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Metals are involved in almost all aspects of human life today:
some are essential for maintenance of cell physiological activ-
ities and others are important industrial materials. Over half
of the elements (23) with known physiological functions in
humans are metals (12), including iron, zinc, copper, and
manganese. While the deficiency of some metals may cause
pathological conditions (such as iron-deficiency anemia and
restless legs syndrome), excess exposure to metals can be
toxic and can contribute to human diseases, including can-
cer, hepatic diseases, and neurodegenerative diseases (such
as Alzheimer’s, Parkinson’s, and Huntington’s diseases).
Metals such as mercury and lead that are widely used in mod-
ern industry do not have any known physiological function
in human; however, they are potent neurodevelopmental
toxicants. Nowadays, increasing environmental exposures
and fortification of food sources with various metallic com-
pounds are causing growing concerns that imbalances in
metal content and excess exposure in particular may contrib-
ute to the etiology of various human diseases.

Oxidative stress is a fundamental molecular mechanism
underlying metal-induced toxicity. Most metals are redox-
active, especially transition metals, such as iron, copper,
manganese, and zinc. They can undergo redox cycling reac-
tions resulting in the production of reactive oxygen/nitrogen
species (RONS). For example, in Fenton’s reaction, iron
reacts with hydrogen peroxide to produce hydroxyl free rad-
icals, one of the most reactive RONS molecules. Excess intra-
cellular RONS eventually disrupts the intracellular redox
state and energy production resulting in oxidative stress,

which manifests itself in the modification of cellular biomol-
ecules, such as DNA, lipids and proteins, the dysfunction of
mitochondrial respiration, protein folding, DNA repair pro-
cesses, endoplasmic reticulum (ER) stress, inflammation,
autophagy, and/or apoptosis. These cellular phenotypes are
frequently observed in the pathogenesis of human diseases.

Despite recent advances in biomedical sciences, the exact
mechanisms underlying metal-associated cellular toxicity is
in most cases not fully established. The understanding and
knowledge of the mechanisms underlying metal-induced
toxicities is of paramount importance for the development
of antidotes for metal intoxication. This special issue includes
papers that explore causative links between metals and
human diseases (including cancer and neurological disor-
ders), establish molecular mechanisms underlying metal-
induced oxidative stress in the pathogenesis of these diseases,
and identify molecular compounds with protective effects
against these metals.

Neurodevelopmental- and neurodegenerative disease-
associated metal toxicities are of great concern for the
industrialized modern world, and several different metals
including those that play a role in normal cellular physiology
have been implicated to have adverse effects on neurodevelop-
ment or to play a role in the pathogenesis of neurodegenera-
tive or both.

Iron is present in several metalloproteins and, at physio-
logical concentrations, plays a role in enzyme catalysis and
in cellular functions such as oxygen transport, mitochondrial
respiration, DNA, neurotransmitter, andmyelin biosynthesis;
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however, excess iron has been associated with the patho-
genesis of several neurodegenerative diseases, including
Alzheimer’s and Parkinson’s diseases. R. M. Uranga and
G. A. Salvador have reviewed the toxic effects of iron over-
load on the brain and the interaction of this metal with the
amyloid β peptide. The authors conclude that excess iron
results in oxidative stress. They postulate that the explora-
tion of downstream targets of the iron-induced ROS and
their role in CNS pathogenesis will allow us to shed light
on mechanisms underlying neurodegeneration and the
development of therapeutic tools.

Cadmium which has no known physiological function
has been described as a serious hazard to human health by
the International Agency for Research on Cancer. H. R.
Marini et al. set out to assess the effects of chronic cadmium
exposure on the mouse hippocampus and to explore the
potential protective effects of polydeoxyribonucleotide, an
adenosine A2A receptor agonist. They report a cadmium-
induced decline of spatial memory and learning, a significant
decrease of BDNF expression, an increase in mTOR expres-
sion, neuronal loss, and brain edema. Coadministration of
the adenosine A2A receptor agonist polydeoxyribonucleo-
tide ameliorated all of those cadmium-induced effects. The
authors conclude from this and their previous studies and
findings reported by other groups that the cadmium-
induced expression of mTOR in the CNS observed here
is the result of cadmium-increased ROS production and
oxidative stress.

Mercury, another metal which has no biological function,
is a well-established central nervous system toxicant. W. A. B.
Aragão et al. investigated the effects of a chronic relatively
low-dose oral mercury chloride (HgCl2) exposure on the rat
hippocampal campus. They report a 17-fold increase in
hippocampal mercury levels in exposed animals over the
baseline levels observed in the control group, suggesting that
this metal is efficiently transported across the blood-brain
barrier. They observed significant impairments in short-
and long-term memory including cognitive impairment.
They hypothesize that the elevated oxidative stress observed
in the hippocampus led to cytotoxicity and apoptosis, affect-
ing both astrocytes and neurons in the hippocampus.

Aside from its well established neurotoxicity, mercury
has also been implicated in cancer. In cancer, abnormal cell
growth is traditionally viewed to result from various genetic
mutations; however, more recent studies support the
hypothesis that the epigenetic regulations (such as DNA
methylation, histone modification, transcription, and DNA
repair) and especially of promoters also play an important
role. In their review, R. Zefferino et al. propose a multistep
pathway by which mercury promotes cancer development.
Based on their study and other groups’ studies, they pro-
pose that mercury in an initial step causes an imbalance
in the cellular redox equilibrium by interfering with the
activity of selenocysteine antioxidant enzymes and other
sulfhydryl-containing proteins. This mercury-induced pro-
oxidative state in turn results in the inhibition of gap
junction-mediated intercellular communication and a pro-
inflammatory cytokine release, both of which isolate cells
from their tissue-specific homeostasis promoting excessive

proliferation and inhibiting the immune system’s defense
of such inappropriate proliferation.

Copper-based Casiopeinas are a group of metal-based
antineoplastic drugs designed to have lower generalized
toxicity as compared to the alternative drugs cisplatin or
doxorubicin. However, these drugs have shown significant
cardiac toxicities in canine and rodent models. C. Silva-
Platas et al. designed their studies to assess potential mecha-
nisms underlying this cardiomyocyte toxicity of this group of
drugs. They observed that in isolated hearts perfused with
Casiopeinas, contractile function was inhibited and ATP
levels were significantly reduced. Heart mitochondria iso-
lated from Casiopeina-treated animals showed a reduction
in mitochondrial membrane potential and calcium retention
capacity. In cultured cardiomyocytes, Casiopeinas induced
proapoptotic caspases and apoptosis. The authors conclude
that the mitochondria are the main target of Casiopeina-
induced cardiomyocyte toxicity, where these drugs impair
mitochondrial respiratory chain function and induce ener-
getic failure, events that typically result in oxidative stress.

Manganese (Mn) is an essential trace element and acts as
a cofactor in enzymes, such as Mn superoxide dismutase thus
playing a role in the protection against oxidative stress. How-
ever, excessive exposure to this metal is associated with cyto-
toxicity typically resulting fromMn-induced oxidative stress.
L. Li and X. Yang have reviewed current studies addressing
the connection between Mn and metabolic disorders that
have become a significant health concern in the last decade.
These disorders include type 2 diabetes mellitus (T2DM),
obesity, insulin resistance, atherosclerosis, nonalcoholic fatty
liver disease (NAFLD), and hepatic steatosis which share a
common pathology involving the generation of excessive
levels of reactive oxygen species (ROS), elevated oxidative
stress, and inflammation.

Lead is a ubiquitous pollutant and commonly used in
industries; therefore, contamination is common. Even low
levels of lead can lead to significant physiological changes.
Occupational exposure to this metal has thus to be constantly
monitored to ensure a safe working environment for the
workers. The study of M. Dobrakowski et al. assessed a
cohort of 36 males exposed to lead for 36–44 days. As
expected, blood lead levels were increased after their expo-
sure; in addition, small changes of calcium, magnesium, zinc,
and copper levels were also observed. The authors further
report no change in the activities of catalase and superoxide
dismutase and no elevation of malondialdehyde levels, a
marker of oxidative stress; however, there was a 46% increase
in serum lipid hydroperoxides, another manifestation of
oxidative stress targeting lipids.

Metal poisoning is an increasing concern in our modern
industrialized world. While environmental regulations need
to be regularly updated with additional studies concerning
the toxicities of metals, intoxication of humans will remain
a serious health hazard at least for the nearer future. Anti-
dotes for metal intoxication are rare, and there is an urgent
need to develop therapeutic drugs to counteract metal poi-
soning. The elucidation of the mechanism underlying metal
toxicities will be of a great value to the development of effec-
tive metal antidotes. Every study in this issue concludes that
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oxidative stress is indeed an important metal-induced effect
and is the cause that ultimately leads to dysfunction of
cellular mechanisms and/or cell death in the model system
examined. The mechanism by which a metal induces oxida-
tive stress and the downstream targets of the oxidative
stress should be evaluated using a combination of oxidative
stress measures so that an “oxidative stress signature” phe-
notype can be established. It is the hope that such mecha-
nistic analysis and knowledge will be able to support the
successful development of therapeutics for the treatment
of metal poisonings.
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Cadmium (Cd) is a harmful heavy metal, which causes severe brain damage and neurotoxic effects. Polydeoxyribonucleotide
(PDRN) stimulates adenosine A2A receptor, thus contrasting several deleterious mechanisms in course of tissue damages. We
aimed to investigate the possible neuroprotective effect of PDRN in a murine model of Cd-induced brain toxicity. Male C57 BL/
6J mice were treated as follows: vehicle (0.9% NaCl, 1ml/kg/day), PDRN (8mg/kg/day), CdCl2 (2mg/kg/day), and CdCl2 +
PDRN. Animals were tested with the Morris water maze test to assess spatial memory and learning. After 14 days of treatment,
brains were processed to evaluate the presence of edema in the cerebral tissue, the expression of mammalian target of rapamycin
kinase (mTOR) and brain-derived neurotrophic factor (BDNF), and the morphological behavior of the hippocampal structures.
After CdCl2 administration, the escape latency was high, protein expression of BDNF was significantly decreased if compared to
controls, mTOR levels were higher than normal controls, and brain edema and neuronal damages were evident. The
coadministration of CdCl2 and PDRN significantly diminished the escape latency, increased BDNF levels, and decreased protein
expression of mTOR. Furthermore, brain edema was reduced and the structural organization and the number of neurons,
particularly in the CA1 and CA3 hippocampal areas, were improved. In conclusion, a functional, biochemical, and
morphological protective effect of PDRN against Cd induced toxicity was demonstrated in mouse brain.

1. Introduction

Cadmium (Cd) is an extremely toxic metal with no known
necessary function in the human body. It represents serious
hazard to human health, as stated by the International
Agency for Research on Cancer [1]. Major sources of Cd
are food, cigarette smoke, and recharged nickel-cadmium
batteries [2]. Foods as cereals, vegetables, nuts and pulses,
starchy roots, potatoes, and meat products are the main
source of Cd exposure for the nonsmoking population [3].

Several reports studied Cd toxicity in the brain as a whole
or in its specific regions. In particular, Cd can experimentally
induce neurotoxic effects either in vitro or in vivo. In fact,
damages referred to Cd challenge were observed in cortical

and trigeminal neurons [4, 5], in anterior pituitary cells [6],
in glioma and neuroblastoma cells [7], and in nerve-glial cell
cultures [8]. Neurotoxic effects were also described in neona-
tal mouse [9] and in adult rat brain [10] and in diabetic rat
optic nerve experimentally exposed to Cd [11].

To date, the pathophysiological mechanism of Cd
brain toxicity is not completely defined, even if reactive
oxygen species (ROS) generation probably plays a crucial
role in the detrimental neurotoxic cascade triggered by
Cd [12]. Specifically, under these conditions ROS can pro-
mote an exaggerated inflammatory response characterized
by increased cytokine expression and intercellular adhe-
sion molecule-1 (ICAM-1) upregulation [13], particularly
through the activation of nuclear factor-κB (NF-κB) [13].
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Moreover, a peculiar role in neurotoxic damage following
Cd exposure is played by mitogen-activated protein kinases
(MAPKs) [12] able to promote apoptosis [14], as well as by
Akt/mammalian target of rapamycin (mTOR) signaling
pathway activation, which controls neuron proliferation,
growth, and survival [15, 16].

An impaired neurogenesis, with strongly reduced neuro-
nal differentiation and axonogenesis, was observed as a result
of Cd-induced neurotoxicity; therefore, neuronal death
occurred [17].

So far, in the brain of mammals, an intricate crosstalk
underlying both neuroinflammation and neurogenesis pro-
vides many possible molecular targets; they might be harm-
fully impacted by Cd but also, on other side, by suitable
therapeutic approaches to counteract Cd-induced neurotoxic
effects [17, 18].

Among the neurotrophic factors that support differentia-
tion [19], maturation [20], and survival of neurons [21], the
brain-derived neurotrophic factor (BDNF) has neuroprotec-
tive effects under adverse conditions, such as glutamatergic
stimulation, neuroinflammation, cerebral ischemia, hypogly-
cemia, and neurotoxicity [22].

Adenosine A2A receptor (ADORA2A) plays a crucial role
in many physiological responses and pathological conditions
[23]. However, it is still unclear if the role of ADORA2A in
the control of neuroprotection is mostly due to the different
homeostatic roles of these receptors related with the control
of metabolism, of neuron-glial communication, of neuroin-
flammation, or of the control of action of growth factors [23].

ADORA2A is colocalized with BDNF in the brain, and
the functional interaction between ADORA2A stimulation
and BDNF action has been proposed [24]. Experimental data
indicate that ADORA2A activation is a crucial requisite for
the functioning of neurotrophic receptors at synapses. This
has been shown for the facilitatory actions of BDNF on syn-
aptic transmission [25, 26] typically on prolonged potentia-
tion at the CA1 area of the hippocampus [27].

Interestingly, a high prevalence of brain function disor-
ders, including cognitive and behavioral impairments, has
been associated with mTOR signaling disturbances [28];
in particular, mTOR activation was related to two major
signaling pathways, Ras-ERK and PI3K-Akt, that essentially
control neuron survival, differentiation, and proliferation in
response to extracellular signals [29]. So far, extracellu-
lar messengers linked to mTOR activation may involve the
adenosine pathway through ADORA2A modulation in
response to systemic inflammation [30].

Polydeoxyribonucleotide (PDRN) is the active fraction
extracted from trout spermatozoa used for tissue repair
[31]; acting through stimulation of ADORA2A, it can well
contrast several harmful mechanisms observed in pathologi-
cal conditions of low tissue perfusion [31–35].

A positive role of PDRN on Cd-induced structural
changes of the blood-testis barrier was already demon-
strated, suggesting that it may have a positive effect against
Cd-induced structural lesions on gametogenesis [36].

In light of this background, PDRN effects in the brain of
mice exposed to Cd chloride (CdCl2) were investigated to
better elucidate the role of this adenosine agonist.

2. Materials and Methods

2.1. Experimental Protocol. All procedures complied with the
standards for care and use of animal subjects indicated by the
Guide for the Care and Use of Laboratory Animals (Institute
of Laboratory Animal Resources, National Academy of Sci-
ences, Bethesda, MD, USA); they were carried out also in
accordance with Directive 2010/63/EU on the protection of
animals used for scientific experiments [37, 38]. Fifty-six
male adult C57 BL/6J mice (25–30 g), obtained from Charles
River Laboratories Italia srl (Calco, Italy), were provided a
standard diet ad libitum with free access to tap water under
a 12h light/dark cycle. They were divided into four groups:
(i) animals administered with a vehicle solution consisting
in 0.9% NaCl (1ml/kg, ip, daily), indicated as “control
+ vehicle animals,” (ii) animals administered with PDRN
(8mg/kg, ip daily), indicated as “control +PDRN animals,”
(iii) animals challenged with CdCl2 plus with the vehicle as
above (2mg/kg, ip, daily), indicated as “CdCl2 + vehicle ani-
mals,” and (iv) animals challenged with CdCl2 (2mg/kg, ip,
daily) and treated with PDRN (8mg/kg, ip, daily), immedi-
ately following CdCl2 administration, indicated as “CdCl2 +
PDRN animals.”

2.2. Drugs. CdCl2 was purchased from Sigma-Aldrich Srl
(Milan, Italy) and diluted to the requested concentration in
0.9% NaCl. PDRN was donated by Mastelli Srl (Sanremo,
Italy). All chemicals and reagents were of commercially avail-
able reagent grades.

2.3. Assessment of Cognitive Performance. To assess spatial
memory and learning, animals were tested with the Morris
water maze (MWM) test [39]. The test was performed in a
round white pool (diameter 80 cm and depth 55 cm). The
pool was filled to a depth of 30 cm with water made opaque
with white nontoxic water-based tempura paint. Pool tem-
perature was maintained at 22± 0.5°C by adding warm water.
The escape platform was a 25 cm2 plexiglas square, placed in
the center of one quadrant of the pool, 15 cm from the pool’s
edge, and submerged 1 cm below the water surface. The
mouse was gently placed in the water pool between the quad-
rants, facing the wall of the pool changing the order every day
during each trial. The mice were given four trial sessions each
day for five consecutive days, with an intertrial interval of
15min. Escape latency time (ELT), that is, the time taken
by the animal to move from the starting quadrant to find
the hidden platform in the target quadrant, was recorded in
each trial, and the average time, expressed in seconds (s),
for each day was calculated. If the mouse failed to find the
platform within 60 s, it was guided gently onto the platform
and allowed to remain there for 20 s. Significant decrease in
ELT from that of the first session was considered as success-
ful learning. During all trials, the experimenter always stood
in the same position. All trials were performed between 9.00
and 16.00 h in a sound dampened room.

2.4. Brain Collection. The experiments lasted 14 days, until
the mice were sacrificed with an ip overdose of ketamine
and xylazine (100/20mg/kg, resp.) and then subjected to
decapitation. Their skulls were quickly opened, and the
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brains were extracted on ice and washed with cold
phosphate-buffered saline (PBS). The brains of 14 animals
for each group were divided as follows: seven brains were
used for histological study. From the other seven brains,
one half was stored at −80°C for Western blot analysis, and
one half was used for edema evaluation.

2.5. Evaluation of Brain Edema. To evaluate the extent of
edema, brain sections from each group of animals were
assayed for water content using wet weight/dry weight.
Freshly dissected tissue samples of the hippocampus were
weighed on aluminum foil, dried for 24 h at 105°C, and
reweighed as previously described [40]. The percentage of
water was calculated as follows: water content % = wet we
ight − dry weight /wet weight × 100.

2.6. Histological Evaluation. Brains were immediately fixed in
4% paraformaldehyde in 0.2M phosphate buffer solution
(PBS), dehydrated in graded ethanol, cleared in xylene, and
embedded in paraffin (Paraplast, Supplies SPI, West Chester,
PA, USA). 5μm coronal sections, cut with a RM2125 RT
microtome (Leica Instruments, Nußloch, Germany), were
cleared with xylene, rehydrated in ethanol, and stained with
hematoxylin and eosin (H&E). Histological identification of
nervous structureswasmade according to the atlas of Franklin
and Paxinos [41], and the slides were photographed with a
Nikon Ci-L (Nikon Instruments, Tokyo, Japan) light micro-
scope; the images were taken with a digital camera Nikon
Ds-Ri2 and processed to the final magnification of 800x.

2.7. Morphometric Evaluation. Five not serial sections per
animal were evaluated for each group. Two experienced
investigators, blinded to the experimental group of each ani-
mal, independently performed cell counting. The results gave
an intraobserver and interobserver variation less than 5%.
For hippocampal neurons counts, a region of interest (unit
area (UA)) of 0.1mm2 (316× 316μm) in both the CA1 and
CA3 regions was selected for each section; the cells overlap-
ping the left and the bottom boundaries were counted,
whereas the cells that touched the right and top boundaries
were not included in the evaluation. Criteria for neurons to
be counted were well-defined cytoplasm, clearly visible
nucleus, and evident nucleolus.

2.8. Determination of Protein Content. Total cellular pro-
teins were extracted in a lysis buffer composed of 25mM
Tris-HCl pH7.4, 1.0mM ethylene glycol tetraacetic acid
(EGTA), 1.0mM ethylenediaminetetraacetic acid (EDTA),
and 0.5mM phenyl methylsulphonyl fluoride, added with
protease and phosphatase inhibitors (100mM Na3VO4,
aprotinin, leupeptin, and pepstatin (10μg/ml each)). After
centrifugation of the cell lysate for 15′ at 13000 rpm, the pro-
tein concentration was determined from the supernatant by
Bio-Rad protein assay (Bio-Rad, Richmond, CA, USA).

2.9. Malondialdehyde (MDA) and Glutathione (GSH)
Determination. MDA content was determined in all experi-
mental groups with a colorimetric commercial kit (Lipid
Peroxidation Assay kit, cat number 437634; Calbiochem-
Novabiochem Corp, Darmstadt, Germany), as previously

described [42], and expressed in nmol/mg protein. GSH
content was also determined in all experimental groups
according to the method of Gong et al. [43].

2.10. Determination of BDNF and mTOR by Western Blot
Analysis. The supernatant was diluted with Laemmli buffer.
Protein samples, denatured in reducing buffer (62mM
Tris-HCl pH6.8, 10% glycerol, 2% SDS, 5% beta-mercap-
toethanol, and 0.003% bromophenol blue), were separated
by electrophoresis on SDS polyacrylamide gel (6% or 10%),
for approximately 1 h. The separated proteins were moved
to a PVDF membrane in a transfer buffer (39mM glycine,
48mM Tris-HCl (pH8.3), and 20% methanol) at 200mA
for 1 h. The reaction was blocked with 5% nonfat dry milk
in TBS-0.1% Tween-20 for 1 h at room temperature.
Membranes were washed three times for 10min each in
TBS-0.1% Tween-20 and incubated with primary antibodies
for mTOR (1 : 500 in TBS-0.1% Tween-20; Cell Signaling,
Beverly, MA, USA) and BDNF (1 : 1000 in TBS-0.1%
Tween-20; Abcam, Cambridge, UK). The following day,
the membranes were washed three times for 10min in
TBS-0.1% Tween-20 and were incubated with a specific
peroxidase-conjugated secondary antibody (1 : 10.000; KPL,
USA) for 1 h at room temperature. After further washings,
the membranes were analyzed by enhanced chemilumi-
nescence (KPL, USA). Protein signals were quantified by
scanning densitometry with a Bio Image Analysis system
(C-DiGit Blot Scanner with Image Studio software), and the
results were expressed as relative integrated intensity com-
pared to controls. α-Tubulin (Cell Signaling Technology,
Beverly, MA, USA) was used to confirm equal protein load-
ing and blotting.

2.11. Statistical Analysis. Primary outcome measures were
assessment of cognitive performance and neuron morphol-
ogy. The statistical significance of differences among groups
was performed with the ANOVA comparison test, followed
by the Bonferroni post hoc test. The MedCalc 12.2.1.0 statis-
tical software (MedCalc Software, Ostend, Belgium) was
used. A p value ≤0.05 was considered statistically significant.
Values are provided as mean ± standard deviation (SD).

3. Results

3.1. Effects of PDRN on MDA and GSH Content. The levels of
MDA were significantly increased in Cd-challenged mice.
The coadministration of CdCl2 and PDRN significantly
decreased the levels of MDA in brains (Table 1). On the con-
trary, a significant decrease in the activity of GSH was
observed in Cd-challenged mice. The treatment with PDRN
significantly increased GSH levels in brains of Cd-treated
mice (Table 1).

