) and the
concentration of agonist that produced one-half of Rmax (EC50) were
calculated using nonlinear regression analysis with a sigmoid con-
struction. The sensitivity of the agonists was expressed as pD2 (−log
EC50). To compare the effects of drug incubation on the contractile
responses to phenylephrine, the results were expressed as difference
between the areas under the concentration-response curves (dAUC)
with and without incubation. For COX-2 protein expression, data are
expressed as the ratio of the α-actin expression. Results are expressed as
means± SEM of the number of mice indicated; differences were ana-
lyzed using Student's t-test or two-way ANOVA followed by Fisher's
Least Significant Difference (LSD) test for multiple comparisons. For all
inferences, significance was considered when p < 0.05. Statistical
analysis and graph construction were performed using GraphPad Prism
version 6.0 for Windows (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Chronic iron overload intensifies hypercholesterolemia in
atherosclerotic mice

At the end of the treatment, all animals injected with iron had a
characteristic phenotype of experimental models with chronic over-
load, such as hyperpigmentation of the skin and internal organs, in-
creased liver weight and elevation of serum iron and biomarkers of liver
injury (GOT and GPT), without significant difference between the
lineages (Table 1).

As showed in Table 1, apoE−/− Ct mice had elevated total choles-
terol compared to WT Ct. However, chronic iron overload potentiated
the hypercholesterolemia of apoE−/− IO compared to apoE−/− Ct
(Table 1). Moreover, these impairment on the lipemic profile of the
apoE−/− was associated with changes on the systemic oxidative stress:
both serum MDA and AOPP levels, indicative of lipid peroxidation and
protein oxidation respectively, were increased by iron treatment in both
lineages, but in a greater extent in the apoE−/− IO group (Table 1).

3.2. Iron overload intensifies atherosclerotic process in apoE−/− mice

As expected, group WT Ct mice did not present atherosclerotic
plaques. Similarly, there was no atherosclerosis in aortas from the WT
IO group. However, the apoE−/− Ct group showed small to moderate
atherosclerotic plaques, but iron overload significantly enhanced
plaque formation in apoE−/− mice (Fig. 1A and B) with increased cell
infiltrate (supplementary figure S1). In addition, iron overload induced
iron deposit in the aorta wall and in the apoE−/− IO group atheroma
plate had significant iron deposition (Fig. 1C and D).

3.3. Iron overload alters endothelial layer architecture in atherosclerotic
mice

We used scanning electronic microscopy to assess possible structural
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changes on the endothelial cell surface. As shown in Fig. 2, electro-
nmicrographs of the thoracic aortas from WT Ct mice showed a regular
and confluent endothelium. However, in the WT IO group it was pos-
sible to identify the beginning of the structural lesion in the superficial
luminal layer (endothelial surface disruption with appearance of su-
perficial vacuoles or blebs). Moreover, besides the changes observed in
the WT IO, there were also remarkable damage in regularity and en-
dothelial confluence in the apoE−/− Ct group. In the apoE−/− IO
group, in addition to the aforementioned alterations, the presence of
several leukocytes adhered to the endothelial surface characterized a
more severe morphological damage induced by iron in this lineage.

3.4. Iron overload induces endothelial dysfunction via reactive oxygen
species and cyclooxygenase pathway

Due to the structural damage identified on the endothelium surface,
we used in vitro vascular reactivity protocols to evaluate de degree of
functional change induced by iron overload in both lineages. The en-
dothelium-independent relaxing response to nitric oxide donor sodium
nitroprusside was similar between groups (Fig. 3B). Moreover, although
the WT IO and apoE−/− groups have morphological changes on the
endothelial cell surface, the endothelium-dependent relaxation to
acetylcholine was significant impaired only in the apoE−/− IO group
(Fig. 3C and supplementary table S1) and contractile response to phe-
nylephrine was increased only in the apoE−/− IO group (Fig. 3A).

To evaluate the influence of endothelial factors on the response to

Table 1
Serum parameters and body weight of iron-injected mice.

WT apoE−/−

Control Iron Control Iron

Serum iron (μg/dL) 80 ± 13 (6) 6301 ± 523 (8) * 70.01 ± 8 (4) 5673 ± 588 (8) *
Cholesterol (mg/dL) 63 ± 5 (11) 84 ± 4 (14) 383 ± 28 (14) # 651 ± 37 (15) *#

MDA (μM) 1.51 ± 0.2 (6) 2.19 ± 0.2 (7) * 1.56 ± 0.1 (10) 2.9 ± 0.24 (10)*#

AOPP (μM cloramine-T) 11.1 ± 0.4 (4) 133.3 ± 20 (3) * 61.8 ± 11 (8) 295.7 ± 50 (6) *#

GOT (UI) 25 ± 3 (8) 51 ± 5 (8) * 24 ± 3 (6) 52 ± 13 (4) *
GPT (UI) 6.2 ± 0.3 (8) 56 ± 10 (8) * 5.6 ± 0.2 (7) 37 ± 5 (4) *
Body weight (g) 24.5 ± 0.5 (14) 25.9 ± 0.3 (16) 24.7 ± 0.5 (9) 25.2 ± 0.3 (18)

MDA: malondialdehydes; AOPP: advanced oxidation protein products; GOT: glutamic-oxaloacetic transaminase; GPT: glutamic-pyruvic transaminase; WT: wild-type.
Values are expressed as means± SEM. ⁎P < 0.05 IO vs. Ct within the same lineage and #P < 0.05 apoE−/− vs. WT within the same experimental condition, by
using two-way ANOVA and Fisher's test for multiple comparisons. The number of animals used is indicated in parentheses.

Fig. 1. Increased atherosclerotic plaque and
iron deposits in the aortic arch of apoE−/−

mice after iron overload. In A, sections of
the aortic arch representing lipid deposition
(in red) demonstrated by Oil-Red-O
staining. In B, bar graph demonstrating
quantitative analysis of plaque extension, as
percent of vessel lumen. Iron deposits (in
blue) are visualized by Prussian blue
staining (C). In D, bar graph demonstrating
quantitative analysis of iron deposits, as
percent of area. Aortic arch sections re-
presentative of the control (Ct) and iron
(IO) groups, in the wild-type (WT) and
apoE−/− lineages. Original magnification
× 100. Data are expressed as
mean ± SEM. ⁎P < 0.05 IO vs. Ct within
the same lineage and #P < 0.05 apoE−/−

vs. WT within the same experimental con-
dition, by using Student's t-test. Sample
number of 4–6 per group. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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phenylephrine, protocols incubating inhibitors were done. The NO
synthase inhibition with L-NAME increased contractions to pheny-
lephrine of the aortas from all groups (Fig. 3D and E and supplementary
table S2), but in a lesser extent in the apoE−/− IO group, as demon-
strated by the dAUC (Fig. 3F).

Incubation with indomethacin (10 μM) reduced vascular reactivity
in all groups (Fig. 3G and H), but in a greater magnitude in the apoE−/

− IO group (Fig. 3I). Moreover, the reactive oxygen species scavenger
tiron reduce the vasocontractile response to phenylephrine only in the
apoE−/− IO group (Fig. 3J and L) restoring the vascular reactivity to
values similar to the apoE−/− Ct group. Taken together, our data
suggest an important role of COX and oxidative stress in the endothelial
dysfunction and altered vascular reactivity in atherosclerotic mice
submitted to iron overload.

3.5. Iron overload decreases local NO production in atherosclerotic mice

Because the reduced modulation of NO in the vascular reactivity to
phenylephrine was observed solely in the apoE−/− IO group, the eva-
luation of in situ production and/or bioavailability of NO were re-
stricted to aortic rings from the groups with apoE−/− lineage.
Corroborating the functional data, the NO sensitive fluorescence was
reduced in the apoE−/− IO, and L-NAME was able to reduce the
fluorescence in the apoE−/− Ct but not in the apoE−/− IO, indicating
reduced NO production and/or bioavailability (Fig. 4).

3.6. Iron overload increases cyclooxygenase-derived prostanoids and
induces oxidative stress in the aorta of atherosclerotic mice

As shown in Fig. 5C and D, the amount of prostanoid metabolites
PGIM and TXB2 increased significantly in the urine of apoE−/− IO
mice. Corroborating, an increase of the COX-2 protein expression was
found in aortas from apoE−/− IO compared to the apoE−/− Ct group
(Fig. 5E).

Because iron overload was able to increase serum MDA and AOPP
levels in greater magnitude in the apoE−/− lineage, and since tiron
attenuated vasoconstriction to phenylephrine only in the apoE−/− IO
group, we assessed the activity of antioxidant enzymes in the aorta.
Catalase and superoxide dismutase activity decreased in the aorta of
apoE−/− IO group compared to the apoE−/− Ct (Fig. 5A and B).