3.2. Effects of PDRN on BDNF and mTOR Brain Expression.
The expression of BDNF was observed in the brain of control
mice treated with vehicle or PDRN (Figure 1(a)). CdCl2
caused a marked reduction on BDNF brain expression in
mice (Figure 1(a)). Conversely, in mice treated with PDRN,
the brain levels of BDNF were significantly higher than in
the vehicle-treated CdCl2 group (Figure 1(a)).
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Low expression of mTOR was observed in the brain of
control mice treated with vehicle or PDRN (Figure 1(b)). A
higher expression of mTOR was detected in CdCl2-treated
animals (Figure 1(b)). mTOR expression was significantly
reduced after PDRN administration if compared to mice
treated with CdCl2 alone (Figure 1(b)).

3.3. Brain Edema Assessment. No differences in brain water
content were observed in both controls of hippocampal tissue
(Figure 2). CdCl2 challenge caused brain edema in the mouse
hippocampus (Figure 2). PDRN treatment showed a signifi-
cant reduction of brain edema when compared to CdCl2-
treated animals (Figure 2).

3.4. Administration of PDRN Counteracts CdCl2-Induced
Neuronal Changes. In both control groups of mice, CA1
and CA3 hippocampal regions showed normal organization
(Figures 3(a), A1, A2, and 3b, B1, B2). In contrast, CA1 and
CA3 regions of CdCl2-challenged mice showed evident neu-
ronal loss with degenerating pyramidal cells and interstitial
edema (Figure 3(c), C1, C2). PDRN administration signifi-
cantly reduced neuronal morphological changes in both
CA1 and CA3 regions (Figure 3(d), D1, D2). The morpho-
metric analysis showed a significant reduction of neurons
in both the CA1 and CA3 regions in CdCl2-challenged mice,
which was normalized when PDRN was coadministered
(Figure 3(e)).

3.5. PDRN Enhances Cognitive Performance. In both con-
trols, a gradual shortening in ELT was observed along
the five-consecutive-day trials (Table 2). CdCl2 administra-
tion significantly increased ELT when compared with both
control groups (Table 2). On the contrary, PDRN admin-
istration significantly reduced the time spent by mice to
find the platform (Table 2).

4. Discussion

Oxidative stress is strongly related to neuroinflammatory
mechanisms, so that it is particularly difficult to exert neu-
roprotective effects on the brain. In addition, glial activa-
tion involving astrocytes, microglial cells, and/or reactive
mediators and/or growth factors are also hallmarks of
inflammatory reaction [44]. This justifies the research strate-
gies that rely on multiple mechanisms involving antiradical

scavenging activity and antiapoptotic mechanisms, resulting
in increased neuronal proliferation.

Neurotoxic effects may play a key role in the systemic
toxic consequences of Cd exposure [45]. Therefore, the
mechanism of Cd neurotoxicity should be better clarified,
and measures should be taken to reduce Cd exposure in the
general population to minimize the risk of adverse human
health effects [46]. In this context, we previously demon-
strated a positive effect of PDRN, an ADORA2A, which
was demonstrated on Cd-induced damages of the blood-
testis barrier, suggesting that it should also counteract the
role of Cd as an endocrine disruptor [36].

Therefore, our data represent novel findings on the
effects of PDRN on the brain, since few information on the
molecular pathways involved are currently available.

Indeed, in our in vivo experimental model, we observed
that mice challenged with CdCl2 alone showed a significant
increase of MDA and a decrease of GSH; on the contrary,
PDRN administration protected mice against oxidative
stress, thus confirming the harmful role of Cd in triggering
the lipid peroxidation pathways [36].

Furthermore, an increased expression of mTOR in
CdCl2-challenged mice was demonstrated, whereas PDRN
administration significantly reduced mTOR expression. This
feature strongly suggests that Cd-induced neuronal toxicity is
related to induction of ROS, which, in turn, leads to oxidative
stress. In fact, it has been recently shown that Cd induces
ROS generation in a time- and concentration-dependent
manner in PC12 and SH-SY5Y cells [47], causing apoptosis
of neuronal cells, particularly via activation of MAPKs and
mTOR signaling pathways [12, 14–16, 47].

Accordingly, we observed that PDRN administration
significantly increased BDNF levels in mice. It has been
shown that BDNF in vivo can rescue different types of neu-
rons from ischemic, traumatic, and toxic brain injury [48].
Recent evidences indicate that the protective effect of BDNF
in hippocampal neurons against toxicity is mostly mediated
by the PI3K and the Ras/MAPK signaling pathways and
involves a long-term change in protein synthesis [29].

Moreover, the role of serine/threonine protein kinase
mTOR was also considered [49]. In particular, it has been
suggested that mTOR affects the translational control of
proteins necessary for the formation and functional matu-
ration of dendritic spines [50]. Moreover, it has been pro-
posed that the neuroprotective effect of BDNF is mediated
by autophagy through the PI3K/Akt/mTOR pathway [51].
Our results also show that PDRN administration resulted
in a significant reduction of brain edema when compared
to the water content of CdCl2-treated animals. These effects
may be strictly linked with previous explored molecular
pathways because it has been suggested that ROS, cytokine
overproduction, and neurotrophin reduction are strongly
related to brain edema formation in animals challenged
with neurotoxic agents [40, 52, 53]. Furthermore, in
humans, acute Cd toxicity led to brain intracellular accu-
mulation of the metal with consequent cell dysfunction,
blood-brain barrier disruption, and even lethal cerebral
edema [54]. It is likely that PDRN can also reinforce the
detoxification mechanisms, such as antioxidant systems

Table 1: Malondialdehyde (MDA) and glutathione (GSH) content
in mice exposed to cadmium chloride (CdCl2; 2mg/kg ip) plus
vehicle, as compared to mice exposed to CdCl2 (2mg/kg ip) plus
PDRN (8mg/kg/day ip) or to control mice treated with vehicle or
PDRN alone.

Group MDA (nmol/mg protein) GSH (μmol/g tissue)

Control + vehicle 0.13± 0.04 66± 5
Control + PDRN 0.12± 0.06 69± 6
CdCl2 + vehicle 0.81± 0.31a 47± 7a

CdCl2 + PDRN 0.20± 0.09b 64± 3b

All the values are expressed as mean ± SD, n = 7 animals for each group.
ap < 0 05 versus both controls; bp < 0 05 versus CdCl2 + vehicle.

4 Oxidative Medicine and Cellular Longevity



through the induction of protective macromolecules (heat
shock proteins, etc.), production of specific metal inclusion
bodies or binding proteins, and biotransformation reactions
(methylation, conjugation, etc.) localized in the choroid

plexus [17]. Accordingly, ADORA2A was highly expressed
in the choroid plexus [55].

The biochemical and molecular patterns correlated very
well with the histological analysis. In fact, following CdCl2
administration, we observed a significant neuronal loss in
both CA1 and CA3 areas, which are susceptible to Cd-
induced neurotoxic injury [56]. In contrast, PDRN adminis-
tration showed significant neuroprotective effects, with a
normal number of neurons/UA and structural organization.

Finally, the positive effects of PDRN treatment were also
supported in our model by the evidence of a good protection
against the behavioral changes that accompanied Cd admin-
istration. In fact, PDRN injection significantly improved ELT
in mice tested with MWM following CdCl2 challenge. This
observation could have a strong translational impact consid-
ering that Cd causes learning disabilities and hyperactivity in
environmentally exposed children [17] and neurological
disorders, such as amyotrophic lateral sclerosis [57], Parkin-
sonism [58], and Parkinson’s and Alzheimer’s disease [59],
in occupationally exposed subjects.

Taken together, our data suggest that adenosine receptor
manipulation/modulation is a pertinent avenue of research
for novel strategies in order to modulate neuroinflammatory
signal into the brain in diseases characterized by impaired
immune response induced by toxic agents.

Moreover, in light of our results, we feel that new envi-
ronmental research on Cd should take aim at the role of neu-
rotoxicity in causing the health effects following Cd exposure.
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Figure 1: Representative Western blot analysis of BDNF (a) and mTOR (b) in brains of controls and CdCl2- (2mg/kg ip) challenged mice
treated with vehicle or PDRN (8mg/kg ip), respectively. ∗p < 0 05 versus both controls; §p < 0 05 versus CdCl2 + vehicle. Bars indicate mea
n ± SD of 7 experiments.
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Figure 3: Structural organization of the hippocampus from mice of control plus vehicle (0.9% NaCl, 1ml/kg/day ip), control plus PDRN
(8mg/kg/day ip), CdCl2 (2mg/kg/day ip) plus vehicle, and CdCl2 plus PDRN (HE stain). (a, A1, A2, b, B1, B2) In both control plus
vehicle and control plus PDRN-treated mice, the normal morphology of the nervous tissue of the hippocampus, particularly in CA1
(arrowhead) and CA3 (arrow) areas, is evident. (c, C1, C2) In CdCl2 plus vehicle-treated mice, neuronal loss and mild edema of the
nervous tissue of the hippocampus, particularly in CA1 (arrowhead) and CA3 (arrow) areas, are evident. (d, D1, D2) In CdCl2 plus
PDRN-treated mice, the hippocampus and CA1 (arrowhead) and CA3 (arrow) areas in particular show a well-preserved neuronal
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Both short- and long-duration epidemiological studies
are required to determine the optimal doses of antioxidant
products and dietary supplements alone and in combina-
tion, to provide safe and effective therapeutic strategies
against Cd toxicity. In this context, PDRN, an agonist of
ADORA2A, might offer a structural model for the produc-
tion of new analog compounds (cosmeceuticals, nutraceuti-
cals, and/or phytochemicals) that, properly combined with
good agricultural practice to minimize Cd contamination in
food crops and animals, could also provide a definite strategy
to prevent and counteract severe damages in Cd-induced
brain toxicity.
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Mercury (Hg) is a highly toxic metal, which can be found in its inorganic form in the environment. This form presents lower
liposolubility and lower absorption in the body. In order to elucidate the possible toxicity of inorganic Hg in the hippocampus,
we investigated the potential of low doses of mercury chloride (HgCl2) to promote hippocampal dysfunction by employing a
chronic exposure model. For this, 56 rats were exposed to HgCl2 (0.375mg/kg/day) via the oral route for 45 days. After the
exposure period, the animals were submitted to the cognitive test of fear memory. The hippocampus was collected for the
measurement of total Hg levels, analysis of oxidative stress, and evaluation of cytotoxicity, apoptosis, and tissue injury. It was
observed that chronic exposure to inorganic Hg promotes an increase in mercury levels in this region and damage to short- and
long-term memory. Furthermore, we found that this exposure model provoked oxidative stress, which led to cytotoxicity and
cell death by apoptosis, affecting astrocytes and neurons in the hippocampus. Our study demonstrated that inorganic Hg, even
with its low liposolubility, is able to produce deleterious effects in the central nervous system, resulting in cognitive impairment
and hippocampal damage when administered for a long time at low doses in rats.

1. Introduction

Mercury (Hg) represents the third most toxic element on the
planet, according to the US Government Agency for Toxic
Substances and Disease Registry [1]. Three forms of Hg can

occur in the environment: organic Hg, elemental Hg, and
inorganic Hg [2].

Organic Hg is one of the most toxic substances, with the
highest number of studies dealing with their effects on
human health [2–5]. It is known that organic Hg has a high
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capacity to cross cellular membranes. After ingestion, it can
pass through the blood-brain barrier and be metabolized to
inorganic Hg, which is therefore present at low doses in the
central nervous system (CNS) [1, 2, 6].

Human populations throughout the world are chroni-
cally exposed to different species of Hg compounds [7–10].
Amazonian populations, for example, are exposed to Hg
vapor due to the use of this metal in artisanal processes and
small-scale gold mining [7, 8]. Additionally, because of the
contaminated environment, populations living downstream
of the mining areas or near dams (large-scale projects that
may concentrate Hg in the environment) are exposed to both
organic and inorganic mercury [8, 10]. The latter exposure is
predominantly via the oral route due to contaminated food
(mainly piscivorous fish) [11]. Once inside the human body,
cells of CNS origin are able to accumulate organic mercury
and partially transform it to inorganic mercury [6].

Although the additional effects of Hg intoxication (such
as cardiovascular alterations and genotoxicity) are still being
described, neurological symptoms are the main deleterious
consequences of intoxication by this metal. These include
alterations of motor coordination, progressive deterioration
of visual and tactile senses, and paralysis, among others.
Recent studies in both animals and humans also point to
altered cognitive function, especially in memory and learning
performance, caused by Hg exposure [12, 13].

The hippocampus is responsible for consolidating two
types of memory, storage and recall of events. One of the
memory types is aversive memory, related to emotions and
reactions of fear and alertness, presenting the hippocampus
and amygdala as regulatory areas [14]. The biochemical
events occur at neural transmission routes, in which the hip-
pocampus represents an area of huge importance in cognitive
and behavioral analysis [14].

In the hippocampus, previous studies verified the pres-
ence of increased levels of Hg in the neural parenchyma after
chronic exposure to HgCl2 [15], showing that Hg presents
less tropism for the hippocampus when compared to the
motor cortex. However, the tropism was sufficient to provoke
a mnemonic dysfunction.

Based on this, we selected the cerebral hippocampal area
for other analyses, aiming to study whether chronic exposure
to inorganic Hg is capable of generating cognitive alterations
and/or biochemical modulation, tissue damage, and cell
death in the hippocampus of adult rats.

2. Materials and Methods

2.1. Ethics Statement. Experiments followed the protocol
approved by the Ethics Committee on the use of animals
(CEUA, Federal University of Pará, Protocol BIO139-13).
They are in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and national law for labora-
tory experimentation [16].

2.2. Animals and Experimental Groups. Male Wistar rats
(n = 56; 90 days old) from the Federal University of Pará
(UFPA) animal facility were kept in collective cages (five
animals per cage). The climate and light-controlled room

was provided via a 12 h reverse light/dark cycle (lights
on 7:00 a.m.), and animals received food and water ad libi-
tum. Distilled water or HgCl2 (0.375mg/kg/day; n = 20 per
group) was orally administered by gavage over a period of
45 days, according to a procedure previously described by
Teixeira et al. [15]. Animals were weighed weekly for HgCl2
dose adjustment.

2.3. Behavioral Assay: Step-Down Inhibitory Avoidance.
After 24h of HgCl2 or distilled water administration, ani-
mals (n = 14 per group) were taken to the behavioral test
room for 1 h (acclimation), with controlled noise levels and
illumination (12 lux). The step-down inhibitory avoidance
apparatus (EP104R, Insight, Brazil) consists of an acrylic
box (50× 25× 25 cm) with parallel stainless steel bars
(1mm in diameter), a floor connected to an electrical stimu-
lator, and a secure platform (7 cm wide× 2.5 cm high) situ-
ated against the left wall.

Briefly, the animals were placed in the platform and were
free to explore the apparatus for 3 minutes in a habituation
session. Twenty-four hours later, the training session was
conducted in which each animal was reintroduced to the
secure place and the latency of stepping down onto the floor
with all four paws was recorded (cut-off 180 s). Immediately
after the animal step-down response onto the grid floor, a
foot shock of 0.4mA for 1 s was performed. In the sequence,
the rats were removed from the inhibitory avoidance equip-
ment, and after 1.5 h and 24 h, they were subjected to the
short- and long-term memory test sessions, respectively [17].

2.4. Mercury Levels in the Hippocampus. To validate the
exposure to HgCl2 and tissue levels compatible with the
dose/time of administration, after the behavioral test, the ani-
mals (n = 7 per group) were euthanized and each hippocam-
pus sample was weighed (0.5 g maximum of wet weight) in a
sample digestion bottle. Then, 1mL of distilled water, 2mL of
nitric acid-perchloric acid with HNO3-HClO4 (equal propor-
tions), and 5mL of sulfuric acid (H2SO4) were sequentially
added, followed by heat treatment on a hot plate (200–
230°C) for 30min. Total Hg content in the samples was esti-
mated by wet digestion, reduction, and cold vapor atomic
absorption spectrometry (CVAAS) (semi-automated mer-
cury analyzer, model Hg-201, Sanso Seisakusho Co. Ltd.,
Tokyo, Japan). The circulation-open airflow system was per-
formed as previously described by Suzuki et al. [18]. The
detection limit of the equipment for total Hg determination
was 0.001mg·kg−1, and the limit of quantification was
0.010mg·kg−1. The results of the analyses of the samples were
expressed in μg/g. The obtained data were tabulated and later
submitted to the inferential statistical treatment. The detailed
methodology of this analysis is described in a previously pub-
lished work [15].

2.5. Oxidative Stress. For this analysis, seven animals per
group were euthanized by cervical dislocation. The hippo-
campus was collected and processed for biochemical
assays. These animals were not submitted to the inhibitory
avoidance equipment. The parameters evaluated were anti-
oxidant capacity against peroxyl radicals (ACAP), evaluated
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through reactive oxygen species (ROS) determination in tis-
sue samples treated or not with a peroxyl radical generator,
by fluorimeter [19]; lipid peroxidation (LPO, using mal-
ondialdehyde—MDA—as an indicator); and nitrite levels
(an indirect marker of nitric oxide production) by spec-
trophotometry, as previously described [20, 21]. For total
protein evaluation, the method proposed by Bradford was
used [22]. The results were expressed as percentages of the
control groups.

2.6. Assessment and Quantification of Cytotoxicity and
Apoptosis. In these assessments, animals (n = 7 per group)
were euthanized by cervical dislocation and the hippocampus
was dissected and treated with collagenase at a concentration
of 2 mg/mL and 4mg/mL and stored at 37°C for 20minutes
and 40 minutes, respectively, in order to dissociate the tissues
(these animals were not submitted to inhibitory avoidance
equipment). Thereafter, 100mL of solution containing the
isolated cells was added to 96-well microplates with 100μL
of the CytoTox-Glo™ Cytotoxicity Assay. This assay uses a
luminogenic peptide substrate to measure dead-cell protease
activity or Caspase-Glo® 3/7 Assay Systems, a luminescent
assay to measure caspase-3/7 activities (Promega, The
Netherlands). Readings were performed in a GloMax®
(Promega, The Netherlands) according to the manufac-
turer’s recommendations. The quantification results were
expressed as percentages of relative fluorescence units
(RFU) or relative light units (RLU) relative to the control
group, for cytotoxicity and apoptosis, respectively.

2.7. Histological Evaluation

2.7.1. Perfusion and Histological Procedures. After behav-
ioral assays, the remaining animals (n = 7 per group) were
deeply anesthetized with ketamine hydrochloride (90mg/kg,
i.p.) and xylazine hydrochloride (10mg/kg, i.p.), and trans-
cardially perfused with heparinized 0.9% saline solution
followed by 4% paraformaldehyde in 0.2M phosphate buffer.
Surgical manipulation was performed only after both the
corneal and the paw withdraw reflexes were abolished.
Brains were removed from the skull and postfixed for 6 h
in Bouin solution. After postfixation, the brain tissue was
embedded in paraplast (Monoject Scientific, Athy, Ireland)
and sectioned on a microtome at 7μm thick and mounted
in silanized slides. The coronal sections containing the
anterior hippocampus were located at −3.60mm posterior
to Bregma [23].

2.7.2. Immunohistochemistry. Sections of 7μm were submit-
ted to immunohistochemistry analysis. The immunohisto-
chemical procedures were described in our previous
investigations [23, 24]. Briefly, the slides were dewaxed in
xylol and hydrated at increasing concentrations of ethanol.
Antigenic recovery was performed with citrate buffer at
pH6.0. In order to improve labeling intensity, sections were
treated with 0.2M boric acid (pH9.0), previously heated to
65°C for 25min. The temperature was maintained constant
over the treatment period. Sections were kept at room tem-
perature for 20min to decrease the temperature and incu-
bated under constant agitation in a 1% hydrogen peroxide

solution in methanol for 20min. The sections were rinsed
in 0.05% PBS/Tween (Sigma Company, USA) solution for
5min three times and incubated with 10% normal horse
serum (NeuN) and goat serum (GFAP) in PBS for 1 h. With-
out further rinsing, sections were incubated overnight with
the primary antibody in PBS, NeuN (1 : 500, Miliporere,
USA) and GFAP (1 : 1000, Sigma, USA), rinsed in PBS/
Tween solution for 5min (3 times), and incubated with bio-
tinylated horse anti-mouse (NeuN antibody) and goat anti-
rabbit (GFAP), secondary antibodies (Vector Laboratories,
USA) diluted at 1 : 500 in PBS for 2 h. As a negative control,
normal serum, rather than primary antibody, was used in
some sections.

Sections were rinsed again for 5min (three times) and
incubated in the avidin-biotin-peroxidase complex (ABC
Kit, Vector Laboratories, USA) for 2 h. Sections were rinsed
four times (5min each) and revealed with diaminobenzidine
(DAB). After the DAB reaction, sections were rinsed twice
(5min each) in 0.1M PB, dehydrated, and cover-slipped with
Entellan (Merck, Germany). For more details of this method-
ology, see [25, 26].

2.7.3. Morphometric Analyses. For this quantification, a
graticule (1mm2) attached to the eyepiece (objective 40x,
Nikon, Eclipse E200, USA) was used to count three fields
per section and three sections per animal in CA1, CA3,
and hilus, as described previously [17] and illustrated in
Figure 1. NeuN-positive cells corresponding to mature neu-
rons and GFAP-positive cells corresponding to astrocytes
were counted. Illustrative images from all experimental
groups were obtained with a digital camera (Moticam 2500,
USA) attached to a microscope (Nikon, Eclipse 50i, USA).

2.8. Statistical Analysis. All values were tabulated and
expressed as mean± SEM (n = 14 animals per group in
behavioral test and n = 7 per group in other analysis) and
analyzed for normality using the Shapiro-Wilk test. To ana-
lyze body weight, we performed the one-way ANOVA test
for repeated measures. Statistical comparisons between
groups were performed using the Student’s t-test. Values of
p ≤ 0 05 were considered statistically significant. GraphPad
Prism 5.0 (San Diego, CA, USA) software was used to
perform statistical analyses.

The methods are summarized in Figure 1.

3. Results

3.1. Chronic HgCl2 Exposure Did Not Alter the Body Weight
in Rats. After 45 days of HgCl2 exposure, the body weight
of control (278.1± 2.08 g) and HgCl2-exposed animals
(281.3± 3.00 g) did not differ statistically (p = 0 38), as illus-
trated in Figure 2.

3.2. HgCl2 Exposure in Rats Displays Cognitive Deficits.
Chronic exposure by inorganic Hg during adult life impairs
both short- and long-term memory in the inhibitory
avoidance task Figure 3. These results were represented
by a reduction in the step-down latency after 1.5 h training
session in the animals exposed to Hg (5.60 ± 1.10 s) when
compared to control (77.60 ± 22.48 s; p < 0 0001), as well
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as after the 24h training session, in which the exposed
animals (9.30 ± 1.77 s) presented lower values when com-
pared to control (93.11± 22.20 s; p < 0 0001).

3.3. Analysis of Total Hg Levels Revealed the Presence of
Metal in the Hippocampus after Chronic Exposure to HgCl2
in Rats. The Hg levels in the hippocampus of control animals
(0.0024± 0.0008μg/g) differ significantly from exposed

animals (0.0404± 0.0026μg/g; p < 0 0001). Figure 4 displays
the Hg levels in the hippocampus of rats after 45 days of
intoxication, in μg/g.