4. Discussion

In the present study, we investigated the effects of chronic iron
overload on endothelial function and structure, in association with
atherogenesis in the apoE−/− mouse. All animals injected with iron-
dextran, regardless the lineage, had increased serum iron levels and
hyperpigmentation of the skin and internal organs as phenotypic
characteristics of iron overload, similar to other studies that used the
same treatment scheme [11,21,22,27].

Depending on gender and age, apoE−/− mice may develop hy-
percholesterolemia and spontaneous atherosclerosis [20]. Confirming
this phenotype, the apoE−/− group had an increase in total cholesterol
(6.1-fold). Interestingly, iron was able to potentiate hypercholester-
olemia in apoE−/− mice, without significantly changes in WT animals.
Iron overload is often associated with hepatic injury [28,29], and in
fact, serum markers of liver damage GOT and GPT were elevated in
both lineages we injected with iron-dextran. Thus, we could speculate
that the combination of the altered cholesterolemic state due to apoE−/

− deficiency and the liver damage due to iron overload intensified the
hypercholesterolemia in knockout mice. In addition, because serum
markers of oxidative stress MDA and AOPP were also elevated by iron
treatment in greater magnitude in the apoE−/− mice, it is also sug-
gested a possible contribution of the oxidative stress for the exacerbated
hypercholesterolemia. Actually, increased oxidative stress due to iron
overload have been described in several clinical and experimental
studies as the key mediator of organ damage [5,9,10].

As expected, the WT mice did not show atheroma plaque in their
aortas, but the apoE−/− Ct group had atheroma plaque (occupying
approximately 4% of the aorta lumen) corroborating previous evi-
dences of atherosclerosis in adult apoE−/− mice even when fed normal
chow (non hypercholesterolemic) [30,31]. Notwithstanding, iron
overload intensified atherosclerotic plaque formation in apoE−/− IO
mice (approximately 19% of the aorta lumen) and increased cell in-
filtrate into the plaques compared to the apoE−/− Ct. Interestingly,
other studies in apoE−/− mice show that high‑iron diet was not
atherogenic [16] and even decreased the atherosclerosis progression
[17]. Despite these conflicting data about the relationship between iron
and atherogenesis, the higher dose of iron burden and the different
route of overload could explain the particular scenario of the present
study. Actually, our findings reinforce previous evidences of augmented
atherosclerosis in apoE−/− mice [14] and hypercolesterolemic rabbits
[15] chronically injected with parenteral iron-dextran. Furthermore,
iron chelation with desferrioxamine attenuated the atherogenesis in
rabbits [32] and both iron chelation or iron-deficient diet reduced
atherosclerosis plaque formation in apoE−/− mice [33,34] even in the
absence of iron overload. Recently, Vinchi et al. (2019) demonstrated
that, in a genetic model of Type IV hereditary hemochromatosis in the
apoE−/− mouse background, iron overload aggravated, while iron
chelation attenuated the atherosclerosis [35], which strength the role of
circulating iron on the atherosclerosis progression.

We detected Prussian blue-positive deposits on the aortic wall in-
cluding endothelial spots and significant iron deposition in the ad-
ventitia of the WT IO and apoE−/− IO groups. Moreover, although iron
has been identified in human atherosclerotic lesions without systemic
overload [19,34,36], in our study no iron deposit was found in plaques
of the apoE−/− Ct mice. However, we also detected an intense Prussian
blue-positive staining in atherosclerotic plaques of the apoE−/− mice
injected with iron, reinforcing the role of this redox-active metal ion on
the atherosclerosis progression, which via pro-oxidant and pro-in-
flammatory effects could potentiate the atherosclerotic lesion and turn
it more susceptible to rupture [1,18,36]. A pro-inflammatory profile
associated with changes in the expression and/or activity of matrix
metalloproteinase and cysteine proteases have been shown as im-
portant players in the vascular remodeling and atherosclerosis [37–39].
Regarding this, it was recently reported that increased dipeptidy pep-
tidase-4, a cysteine protease, is involved in the inflammatory process

Fig. 2. Effects of chronic iron overload on the endothelial surface architecture.
Scanning electron microscopy showing representative endothelial structure of
aortas from the control (Ct) and iron overload (IO) in the wild-type (WT) and
apoE−/− lineages. Scale bar 10 μm. Long arrow: endothelial cell; short arrow:
vacuoles or blebs; arrow head: damage in regularity and endothelial con-
fluence; dotted arrow: leukocyte (Lcyt).
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and vascular dysfunction [40] and atherosclerosis of apoE−/− mice
under chronic stress [41].