3.4. Chronic HgCl2 Exposure Reduces Antioxidant Capacity
against Peroxyl Radicals and Increases Nitrite Levels and
Lipid Peroxidation in the Hippocampus of Rats. The HgCl2
exposure decreases the antioxidant capacity against peroxyl
radicals in the hippocampus of exposed animals (41.76±
7.68%) when compared to control animals (100± 16.01%;
p = 0 0035; Figure 5(a)). Moreover, the chronic exposure
with HgCl2 increased levels of prooxidant parameters, as
evidenced by the increased levels of malondialdehyde
(lipid peroxidation) in exposed animals (140.1± 6.08%), in
comparison with the control group (100± 7.57%; p = 0 0028;
Figure 5(b)). The same situation was registered in nitrite
levels (HgCl2 = 200.9± 9.98%, control = 100± 7.25%; p =
0 0003; Figure 5(c)).

3.5. Chronic HgCl2 Exposure Led to Cytotoxicity and Cell
Death by Apoptosis. The HgCl2 chronic exposure induced
cytotoxicity in the hippocampus of exposed animals
(121.9 ± 3.39% RFU) when compared to the control ani-
mals (100 ± 0.39% RFU; p = 0 0028; Figure 6(a)). Besides,
the induction of apoptosis was increased in exposed animals
(268.1 ± 21.00% RLU) when compared to control (100 ±
4.29% RLU; p < 0 0001; Figure 6(b)).

3.6. Chronic HgCl2 Exposure Reduces the Number of Astrocytes
in the Hippocampus. The GFAP+ cells in the hippocampus
were affected by chronic HgCl2 exposure, as indicated by a
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Figure 2: The effects of chronic exposure to HgCl2 on body weight
of adult Wistar rats (g). Results are expressed as mean± standard
error after the two-way ANOVA analysis.
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Figure 1: Sample description and experimental stages. Description of the sample and model of exposure to HgCl2; step-down inhibitory
avoidance test; division of experimental groups and animal destinations for each stage of analysis (a); total Hg measurement assay, evaluation
and quantification of cytotoxicity and apoptosis, and oxidative balance assays (b); immunohistochemistry and morphometric analysis (c).
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significant reduction in cell density in all of the regions eval-
uated: CA1 (control 50.20± 7.29 cells/field; HgCl2= 25.00±
2.64 cells/field; p = 0 043), CA3 (control 74.75± 10.64 cells/
field; HgCl2= 31.00± 12.50 cells/field; p = 0 044), and hilus
(control 76.00± 3.50 cells/field; HgCl2 = 50.00± 4.04 cells/
field; p = 0 003) (Figure 7).

3.7. Chronic HgCl2 Exposure Induces Neuronal Loss in the
Hippocampus. The quantification for NeuN+ cells showed
that chronic HgCl2 exposure induced a significant neuronal
loss in three of the analyzed regions: CA1 (control 163.3±
7.43 cells/field; HgCl2 = 127.8± 5.97 cells/field; p = 0 0070),
CA3 (control 177.5± 4.48 cells/field; HgCl2 = 99.60± 8.38
cells/field; p = 0 0001), and hilus (control 167.5± 6.71 cells/
field; HgCl2 = 123.8± 6.25 cells/field; p = 0 0021), as
illustrated in Figure 8.

4. Discussion

This study shows that long-term chronic exposure to HgCl2
in adult rats promotes cognitive impairment, triggering

oxidative stress and cell death in the hippocampus. This
metal presents a low liposolubility, which disfavors its pas-
sage through the blood-brain barrier, especially in adults,
with a few investigations described in the literature about
the effects in the CNS [1, 2]. Unfortunately, scarce informa-
tion is available about inorganic mercury burden in chroni-
cally exposed populations because epidemiological studies
usually analyzed the total mercury content and not that of
the different mercury species [8].

Even in this scenario, we chose to administer HgCl2
by intragastric gavage based on the fact that it represents
an important form of intoxication by this metal [27, 28],
reaching the systemic circulation and possibly crossing
the blood-brain barrier and elevating the levels of Hg in
neural parenchyma [15].

Models of chronic exposure to inorganic mercury are rel-
atively uncommon in the literature, although the oral route
was already shown to be an important route of chronic expo-
sure to inorganic mercury [10, 11, 29]. Exposure to 0.8mg/kg
of inorganic mercury in a similar model did not cause obvi-
ous symptoms of toxicity in both pregnant rats and their
pups (no movement disorder for adults and average body
weight of newborns no less than 85% of controls). In this
study, we used less than a half of that dose, characterizing
an exposure to a relatively low concentration.

In this study, the analysis of total Hg levels revealed the
presence of Hg in the hippocampus of chronically exposed
rats to HgCl2, demonstrating that, despite its low liposolubi-
lity, inorganic Hg crossed the blood-brain barrier and depos-
ited in the nervous tissue, even at relatively low oral doses.
This fact indicates the possibility of exposure to HgCl2 during
a prolonged period causing neurotoxic effects.

Hence, the Hg levels found were able to promote deficits
in the short- and long-term memory tasks, evidenced by the
inhibitory avoidance paradigm. In this trial, the animals were
induced to learn and memorize an event through a noxious
stimulus (electric shock). This test contains elements which
cause a conflict in the motor response initiated by the animal,
which previously held a noxious stimulus (walking on the
grid and receiving an electric shock) [30].
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Figure 3: The effects of HgCl2 exposure (0.375mg/kg/day) for 45 days on the short- and long-term memory of male Wistar rats evaluated in
step-down inhibitory avoidance. The results are expressed as the mean± SEM of the (a) latency to step down in seconds (1.5 h) and (b) latency
to step down in seconds (24 h). ∗p < 0 05 compared to the control group (Student’s t-test).

Control Hg
0.00

0.01

0.02

0.03

0.04

0.05

M
er

cu
ry

 le
ve

ls 
(�휇

g/
g)

⁎

Figure 4: The effects of HgCl2 administration (0.375mg/kg/day)
for 45 days on the levels of Hg (μg/g) in the hippocampus of
male Wistar rats. The results are expressed as the mean± SEM.
∗p < 0 05 compared to the control group (Student’s t-test).
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Mello-Carpes et al. [31] have reported that occupational
doses of HgCl2 after 60 days of exposure display deficits on
the long-term memory in rats, evaluated 24h after the

training session. Our study went beyond such results, in
which we investigated the short-term memory in the same
paradigm. It is important to consider that the inhibitory
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Figure 5: The effects of chronic exposure with HgCl2 on oxidative stress in the hippocampus of adult Wistar rats. The results are expressed as
mean± standard error of the (a) percentages of the fluorescence unit area difference of the generated curves of the same sample with and
without ABAP in comparison to the control group; (b) percentages of milligram per malondialdehyde protein in relation to the control
group; and (c) percentages of milligram per nitrite protein in relation to the control group. ∗p < 0 05 compared to the control group
(Student’s t-test).
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Figure 6: The effects of HgCl2 administration (0.375mg/kg/day) for 45 days on cytotoxicity in the hippocampus of maleWistar rats evaluated
in CytoTox-Glo reagent systems and apoptosis evaluated in ApoTox-Glo® reagent systems (Promega). The results are expressed as the
mean± SEM of the (a) relative fluorescence units (RFU) for cytotoxicity and (b) relative light units (RLU) for apoptosis. ∗p < 0 05 compared
to the control group (Student’s t-test).

6 Oxidative Medicine and Cellular Longevity



avoidance test is an essential behavioral assay to evaluate
memory function connected to the hippocampus [24, 31, 32].

Inhibitory avoidance memory, a type of fear memory, is
formed in the hippocampus, with involvement of the basolat-
eral amygdala [33]. In the hippocampus, especially in the
dorsal hippocampus (posterior segment), the regions associ-
ated with a fear memory are dorsal CA1 and CA3 [34]. In this
investigation, we analyzed the hippocampus as an anatomic
region of choice for measurements of the levels of Hg, oxida-
tive stress, and cell death.

Hg presents toxic effects in the CNS, resulting in
changes in neurotransmission [34], deficiencies in neuro-
nal differentiation [35], damage to cellular DNA [36, 37],
changes in the cytoskeleton [35], variations in intracellular

Ca2+ concentrations [38], and the production of reactive oxy-
gen species (ROS) by configuring the mechanism of oxidative
stress [39].

Thus, Hg-induced neurotoxicity is related to the over-
production of reactive oxygen and nitrogen species and/or
a reduction of the antioxidant defense system [40–44]. It
was demonstrated that chronic exposure to inorganic Hg
promoted increased levels of malondialdehyde (MDA) and
nitrites and decreased total antioxidant capacity by promot-
ing oxidative stress in the hippocampus, similar to the results
reported by Rizzetti et al., which evidenced the increase in
MDA in the brain and plasma [45].

Our results of lipid peroxidation in the hippocam-
pus after inorganic mercury exposure indicated that the
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Figure 7: The effects of chronic exposure to HgCl2 on astrocyte density (GFAP+ cells) in the CA1 (a–c), CA3 (d–f), and hilus (g–i) of the
hippocampus of adult Wistar rats. Results are expressed as mean± standard error of the number of cells counted per field in each region
(c, f, g). ∗p < 0 05 compared to the control group (Student’s t-test). Scale bar: 20 μm.
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neurotoxicity induced by Hg is due to the overproduction of
free radicals and products of lipid peroxidation. This is con-
firmed by the concomitant decrease in total antioxidant
capacity, by ACAP analysis. The ability of Hg to inhibit anti-
oxidant enzymes such as glutathione peroxidase, glutathione
reductase, superoxide dismutase, and catalase is already
known because of its ability to form free and protein-free
complexes, which may decrease or inhibit enzymatic activ-
ity [40, 43]. A recent study by our group revealed that Hg
can modulate the ACAP of salivary glands, as it is a sensitive
parameter to mercurial exposure [27].

The levels of Hg present in the hippocampus, associated
with decreased antioxidant capacity and increased prooxi-
dant factors, led us to evaluate the presence of cell death

caused by cytotoxicity and the induction of apoptosis in the
hippocampus. The chronic exposure to inorganic Hg in our
model promoted cytotoxicity and apoptosis induction.

Similar results have been described based on in vitro
studies, in which the inorganic Hg in cultured astrocytes
and neurons promoted cell death by cytotoxicity in both cell
types. This process is not associated with apoptotic mecha-
nisms, even after prolonged exposure to the metal [46]. How-
ever, in our research, we show that both mechanisms of cell
death can be triggered and occur concurrently.

In an animal experimentation model at a dose of
0.4mg/kg, cell death by apoptosis, triggered by inorganic
Hg, may occur from acute exposure, with an increase in
caspase-3 activation and oxidative stress [40]. This occurs
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Figure 8: The effects of chronic exposure to HgCl2 on neuron density (NeuN+ cells) in the CA1 (a–c), CA3 (d–f), and hilus (g–i) of the
hippocampus of adult Wistar rats. Results are expressed as mean± standard error of the number of cells counted per field in each region
(c, f, g). ∗p < 0 05 compared to the control group (Student’s t-test). Scale bar: 20 μm.
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by an increase in the level of lipid peroxidation and inhi-
bition of nitrite and the enzymatic antioxidant system. This
decrease in antioxidant treatment could be represented by
the decrease in the activity of superoxide dismutase, catalase,
glutathione peroxidase, and glutathione reductase in the
CNS [40]. These events are involved in neurotoxicity
induced by Hg in the brain areas, thus increasing cytosolic
Ca2+ levels, and therefore acting in a mechanism of cell death,
which involves necrosis and the induction of apoptosis
[40, 47, 48]. From our results, we can infer that HgCl2 can
induce the decrease in both cell density and cytotoxicity by
apoptosis, in adult organisms, with the processes occurring
simultaneously in the hippocampus.

Chronic exposure to HgCl2 promotes tissue changes in
the CA1, CA3, and hilus hippocampal areas, revealed by
our immunohistochemical analyses. GFAP is the main pro-
tein constituent of the astrocyte cytoskeleton, thus being an
important tissue marker [49]. The reduction of immuno-
staining in GFAP+ cell populations due to the neurotoxicity
of HgCl2 found in our work points to a disorder of the mne-
monic neural processes, since these cells belonging to the glia
are auxiliary to the neurons and act in metabolic processes, in
synaptic transmission, and in local homeostasis [50]. Previ-
ous studies have reported the increased susceptibility of
astrocytes to inorganic Hg toxicity compared to neurons
[51, 52]. This fact agrees with the study of Allen et al. [53],
which indicates that the neurotoxicity is due to a deficiency
of the astrocytic activity in the maintenance of metabolic
pathways and interactions with neurons.

The reduction of neuronal cells in the hippocampal areas
analyzed demonstrated the occurrence of the events of cell
death caused by chronic exposure to HgCl2. The mechanisms
involved in this process may be cytotoxicity or apoptosis,
which in turn can be triggered by oxidative stress, as demon-
strated in this study. This is in agreement with the results of
Lohren et al. [46] which proved the inorganic Hg cytotoxicity
in astrocytes and neurons, even though the occurrence of
apoptotic processes was not observed. Another factor associ-
ated with this reduction of neuronal cells may be a notable
reduction in their replacement due to the reduction of neuro-
genesis and gliogenesis [54].

Thus, inorganic Hg reaches and is deposited in the
hippocampus. This accumulation promotes the increase of
nitric oxide and other ROS levels, affecting membrane lipids
and causing lipid peroxidation. The necrosis and apoptosis
processes kill cells, both neurons and astrocytes. Finally, the
decrease in the number of cells is the main cause of cognitive
changes. The results presented in this study indicate the need
for social measures and environmental policies aimed at
determining the problem of Hg intoxication in populations
living in contaminated regions.

In conclusion, chronic exposure to inorganic Hg during
adulthood promotes cognitive disorders related to decreased
cell density in the hippocampus, oxidative stress, cytotoxic-
ity, and apoptosis induction.
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Manganese (Mn) is an essential element that is involved in the synthesis and activation of many enzymes and in the regulation of
the metabolism of glucose and lipids in humans. In addition, Mn is one of the required components for Mn superoxide dismutase
(MnSOD) that is mainly responsible for scavenging reactive oxygen species (ROS) in mitochondrial oxidative stress. Both Mn
deficiency and intoxication are associated with adverse metabolic and neuropsychiatric effects. Over the past few decades, the
prevalence of metabolic diseases, including type 2 diabetes mellitus (T2MD), obesity, insulin resistance, atherosclerosis,
hyperlipidemia, nonalcoholic fatty liver disease (NAFLD), and hepatic steatosis, has increased dramatically. Previous studies
have found that ROS generation, oxidative stress, and inflammation are critical for the pathogenesis of metabolic diseases. In
addition, deficiency in dietary Mn as well as excessive Mn exposure could increase ROS generation and result in further
oxidative stress. However, the relationship between Mn and metabolic diseases is not clear. In this review, we provide insights
into the role Mn plays in the prevention and development of metabolic diseases.

1. Introduction

Manganese (Mn) is an essential element in the human body
that is mainly obtained from food and water. Mn is absorbed
through the gastrointestinal tract and then transported to
organs enriched in the mitochondria (in particular the liver,
pancreas, and pituitary) where it is rapidly concentrated
[1]. Furthermore, Mn is involved in the synthesis and activa-
tion of many enzymes (e.g., oxidoreductases, transferases,
hydrolases, lyases, isomerases, and ligases); metabolism of
glucose and lipids; acceleration in the synthesis of protein,
vitamin C, and vitamin B; catalysis of hematopoiesis; regula-
tion of the endocrine; and improvement in immune function
[2]. Moreover, Mnmetalloenzymes including arginase, gluta-
mine synthetase, phosphoenolpyruvate decarboxylase, and
Mn superoxide dismutase (MnSOD) also contribute to the
metabolism processes listed above and reduce oxidative
stress against free radicals (Figure 1).

However, environmental or occupational Mn overexpo-
sure is harmful to human health, especially in at-risk popula-
tions such as miners, welders, and steel makers. According to
data from the Mineral Commodity Summaries released by
the US Geological Survey in 2016, South Africa, China,
and Australia accounted for 67% of the total Mn mined
(18 million tons) in the world in 2015. Mn ore mining
and its processing cause air and water pollution, threatening
the health of workers and general populations residing near
factories through oral ingestion and inhalation as well as
dermally and intravenously. Acute Mn exposure can lead to
manganism, and chronic Mn exposure causes an extrapyra-
midal syndrome with features resembling those found in
Parkinson’s disease and postencephalitic parkinsonism [3].

The prevalence of metabolic diseases, including type 2
diabetes mellitus (T2DM), obesity, insulin resistance, athero-
sclerosis, hyperlipidemia, nonalcoholic fatty liver disease
(NAFLD), and hepatic steatosis, has increased dramatically
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over the past few decades [4]. These metabolic disorders are
usually caused by the clustering of metabolic syndrome
(MetS). The criteria for identifying MetS include three of
five markers: abdominal obesity, impaired carbohydrate
metabolism, high blood pressure, and dyslipidemia, includ-
ing elevated levels of triglycerides and decreased levels of
high-density lipoprotein (HDL) [5]. In addition, many
studies have shown that metabolic diseases are associated
with oxidative stress and inflammation [6–12].

Mn is a component or activator of some enzymes, mostly
antioxidants, and plays an important role in metabolisms of
carbohydrates and lipids, even in maintaining the normaliza-
tion of the synthesis and secretion of insulin as well. There-
fore, Mn may have protective effects on the occurrence of
MetS [13].

Importantly, Mn is a required component of MnSOD for
reducing mitochondrial oxidative stress. Mitochondria are
the major place where physiological and pathological cellular
reactive oxygen species (ROS) are produced. When excessive
ROS accumulate abnormally, it would contribute to the oxi-
dative damage found in several neuropathological conditions
related to enhanced glucocorticoid expression, which plays
an important role in regulating the biosynthesis and metabo-
lism of carbohydrates, lipids, and proteins [14]. Additionally,
MnSOD is the primary antioxidant that scavenges super-
oxide formed within the mitochondria and protects against
oxidative stress [15, 16]. If mitochondria are impaired or
dysfunctional, ROS production will be further increased
and will exacerbate the oxidative stress in mitochondria
[17] (Figure 2).

Nevertheless, research in molecular biology or popula-
tion related to the role of Mn in procession of metabolic
diseases via mitochondrial oxidative stress is limited and
inconsistent. Mn deficiency and intoxication are both asso-
ciated with adverse metabolic and neuropsychiatric effects
[18, 19]. Experimentally induced Mn deficiency caused a
number of detrimental effects, such as impaired growth,

poor bone formation and skeletal defects, reduced fertility
and birth defects, abnormal glucose tolerance, and altered
lipid and carbohydrate metabolism in both animals and
humans [2]. By inhibiting mitochondrial complex I and II
respiration as well as inducing permeability transition, exces-
sive Mn accumulated in mitochondria could disrupt mito-
chondrial homeostasis and cause mitochondrial dysfunction
[20–22]. In the study about metabolic gene polymorphisms
and susceptibility to occupational chronic manganism, it
has been found that individuals with homozygote polymor-
phism (L/L) of the cytochrome P450 2D6L gene (CYP2D6L)
might decrease the risk of chronic manganism compared
with the wild type (Wt/Wt) [23].

In this review, we summarize current hypotheses and
research to explore the relationship between Mn and meta-
bolic diseases and reveal how Mn affects the metabolism in
both molecular biology and population studies.

2. Mn and Metabolic Syndrome

The prevalence of MetS is increasing throughout the world
[24]. Recently, criteria to define MetS have been steeped in
controversy, but MetS is generally defined by five compo-
nents: central obesity, raised triglycerides, reduced HDL-
cholesterol, raised blood pressure, and raised fasting plasma
glucose [25]. The most important role of MetS is to help
identify high-risk individuals of both T2DM and cardiovas-
cular disease (CVD) [25].

Oxidative stress is a common risk factor for the patho-
genesis of MetS components. Insulin resistance is generally
accepted as the first level of metabolic changes in patients
with MetS, while the state of chronic low-level inflammation
and oxidative stress are second-level abnormalities [26].
Oxidative stress has been associated with all the individual
components of MetS and with the onset of cardiovascular
complications in subjects with MetS [26–29].

Figure 1: Physiological roles of Mn.
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So far, a few researches explore the association between
Mn and MetS (Table 1). Higher Mn intake was associated
with decreased risk of MetS in men but increased risk in
women; Chinese researchers also found that Mn intake
was inversely associated with MetS components including
abdominal obesity and hypertriacylglycerolaemia in men,
but positively associated with low HDL-cholesterol in both
men and women [30]. In Korean women with MetS, dietary
Mn intake was significantly lower than that of the healthy
control group; the same result was also found in women
subjects with high blood pressure only [31]. Moreover,
another Chinese study indicated that daily intake of Mn
was lower in individuals with a higher number of MetS
components and a lower risk of developing MetS in the
second, third, and highest quintiles of Mn intake compared
to the lowest quintile, adjusted for age, sex, and energy intake
[32]. However, blood and urine Mn concentrations were not
significantly associated with MetS [5, 33].

However, these epidemiologic studies did not consider
potential confounding factors, such as changing dietary
habits of patients based on their nutritional knowledge about
the MetS components, and did not exclude the MetS patients
who have accepted therapy. That might be the main causes of
previous data showing an inverted relation between Mn
intake and risk for MetS. Besides, it is difficult to confirm
the association between dietary intake andMetS risk, because
the bioavailability of dietary nutrients would be influenced by
some factors, for instance, characteristics of the food source,

interactions with other dietary factors, cooking conditions,
and various subject characteristics.

3. Mn and Type 2 Diabetes Mellitus/
Insulin Resistance

T2DM accounts for over 90% of global diabetes cases
compared to type 1 diabetes. T2DM is characterized by
hyperglycemia caused by insulin resistance and/or abnormal
insulin secretion, either of which may predominate [34].

Several pathogenic pathways activated in diabetes such as
ROS, which are generated by high glucose levels, are respon-
sible for metabolic abnormalities and chronic complications
[35]. Moreover, oxidative stress can result in impaired islet
beta cell function, cause insulin resistance, and finally lead
to T2DM and obesity [7, 8]. Normalizing levels of mitochon-
drial ROS prevents three pathways of hyperglycaemic dam-
age including glucose-induced activation of protein kinase
C, formation of advanced glycation end-products, sorbitol
accumulation, and NFκB activation [36]. Mitochondrial
dysfunction has divergent, cell type-dependent effects on
insulin action [37] and has been proposed to induce insulin
resistance through ectopic lipid accumulation secondary
to reduced β-oxidation, which impairs insulin signaling
[38, 39]. In heterozygous MnSOD knockout mice, the
MnSOD protein decreased by approximately 70% in muscle
and fat, and glucose tolerance was already impaired after
feeding these mice a standard chow [40]. Recent studies using

Air/water pollution
Occupational exposure

Mn accumulates
in mitochondria

 MnSOD
Mitochondrial

function

ROS

Oxidative
stress

Mitochondrial
disorder/
dysfunction

MetS

Metabolic
diseases 

Mn level
Inhibiting ATP

production

Altering membrane
permeability

Drinking water
Dietary deficiency

Abnormal glucose tolerance
Altering lipid/carbohydrate

metabolism

Mn level
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(b)

Figure 2: The mechanisms of Mn in metabolic diseases via oxidative stress. (a) Mn deficiency will cause a number of detrimental effects, such
as impaired growth, poor bone formation and skeletal defects, reduced fertility and birth defects, abnormal glucose tolerance, and altered lipid
and carbohydrate metabolism in both animals and humans. Therefore, Mn deficiency might lead to mitochondrial dysfunction or disorder via
decreasing MnSOD level and altering lipid and carbohydrate metabolism. (b) Mn overloaded may disrupt normal mitochondrial function by
increasing mitochondrial ROS, inhibiting ATP production, and altering membrane permeability; further result in mitochondrial dysfunction
or disorder; and finally cause MetS or metabolic diseases. Excessive ROS and oxidative stress would lead to MetS or metabolic diseases
directly. If MetS or metabolic diseases happen, it will in turn increase ROS production and oxidative stress and accelerate mitochondrial
dysfunction or disorder.

3Oxidative Medicine and Cellular Longevity



transgenic mice that overexpress MnSOD showed protection
against diabetic complications, for example, diabetic cardio-
myopathy [41], retinopathy [42, 43], and neuropathy [44],
while also improving the viability of islet cell transplantation
[45]. Therefore, it is very important to maintain the normal
function of mitochondrial oxidative stress to prevent the
development of T2DM and insulin resistance.

In a study on Zucker rats, a higher mean plasma Mn level
in the diabetic fatty group was related to enhanced oxidative
stress in diabetes and obesity [46]. Researchers have shown
that Mn treatment can increase insulin secretion to improve
glucose tolerance under conditions of dietary stress [47],
reduce oxidative stress (ROS) and NADPH oxidase [48],
and lower the risk of endothelial dysfunction in diabetes
[48, 49]. A study on nonobese diabetic mice also found that
Mn porphyrin catalytic antioxidant (MnP) treatment slightly
enhanced glucose oxidation and reduced fatty acid oxidation
[50]. Not only dietary Mn deficiency but also acute Mn
exposure in rats can cause decreased plasma insulin levels,
rapid hyperglycemia, and hypoinsulinemia, followed by a
reactionary hypoglycemia, supporting evidences that the
effects of Mn on carbohydrate metabolism may be due to a
direct effect on insulin release and gluconeogenesis [51, 52].
A biochemical assessment in male rats’ plasma samples
showed that MnO2 micro- and nanoparticles after injection
of subchronic doses significantly increased plasma glucose
and cholesterol levels [53].

Several epidemiologic studies have reported direct asso-
ciations between Mn level and T2DM, although it remains
unclear whether Mn plays a positive or negative role
(Table 2). Current research suggests that the blood Mn level
is significantly increased in T2DM patients [54, 55], while
some showed decreased levels [3, 56–59] or even no
difference in Mn levels compared to the controls [60]. A
case-control study of 3228 participants in China indicated
a U-shaped association between plasma Mn and T2DM,
with both low and high levels of plasma Mn associated with
higher odds of newly diagnosed T2DM [61]. Some research
has found a positive correlation between urinary Mn level
and T2DM [56, 59]. However, urinary Mn levels of coke
oven workers were associated with hyperglycemia risk but
not with diabetes risk, which might be due to the small
sample size of diabetes and the relatively young population;
researchers also found that the concentrations of urinary
Mn in the occupational population were higher than those
in the general population [62, 63]. Moreover, results were
inconsistent in some studies concerning the Mn concentra-
tion in the samples of scalp hair, tears, and lymphocytes
among individuals with T2DM [56, 59, 64–66].

4. Mn and Obesity

Over the last several decades, obesity, defined as excessive
fat accumulation, has become an increasingly prevalent

Table 1: The studies of Mn and MetS.

Reference Country Study design Sample size
Data source/
sample type

Results

[30] China

The 5th Chinese
National Nutrition
and Health Survey

(2010–2012)

2111
Questionnaire
of dietary
Mn intake

Men
A decreased risk of MetS with higher

Mn intake.

Women
An increased risk of MetS with higher

Mn intake.

MetS
components

Mn intake was inversely associated with
abdominal obesity and

hypertriacylglycerolaemia in men,
but positively associated with low

HDL-cholesterol in both men and women.

[31] Korea

The Korea National
Health and Nutrition
Examination Survey

(2007–2008)

5136
Questionnaire
of dietary
Mn intake

Men No difference

Women/MetS
components

The women subjects with high blood
pressure showed significantly lower intake

of Mn than did control subjects.

[32] China Cross-sectional study
Cases: 221

Controls: 329

Questionnaire
of dietary
Mn intake

Men/women

A lower risk of developing MetS in the
second, third, and highest quintiles of Mn
intake with respect to the lowest quintile
after adjusting age, sex, and energy intake.

MetS
components

Daily intake of Mn was decreased with the
increasing number of MetS components.

[5] Poland Cross-sectional study
313 (men aged
50–75 years)

Serum
(Mn level)

Significant positive correlations (Mn–BMI, Mn–abdominal
circumference, Mn–waist-to-hip ratio, Mn–insulin,
Mn–HOMA-IR), but no correlation with MetS.

[33] Korea

The Korea National
Health and Nutrition
Examination Survey

(2008)

1405

Whole blood
(Mn level)

No difference

Urine
(Mn level)

No difference
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Table 2: The epidemiologic studies of Mn level in T2DM, obesity, and atherosclerosis.

Reference Country Disease Study design Sample size Sample type Results of Mn level in cases

[3] Korean T2DM Cross-sectional study 3996 Whole blood Decreased

[54] Mexico T2DM Cross-sectional study 76
Serum Increased

Urine No different

[55] Turkey T2DM
Hospital-based

case-control study
Cases: 200
Controls: 50

Serum Increased

[56] Pakistan T2DM Cross-sectional study
Diabetes: 257
Healthy: 166

Whole blood Decreased

Urine Increased

Scalp hair Decreased

[57] Egypt T2DM
Hospital-based

case-control study
Cases: 40

Controls: 36
Serum Decreased

[58] Italy T2DM Case-control study
Cases: 68

Controls: 59
Whole blood Decreased

[59] Pakistan T2DM
Hospital-based

case-control study

Cases with their
infants: 76

Healthy with their
infants: 68

Whole blood Decreased

Urine Increased

Scalp hair Decreased

[60]
Czech

Republic
T2DM Cross-sectional study

1069
(aged 61–100 years)

Whole blood No different

[61] China T2DM Case-control study
Cases: 1614

Controls: 1614
Plasma U-shaped association

[62] China T2DM Cross-sectional study
1493

(coke oven workers)
Urine

Increased association with
hyperglycemia risk but not with

diabetes risk

[64]
Pakistan,
Ireland

T2DM Case-control study
Cases: 145

Controls: 177
Scalp hair Decreased

[65] Austria T2DM
Hospital-based

case-control study
Cases: 53

Controls: 50
Lymphocyte Decreased

[66] Italy T2DM Case-control study
Cases: 47

Controls: 50
Tear Increased

[5] Poland Obesity Cross-sectional study
313 (men aged
50–75 years)

Serum Increased

[83] Spain Obesity Cross-sectional study 340 Plasma
Increased association with the
consumption of dairy products

[30] China Obesity Cross-sectional study 2111 None

Higher Mn intake (e.g., >5.12mg/d)
was associated with a reduced risk

of abdominal obesity and
hypertriacylglycerolaemia among

men.

[84] Turkey Obesity
Hospital-based

case-control study

Cases: 57
Controls: 48
(children aged
6–17 years)

Serum Increased

[85] Turkey Obesity
Prospective

observational study

Cases: 34
Controls: 33
(children)

Serum No different

[86] USA Obesity Cross-sectional study
5404 (children
and adolescents
aged 6–19 years)

Serum Increased

[60]
Czech

Republic
Atherosclerosis Cross-sectional study

1069
(aged 61–100 years)

Whole blood Increased

[102] Pakistan Atherosclerosis Case-control study
Cases: 90

Controls: 90
(aged 30–62 years)

Blood Increased
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metabolic disease [67, 68] that is associated with increased
risk of developing T2DM, cardiovascular disease, and
NAFLD. Oxidative stress and production of ROS have been
linked to the development of insulin resistance, T2DM, and
obesity [7, 8, 69], suggesting a potential role for ROS in the
pathogenesis of these disorders. In mouse 3T3-L1 mature
adipocytes, there is an increased generation of superoxide
and higher expression of antioxidant enzymes, potentially
to help balance cellular ROS [70, 71]. In the presence of high
ROS production, the antioxidant capacity of adipose tissue is
also impaired in mouse models of obesity, and antioxidants
such as SOD mimetics exert beneficial effects in metabolic
diseases associated with obesity [72–75].

Compared with those fed a normal diet, rats fed a high
fat-cholesterol diet had a significant decrease in MnSOD
activity [76]. It has been shown that MnSOD deletion in
mouse adipocytes triggers an adaptive stress response that
activates mitochondrial biogenesis and enhanced mitochon-
drial fatty acid oxidation, thereby preventing diet-induced
obesity and insulin resistance [77]. On the other hand,
inflammation and excess triglyceride storage induced in obe-
sity mice would raise epididymal adipocyte MnSOD [78]. In
mouse studies, manganese [III] tetrakis [5,10,15,20]-benzoic
acid porphyrin (MnTBAP), a nonpeptidic mimic of MnSOD,
significantly reduced excess body weight and serum superox-
ide anion generation [79], ameliorated preexisting obesity,
and improved insulin action by reducing caloric intake
[80]. However, regarding the effect of MnTBAP on adiposity
mice and in vivo insulin action, the evidences were conflict-
ing. One suggested a preventive effect on the development
of systemic insulin resistance and diabetes after high-fat diet,
while the other was not [75, 81].

The concentrations of Mn in the liver, small intestine,
and bone of obese mice were significantly lower than
those in lean mice [82]. The cross-sectional epidemiolog-
ical survey has found that plasma Mn was directly corre-
lated with the consumption of dairy products [83]. Higher
Mn intake (e.g., >5.12mg/d) was associated with reduced risk
of abdominal obesity and hypertriacylglycerolaemia among
men in China [30]. Poland researchers have found that
plasma Mn concentration was significantly higher in obese
men aged 50–75 years [5]. Nevertheless, the data about blood
Mn level in obese children are not consistent [84, 85]. The US
National Health and Nutrition Examination Survey 2011–
2014, performed with 5404 children and adolescents aged
6–19 years, revealed that the highest blood Mn concentration
was associated with obesity and overweight [86].

5. Mn and Atherosclerosis

Atherosclerosis is the disease of the arterial wall, character-
ized by cholesterol accumulation, and culminates in poten-
tially life-threatening conditions, such as heart attack,
stroke, and angina [87]. Recent evidence suggests that
atherosclerosis is a chronic inflammatory disease of the
blood vessel wall [88–90]. Oxidized low-density lipoprotein
(oxLDL) and endothelium dysfunction play a key role in
the pathogenesis of atherosclerosis [91, 92]. Accumulation

of oxLDL in the arterial wall is a characteristic feature of
disease progression [88].

Previous studies have demonstrated that the roles of
oxLDL and endothelium dysfunction are closely related to
the imbalance of oxidative stress and inflammation in the
pathogenic process of atherosclerosis [9, 10, 93, 94]. Mito-
chondrial DNA damage may result from reactive species
production in vascular tissues and may in turn be an early
event in the initiation of atherosclerotic lesions [95]. MnSOD
was reported to reduce the oxLDL-induced apoptosis of
macrophages [87, 96], protect against endothelial dysfunc-
tion [97, 98], and inhibit the oxidation of LDL by endothelial
cells [9]. Furthermore, the association of decreased activity of
MnSOD with atherogenesis has suggested that analysis of
Mn content in the vascular wall matrix may be one of
prospective methods for the diagnosis of early stages of
atherosclerosis [99].

Several studies indicated that Mn supplementation could
reduce high glucose-induced monocyte adhesion to endo-
thelial cells and endothelial dysfunction and also lower
blood levels of ICAM-1 and cholesterol [48, 49], elicit
anti-inflammatory effects in endothelial cells [100], and
potentially prevent or delay the progression of atherosclero-
sis. Little is known about the Mn concentration in atheroscle-
rosis patient samples. It has been observed that the difference
between the Mn contents of normal and atherosclerotic
aortic tissue was not significant [101]. However, in epidemi-
ologic studies, higher blood Mn levels were found in senior
citizens aged 61–100 years with atherosclerosis compared to
those without [60]. The same result was found in individuals
aged 30–62 years [102].

6. Mn and Nonalcoholic Fatty Liver Disease

NAFLD, characterized by excess triglyceride (TG) accumula-
tion in the absence of excessive alcohol intake, is the most
common chronic liver disease and associated with MetS,
obesity, and T2DM [103, 104]. This disease can progress to
inflammatory nonalcoholic steatohepatitis (NASH), fibrosis,
cirrhosis, and end-stage liver injury in humans [105, 106].
NASH, defined as a necroinflammatory disorder with fatty
infiltration of hepatocytes, may progress to fibrosis and lead
to cirrhosis [105]. Moreover, nonalcoholic steatosis is the
first step in the pathogenesis of NASH linked to mitochon-
drial dysfunction and oxidative stress [11, 12, 107–109]. Rat
histopathological observations suggest that nonpeptidyl
mimics of MnSODmay help in the prevention and treatment
of NASH in humans [79, 110]. However, few researchers
have focused on the association between Mn concentration
and NAFLD. In an in vitro NAFLD model established in
human SMMC-7721 cells, Mn concentration did not signifi-
cantly change in oleic acid-induced hepatic steatosis cells
compared to the control [111].

7. Conclusions

Metabolic diseases are affected by dietary habits, the environ-
ment, and genes independently and through their interac-
tions. They are complex diseases caused bymultiple etiologies.
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Intracellular homeostasis of Mn is associated with some
metals. The Mn concentration also affects the absorption
and metabolism of other metals. For example, Mn competes
for iron (Fe) transporters by inhibiting divalent metal trans-
porter 1 (DMT1) binding with Fe and disrupting the homeo-
stasis of cesium (Cs), cobalt (Co), lead (Pb), mercury (Hg),
nickel (Ni), and zinc (Zn) in cells [112]. Researchers have
found that Fe depletion increases uptake and potentiates
Mn-induced apoptosis, indicated by increased terminal
deoxynucleotidyl transferase-mediated dUTP nick end label-
ing (TUNEL) staining of rat olfactory bulb and human SH-
SY5Y cells [113]. Thus, low Fe levels could result in greater
absorbance and accumulation of Mn, further influencing its
toxicity [114, 115]. Moreover, Mn, copper (Cu), and Zn
also competitively combined with SOD in oxidative stress.
Alternatively, Mn exposure leads to increased Cu levels
and decreased Fe and Ca levels in Caenorhabditis elegans
(C. elegans) [116]. Therefore, studies about mixtures of
metals are needed to better clarify how they crosstalk in
metabolic diseases.

MnSOD plays a key role in mitochondrial oxidative
stress, while the MnSOD Val16Ala polymorphism (rs4880)
could result in reduced MnSOD activity and less effi-
cient transport of MnSOD into the mitochondrial matrix
[117, 118]. Both the MnSOD gene and levels of Mn could
affect the activity of MnSOD [119]. Moreover, Mn supple-
mentation enhanced MnSOD activity and protected against
T2DM and its complications [47, 49]. Consequently, it is very
important to systematically analyze whether the association
with the risk of metabolic diseases and Mn levels is modified
by genetic variation in MnSOD, Cu/ZnSOD, and related
genes associated with Mn uptake, transport, metabolism,
and excretion, such as DMT1, transferrin receptor (TfR),
and soluble carrier family (SLC).

Several vitamins are antioxidative compounds, for exam-
ple, vitamin C, vitamin D3, vitamin E, and β-carotene. The
human-derived Caco-2 cell study indicated that expression
of the SLC30A10 gene, as well as its encoded protein, the
Zn and Mn transporter ZnT10, was augmented by vita-
min D3 treatment [120]. MnSOD activity was significantly
increased with high doses (30 and 100mg/kg) of vitamin E
after 4 and 6 weeks [121]. Thus, it is worth considering
whether there is a causal relationship between Mn level and
vitamin levels in the process of oxidation.

Previous researches have had small sample sizes, were
designed primarily as cross-sectional and case-control stud-
ies, and lack large sample prospective studies. Therefore, a
cohort study is urgently needed to confirm the causality
between Mn and metabolic diseases, especially in occupa-
tional Mn-exposed workers [122]. In addition, by using a
biological model study, for example, zebrafish and C. elegans
[123, 124], we can further verify the effects of Mn and the
combined action of various metals on metabolic diseases that
were found in previous epidemiologic studies.

In summary, Mn is both a toxic and an essential trace
element involved in human health and development. In the
current literature, research supports a view that a U-shaped
association exists between Mn, either deficiency in dietary
Mn or excessive Mn exposure, and increased ROS generation

as well as oxidative stress, which might affect the occurrence
of metabolic diseases further, although it remains inadequate
in molecular and epidemiological data on disease patients,
especially among Mn workers.
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Casiopeinas are a group of copper-based antineoplastic molecules designed as a less toxic and more therapeutic alternative to
cisplatin or Doxorubicin; however, there is scarce evidence about their toxic effects on the whole heart and cardiomyocytes.
Given this, rat hearts were perfused with Casiopeinas or Doxorubicin and the effects on mechanical performance, energetics,
and mitochondrial function were measured. As well, the effects of Casiopeinas-triggered cell death were explored in isolated
cardiomyocytes. Casiopeinas III-Ea, II-gly, and III-ia induced a progressive and sustained inhibition of heart contractile function
that was dose- and time-dependent with an IC50 of 1.3± 0.2, 5.5± 0.5, and 10± 0.7 μM, correspondingly. Myocardial oxygen
consumption was not modified at their respective IC50, although ATP levels were significantly reduced, indicating energy
impairment. Isolated mitochondria from Casiopeinas-treated hearts showed a significant loss of membrane potential and
reduction of mitochondrial Ca2+ retention capacity. Interestingly, Cyclosporine A inhibited Casiopeinas-induced mitochondrial
Ca2+ release, which suggests the involvement of the mitochondrial permeability transition pore opening. In addition,
Casiopeinas reduced the viability of cardiomyocytes and stimulated the activation of caspases 3, 7, and 9, demonstrating a cell
death mitochondrial-dependent mechanism. Finally, the early perfusion of Cyclosporine A in isolated hearts decreased
Casiopeinas-induced dysfunction with reduction of their toxic effect. Our results suggest that heart cardiotoxicity of Casiopeinas
is similar to that of Doxorubicin, involving heart mitochondrial dysfunction, loss of membrane potential, changes in energetic
metabolites, and apoptosis triggered by mitochondrial permeability.
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1. Introduction

The search for cancer treatments has generated novel discov-
eries of underlying carcinogenesis mechanisms, including
discoveries in cardiovascular research, given that many of
the targets explored in tumors play critical roles in the
heart. The collective efforts of cardiovascular and cancer
researchers along with that of clinical researchers are
needed to understand how to safely translate such efforts
from the laboratory bench to the patients. For instance,
anthracyclines such as Doxorubicin (Doxo) can generate
heart failure (HF) and left ventricular dysfunction in a
dose-dependent manner [1]. Anthracyclines produce car-
diac toxicity by increasing myofibrillar disarray and mito-
chondrial dysfunction [2]. Moreover, Doxo induces reactive
oxygen species (ROS) production in the heart via redox
cycling of the drug at complex I of the electron transport
chain [3]. Therefore, prior work supports the idea that mito-
chondria are a primary target of both acute and chronic
Doxo-induced cardiotoxicity.

Casiopeinas (Cas) are recently developed copper-
containing drugs that have shown promising results as
chemotherapeutic agents in animal models, as well as in
clinical trials [4, 5]. Nevertheless, Cas have shown acute
toxicity in a canine model, including cardiac arrhythmias
(i.e., bradycardia, heart block, and ventricular arrhythmias)
and systolic dysfunction [6]. Cas toxicity has also been
related to the inhibition of energy metabolism with changes
in glycolytic and oxidative phosphorylation fluxes [7–9].
Experiments in rat hearts have shown that Cas markedly
depress contractility and reduce ATP and phosphocreatine
(PCr) pools [10]; however, the precise mechanisms behind
these responses are still not well understood. Recently,
in vitro experiments with isolated cardiac mitochondria have
shown that Cas increased the oxygen consumption rate at
basal respiration and depolarized mitochondrial membrane
potential, suggesting that Cas act as mitochondrial uncou-
plers [8]. In addition, the immunosuppressant cyclosporine
A (CsA) inhibited Cas-induced mitochondrial swelling and
depolarization, proposing the involvement of the perme-
ability transition pore opening (MPT) [8]. Highlighting
its importance, the MPT opening has been associated with
matrix swelling and the release of small proapoptotic pro-
teins, such as cytochrome c and oxidative damage of pro-
tein or lipids [9, 11]. These changes might be responsible
for the inhibitory effect on the electron transport chain
in rat heart mitochondria [8] and the Cas-triggered apo-
ptosis observed in neoplastic cells and tumors [12]. In
the present study, we aimed to integrate the Cas cardio-
toxicity known effects, which include potential impairment
of energy metabolism, mitochondrial dysfunction, and
MPT involvement, into a whole-heart model, in order to
better understand the mechanisms underlying the heart
tissue contractile dysfunction and apoptosis. Furthermore,
the study explored CsA perfusion as a novel strategy to
reduce the toxic effects of Cas in the whole-heart rat
model. The proposed mechanisms for Cas were also stud-
ied in isolated cardiomyocytes and compared to the effects
with Doxo.

2. Materials and Methods

2.1. Animal Use. All procedures involving animals and their
care were performed in accordance with the animal care
guidelines of the National Institutes of Health, USA (2011
edition). All procedures were approved by the animal use
and care committee of Tecnológico de Monterrey Medical
School (protocol number 2011-Re-017).

2.2. Ex Vivo Heart Experiments.MaleWistar rats (250–300 g)
were injected with heparin (103U·kg−1, i.p.) 20 minutes prior
to anesthesia with pentobarbital (100mg·kg−1, i.p.). When
bilateral corneal reflex was absent, the heart was excised
through an abdominal approach. Then, the ascending aorta
was visualized and cut and the heart was placed in a cardio-
plegic solution. To avoid ischemia, the time between cutting
the diaphragm to placing the heart in the solution was less
than 60 seconds. The hearts were mounted in accordance
with the Langendorff model and perfused at a constant flow
(12ml·min−1) with a Krebs-Henseleit buffer as previously
described [13]. A latex balloon connected to a pressure
transducer filled with saline solution was inserted into
the left ventricle after establishing autonomous contraction.
The pulmonary artery was cannulated and connected to a
closed chamber using a Clark-type oxygen electrode (Yellow
Springs Instruments, Yellow Springs, Ohio) to measure
myocardial oxygen consumption (MVO2) in the coronary
effluent. The rate of MVO2 was calculated as the difference
between the concentration in the K-H buffer before (100%)
and after perfusion. Data Trax software (WPI, Sarasota,
Florida) was used for continuous recording of the heart rate
(HR), left ventricular pressure (LVP), MVO2, and maximum
positive and negative derivative of left ventricular pressure
(±dP/dt). The baseline was established during 10–15 minutes
of K-H perfusion. Each concentration of Cas or Doxo
remained in the heart for 30min. Hearts in the control group
were perfused with K-H buffer during the whole experi-
mental time. Rate pressure product (RPP=HR×LVP)
and cardiac efficiency (CE=RPP×MVO2) were calculated
as previously reported [14].