Although atherosclerosis is a multifactorial disease, current studies
emphasize the central role of endothelial dysfunction associated with
oxidative stress [42,43]. In fact, our data indicated that the exacerbated
atherosclerosis found in the apoE−/− IO group was accompanied by
significant endothelial dysfunction, as evidenced in vitro by impaired
acetylcholine-induced relaxation (endothelium dependent) and in-
creased vasocontractile response to phenylephrine. Confirming, the
analysis of the endothelial surface by scanning electron microscopy
demonstrated more severe damage in the apoE−/− IO group. Interest-
ingly, iron overload did not change vascular reactivity of the aortic
rings from WT mice. About this, the suggestion that females and C57BL-
6 mice are less susceptible to iron-induced injury [44,45] could explain
why despite the increased oxidative stress and vascular iron deposits,
the WT IO group showed only discreet morphological changes and

preserved endothelial-dependent relaxation. Regardless these changes
on the endothelium-dependent vasoactivity of the apoE−/− IO group,
the endothelium-independent relaxation to the NO donor sodium ni-
troprusside was similar to the other groups, suggesting that vascular
smooth muscle was still preserved.

Because endothelial dysfunction is characterized by the imbalance
between contractile and relaxant endothelial-derived factors, we in-
vestigated important pathways involved in the endothelial modulation
of the vascular tone. Incubation with the nonspecific NOS inhibitor L-
NAME increased the response to phenylephrine in all groups, but in a
lesser extent in aortas of the apoE−/− IO mice, which suggests an im-
pairment of the ability of NO to modulate the vascular reactivity.
Corroborating the functional data, the in situ detection of NO releasing
using a NO-sensitive probe indicated a reduced vascular NO bioavail-
ability induced by iron overload, similar to we described previously in
rats [8,9,12]. Moreover, the reversion of altered vascular function with
tiron suggested that an increased ROS could be reacting with NO and
reducing its action. Actually, it is well known that oxidative stress can
damage the vascular endothelium, by reducing NO bioavailability and
increasing platelet aggregation, leukocyte adhesion, and apoptosis, as
well as the media layer, by altering smooth muscle cell proliferation
and hypertrophy, stimulating inflammatory mediators and extracellular
matrix disorganization, apoptosis, thereby altering the vascular tone
[13,46]. Since oxidative stress is characterized by an imbalance be-
tween ROS production and antioxidant capacity, and it has been de-
monstrated that chronic iron injections in rodents usually decrease
antioxidant defense mechanisms, such as SOD and catalase in blood and
liver [47,48], we evaluated the activity of these enzymes in the aorta.
Our results demonstrate that iron overload reduced SOD and catalase
activities in aorta of apoE−/− IO mice, which may have contributed to
the increase of the oxidative stress.

In human and animal models, an increase of COX-derived vaso-
constrictor factors released by the dysfunctional endothelium has been
associated with the development and/or maintenance of cardiovascular
complications such as atherosclerosis and hypertension [49–51]. We
found that acute incubation with the non-selective COX inhibitor in-
domethacin attenuated vascular contractions to phenylephrine in all
groups, but in a greater extent in the apoE−/− IO group, which suggests
a role for the COX-derived prostanoids. Confirming functional data,
there were increased expression of COX-2 in the aorta, as well as an
increased urinary level of TXA2 in apoE−/− IO mice. PGIM levels also
increased in the urine of the apoE−/− IO group, which may be a
compensatory mechanism via PGI2-mediated vasodilatation, or even a
contributor to the vascular hyperreactivity since under certain condi-
tions, high concentrations of PGI2 may also activate TP receptor in the
smooth muscle cells [52]. Notwithstanding, previous studies have de-
monstrated strong evidences for a role of TXA2 in the development of
atherosclerosis in apoE−/− mice [53,54]. Moreover, about the re-
lationship between iron overload and COX, Mattera et al. found that rat
cardiomyocytes exposed to high concentrations of iron citrate enhances
COX-2 induction and its metabolites production [55] and Li et al. using
chronic iron loading in thromboxane synthase knockout mice (TXAS−/

−) described that TXA2 mediates the iron-overload cardiomyopathy
[21]. Thus, we propose that an increased COX-2-derived TXA2 in the
vascular system is, at least in part, implicated in the genesis of en-
dothelial dysfunction and the potentiation of atherosclerosis during
chronic iron overload.