2.3. Cell Fractionation and Sample Preparation. To measure
the energetic metabolites ATP, phosphocreatine (PCr), and
aconitase activity at the end of the perfusion protocols, sam-
ples were prepared as follows: the hearts were removed from
the perfusion system by cutting the aorta and immediately
flash-frozen with liquid N2, weighed, and stored at −80°C.
Afterward, the hearts were homogenized in ice-cold buffer
containing 250mM sucrose, 10mM HEPES, and 1mM
EDTA (pH7.4). For enzymatic determination, aliquots of
the homogenate were immediately frozen in liquid nitrogen
and stored at −80°C. Quantification of ATP and PCr was
carried out in a HPLC system with a dual-pump gradient
(Waters Chromatography, Toronto, Canada) as previously
described [15].

To measure mitochondrial oxygen consumption, mito-
chondrial membrane potential, and Ca2+ uptake, cytochrome
c samples were prepared as follows: after perfusion, heart
tissue from the left ventricle was minced and homogenized
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in cold mitochondrial isolation medium (in mM: 125 KCl, 1
EDTA, and 10 HEPES-HCl; pH7.3). The mitochondrial frac-
tion was obtained by differential centrifugation using the
protease Nagarse, as previously described [16]. Mitochon-
drial oxygen consumption was measured using a Clark-type
oxygen electrode. The experiments were carried out in respi-
ration assay medium containing 125 KCl, 10 HEPES-HCl,
and 3 KH2PO4 (in mM) with pH7.3. State 4 respiration
was measured in the presence of 10mM glutamate-malate,
and state 3 respiration was evaluated after addition of
100μM ADP. Maximal respiration was determined with
0.08μM of carbonyl cyanide m-chlorophenyl hydrazine
(CCCP) [17]. The mitochondrial membrane potential was
measured by fluorometry using 5μM safranine [13]. Mito-
chondrial Ca2+ uptake was determined with the metalochro-
mic indicator, Arsenazo III, or calcium green 5N (5N-CG)
[18, 19], using a medium containing 50μM Arsenazo or
10μM 5N-CG, 10mM succinate plus rotenone (0.1μg·ml−1),
200μM ADP, and 0.25μg oligomycin A. Pulses of 10nmol
Ca+2 were added every 3 minutes to reach a Ca+2 release
due to MPT opening. Mitochondrial cytochrome c quantifi-
cation from Cas-treated hearts was performed usingWestern
blot analysis as described previously [11]. The blots were
developed with Luminata crescendo substrate (Merck Milli-
pore, Darmstadt, Germany) and detected with VisionWorks
LS-UVP Chimio System (BioSpectrum 415 Imaging System,
Cambridge, UK).

2.4. Cardiomyocytes Experiments. Ventricular cardiomyo-
cytes were obtained from male Wistar rats (250–300 g) by
digestion with collagenase type II as previously described
[20]. Cells were washed in Tyrode solution (mM): 130 NaCl,
5.4 KCl, 0.4 NaH2PO4, 0.5 MgCl2, 25 HEPES, and 5 glucose
with pH7.4. After isolation, cells were cultivated at a density
of 3.2× 103 viable cells/well in 96-well plates pretreated
with laminin in M-199 medium supplemented in mM
with 5 taurine, 5 creatine, 2 L-carnitine, 2.5 sodium pyruvate,
and penicillin-streptomycin at 100U·ml−1 and 100μg·ml−1,
respectively, at 37°C, with 5% CO2 and 95% air. After incuba-
tion for three hours, varying concentrations of Cas were
tested in triplicate, exposing the myocytes during 24 hours
to each treatment. At the end of the incubation period, the
cytotoxicity of Cas was measured using the Alamar Blue
viability test (Life Technologies, Carlsbad, CA, USA). Release
of cytoplasmic lactate dehydrogenase (LDH) was determined
using CytoTox-ONE homogeneous membrane integrity kit

(Promega Madison, WI, USA). The activity of caspases 3/7
and caspase 9 was measured in cell lysates using caspase-
Glo 3/7 and caspase-Glo 9 test luminescent assay (Promega,
Madison, WI, USA), respectively. The cardiomyoblast cell
line H9c2 (ATCC CRL-1446) was maintained using standard
procedures in DMEM supplemented with 10% fetal bovine
serum prior to the oxidative stress experiments.

2.5. Oxidative Stress Markers. Mitochondrial aconitase activ-
ity was measured in isolated heart homogenates by spectro-
photometry as previously described [8]. Membrane lipid
peroxidation was detected by the TBARS assay using thiobar-
bituric acid-reactive species as reported by Silva-Platas et al.
[8]. Free thiol content was determined by Ellman’s reagent,
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) as previously
reported [8]. Thiol groups in the adenine nucleotide translo-
case were measured by eosin 5-maleimide interaction (EMA)
with cysteine residues susceptible to oxidative stress or
oxidizing agents [21] and followed by SDS/PAGE electro-
phoresis. Adenine nucleotide translocase measurement was
performed using primary antibody anti-adenine nucleotide
translocase (Abcam, MA, USA). The protein bands were
detected with secondary HRP conjugated antibody, and the
blots were developed as described above. Experiments for
anion superoxide production were performed in intact cardi-
omyoblasts using the fluorescent probe MitoSOX (Molecular
Probes) in the flow cytometer. H9c2 cells were loaded with
MitoSOX during 15min at 37°C with a cell density of
100,000 cells/mL (final concentration of MitoSOX 5μM).
Afterwards, the cells were subjected to Cas III-Ea treatment
(4 or 20μM); DOXO (5μM) and Antimycin A (10μg/mL)
were used as positive controls. Finally, the cells were washed
and analyzed on a FACSCanto II (BD Biosciences). FACS
data was analyzed using FlowJo version 10.0 (Tree Star).

2.6. Chemicals. All chemical reagents were acquired from
Sigma-Aldrich (St. Louis, MO, USA), unless otherwise
specified. Casiopeina II-gly [Aqua(4,7-dimethyl-1,10-phe-
nanthroline)(glycinate)copper(II)nitrate], Casiopeina III-ia
[Aqua(4,4-dimethyl-2,2′bipyridine)(acetylacetonate)copper(II)
nitrate], and Casiopeina III-Ea [Aqua(4,7-dimethyl-1,10-
phenanthroline)(acetylacetonate)copper(II)nitrate] were
synthesized following the synthesis as formerly described
[22]. The Cas are referred to as III-Ea, III-ia, and II-gly,
respectively. The detailed chemical structure of Cas is
shown in Figure 1.
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Figure 1: Structures of Cas III-Ea, III-ia, and II-gly.
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2.7. Statistical Analyses of Data. All data were expressed as
mean± SEM. Data were analyzed by ANOVA followed by
Dunnett’s or Tukey’s multiple comparisons test when appro-
priate using SigmaPlot 10 (Systat Software Inc., Germany)
or GraphPad Prism 5 (V.5.01; La Jolla, CA, USA). A
p value< 0.05 was considered statistically significant.

3. Results

3.1. Cas Inhibit Cardiac Function in a Time- and Dose-
Dependent Manner. To assess the effect of Cas on cardiac
function, isolated rat hearts were perfused with equimolar
concentrations (5μM) of III-Ea, III-ia, II-gly, and Doxo.
The progress of the RPP on III-Ea perfused hearts was
gradually reduced 48% and 97% from the baseline values
at 20 and 30min, respectively (Figure 2(a)). III-Ea and
II-gly showed a similar time-dependent inhibitory effect
on RPP; however, the inhibitory effect of III-ia was 2.3-fold
slower than that of III-Ea. Remarkably, III-Ea exhibited a
t0.5 similar to that of Doxo (Table 1). III-Ea, II-gly, and
III-ia induced a dose-dependent progressive and sustained
inhibition of RPP, with a half-maximal inhibitory concentra-
tion (IC50) of 1.3± 0.2, 5.5± 0.5, and 10± 0.7μM, respectively
(Figure 2(b)). II-gly presented a similar IC50 to Doxo, and
surprisingly, III-Ea showed 3.8-fold more potent effect on
RPP than Doxo did (Table 1). As seen in Supplemental
Figure 1, the heart rate (HR) was not affected by treatment
with III-ia, II-gly, or III-Ea, while Doxo-treatment signifi-
cantly reduced the HR by 24%. At IC50 for RPP, III-ia,
III-Ea, and Doxo decreased cardiac efficiency (CE) by
48%, 47%, and 55%, respectively, whereas II-gly lightly
impaired CE, causing only a 23% drop (Table 2). In our
experimental conditions, all Cas affected the contraction
rate (+dP/dt) in a similar manner (≈43%). Furthermore,
−dP/dt was inhibited around 70–79%, suggesting a more
profound impact on relaxation over contraction.

3.2. Cas Impair Energetic Metabolism. It is well known that
under normal conditions, the relationship between RPP
and MVO2 should be linear, given that any increase in
cardiac contractility should be accompanied by a propor-
tional increase in MVO2 (ATP production in control condi-
tions). Figure 3(a) displays this linear relationship between
RPP and MVO2. Interestingly, Cas-treated hearts showed a
reduced slope, thus evidencing an apparent inefficient
coupling between contraction and O2 consumption. III-ia,
III-Ea, and Doxo required, respectively, a 1.45-, 1.47-, and
1.8-fold additional MVO2 to generate the same contractile
force compared to the control hearts. Nevertheless, II-gly
had a RPP/MVO2 ratio similar to the control. There were
no changes in MVO2 with III-ia, III-Ea, or Doxo treatments;
however, a 37%, 56%, and 74% decrease, respectively, in ATP
content was observed (Figures 3(b) and 3(c)). Thus, III-ia,
III-Ea, and Doxo act similarly to CCCP (a mitochondrial
uncoupler), which stimulates MVO2 by uncoupling ATP
synthesis from the mitochondrial electron transport [23].
III-ia and Doxo also decreased PCr levels. Furthermore, the
PCr/ATP ratio was augmented only in II-gly-treated hearts
(Figure 3(d)), showing a PCr accumulation, which might
point to inability of the myofibrillar creatine kinase system
to rephosphorylate ADP.

Table 1: Dose- and time-dependent parameters of hearts treated
with Cas.

Cas III-ia
(n = 6)

Cas II-gly
(n = 7)

Cas III-Ea
(n = 8)

Doxo
(n = 5)

IC50 (μM) 10± 0.7a,b,c 5.5± 0.5b,d 1.3± 0.2a,b,d 5± 0.3c,d

t0.5 (min) 49± 0.8a,b,c 29± 1.0d 21± 5.0d 18.6± 4.0d

The time for half-inhibition (t0.5) at 5 μM and the half-maximal inhibitory
concentration (IC50) at 30min of Cas-treated hearts. Values are
mean ± SEM. p < 0 05 versus aDoxo, bII-gly, cIII-Ea, and dIII-ia (n = 5
experiments at least for each treatment).
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Figure 2: Cas affect contractility on isolated rat hearts. Cas were perfused at 5μM for 60 minutes (a) or in a dose-dependent manner (b). The
blue squares indicate III-Ea, green triangles indicate II-gly, and red circles indicate III-ia. Black rhombuses indicate control and yellow
rhombuses indicate Doxo treatment. Values are mean± SEM. (n = 5 experiments at least for each treatment).
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3.3. Cas Uncouple Mitochondrial Respiratory Chain and
Induce Permeability Transition Pore. To explore the effect
of Cas on mitochondrial function, the respiratory activities
of mitochondria isolated from Cas-treated hearts were
measured. NADH-linked respiratory rate was determined
using malate/glutamate as a substrate (Table 3). Mitochon-
dria from II-gly- and III-ia-treated hearts exhibited a 77%
and 78% decrease in the state 3 respiration rates, respectively.
Consistently, an 82% and 87% reduction in maximal respira-
tion was revealed, respectively, suggesting a potent inhibition
of the respiratory chain. On the other hand, a moderate

inhibitory effect on maximal mitochondrial respiration
and an increased state 4 respiration rate was shown in
mitochondria from III-Ea-treated hearts compared to
III-ia- and II-gly-treated ones. However, the respiratory
control ratio was depressed in mitochondria from hearts
treated with III-Ea, indicating an uncoupling effect. In addi-
tion, to determine whether a Cas-induced MPT opening
was evident, mitochondrial Ca2+ retention capacity experi-
ments were performed. As shown in Figures 4(a) and 4(b),
the mitochondrial Ca2+ retention capacity of III-Ea-treated
hearts decreased by 50.5%, while that of II-gly decreased by

Table 2: Effect of Cas on cardiac efficiency, contraction, and relaxation rates.

Control
(n = 9)

Cas III-ia
(n = 6)

Cas II-gly
(n = 7)

Cas III-Ea
(n = 8)

Doxo
(n = 5)

Cardiac efficiency (RPP · MVO2
−1) 6.2± 0.25 3.2± 0.4∗ 4.8± 0.81 3.3± 0.2∗ 2.8± 0.1∗

+dP/dt× 1000 (mmHg·s−1) 4.2± 0.41 2.4± 0.20∗ 2.0± 0.13∗ 2.4± 0.23∗ 2.1± 0.23∗

−dP/dt× 1000 (mmHg·s−1) −3.3± 0.22 −1.0± 0.16∗ −0.7± 0.09∗ −0.8± 0.13∗ −0.8± 0.18∗

Rat hearts were treated with Cas or Doxo at the IC50. CE: cardiac efficiency; RPP: rate-pressure product; MVO2: myocardial oxygen consumption;
+dP/dt: contraction rate; −dP/dt: relaxation rate. Values are mean ± SEM. ∗p < 0 05 versus control (n = 5 experiments at least for each treatment).
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46.5% compared with the control. A protective effect of CsA
(in vitro addition) treatment was also evident, as shown in
Figure 4(b). CsA significantly protected Cas and Doxo
effects. Mitochondria from III-Ea-treated hearts in the
presence of CsA showed a 1.8-fold delay in the opening of
MPT. In mitochondria treated by III-ia, II-gly, and Doxo,
CsA demonstrated a protective effect of 28%, 60%, and
51%, respectively.

3.4. Effect of Cas on Mitochondrial ROS and TBARS
Production. Mitochondrial activity, aconitase activity, and
TBARS content were measured in isolated hearts to deter-
mine the role of oxidative damage of Cas in triggering
mitochondrial dysfunction. In the ex vivo heart, only III-ia
decreased aconitase activity, an effect that was also observed
in the Doxo-treated hearts (Figure 5(b)). Thiol groups and
specific thiol groups in adenine nucleotide translocase from
mitochondria isolated from Cas-treated hearts were mea-
sured. As shown in Figure 5(a), there was no increase in lipid
peroxidation, nor in thiol oxidation (data not shown) with
the Cas treatments (Figure 5(a)) when compared with the
control. In addition, mitochondrial anion superoxide pro-
duction was measured using theMitoSOX probe. Histograms
of flow cytometry analysis (Supplemental Figure 2A) showed
a 9-fold increase in mean intensity in cells treated acutely
with Antimycin A (a well-known mitochondrial inhibitor

and inducer of anion superoxide production) and a 4-fold
increase with Doxo. However, there was no change in the
anion superoxide production in intact cells with III-Ea treat-
ment at 4 or 20μM, suggesting that mitochondrial ROS pro-
duction is not significant in III-Ea cell injury (Supplemental
Figure 2B). On the other hand, there was a twofold increase
in the oxidation state of adenine nucleotide translocase thiol
groups with the III-Ea treatments (Figure 5(c)), an effect pre-
viously reported in isolated mitochondria [8]. It has been
shown that o-phenanthroline, in addition to Cu+2, interacts
directly with adenine nucleotide translocase inducing a
cytosolic-conformational state, which inhibits ADP/ATP
translocation and rises MPT opening [15]. In III-Ea, Cu+2

is coordinated with 4,7-dimethyl-1,10-phenanthroline. It
thus seems that the interaction with adenine nucleotide
translocase, which increased the thiol group oxidation and
the MPT opening, does not require ROS production and oxi-
dative damage. In summary, the observed effects of Cas in the
isolated heart model were not strong enough to induce signif-
icant phospholipid or protein damage.

3.5. Cas Trigger Mitochondrial Apoptosis. To assess the effect
of Cas on cardiomyocyte viability, we cultured adult rat
ventricular myocytes with different concentrations of Cas
(0–1000μM) and examined cell death after a 24h treatment
using the Alamar blue assay. As shown in Supplemental

Table 3: Mitochondrial respiratory activity from Cas-treated hearts.

Control
(n = 5)

Cas III-ia
(n = 3)

Cas II-gly
(n = 3)

Cas III-Ea
(n = 3)

Doxo
(n = 4)

State 3 respiration (nmol O min−1·mg−1) 86.17± 7.5 18.5± 0.6∗ 20.2± 7.3∗ 37.3± 2.7∗ 25± 8.8∗

State 4 respiration (nmol O min−1·mg−1) 25.5± 4.4 15.6± 2.6 13.0± 5.0 24.5± 5.4 18± 2.0
Max. respiration (nmol O min−1·mg−1) 90.1± 9.0 12.3± 2.6∗ 16.5 + 3.0∗ 48.3± 5.7∗ 25± 15.1∗

Respiratory control 4.1± 0.7 1.3± 0.1∗ 1.6± 0.3∗ 1.5± 0.2∗ 1± 0.3∗

Values are mean ± SEM. ∗p < 0 05 versus control.
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Figure 4: Cas treatments induce MPT opening. (a) Representative recording of Ca2+ retention capacity (CRC) experiment with isolated
mitochondria from IC50 Cas-treated and Doxo (5 μM) hearts and (b) semiquantitative analysis of mitochondrial CRC in the
presence of CsA (0.5 μM). Arrows indicate 10μM pulses of Ca2+. Values are mean± SEM. ∗p < 0 05 versus control; p < 0 05 versus
(A) Doxo, (B) II-gly, and (D) III-ia (n = 5 animals for each treatment, exception Doxo groups (n = 3)).
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Figure 3, III-Ea, II-gly, and III-ia induced significant cyto-
toxic effects in a dose-dependent manner, with a LD50 of
2± 0.4, 2± 0.5, and 7± 1.7μM, respectively, indicating a
3-fold higher toxicity of III-Ea and II-gly compared to
III-ia. These results are consistent with previous quantita-
tive structure-activity relationship (QSAR) studies [4].
Likewise, IC50 from III-Ea was 5-fold higher than that of
Doxo (10± 0.5μM). At its IC50, Cas induced diverse cyto-
toxic effects and cell death mechanisms, evidenced by differ-
ent release levels of LDH, a marker of necrosis (Figure 6(a)).
Doxo and II-gly produced a 4.7- and 3.5-fold increase in
LDH release, respectively, compared to the control. On the
other hand, activity of caspases 3 and 7 increased ~4-fold
for III-ia and II-gly treatments, compared to Doxo or the
control. Interestingly, the significant increases in caspase 3
and 7 activities observed for III-ia and II-gly treatments
correlated directly with reduction of cytochrome c from the
mitochondria, suggesting the activation of a mitochondria-
dependent apoptosis pathway (p < 0 5) (Figure 6(d)). How-
ever, for caspase 9, only II-gly caused a 1.7-fold significant
(p < 0 05) increase in activity (Figure 6(c)).

3.6. Early Perfusion of CsA in Isolated Hearts Ameliorates the
Cas Effect due to MPT Opening. To prove the role of MPT
opening on the Cas-mediated cardiotoxicity, experiments

were performed in the whole-heart model treated with CsA.
As previously described, 1μM CsA was perfused during
10 minutes, then 10μM III-Ea was perfused while recording
the left ventricular pressure to calculate the RPP and evalu-
ate mechanical performance. As expected, the perfusion of
III-Ea resulted in a decline of contractility (t0.5 of 9.65min).
However, treatments with the perfusion of CsA prior to III-
Ea perfusion resulted in a significant reduction in contractile
dysfunction (Figure 7(a)). RPP analyses showed a significantly
protective effect (t0.5 of 11.98 min, p = 0 035, n = 4) exerted by
CsA with respect to the cardiotoxicity observed for III-Ea
alone (Figure 7(b)). Results from functionality of heart-
isolated mitochondria at the end of perfusion treatments are
shown in Figures 7(c), 7(d), and 7(e). A representative record-
ing of membrane potential (Figure 7(c)) showed the depo-
larization of mitochondria after the addition of 10μM
Ca+2, from III-Ea-treated hearts; however, mitochondria
from CsA-III-Ea-treated hearts remained polarized similar
to mitochondria from untreated hearts. Calcium retention
capacity analyses indicated that mitochondria from CsA-III-
Ea-treated hearts tolerated 69% more calcium than mitochon-
dria from III-Ea hearts (226±13 versus 133±14nmol·mg−1,
p = 0 03, n = 4). Hence, the uncoupling of contractility and
energetics in the hearts treated with III-Ea was observed to
be partly dependent on MPT opening.
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4. Discussion

In recent years, more powerful and specific drugs have been
developed to treat cancer. Unfortunately, several highly
effective antineoplastic drugs have reported cardiotoxicity
as a side effect, including Doxo and trastuzumab, a recombi-
nant humanized antibody [2, 24, 25]. The use of Doxo as an
antineoplastic drug has been mostly hampered by some
adverse cardiovascular events such as hypertension, ventric-
ular dysfunction, and HF [1, 26]. The onset of these adverse
cardiovascular events might take place early or be delayed
up to two decades after the conclusion of cancer treatment
[1, 27]. Noteworthy, novel chemotherapeutic agents such as
Cas have shown more potent antitumoral activity than Doxo
[28]. For instance, the reduction of the volume of subcutane-
ous tumors in nude mice achieved by III-ia was 81% [29]
while that of Doxo was 20% [30]. However, in cellular and
isolated mitochondrial models, Cas have shown a remarkable
cytotoxic effect [8]. In this regard, as an attempt to determine
the potential cardiotoxicity of Cas (ex vivo) and its under-
lying mechanisms, this work examined the acute cardio-
toxicity of Cas treatments in ex vivo heart and isolated

cardiomyocytes. Our experimental results have shown that
1-10μM of Cas decline cardiac metabolism and contractility.
These events are dose- and time-dependent at similar or
lower concentrations than Doxo [1]. Similarly, as previously
observed in mice and in vitro experiments, III-Ea and II-gly
(with phenanthroline substituents) were 7- and 2-fold more
potent inhibitors of cardiac contractility, respectively, com-
pared to III-ia (with bipyridine as a ligand) [4]. These results
suggest that a decrease in cardiotoxicity and a slower effect on
RPP could be attributable to the absence of the third benzene
ring in bipyridines. Both ligands in III-Ea, phenanthroline
and acetylacetonate, render the compound more permeable
than II-gly, whose second ligand is glycinate instead of ace-
tylacetonate, and more permeable than III-ia, whose imine
ligand is dipyridine. In both, the whole-heart model and in
adult rat cardiomyocytes, III-Ea and II-gly exhibited a lower
IC50 for RPP and cell viability compared to III-ia. Yet,
III-Ea showed a lower IC50 than II-gly in the whole-heart
model. This might be resultant to the length of the second
carbon ligand (acetylacetonate) that also facilitates the early
decline of contractility by interrupting the ATP supply. Pre-
vious experiments in cardiac mitoplasts compared to intact
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Figure 6: Cas trigger mitochondrial cell death. Panels (a–c) shows LDH, caspase 3/7 and caspase 9 activities on isolated cardiomyocytes
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mitochondria indicated that phenanthroline ligands might
accelerate copper transport and cause intracellular and
mitochondrial damage [8]. This effect might be accredited
to the hydrophobicity of the substituents, which rises passive
uptake of copper [22]. Thus, the phenanthroline ligands of
III-Ea and II-gly might act as carriers in the cellular mem-
brane transport of copper compounds. On the other hand,
the uncoupling effect on mitochondria might depend on
the acetylacetonate or glycinate ligand. These substituents
in metal coordination compounds have shown an acidic-
dissociable acetyl group with a pKa≈ 6, which corresponds
to an electron-withdrawing moiety. This dissociation could
stabilize the anionic species through delocalization of the
charge over its structure [31]. Subsequently, protonated
III-Ea and II-gly could move from the intermembrane
space into the mitochondrial matrix, dissociate, and then
diffuse back in their ionized form to the intermembrane
space, where they might be protonated again, repeating
the cycle. However, an acidic-dissociable acetyl group is
not enough to account for a mitochondrial uncoupling
effect. In addition to the Cas geometric arrangement, the
hydrophobicity of phenanthroline is required to transport
protons across the inner membrane, possibly through ade-
nine nucleotide translocase, dissipating themembrane poten-
tial required for the ATP synthesis (Table 3). Therefore, Cas