Among the various elements involved in the control of iron

Fig. 3. Effects of chronic iron overload on vascular reactivity and endothelial modulation in the aorta. Concentration–response curves to phenylephrine (A), sodium
nitroprusside (B) and acetylcholine (C) were constructed in aortic rings from the wild-type (WT) and apoE−/− lineages as control (Ct) and iron overload (IO) groups.
Effects of incubation with 100 μML-NAME (D-F), 10 μM indomethacin (G-I) or 1mM tiron (J-M) on the contractile response to phenylephrine were assessed and the
magnitude of the effect was measured as the difference between areas under curves with and without intervention (dAUC). PE: phenylephrine, ACh: acetylcholine,
SNP: sodium nitroprusside. Data are expressed as mean ± SEM. *P < 0.05 and **P < 0.01 apoE−/− IO vs. apoE−/− Ct, by two-way ANOVA and Fisher's test for
multiple comparisons. The number of animals is indicated in parentheses.

Fig. 4. In situ detection of NO in aortic segments of atherosclerotic mice. In A,
fluorescence photomicrographies represent aortic sections in the presence of
the NO-sensitive fluorescent probe 4,5-diaminuflurecein (DAF-2) from apoE−/

− control mice (Ct) and submitted to iron overload (IO). The specificity of the
method was assessed by incubating the aortas with L-NAME (LN, 100 μM). In B,
bar graph demonstrating the semiquantitative analysis. Data are expressed as
mean ± SEM of fluorescence density. *P < 0.05 indicates significant effect of
LN incubation only in the apoE−/− Ct, by two-way ANOVA and Fisher's test for
multiple comparisons. The number of animals was 4–6 per group.

V.B. Marques, et al. Life Sciences 233 (2019) 116702

7



metabolism, the interaction between hepcidin and ferroportin may
have potential relevance in this oxidative stress associated with en-
dothelial dysfunction and atherosclerosis progression. Because hepcidin
inhibits the iron export through ferroportin from enterocytes and re-
ticuloendothelial cells, including macrophages of the atherosclerotic
plaques, it has been proposed that increased hepcidin might play a role
in plaque instability and inflammation by increasing iron trapping and
mediating lipid peroxidation and phenotypic switching of the foam cells
[56,57]. As a result, we could speculate that an elevation of hepcidin in
the apoE−/− mice in response to iron overload would stimulate iron

loading into the machophages by reducing its ferroportin-mediated
export, thereby intensifying oxidative stress, inflammation and struc-
tural/functional damages we found in this study.

Finally, the local irritation caused by chronic intraperitoneal injec-
tions of iron-dextran could trigger an inflammatory response that, in
turn, would lead to such vascular damage and the progression of
atherosclerosis. Because we did not evaluate the peritoneal exudate for
inflammatory cells or cytokines, this should be a limitation of the
present study. However, it is important to note that the ability to sti-
mulate a pro-inflammatory state is inherent to the iron loading per se,

Fig. 5. Effects of iron overload on COX-2 expression, prostanoids production and antioxidant enzymes activity. Catalase (A) and superoxide dismutase (B) activities
and COX-2 expression (E) were measured in the aorta. In C and D, the metabolites of prostacyclin and thromboxane A2, respectively, were measured in urine samples
from apoE−/− control mice (Ct) and submitted to iron overload (IO). Data are expressed as mean ± SEM. *P < 0.05 apoE−/− IO vs. apoE−/− Ct, by Student's t-
test. The number of animals is indicated in parentheses.
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and occurs regardless of the intraperitoneal injections, such as in pa-
tients with hemochromatosis or genetic model of iron overload [35].

5. Conclusions

Our results indicate that chronic iron overload actually enhances
the atherosclerotic process in apoE−/− mice, probably as result of ex-
acerbated hypercholesterolemia and structural/functional endothelial
damages. While iron-mediated liver injury may explain this further
elevation of lipidemia, the oxidative stress and decreased NO bioa-
vailability associated with COX-2-derived prostanoids appear to be the
pathogenic substrates of endothelial dysfunction associated with iron
overload in apoE−/− mice. Based on the current knowledge, future
studies are needed to determine whether interruption in this causal
connection between iron and cardiovascular disease can be beneficial,
either by reducing iron levels in hypercholesterolemic subjects or by
reducing atherosclerosis-related risk factors in patients with primary or
secondary iron overloads.
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