III-ia, without a phenanthroline substituent, is not prone to
produce mitochondrial membrane depolarization and MPT
opening (Figure 4). On the other hand, a reactive acetylaceto-
nate ligand, as observed in III-ia and III-Ea, can potentially
contribute to the reduction potential of the copper center as
a decisive factor in ROS-production. From an experimental
point of view, a previous report from our group observed that
III-ia induced a twofold decrease in α-ketoglutarate dehydro-
genase activity compared with III-Ea [8]. Besides, there was
no mitochondrial ROS production by III-Ea. These conflict-
ing results could indicate that III-Ea remains preferentially
at the mitochondrial inner membrane (interacting with
MPT components, such as the adenine nucleotide translo-
case) instead of the mitochondrial matrix interacting with
soluble enzymes such as α-ketoglutarate dehydrogenase.
However, the molecular mechanism by which the glycinate
ligand in II-gly contributes to mitochondrial dysfunction is
unclear. II-gly shows a lower depolarizing effect than III-Ea
but a similar effect on mitochondrial inhibition as that of
III-ia. A II-gly-reduced effect on mitochondrial inhibition
might be synergized with the uncoupling effect of the phenan-
throline ligand, producing a toxic Cas. In this regard, produc-
tion of ROS by a Fenton-like reaction consuming reducing
metabolites [32] or by generation of stable copper-GSH
(reduced glutathione) compounds [12, 32] are the previously
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Figure 7: Early perfusion of CsA in isolated hearts ameliorates the Cas effect due to MPT opening. RPP is shown in (a). The decline in
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described mechanisms of II-gly- and III-ia-induced injury.
The reactions in bothmechanisms lead to membrane damage
and lipid peroxidation [32]. Nevertheless, our experiments in
cardiac tissue and cardiomyoblasts indicate that oxidative
stress is not enough to completely explain Cas cardiotoxicity.
In fact, there is strong evidence that Cas cardiotoxicity arises
from ROS-independent mechanisms, such as impairment of
cellular energetics, which compromises the cardiomyocyte
ability to generate adequate contraction-relaxation cycles.
Perhaps the high activity of antioxidant enzymes and the
levels of GSH within the heart provide a strong antioxidant
defense system against the consequent oxidative stress injury
[33]. In brief, our results point to the mitochondria as the
main target for Cas cardiotoxicity, impairing oxidative phos-
phorylation and inducing energetic failure in the whole heart.
These findings correlate with the mitochondrial dysfunction
observed in mitochondria isolated from Cas-treated hearts.
An acute uncoupling effect, collapsing the mitochondrial
membrane potential, was the most consistent effect of
Cas at both, the whole-heart and the mitochondrial levels.
Mitochondria isolated from Cas-treated hearts presented
limited ability to conduct ADP-coupled oxidative phosphor-
ylation, given the lower respiratory control (Table 3 and
Figure 7(c)). Whole hearts showed induction of the MPT
opening, which generated a disruption of the membrane
potential and an uncoupling of the respiratory chain, result-
ing in an increased MVO2. In this context, it has been
demonstrated that mitochondrial uncouplers induce apo-
ptosis in several cell types [34], supporting the idea that
Cas-induced mitochondrial uncoupling causes membrane
permeabilization. Increased permeability to protons of the
mitochondrial membrane could occur in circumstances of
extensive and nonspecific membrane damage, such as those
implicated in protein oxidation due to excessive ROS pro-
duction [35]. Our results did elicit a significant prooxidant
action on adenine nucleotide translocase thiol groups in the
hearts during III-Ea treatment, although not entirely due to
mitochondrial ROS production. Hence, Cas might play a
direct role in mitochondrial permeability and mitochondrial-
triggered apoptosis. Accordingly, Silva-Platas et al. [8] have
observed III-Ea-induced MPT opening and extensive mito-
chondrial membrane depolarization and swelling [9]. Mito-
chondrial swelling has been associated with the release of
cytochrome c and cell death, particularly in cardiomyocytes
[11, 18, 36]. It has been shown that apoptosis induction by
Cas acting as uncouplers or MPT openers might be achieved
via cytochrome c release followed by the activation of cas-
pases [37, 38]. In accordance, we found that cytochrome c
was decreased in mitochondria isolated from Cas-treated
hearts (Figure 6(d)), indicating its release out of the mito-
chondria. On this point, Nakagawa et al. observed that
cytochrome c can be released out of the mitochondria via
the MPT, which in turn is induced by Ca2+, without the
involvement of proapoptotic proteins like Bax [39]. We
found no significant changes in Bax (data not shown), prob-
ably due to the early stages of apoptosis in the Cas-treated
hearts. It is also noteworthy that our experiments did not
include in vivo models, which can alter or change the way
Cas exert their effects.

As formerly reported, Cas binding to plasma proteins
prompts their different availability between ex vivo and
in vitro conditions [40], just as has been observed with
Doxo [41]. On the other hand, while pharmacokinetics,
elimination time, and distribution of Cas are only partially
understood [6, 40], the defined therapeutic dose is still a
source of debate. However, in the current ex vivo study, there
were no plasma proteins such as albumin, which has been
found to bind near 80% of the Cas dose [42]. Therefore, a
5-fold higher in vivo dose would be needed to achieve current
IC50 cardiotoxic levels using an acute dose, while it is
completely unclear during chronic exposure.

Currently, monitoring and reducing cardiotoxicity of
cancer drugs is of the utmost priority. With respect to
Cas, the mechanism underlying their cardiac side effects
appears to involve the MPT opening, which produces an
energetic debacle. Our results demonstrated that the early
perfusion of CsA, prior to the exposure to Cas, ameliorated
the decline in contractility in isolated rat hearts. MPT
opening was the protection mechanism involved, which
was also evidenced by the functionality of mitochondria
isolated from the perfused hearts. Features of MPT opening
and mitochondrial-triggered apoptosis are consistent with
previous reports of Doxo-induced cardiomyocyte toxicity
[26, 43], in which the CsA effect was also reported to be
cardioprotective in the rat heart in a dose-dependent form
[37]. In this context, pharmacological inhibition of the
MPT opening improved cardiac function by reducing heart
injury in animal models and in patients [16, 44]. Also,
pretreatment with carvedilol delayed death in Cas-treated
dogs [6] acting similarly as CsA, by reducing the MPT
opening and the release of cytochrome c [45]. Moreover,
the use of CsA has been found to increase the chemosensi-
tivity in non-small lung cancer cells resistant to epidermal
growth factor receptor tyrosine kinase inhibitors [46] and
cisplatin-resistant ovarian cancer [47]. These effects occur
mainly by augmenting STAT3 inhibition in tumor cells.
In conclusion, we determined Cas-mediated cardiotoxicity
in an acute setting and demonstrated that III-Ea is the
most cardiotoxic Cas, since it compromised adenine nucle-
otide translocase thiol groups, increased the MPT opening,
and uncoupled the mitochondrial energetic function of
cardiac mechanical performance. The early perfusion of
CsA ameliorated the decline in contractility, demonstrating
the involvement of MPT opening in III-Ea cardiotoxicity.
Further work implicates designing subacute or longer-term
studies to fully understand the magnitude and complexity
of Cas cardiotoxicity and more thoroughly to elucidate
the molecular pathophysiology during a chronic exposure.
Our results contribute with new scientific knowledge by
identifying a possible mechanism involved in Cas-induced
cardiac side effects, which is crucial to the further improve-
ment of more potent and efficacious cancer therapies with
less cardiotoxicity.
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Supplementary 1. Figure 1: heart rate (HR) was not affected
by the Cas treatment. HR was measured in rat heart perfused
with Cas at 5μM. Values are mean± SEM. ∗p < 0 05 versus
control (n = 5 experiments at least for each treatment).

Supplementary 2. Figure 2: anion superoxide production in
the myoblast cell line H9c2 exposed to (μM) Doxorubicin
(5), III-Ea (4 and 20), and Antimycin A (10μg/mL) using
the fluorescent probe MitoSOX and flow cytometry. The
representative histogram of the MitoSOX signal is presented
in A, and the mean fluorescence intensity is calculated and
compared in B. ∗p < 0 05, n = 3.
Supplementary 3. Figure 3: dose-dependent effect of Cas
(0–1000μM) on cardiomyocyte viability. Values are mean±
SEM (n = 5 experiments at least for each treatment).
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Iron overload is a hallmark of many neurodegenerative processes such as Alzheimer’s, Parkinson’s, and Huntington’s diseases.
Unbound iron accumulated as a consequence of brain aging is highly reactive with water and oxygen and produces reactive
oxygen species (ROS) or free radicals. ROS are toxic compounds able to damage cell membranes, DNA, and mitochondria.
Which are the mechanisms involved in neuronal iron homeostasis and in neuronal response to iron-induced oxidative stress
constitutes a cutting-edge topic in metalloneurobiology. Increasing our knowledge about the underlying mechanisms that
operate in iron accumulation and their consequences would shed light on the comprehension of the molecular events that
participate in the pathophysiology of the abovementioned neurodegenerative diseases. In this review, current evidences about
iron accumulation in the brain, the signaling mechanisms triggered by metal overload, as well as the interaction between
amyloid β (Aβ) and iron, will be summarized.

1. Introduction

Metals are widely distributed in biological systems and can be
referred to as either “biometals” or “toxicological metals,”
according to whether they have functional or detrimental
roles, respectively, to the organism. In the particular case of
transition metals (which are defined as those elements that
form at least one ion with a partially filled shell of electrons,
e.g., iron, copper, and zinc), when at the appropriate concen-
tration, they participate in themaintenance of normal cellular
processes. As with many other substances, the dyshomeosta-
sis of any metal ion, which results in levels outside the normal
physiological range, can result in biological damage [1, 2].

Iron is one of the most abundant metals in the Earth’s
crust [3], and its presence since Earth surface oxygenation
(the appearance of oxygen in the atmosphere) has made it
possible for life to survive in the oxidative environment. Its
high availability, together with its chemical properties, makes
it a key component in energy-generating processes [3–6].

This metal, as part of several metalloproteins in the body, is
crucial in sensing and transporting oxygen, transferring
electrons, and catalyzing many reactions [7]. The biological
functions of iron rely upon its chemical properties: it is able
to dynamically and flexibly form several coordination
complexes with organic ligands, and it has a favorable redox
potential to switch between Fe2+ (ferrous state) and Fe3+

(ferric state). Important to note is the fact that iron bioavail-
ability is limited in aerobic conditions because Fe2+ is readily
oxidized in solution to Fe3+, which is insoluble at a physiolog-
ical pH [8]. The molecular mechanisms of iron absorption,
storage, and homeostasis have been further defined through
the discovery of a number of genes and proteins in various
iron-overload disorders in animal models and in humans [9].

2. Systemic and Brain Iron Metabolism

2.1. Absorption. A crucial event in iron homeostasis is
absorption through diet. A dysregulation of dietary iron

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 2850341, 12 pages
https://doi.org/10.1155/2018/2850341

http://orcid.org/0000-0002-8113-4646
http://orcid.org/0000-0002-5475-4655
https://doi.org/10.1155/2018/2850341


absorption leads to iron overload or iron deficiency.
Between 1 and 2mg of dietary iron is absorbed in the
duodenum per day, and this is counterbalanced with losses
from sloughing of mucosal and skin cells, menstruation,
and other blood losses [9].

In humans, body iron varies between 3 and 5 g and most
of it (~80%) is distributed between hemoglobin from eryth-
rocytes and developing erythroid cells. Significant amounts
of iron are also found in myoglobin, and the excess of the
metal is stored in the liver as well as the macrophages of
the reticuloendothelial system [10].

There are two forms of dietary iron: the heme (a pros-
thetic group of several enzymes composed of protoporphyrin
IX and a Fe2+ ion) and the nonheme (ionic) forms (2/3 heme
iron, 1/3 inorganic iron), both of which are absorbed at the
apical surface of duodenal enterocytes via different mecha-
nisms. Dietary heme (derived frommyoglobin from red meat
or blood hemoglobin) is transported across the apical mem-
brane by an incompletely characterized pathway [4, 11, 12].
Heme iron absorption has been shown to be modulated by
transporters formerly called heme carrier protein 1 (HCP1).
However, the main physiological function of these trans-
porters is folate transport. For this reason, these proteins in
charge of heme iron absorption are now named proton-
coupled folate transporter/HCP1 [4]. Once internalized in
the enterocyte, heme iron is metabolized by heme
oxygenase-1 (HO-1) which liberates Fe2+. Nonheme iron
exists mainly as Fe3+, a nonbioavailable form which requires
reduction in the intestinal lumen by ferric reductases before it
can be transported across the apical membrane of the enter-
ocytes by the divalent metal transporter 1 (DMT1) [8, 13, 14].
No matter where Fe2+ comes from, that is, heme metaboliza-
tion or nonheme reduction, it is either complexed with
ferritin (storage) or transported across the basolateral mem-
brane of the enterocyte into the bloodstream via the Fe2+

transporter ferroportin (FPN) [8]. During efflux, Fe2+ is oxi-
dized again to Fe3+ by the ferroxidase hephaestin [10, 15]
which is thought to work together with FPN. Evidence indi-
cates that ceruloplasmin, a plasma ferroxidase known to
share significant homology with hephaestin, also participates
in iron export from enterocytes and its binding to transferrin
as well [16]. Once exported, iron is transported as a redox
nonreactive form by transferrin (Tf) to tissues [17–19].

2.2. Transport. At any given time, relatively little of the iron
in the body is in transit. As stated above, the transport of iron
occurs via the serum transport protein Tf. Serum Tf is a gly-
coprotein of 80 kDa able to bind two Fe3+ with high affinity,
and, under physiological conditions, only 30% of the Tf is
saturated with iron [20]. The Tf iron pool is highly dynamic:
only a small part of it comes from diet-absorbed iron and
most of it comes from continuously recycled iron from
senescent red blood cells. Macrophages from the reticuloen-
dothelial system metabolize heme from effete erythrocytes
and release iron (Fe2+) to the bloodstream through FPN in
a process that involves reoxidation to Fe3+ (catalyzed by
ceruloplasmin) and binding to Tf.

Developing erythroid cells take Fe3+ from plasma Tf. Tf
releases iron within the cell in a process that involves

interaction of Tf with cell surface receptors (TfR), internali-
zation of the Tf-Fe3+ complex in a vesicle (endosome),
acidification of the endosome to pH 5.5 via a proton pump-
mediated mechanism, release of Fe3+ from Tf in low pH (Tf
remains bound to TfR), reduction of Fe3+ to Fe2+ by a
ferrireductase (Steap3), transport of Fe2+ across the endoso-
mal membrane by DMT1 to the cytosol, dissociation of the
Tf-TfR complex (their affinity is drastically reduced after
the release of iron), and secretion of the apo-Tf into the
bloodstream to recapture Fe3+ [9].

In the particular case of the brain, iron uptake occurs
through the blood-brain barrier (BBB). Tf-Fe3+ complex is
picked up through TfR located at the surface of the cerebral
capillary endothelium [21]. Neurons also express TfR, and
a homolog Tf receptor named TfR2 is known to be expressed
in dopaminergic neurons. Among the non-Tf bound iron
uptake, it has been proposed to be incorporated in neurons
by the proton-driven transporter DMT1 or another iron
transporter [22]. However, under physiological conditions,
this is still a matter of debate [23]. Upon uptake, FPN and
DMT1 mediate the export of iron from endothelial ablum-
inal membranes of BBB to the cerebral compartments [24].
In brain interstitial fluids, iron is bound to Tf and becomes
available for neurons and neuroglia that express TfR [25].

It is worth mentioning that iron concentration varies in
different areas of the brain according to the levels of TfR
expression. This pattern is due to the uneven distribution of
TfR in the cerebral endothelia. For example, the hippocam-
pus and the striatum present the highest metal concentration,
whereas the cortex and the brain stem contain the lowest iron
levels [26].

Lactoferrin is another iron-binding protein involved in
brain iron uptake via a specific receptor (lactoferrin receptor,
LfR). LfR has been demonstrated to be expressed in blood
vessels and nigral dopaminergic neurons [27], suggesting
that this receptor may be related to iron incorporation in
the brain [28]. Moreover, an increase in LfR in dopaminergic
neurons has been reported in patients with Parkinson’s
disease (PD) compared to control subjects. Interestingly,
the greater LfR expression, the higher dopaminergic neuron
degeneration. Thus, the increase in LfR has been associated
with iron accumulation in vulnerable neuronal populations
[27, 29]. However, the exact mechanism by which iron is aug-
mented in the brain of PD patients still remains unclear.

2.3. Storage. The main storage organ for iron is the liver.
Hepatocytes accumulate this metal as ferritin or hemosid-
erin. Ferritin is composed of a protein coat and an iron core
of hydrous ferric oxide containing variable amounts of
phosphate [30]. Around 4,500 iron atoms can be reversibly
stored within the protein coat in a soluble complex, thus pre-
venting iron toxicity by sequestering it in a nontoxic form.
Hemosiderin stores iron in a form very similar to that in
ferritin, but the iron-protein complex is insoluble.

In the central nervous system, iron excretion is extremely
low [31]. Until aging, the presence of iron in neurons is
almost exclusively limited to its ferrous form [32, 33]. With
increasing age, neurons from different brain areas raise their
content of iron and ferritin. However, ferritin content in
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neurons differs from that observed in oligodendrocytes,
suggesting that neurons may have particular mechanisms
for iron handling [34].

Mitochondrial ferritin (FtMt) is another iron storage pro-
tein. The amino acid sequence of FtMt shares high homology
with H-chain ferritin indicating similar functions for both
proteins [35]. It has been shown that FtMt expression is
limited to tissues with high metabolic activity and oxygen
consumption, among them, brain, testis, and heart [36, 37].

Neuromelanin, a dark pigment present in catecholamin-
ergic neurons, is another iron-binding protein [38]. The
exact role of neuromelanin in brain iron metabolism is still
unknown, but its interaction with iron has been extensively
studied in the parkinsonian substantia nigra [38–40]. As fer-
ritin is mainly located in glia rather than neurons, it is possi-
ble that neuromelanin could regulate neuronal iron levels.
Iron binding by neuromelanin may upregulate free radical
formation [41] or may act as a hydroxyl radical scavenger
[42, 43]. A recent proteomic study of neuromelanin isolated
from human substantia nigra confirms its role in the homeo-
stasis of neuronal iron [44]. In addition, diminished neuro-
melanin content in PD patients supports the function of
this pigment in iron binding and the regulation of oxidative
stress as well.

2.4. Regulation of Systemic and Brain Iron. Hepcidin, a liver-
synthesized hormone, regulates the ferroportin-mediated
transport of iron from enterocytes and macrophages to the
bloodstream [45]. Hepcidin is able to bind to FPN and
induce its phosphorylation and lysosomal degradation [30,
46]. Iron intake results in hepcidin accumulation with
decreased iron absorption from diet. On the contrary, iron
deficiency states promote a decrease in hepcidin levels, which
stimulates duodenal iron absorption. Also, inflammatory
states foster hepcidin accumulation and iron retention in
macrophages. As hepcidin regulation is a complex mecha-
nism, the discussion on the large number of proteins and
transcription factors involved in this process goes beyond
the aim of this review. It is worthy to note, however, that
although the regulation of iron efflux by hepcidin is of great
importance, the expression of FPN is also subjected to
transcriptional and posttranscriptional control [10].

Several studies have shed light on the expression of
hepcidin in different brain areas such as the cortex, the
hippocampus, and the spinal cord [47, 48]. Both neurons
and glial cells have been shown to express hepcidin in these
brain regions. An increase in hepcidin levels has been
demonstrated in the choroid plexus during inflammatory
processes. Reinforcing the regulatory role of hepcidin in
brain iron metabolism, it has been demonstrated that overex-
pression of this protein decreases FPN levels and provokes
iron overload and, in consequence, neurodegeneration [47].

3. Iron and Oxidative Stress

In cells, iron concentration ranges between 0.2 and 1.5μM
and is weakly bound to low-molecular weight substrates.
The ability of iron to change between 2+ and 3+ valency
states with a redox potential compatible with the cellular

environment renders it one of the most important metals in
catalytic processes of oxidative biology [49, 50]. As stated
above, the appearance of oxygen in the atmosphere made it
possible for the organisms that adapted to those conditions
to get 20 times more energy than that obtained from fermen-
tative reactions [51]. However, the negative part of this issue
is the continuous generation of reactive oxygen species
(ROS) as normal by-products of metabolism. The redox
equilibrium is essential for the physiology of the body, and
since ROS first appeared, they have been involved in the reg-
ulatory mechanisms of synthesis and homeostasis of biomol-
ecules, as well as many important processes of the organism
[52]. Although small amounts of free radicals are produced
in all metabolic processes (enzymatic reactions in the endo-
plasmic reticulum, microsomes, peroxisomes, or cytoplasm),
the major generation of ROS emerges by incomplete reduc-
tion of dioxygen in the mitochondrial electron transport
chain. In brief, the first radical formed from O2 is the super-
oxide radical (O2

•), which is not itself very reactive but it is
able to generate other dangerous species. The addition of a
second electron to a superoxide radical results in the peroxide
ion (O2

2−). Peroxide is not a radical, and when protonated, it
generates hydrogen peroxide (H2O2). The following reduc-
tion of hydrogen peroxide (through the metal-ion catalyzed
Fenton reaction) produces the hydroxyl radical (OH•)
which reacts rapidly with high affinity with almost every
molecule found in living cells [51, 53–55]. Under normal
conditions, ROS are rapidly detoxified by the cell, but
under certain circumstances in which ROS production
exceeds intracellular antioxidant defense, an increase in the
steady state concentration of ROS is observed: a condition
known as oxidative stress.

In vitro experiments have shown that cellular oxidative
stress induced by iron overload is characterized by increased
lipid peroxidation and protein and nucleic acid modifications
[56–59]. The presence of a labile iron pool (LIP, redox-active
iron bound to low affinity compounds and which determines
the iron status of the cell) is the main contributor to oxidative
stress during iron overload [60]. This destructive potential of
iron has led to investigate its role in the pathophysiology of
several neurodegenerative diseases associated to oxidative
stress, and this is the main focus of this review.

4. Evidence of Iron Accumulation in the Brain

The increased human lifespan of today has had a significant
impact on the development of neurodegenerative diseases
in elderly people. Metalloneurobiology, a relatively new
discipline, has become extremely important for establishing
the role of transition metals in neuronal degeneration. Iron
is required for usual metabolic processes, such as mitochon-
drial respiration and DNA synthesis, and it also plays a key
role in the biosynthesis of neurotransmitters and myelin in
the brain [51, 61]. Moreover, iron has been demonstrated
to be necessary for the normal development of cognitive
functions. In this regard, iron deficiency early in life has
shown to cause learning and memory impairment in humans
[62–64]. Additionally, it has been observed that this metal
ion progressively accumulates in the brain during normal
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aging [65]. However, this accumulation has also been related
to the pathogenesis of several neurodegenerative disorders,
such as PD and Alzheimer’s disease (AD) [61]. In this
connection, interesting studies have been conducted onOcto-
don degus. This Chilean rodent, widely utilized for modeling
sporadic AD, has shown increased levels of redox-active
metals (Fe, Cu, and Zn), specifically in the cortex and the hip-
pocampus, the brain areas mainly affected in AD [66].
Indeed, increased iron in the substantia nigra of PD patients
has been related to neurodegenerative mechanisms and,
notably, clinical studies using iron chelators have shown to
lower iron levels and improve the performance of early
diagnosed PD patients [67].

In the abovementioned disorders, iron-induced oxidative
stress, combined with defective antioxidant capacities, pro-
motes neuronal death and neurodegeneration [4, 22, 68].
However, it is still uncertain whether the extensive brain iron
accumulation is a primary cause of the pathogenic event, or
just a consequence of a previous dysfunction [69, 70]. Inter-
estingly, the diseases collectively known as neurodegenera-
tion with brain iron accumulation (NBIA), all of which are
characterized by iron accumulation in basal ganglia and
mutations in proteins involved in iron traffic or metabolism,
have shown clinical and molecular similarities with neurode-
generative diseases such as AD and PD [71–73]. Importantly,
iron deposition has been reported to occur only in specific
brain regions in patients with chronic neurodegenerative dis-
eases [4, 68, 69, 74]. In the case of AD, iron accumulates
mainly in the cerebral cortex and hippocampus, without a
concomitant increase in ferritin normally observed in aging
[74], thereby raising the risk of oxidative stress. Both neuro-
degenerative diseases present neuroinflammation as a trig-
gering factor for neuronal death. A recent study reports
that the inflammatory process related to neurodegeneration
causes an increase in iron levels and ferritin in microglia
and neurons as well [75]. Moreover, the release of iron from
dying neurons, glial cells, and macrophages to the extracellu-
lar space has been postulated as a source of iron to be taken
up by nonaffected neurons in a TfR-mediated pathway
[75]. Tf-independent iron uptake has also been described.
This pathway is known to induce ferritin expression to serve
as an iron scavenger [76]. A balance between the expression
levels of ferritin and ferroportin (which mediates neuronal
iron excretion) has been reported in neurons that usually deal
with large amounts of iron [75]. However, although there is
strong evidence of a link between iron and neurodegenera-
tion, further studies that correlate the temporal relationship
need to be carried out. Most importantly and although in
its infancy, the development of new living models makes it
possible to observe the detailed and unambiguous molecular
events occurring in the degenerative process urges.

5. Intersections between Aβ and Iron in
the Brain: Iron Chelation Therapies

It is well established that the pathological hallmarks of AD in
the brain include abundant extracellular amyloid β peptide
(Aβ) plaques, intracellular neurofibrillary tangles of protein
tau, and increased brain iron (in and around Aβ plaques)

[77, 78]. In this review, we focus particularly on Aβ and iron
interactions. The aggregation of Aβ (which has been shown
to be toxic to neurons) is known to be triggered by metals
such as zinc, copper, and iron [79–82]. Therefore, metal
dyshomeostasis may be an important factor leading to AD
pathogenesis. Moreover, Aβ has been demonstrated to bind
zinc and iron, and more strongly, copper [83]. Therefore,
these chelation characteristics of the peptide may account
for the enrichment of these metal ions in Aβ plaques [83].

Cumulative evidence suggests that Aβ is the major cause
of neurotoxicity and may significantly contribute to synaptic
dysfunction in AD [84]. Iron accumulation in affected brain
regions, as reported by postmortem and magnetic resonance
imaging (MRI) studies [85–87], may also be responsible for
the increased oxidative stress observed in AD [50, 88]. Aβ
has broadly been shown to bind iron [89]. This Aβ-iron
interaction is through His6, His13, and His14 of Aβ and is
thought to be facilitated in a more reduced environment such
as the brain due to the prevalence for the ferrous form of iron
to bind Aβ [50, 90]. Interestingly, a very recent study carried
out on APP/PS1 mice has demonstrated that ferrous iron is
an integral part of amyloid plaques and has provided evi-
dence that (supporting previous in vitro studies) Aβ-induced
reduction of iron is able to occur in vivo [91]. On the other
hand, ROS generated through iron-aggregated Aβ are toxic
to neurons [92] and would partially contribute to the neuro-
toxicity present within the iron-enriched environment
around senile plaques [93, 94]. Moreover, accumulated iron
in neurofibrillary tangle-containing neurons and the neuritic
processes adjoining senile plaques in AD [95] have been cor-
related with cognitive decline [96].

As iron homeostasis is so important in preventing cell
oxidative damage, mechanisms to keep iron in the physiolog-
ical concentration range have been evolutionarily incorpo-
rated to maintain optimal cell function [10]. The proteins
required to regulate cellular iron homeostasis in the brain are
quite the same as those used in the body’s periphery: the iron
response proteins (IRPs) 1 and 2 bind to their respective iron

regulatory elements (IREs) in either the3′-untranslated region
(UTR)or5′-UTRofanmRNA.Despite studies suggesting that
iron nonspecifically coprecipitate with Aβ in AD [50, 97], a
role for iron in Aβmetabolism and AD progression has been
shown and, conversely, Aβ seems to be involved in neuronal
iron homeostasis. Not only has iron been demonstrated to
bind to and accelerate Aβ precipitation [90, 98] but it also reg-
ulates its generation from amyloid precursor protein (APP)
(Figure 1). The aforementionedAβ plaques aremainly consti-
tuted by a 40–42-amino acidAβpeptide cleaved from theAPP
by β- and γ-secretases in the amyloidogenic pathway [83, 99].
Interestingly, intracellular iron levels have been reported to
control APP translation via an IRE RNA stem loop in the

5′-UTR of the APP transcript. This APP IRE has been
found to physiologically bind with IRP1, and not with
IRP2 in human neural cells [100]. Therefore, increased
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cytosolic iron levels translationally upregulate APP expres-
sion [99, 100]. Interestingly, APP has been found to facilitate
neuronal iron efflux through a mechanism that involves FPN
[101, 102] (Figure 1). Hence, iron influx drives the transla-
tional expression of the neuronal APP, which, in turn, has a
role in iron efflux. In this regard, intracellular iron retention
has been reported in neuronal cultures and mouse models
depleted of APP, and normal iron efflux has been observed
to be restored when APP was either added extracellularly
[101] or overexpressed [101, 103]. It is also worth noting that
Down’s syndrome-suffering children (who have increased
APP expression) have been found to present anemia and a
high risk of iron deficiency [50, 104, 105].

Another piece of evidence between the link of iron and
Aβ comes from the recently described neuroprotective role
of FtMt. In neurons exposed to Aβ25-35, the overexpression
of FtMt diminished the labile iron pool, decreased oxidative
injury, and prevented cytochrome c release from mitochon-
dria through the activation of the mitogen-activated protein
kinase (MAPK) pathway, thus inhibiting neuronal apoptosis
[106]. Moreover, an increased FtMt expression has been
described in AD [107, 108].

In view of the crucial and multifactorial role of iron in
AD progression, it is imperious to consider this metal in
the therapeutic design. Metal chelation is one of the

therapeutic strategies for AD [109]. The great challenge will
be developing chelating drugs able to cross the BBB. It has
been demonstrated that Aβ-insoluble aggregates are dis-
solved by metal chelators [110]. Moreover, the iron chelator
desferrioxamine has shown to decelerate disease progression
[111]. However, due to the size of desferrioxamine and the
relative impermeability of the BBB to this drug, desferrioxa-
mine has had limited success in the brain when administered
peripherally [112]. Fortunately, smaller molecular com-
pounds with chemical modifications have had promising
results inpreclinical trials [113, 114]. For instance, deferiprone
has been approved for peripheral iron overload in thalassemia
and in the neurodegenerative disease, Friedrich’s ataxia [115].
Additionally, clioquinol derivatives have been used in clinical
trials in AD patients, showing reduced Aβ in cerebrospinal
fluid, as well as improved cognitive performance [116]. A key
point to take into account in the chelation therapy would be
to restrain iron without generating a deficiency which would
be as dangerous as the excess of the metal.

6. Signaling of Iron in the Central
Nervous System

The activation or inactivation of specific signaling pathways
is one of the multiple responses a neuron can give to oxida-
tive stressors. The decision of living or dying in a certain cell

Tf-Fe

TfRFe2+

APP IRE
APP

mRNA

APP

A�훽

A�훽 aggregation

Oxidative stress

Synaptic injury

FtMt

FPN

ROS

Figure 1: Iron and Aβ interactions. Transferrin-bound iron is taken up by the neuron via a receptor- (TfR) mediated mechanism. An
augmented pool of intracellular iron (mainly as Fe2+) increases ROS production with the concomitant generation of oxidative stress.
Mitochondrial ferritin is able to protect the neuron against iron-induced oxidative stress. Iron itself is able to induce APP expression
through an APP IRE. Also, APP mediates iron export via FPN. An increased APP expression (due to an increased iron uptake) results in
an increased Aβ generation. Interestingly, iron is involved in Aβ aggregation in a mechanism that generates oxidative stress, but it is also
known that previous oxidative stress increases Aβ aggregation. In this way, both Aβ and iron participate in a vicious cycle known to
culminate with synaptic oxidative injury.
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type will depend on several aspects of the stress (type, extent,
and time of exposure) which will determine the signaling
pathways that will result in being turned on and off. The
sum of these aspects will define the cellular fate [117, 118].
In this respect, iron has been involved in the triggering of
several protective and proapoptotic signaling pathways in
neurons [119].

It has been demonstrated that synaptic endings are the
sites where the first signs of neurodegenerative processes
are likely to appear. It is well known that marked synapse
loss, rather than neuronal death, occurs during the initial
events of AD [119–121]. This fact might involve apoptotic
cascades triggered locally at the synapse that might occur
independently of gene transcription. It has been reported that
morphological changes in the synapses precede Aβ deposi-
tion [122]. Also, a decrease in synaptic markers has been
observed in hippocampal neurons exposed to Fe2+ [57]. Syn-
aptic susceptibility to iron-induced oxidative stress has been
largely shown [123–129], being that synaptic endings from
senile animals are more vulnerable to Fe2+ exposure than
those isolated from adult animals [128]. Increased membrane
lipid peroxidation, loss of selective permeability of plasma
membrane, 4-hydroxynonenal (HNE) generation, impair-
ment of membrane ion-motive ATPases, glucose and
glutamate transport, and mitochondrial function have been
reported to be constant observations of synaptosomal oxida-
tive injury induced by iron exposure [123–129].

Regarding synaptic iron-triggered signaling, phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway, a well-known
survival-associated pathway, has been reported to be activated
in synaptic endings of both adult and aged animals; the differ-
ence has been foundmainly in the time frameof the activation,
which varieswith animal age [128].One of the best knownAkt
substrates, glycogen synthase kinase 3β (GSK3β), has been
largely reported to be involved in metabolism, survival, gene
expression, and cytoskeletal dynamics, and it is considered a
crucial player for determining neuronal fate [130]. The phos-
phorylation (and inactivation) of synaptic GSK3β has been
shown to follow the same time pattern as Akt [128]. Extracel-
lular signal-regulated kinases (ERK) 1/2, key components of
stress-related cellular responses that have been involved in
both survival and death, have been found to present different
patterns of synaptic activation according to the age of animals.
Moreover, the dependence of ERK1/2 activation on the PI3K
pathway has also shown to be age-dependent [128].

Kuperstein and Yavin have described the effect of iron
and Aβ on ERK signaling in neuronal cultures [131]. Inter-
estingly, a two-peaked activation of ERK has been shown: a
rapid one (5min) followed by a decline by 30min and a
second one (continuous up to 24 h) in which nuclear translo-
cation of ERK is detected. Desferrioxamine, as well as antiox-
idant treatments, has shown to suppress ERK activation and
nuclear translocation, resulting in a reduced apoptotic death.
In the light of these observations, it can be concluded that
ERK promotes iron-triggered damage. In extending these
findings, it has also been demonstrated that the coexposure
of neuronal cells to iron and Aβ induces a decrease in Akt
activity and Bad phosphorylation, and an increase in the
activation of p38 and caspase-3 and caspase-9 [132]. It is

important to highlight that there are many controversies
about the effect of iron and Aβ (each alone or combined)
on cellular signaling cascades. Differences may be due to
the specific experimental conditions (time of exposure,
concentration of the metal or Aβ, and cellular type). The sig-
naling lipid phosphatidic acid, produced by phospholipase D
(PLD), has been also involved in the synaptic response
induced by iron overload. Moreover, PLD1 and PLD2
activities have shown to be involved in the activation of pro-
tein kinase D (PKD) 1, ERK1/2, and protein kinase C (PKC)
α/βII in adult animals, but not in senile animals [133]. These
molecular differences in the signaling reported in aged
animals could account for the increased age-related synaptic
susceptibility to iron and might also suggest that these signal-
ing cascades pursue different goals in the synapses according
to age. Indeed, PLD2 has been shown to be activated by
oligomeric Aβ in cultured neurons [134]. Moreover, Aβ
has been proven to fail in the suppression of long-term
potentiation in PLD2-deficient mice hippocampal slices, sug-
gesting that PLD2 is required for the synaptotoxic action of
Aβ [134]. Experiments carried out in a transgenic mouse
model of AD (SwAPP) have also confirmed that PLD2
activity is increased and the ablation of its gene (Pld2)
ameliorates memory deficits and protects the synapses
[134]. These findings highlight the capital role of PLD in
AD progression.

As mentioned, iron (alone or in combination with Aβ) is
able to activate different signaling cascades. These signaling
pathways are the molecular events necessary for the activa-
tion of several transcription factors which, by regulating the
expression of specific genes, modulate the neuronal response
to the injury. Extensive evidence links the transcription fac-
tors Forkhead box O (FoxO), nuclear factor- (NF-) κB, and
activator protein (AP) 1 to neuronal responses to oxidative
stress [57, 135]. FoxO transcription factors have been shown
to increase stress resistance and to extend lifespan in Dro-
sophila [136]. Recent studies have demonstrated that phos-
phorylated FoxO3A translocates out of the nucleus in
HT22 neurons in a PI3K/Akt-mediated mechanism after
iron exposure [57]. Surprisingly, this defensive response to
oxidative stress leads to downregulation of superoxide dis-
mutase (SOD) 1 and 2 expression, so that the neuron
responds to the oxidative injury via glutathione metabolism
[57]. Interestingly, the neuron has been shown to respond
to oligomeric Aβ exposure with the same insulinomimetic
signaling as it does upon iron exposure, although undetect-
able oxidative stress markers have been reported in the pres-
ence of Aβ [137]. NF-κB plays crucial roles in cellular
resistance to oxidants and survival. The role of this transcrip-
tion factor in the inhibition of apoptosis (by participating in
the induction of antiapoptotic genes) has been well demon-
strated [138]. As to iron and AD, NF-κB has been associated
with increased resistance of neurons to apoptosis induced by
exposure to the metal ion [135]. The expression of this tran-
scription factor has been found to be increased both in
neurons and astrocytes in areas adjoining Aβ plaques in
patients with AD [139]. There is also evidence about Aβ-
induced activation of NF-κB in cultured neurons, and both
protective and injurious roles of this transcription factor have

6 Oxidative Medicine and Cellular Longevity



been reported [140–142]. For its part, AP-1, an essential
transcription factor in cellular response to oxidative stress
(as well as in other processes such as proliferation, differ-
entiation, and survival), c-Jun-N-terminal kinase, and p38
(two stress-related MAPK which are upstream of AP-1
in the cascade) have also shown to be activated by oxida-
tive stress [135]. Both MAPK, as well as AP-1, have been
shown to be involved in physiological functions of the
brain. Interestingly, c-Jun, a component of AP-1, has been
recently attributed a dual role: it is able to mediate plastic-
ity and repair mechanisms, but it is also thought to partic-
ipate in neuronal death [143].

The role of free calcium in neuronal death induced by
oxidative stress has been well documented [128, 144, 145].
Under physiological conditions, the intracellular calcium
level is tightly controlled, and relatively small fluctuations
in intracellular calcium concentration might cause neuro-
nal deterioration and eventually lead to cell degeneration.
Neuronal activity generates calcium signals that result in
the transcription of genes that are crucial for synaptic
plasticity and neuronal survival. It has also been demon-
strated that calcium participates in the early events of
iron-induced oxidative injury in synapses, but after long-
term exposure to iron, the absence, as much as the excess
of calcium, appears to be more deleterious to the synaptic
endings than the damage induced by iron itself [128]. The
exact mechanism by which calcium participates in synaptic
injury is not clear. It seems that the activation of distinct
signaling cascades downstream from key points of calcium
entry at synapses has a major role in the neurodegenera-
tive process. In the whole neuron, calcium released from
intracellular stores has been linked to the stimulation of
ERK and calcium-calmodulin-dependent protein kinases
and cAMP response element-binding protein- (CREB-)
dependent gene transcription [64]. The latter, a process
known to be involved in synaptic plasticity, occurs through
the calcium-induced calcium release, a compelling mecha-
nism based on the calcium-dependent activation of calcium
release channels, such as the ryanodine receptors (RyR) or
the IP3 receptors (IP3R), and by which small and localized
calcium signals can be amplified or propagated to the nucleus
(also to the mitochondria) [64]. Interestingly, RyR activity
has been shown to be redox sensitive, due to a few cysteine
residues of the RyR protein [64, 146, 147]. For this reason,
RyR, which have been proposed as redox sensors [64, 147],
have attracted increasing attention in the research field of
synaptic plasticity in hippocampal neurons [148, 149].
Work from Muñoz and colleagues has demonstrated that
iron exposure of PC12 cells or hippocampal neurons leads
to ROS generation and ERK activation through RyR-
mediated calcium release. Both effects are clearly reduced
by either mannitol (hydroxyl radical scavenger) or desfer-
rioxamine (an iron chelator), indicating that iron-induced
hydroxyl radicals are responsible for calcium release and
ERK stimulation [150]. This is clear evidence of calcium
and iron involvement in the events necessary for synaptic
plasticity and supports the idea that increased iron con-
centration may cause neurodegeneration via excessive
intracellular calcium [64].

7. Concluding Remarks

In this review, we summarize cutting-edge knowledge
about iron and its involvement in neurodegenerative pro-
cesses, in particular, AD. Vast evidence has demonstrated
that iron is a clear generator of oxidative stress. Both iron
and oxidative stress have been linked to Aβ aggregation.
However, the exact order in the molecular events that lead
to the onset of AD still remains elusive. Exploring the
brain’s own iron homeostatic mechanisms and the signal-
ing events involved in response to metal overload may
shed light on several unclear aspects of the disease and
may therefore lead straightaway to the development of a
definite therapeutic tool.
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A number of observations indicate that heavy metals are able to alter cellular metabolic pathways through induction of a
prooxidative state. Nevertheless, the outcome of heavy metal-mediated effects in the development of human diseases is debated
and needs further insights. Cancer is a well-established DNA mutation-linked disease; however, epigenetic events are perhaps
more important and harmful than genetic alterations. Unfortunately, we do not have reliable screening methods to assess/
validate the epigenetic (promoter) effects of a physical or a chemical agent. We propose a mechanism of action whereby
mercury acts as a possible promoter carcinogen. In the present contribution, we resume our previous studies on mercury tested
at concentrations comparable with its occurrence as environmental pollutant. It is shown that Hg(II) elicits a prooxidative state
in keratinocytes linked to inhibition of gap junction-mediated intercellular communication and proinflammatory cytokine
production. These combined effects may on one hand isolate cells from tissue-specific homeostasis promoting their proliferation
and on the other hand tamper the immune system defense/surveillance checkmating the whole organism. Since Hg(II) is not a
mutagenic/genotoxic compound directly affecting gene expression, in a broader sense, mercury might be an example of an
epigenetic tumor promoter or, further expanding this concept, a “metagenetic” effector.

1. Mechanisms of the Prooxidative Activity of
Mercury

The cytotoxic effect of mercury in its divalent ionic form
Hg2+ has been linked to cellular oxidative stress by many
authors [1–3]. The general belief is that given the well-
known reactivity of Hg2+ with thiols to form mercaptans this
may result in depletion of the thiol-based antioxidant buffers
constituted in cells mainly by glutathione. Consistent with
this notion, increased GSSG/GSH ratio and H2O2 production
have been repeatedly reported in literature in different cell
phenotypes exposed to mercury-containing compounds.

Accordingly, our group found that exposure of cultured
human keratinocytes (HK) to nanomolar concentrations of
HgCl2 for 24h caused a 40% decrease of the fluorescence

signal associated to the free thiol-reacting probe Alexa Fluor
594 C5 maleimide as assessed by confocal microscopy imag-
ing [4]. Moreover, direct measurement of the reduced and
oxidized glutathione resulted in a twofold increase of the
relative amount of GSSG thus confirming the negative
effect of Hg2+ on the free thiol-based antioxidant cellular
pool. Consistently, when the intracellular level of reactive
oxygen species (ROS) was measured by the redox-sensitive
fluorescent probe DCF, a fivefold increase of the signal was
detectable by confocal microscopy in Hg2+-treated HK as
compared with untreated cells. Higher resolution of the
imaged intracellular fluorescence revealed that the brighter
signal was localized in the mitochondrial compartment.
Similar results were attained with the superoxide anion-
(O2

•−) specific mitotropic probe MitoSOX. However, both
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measurement of the mitochondrial respiratory chain activity
as well as of the mitochondrial transmembrane potential
(ΔΨm) (by the TMRE probe) did not show appreciable differ-
ences between untreated and Hg2+-treated HK. Overall, these
results suggest that the HgCl2-mediated oxidative unbalance
was likely due to depletion/impairment of the antioxidant
buffering system rather than to increased ROS production
at least of mitochondrial origin. However, it must be consid-
ered that the intracellular concentration of free thiol groups
is estimated in the millimolar range, whereas the concen-
tration of HgCl2 was 5-6 order of magnitude lower. Even
considering the small volume of the cell layer of HK in
culture and all the Hg2+ available in the medium, the
amount of Hg2+ was still largely substoichiometric with
respect to the intracellular free thiol groups. This ruled
out a direct involvement of Hg2+ in the oxidative modifi-
cation of the thiol-based redox buffering rather suggesting
Hg2+-mediated modification of specific catalytic reactions
controlling the ROS homeostasis.

Evidences have been provided that mercury-containing
compounds induce changes in the redox state of the sulphy-
drilic lateral chain of cysteines in the active site of several
enzymes [5–8] with some of these possibly involved in the
control of the balance between ROS production and ROS
scavenging. Importantly, some antioxidant enzymes such as
glutathione peroxidases and thioredoxin reductase contain
a residue of selenocysteine in their active site [9]. The selenol
group (-Se-H) exhibits a pKa about three unit lower than
that of the -SH group (i.e, 5.2 versus 8.3) therefore largely
existing at physiological pH in the dissociated and more
nucleophilic form (-Se−). Consequently, the selenol group
displays a much higher reactivity toward Hg2+ as compared
with the thiol group. On this basis, we proposed that the pro-
oxidant activity of Hg2+ attainable at low concentration in
HK is mainly mediated by its selective reaction with seleno
enzymes involved in the “detoxification” of reactive oxygen
species (see Figure 1).

To support our conclusion, there are a number of studies.
In 2012, Branco et al. [10] observed in Zeabra-seabreams
the histopathological alterations of Hg2+ in the liver and
kidney and correlated this effect to a reduction of thioredoxin
reductase activity. Importantly, the coexposure of Hg2+ and
Se prevented both the organ lesions and the inhibition of
the thioredoxin reductase.

Although data on the mechanisms mediating Hg0 neuro-
toxicity are scarce, existing evidence suggests that changes in
the redox state of -SH-containing proteins plays a critical role
[5–8]. However, based on the high affinity of Hg2+ (derived
from Hg0) for selenols [11], it is reasonable to suggest that
selenoproteins could also mediate the neurotoxic effects
observed after Hg0 exposure. Carvalho and coworkers [12]
observed that the selenoprotein thioredoxin reductase (TrxR)
is selectively inhibited by Hg2+ and concluded that the signif-
icant potency of the mercurial to bind to the selenol group in
the active site of TrxR represents a major molecular mecha-
nism of its toxicity. Because of the probable interaction
between Hg2+ (derived from Hg0) and selenols in the CNS,
the potential involvement of selenoproteins in the neurotox-
icity elicited by Hg0 represents an important research field

that deserves further attention. This is believed because
(i) Hg2+ toxicity is antagonized by selenium compounds
[13, 14], (ii) Hg2+, which is generated in the SNC after
Hg0 oxidation, inhibits the activity of selenoproteins by
interacting with their selenol group [12], and (iii) miners
occupationally exposed to Hg0 had lower levels of plasma
selenium when compared with control individuals [15].

2. Effect of Mecury on Gap Junction
Intercellular Communication and
Cytokine Release

Gap junctions play a central role in coordinating intercellular
signal-transduction pathways to control tissue homeostasis.
A family of transmembrane proteins, called connexins,
assembles at the level of the plasma membrane to form
exameric emichannels or connexons [16]; the docking of
connexons of adjacent cells forms what is called gap junction.
Opening of the gap junction allows the cytoplasm of the con-
nected cells to establish a continuum whereby low molecular
weight (<500D) metabolites, messengers, and ions can freely
flow following concentration gradients. The opening/closing
of the gap junction “gates” is controlled by a number of post-
translational covalent modifications linked to the activation
of various signaling pathways [16]. To notice, the intercellu-
lar communication has been recently recognized to occur by
different modalities consisting in nanotube connections and
transfer of exosomic microvesicles between cells [17, 18]. In
both cases, molecules with bio-signaling properties, genetic
materials (like small RNAs), and even subcellular organelles
were shown to be transferrable. The mechanisms controlling
non gap junction-mediated intercellular communication are,
however, yet to be fully elucidated. Deregulation of gap
junctional intercellular communication is a common phe-
notype of cancer cells, and several lines of evidence support
its involvement in the carcinogenesis process. The basic
principle underlying this hypothesis is that functional isola-
tion/segregation of a cell from the neighbor cellular environ-
ment promotes autonomous cell cycling not synchronized/
regulated by the tissue biochemical cues. Once this condition
becomes chronic, it primes/fosters the acquisition of a
transformed phenotype. Concomitant genetic alterations
can ultimately lead to cancer. Accordingly, many carcino-
gens, like environmental heavy-metal chemical pollutants,
are known to negatively modulate GJIC though the molecu-
lar mechanism is still debated.

If an enhanced level of ROS is kept below a cytotoxic
threshold, they serve as bio-signals to evoke cellular adapta-
tion. Notably, many protein kinase/phosphatases are redox
sensitive as well as transcription factors thus suggesting the
occurrence of an interplay among several signaling pathways.
In our previous studies, we reported that prooxidant condi-
tioning of HK exposed to low concentration of HgCl2
resulted in inhibition of the GJIC accompanied with altered
electrophoretic migration of connexin 43 reported to be
caused by phosphorylation of the protein. Importantly,
cotreatment of HK with antioxidant or inhibitor of protein
kinase C prevented completely the Hg2+-mediated blockage

2 Oxidative Medicine and Cellular Longevity



of the GJIC [19]. On this basis, we proposed a mechanistic
model whereby exposure of HK to Hg2+ causes enhanced
ROS production by inhibition of selenocysteine-containing
antioxidant enzyme. This stimulates member of the protein
kinase C family, proved to be redox sensitive, which in turn
hampers/closes the GJIC by phosphorylating connexin 43.
The physiological rationale of this adaptive mechanism to a
prooxidative setting remains to be fully understood. How-
ever, it might be a protective mechanism evolutionary
selected to limit the spread of potentially harmful species
toward in-contact neighbor cells.

Recent studies have advanced our understanding that the
regulation of immune responses is not only confined to
immunocompetent cells. Upon stimulation, keratinocytes
are capable of releasing various factors and expressing pat-
tern recognition receptors (PRRs) that are significantly
involved in the innate immune response. Indeed, in response
to challenge with microbes or microbial-derived substances,
the activation and nuclear translocation of NF-κB and the
production of nitric oxide (NO) and inflammatory cytokines
occur in keratinocytes, in a TLR-dependent manner [20]. On
this basis, we have investigated the impact of Hg2+ on the
LPS-mediated immune activation of HK. We found that
nanomolar concentrations of HgCl2 significantly reduced
the release of TNF-α and IL-1β in LPS-stimulated cells and
that this effect was redox sensitive as it was abrogated by

antioxidant cotreatment [21]. Although the mechanism link-
ing mercury-mediated ROS accumulation to inhibition of
cytokine production remains to be detailed, nevertheless
our finding supports the long known immunosuppressive
role of mercury compounds on immunocompetent cells [22].

3. Mercury as Cancer Promoter: a Sensu Lato
Epigenetic Modifier

Epigenetics is defined as a complex of events leading to the
control and regulation of gene expression without the
involvement of any change in the genetic sequence. The pro-
cesses, which can be altered in the epigenetic modification,
include DNA methylation, histone modification, RNA regu-
lation, DNA repair, transcription, RNA stability, alternative
RNA splicing, protein degradation, gene copy number, and
transposon activation. Pollutants such as heavy metals, as
well as pharmaceuticals, hormones, nutrition, and behavior,
can all modify the expression of genes. The pattern of the epi-
genetic alterations can be both transient and permanent to be
transmitted to offsprings.

Epigenetic effects of heavy metals have been investigated
extensively, particularly arsenic, cadmium, cobalt, chro-
mium, nickel, and mercury. Regarding arsenic, numerous
authors observed global hypomethylation, but also global
and gene-specific hypermethylation particularly P53, plus
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Figure 1: Proposed mechanism for the prooxidative action of Hg(II). Mercury ion (Hg2+) is shown to bind to the dissociated form of the
selenol (-Se−) moiety of the catalytic selenocysteine residue of glutathione peroxidase and thioredoxin reductase thereby inactivating the
enzymes; the result is an enhanced level of reactive oxygen species because of their lower inactivation. The catalytic cycles of the two
antioxidant enzymes are also shown: glutathione peroxidase converts H2O2 in 2 H2O molecules at expense of 2 reduced glutathione
molecules (GSH), which are oxidized to GSSG; thioredoxin reductase reduces oxidized thioredoxin (Txr) at the expense of NADPH
thereby enabling reduced Txr to preserve the redox state of protein cysteines (P) from the H2O2-mediated oxidation. Mitochondria is
illustrated as a major intracellular producer of ROS generated from electron leaks from the respiratory chain (RC) to O2 to form the
superoxide anion (O2

•−). This is further converted in H2O2 by the mitochondrial isoform of the superoxide dismutase (SOD2).
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histone modification (alkylation) and increment of miRNAs
as miR-22 or decrement of miR-210 and miR-19a [23].
For cadmium, both global hypomethylation and hyperme-
thylation have been reported depending on the exposure
time [24–26]. For cobalt, the epigenetic effects published
consisted enhanced oxidative stress, proinflammatory effects,
and abnormal apoptosis [27]. It has been proved that
chromium caused P16 and Gpt hypermethylation, as well
as histone modifications as alkylation and phosphorylation
[28]. Nickel was able to induce hypermethylation of ATF-1,
HIF-1 gpt, Rb, and P16, and then histone modification as
alkylation and phosphorylation [28–31]. Finally, mercury
induced global hypomethylation and hypermethylation of
the signaling G protein GTPase Rnd2 [32, 33].

In addition to the abovementioned modifications,
dynamically controlling chromatin remodeling, gene tran-
scription can also be indirectly modulated by the availability
of metabolites functioning as substrates or effectors of epi-
genetic modifier enzymes as well as from microRNAs
(miRNAs). This emerging notion let us to reconsider epige-
netics in a broader sense including all the conditions directly
or indirectly leading to acute or chronic modification of gene
expression. In this acceptation, the intercellular communi-
cation may be considered an epigenetic process regulating
gene expression. Indeed, the low molecular weight of the
22-nucleotide noncoding miRNAs enables them to be

transferred through gap junction establishing an intercellular
genetic cross-talk. The intercellular genetic communication
is now emerging as an essential requirement for coordination
of cell proliferation and differentiation and has an important
role in many cellular processes [34].

A promoter carcinogen is by definition any agent able to
determinate an uncontrolled proliferation. This action, in the
opinion of several authors, including ourselves, would be
linked to inhibition of GJIC. In fact, cells deprived by inhib-
itory control of neighboring cells start to proliferate. This
aspect is, obviously, only one part of the complex and multi-
step carcinogenic process where microenvironmental factors
play conditioning activities. In this context, the cytokine net-
work might contribute to determine the destiny of cell
towards the death or the survival. Accordingly, numerous
observations proved a link between inflammation and can-
cer. If a substance apart from the inhibition of GJIC is also
able to reduce the release of proinflammatory cytokines, its
carcinogenic potency would result incremented.

In keeping the above defined concepts and on the basis of
the evidences provided by our experimental work on HK, as
well as by others, we hypothesize that mercury might be an
epigenetic carcinogen. Indeed, Hg(II) fulfils both the capacity
to induce an inhibition of the GJIC and that to induce immu-
nosuppressive effects. This double mechanism of toxicity by
Hg(II) might overcome the organism defences that exploit
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Figure 2: Proposed role of mercury as epigenetic/promoter carcinogen. The progressive multistep transformation of a normal cell to a cancer
cell is shown schematically. The indicated phases (i.e., initiation→ latency→ promotion→ progression) are those commonly accepted for
cancer development. Mercury (Hg(II)) is indicated to act in the promotion phase by causing an unbalance in the reactive oxygen species
(ROS) homeostasis accomplished by selective inhibition of selenocysteine antioxidant enzymes. Mitochondria are also shown as a major
ROS generator. The Hg(II)-induced prooxidative state in turn would result in inhibition of the gap junction intercellular communication
(GJIC) and of the proinflammatory cytokine release. Both mechanisms might on one hand isolate cells from tissue-specific homeostasis
promoting their proliferation and on the other hand tamper the immune system defense/surveillance checkmating the whole organism.
The Cx43-related open gap junction is shown as progressively closing in the transitions following the “latent” state.
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inflammation to contrast the cell hyperproliferation. Both
these Hg-mediated outcomes are linked to an upstream alter-
ation of the intracellular redox tone likely caused by a specific
inhibition of antioxidant enzymes containing selenocysteines
(see scheme of Figure 2).

The “carcinogen as mutagen” has become a “default”
paradigm. This is partly because the carcinogenicity of a
compound is commonly assessed by the so-called “genotoxi-
city” in vitro assays and tests to evaluate whether epigenetic
toxicology are lacking in the routine. Consequently, mercury
has been classified in group 3 by IARC (International Agency
Research Cancer) which means “not classifiable as to their
carcinogenicity to humans” [35]. However, if a toxic com-
pound inhibits the intercellular communication, it might
potentially act as a cancer “promoter,” although resulting
nongenotoxic. In the case of the GJIC, the impact on it of
chemical agent can be easily assessed as a number of proto-
cols have been developed [36, 37]. Most notably, for some
of these protocols measuring intercellular fluorescent dye
transfer, either a specialized expertise or particular instru-
mentations, is required in making the setup of the assay easily
accessible to every basic laboratory.

All together, the abovementioned considerations let us to
conclude that there is something more beyond the epigenetic
effect. Alyea et al. [38] stated that epigenetic effects caused
by metals and toxic compounds always appear at low concen-
tration, even below what they called no-observed-adverse-
effect level (NOAEL), and then the authors concluded that
the epigenome dynamic variability is not completely charac-
terized. Thus, given the state of our current scientific knowl-
edge, an epigenetic change cannot be contextualized as
adverse in the absence of a phenotypic anchor. They con-
cluded that more research is needed in this area to perform
additional epigenetic studies that include apical end points
with full-dose response curves, in order to gain a more com-
prehensive understanding of adverse health outcomes that
could be causally linked to epigenetic changes. These conclu-
sions are useful to approach in a new and unexpected way
the epigenetic effect, trying to evaluate more critically
where this event drives. It is known that cells, tissues, organs,
apparatuses, and organisms are able to develop feedback
mechanisms that counteract modifications induced by toxic
substances. Hence, though it is useful to investigate canonical
epigenetic modifications, it will be even more useful in the
future to ask ourselves what links these epigenetic effects with
other epigenetic effects that could be defined “beyond/after
epigenetic effect” to differentiate them. Several authors as
Alyea et al. [38] consider inhibition of intercellular commu-
nication, enhanced oxidative stress, proinflammatory effects,
and abnormal apoptosis/survival as “bona fide” epigenetic
effects. They could be also defined, in our opinion, in a single
word as “metagenetic effects” using an ancient Greek prefix
that means beyond.
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The present study was designed to explore the possible influence of subacute exposure to lead on the levels of selected essential
metals, selected proteins related to them, and oxidative stress parameters in occupationally exposed workers. The study
population included 36 males occupationally exposed to lead for 36 to 44 days. Their blood lead level at the beginning of the
study was 10.7± 7.67μg/dl and increased to the level of 49.1± 14.1μg/dl at the end of the study. The levels of calcium,
magnesium, and zinc increased significantly after lead exposure compared to baseline by 3%, 3%, and 8%, respectively, while the
level of copper decreased significantly by 7%. The malondialdehyde (MDA) level and the activities of catalase (CAT) and
superoxide dismutase (SOD) did not change due to lead exposure. However, the level of lipid hydroperoxides (LPH) in serum
increased significantly by 46%, while the level of erythrocyte lipofuscin (LPS) decreased by 13%. The serum levels of essential
metals are modified by a short-term exposure to lead in occupationally exposed workers. A short-term exposure to lead induces
oxidative stress associated with elevated levels of LPH but not MDA.

1. Introduction

Lead is one of the ubiquitous pollutants and exposure to it is a
global concern. Lead is commonly used in many industries,
and its disposal has resulted in its accumulation in the envi-
ronment [1, 2]. There is no known physiological value of
lead, and there is no safe level of exposure to this xenobiotic.
Even low blood lead levels (<10μg/dl) are believed to be
associated with abnormalities in hematopoietic, nervous,
and renal systems [3].

Occupational lead exposure occurs mainly through the
respiratory tract. Approximately 30–40% of inhaled lead is
absorbed into the bloodstream. 99% of circulating lead is
bound to erythrocytes for approximately 30–35 days and is

distributed into the tissues, such as the liver, renal cortex,
blood vessels, brain, lungs, spleen, teeth, and bones, over
the following 4–6 weeks. In adults, approximately 80–95%
of absorbed lead is stored in bones [4].

There are many proposed mechanisms of toxic lead
action. It has been established that lead induces oxidative
stress by generation of reactive oxygen species (ROS) and
impairment of antioxidant defenses, including enzymatic
antioxidants, such as superoxide dismutase and catalase [5].
Besides, lead interferes with divalent cations, such as calcium
(Ca), magnesium (Mg), iron (Fe), zinc (Zn), copper (Cu),
and selenium (Se) [3, 6].

Essential metals are coactivators of several important
enzymes, including antioxidant enzymes, and proteins which
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are necessary for health maintenance [6, 7]. Therefore, their
interactions with lead may affect various fundamental biolog-
ical processes, including intra- and intercellular signaling,
cell adhesion, protein folding and maturation, apoptosis,
ionic transportation, enzyme regulation, and release of
neurotransmitters [3]. On the other hand, micronutrients
could influence lead’s absorption, postexposure distribution,
deposition, and excretion processes [1]. For example, it has
been reported that a low calcium and iron diet results in
increased susceptibility to lead toxicity by its increased
absorption. Conversely, supplementation with zinc and iron
has been shown to reduce intestinal absorption of lead [2].
Consequently, it is postulated that there are possible feedback
loops between blood lead and essential metals [7].

The associations between concentration of lead and
essential metals in the blood and oxidative stress intensity
are not fully understood. Previous studies on this topic con-
ducted on humans focused on occupational and environ-
mental chronic lead exposure [6]. In this context,
investigation of the effects of a short-term exposure to lead
would provide more information. Therefore, the aim of the
present study was to explore the possible influence of sub-
acute exposure to lead on the levels of selected micro and
macro elements, selected proteins related to them, and oxida-
tive stress parameters in occupationally exposed workers.

2. Material and Methods

2.1. Study Population. The experimental setup has been
approved by the Bioethics Committee of the Medical Univer-
sity of Silesia in Katowice No. KNW/0022/KB1/108/14.

The study population included 36 males occupationally
exposed to lead for 36 to 44 days. All participants were
recruited by an occupational medicine specialist during
prophylactic medical examinations and provided informed
consent to the study. Blood lead level (B-Pb) served as an
exposure marker. Half of the workers were only environmen-
tally exposed to lead before the study, while the second half
had a history of an occupational exposure to lead. They had
been exposed to lead several years before the study began.
Periods of lead exposures in the past lasted for several
months to several years. Additively, the exposed population
was divided into pairs of subgroups based on smoking habits
and a median of age and BMI. In the examined group, 5%
and 3% of workers were diagnosed with hypertension and
coronary artery disease, respectively, while none of them
were diagnosed with diabetes and malignant neoplasm.

Subjects in the examined group worked in lead-zinc
works in the southern region of Poland to perform periodic
maintenance of blast furnaces and production lines. The
mean concentration of lead in the air at the participants’
workplaces was 0.083± 0.12mg/m3. This mean concentra-
tion exceeds the Polish MAC level of 0.050mg/m3. Besides,
examined subjects were exposed to negligible doses of zinc.
The mean concentration of zinc in the air at the participants’
workplaces was 0.15± 0.13mg/m3. This value is much lower
than the Polish MAC level of 5.0mg/m3.

Blood of all examined workers was drawn during pro-
phylactic medical examinations at the beginning of the

studied lead exposure for the first time and after a period of
short-term exposure to lead for the second time. In the col-
lected blood samples, the biochemical analysis included the
activities of superoxide dismutase (SOD) and catalase
(CAT) and the levels of essential metals, ceruloplasmin
(CER), lipid hydroperoxides (LPH), malondialdehyde
(MDA), and lipofuscin (LPS).

This study was supported by the Medical University of
Silesia in Katowice (KNW-1-063/N/6/O).

2.2. Laboratory Procedures

2.2.1. Blood Collection. We followed the methods of Dobra-
kowski et al. [8]. To obtain whole blood, erythrocytes, and
leukocytes, 14ml of blood was drawn by venipuncture into
tubes containing an EDTA solution as an anticoagulant.
Immediately after blood sampling, 5ml of whole blood was
centrifuged. The plasma supernatant was removed. The
sedimented erythrocytes were washed three times through
centrifugation with 0.9% sodium chloride solution. Subse-
quently, the erythrocytes were lysed with bidistilled water.
Finally, 10% (v/v) hemolysate was prepared. To isolate the
leukocytes, 3ml of the whole blood was layered over
Histopaque-1077 (Sigma-Aldrich) in a 1 : 1 ratio and centri-
fuged for 30min. Leukocytes (1.5ml) were collected from
the interface and washed three times through centrifugation
with 0.9% sodium chloride solution. Finally, the lysate of
leukocytes was prepared in 1.5ml of bidistilled water.

2.2.2. Determination of Lead and Essential Metal
Concentrations. The assessments of the PbB (wavelength
283.3 nm) and serum concentration of selenium (196.0 nm)
were performed by graphite furnace atomic absorption
spectrometry using an ICE 3400 instrument (Thermo Fisher
Scientific, Waltham, MA, USA). The detection limits for PbB
were 0.08μg/dl and for Se 0.32μg/dl. Data were shown
in micrograms per deciliter (μg/dl). The assessments of
the serum concentrations of magnesium (wavelength
285.2 nm), calcium (422.7 nm), iron (248.3 nm), zinc
(213.9 nm), and copper (324.8 nm) were performed by
air-acetylene flame atomic absorption spectrometry using
an ICE 3300 instrument (Thermo Fisher Scientific, Waltham,
MA,USA). The detection limits forMgwere 0.0022mg/dl, for
Ca0.0037mg/dl, for Fe0.0043mg/dl, forZn0.0033mg/dl, and
Cu 0.0045mg/dl. Concentrations of Ca andMgwere shown in
milligrams per deciliter (mg/dl); Fe, Zn, andCuwere shown in
microgramsper deciliter (μg/dl). Coefficient of variation (CV)
ranged 1.64–2.18%. The overall methods recovery were 95–
105%. The laboratory met the requirements of proficiency
tests (Lead and Multi-Element Proficiency–CDC in Atlanta).
The ClinCal® Whole Blood Calibrator and ClinCal Serum
Calibrator (Recipe, Germany) were used for calibration of
the instrument andcontrolmaterials. ClinCheckWholeBlood
Control Levels I, II, and III and ClinCheck Serum Control
Levels I and II were used for quality control.

2.2.3. Determination of Superoxide Dismutase (SOD) Activity.
The method of Oyanagui [9] was used to measure the activity
of SOD in serum, erythrocytes, and leukocytes. In this
method, xanthine oxidase produces superoxide anions which
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react with hydroxylamine forming nitric ions. These ions
react with naphthalene diamine and sulfanilic acid generat-
ing a colored product. Concentration of this product is pro-
portional to the amount of produced superoxide anions and
negatively proportional to the activity of SOD. Absorbance
was measured using an automated analyzer PerkinElmer at
a wavelength of 550nm. The enzymatic activity of SOD was
expressed in nitric units. The isoenzymes of SOD, such as
Mn-SOD and CuZn-SOD, were also indicated in leukocytes,
using KCN as the inhibitor of the CuZn-SOD activity. The
activity of SOD is equal to 1 nitric unit (NU) when it inhibits
nitric ion production by 50%. Activity of SOD was expressed
in NU/ml in serum, NU/mg of hemoglobin (Hb) in erythro-
cytes, and in NU/mg of protein (P) in leukocytes.

2.2.4. Determination of Catalase (CAT) Activity. Catalase
activity in erythrocytes and leukocytes was measured by the
method of Johansson and Borg [10] using an automated
analyzer PerkinElmer. The method is based on the reaction
of the enzyme with methanol in the presence of optimal
concentrations of hydrogen peroxide. Formaldehyde pro-
duced is measured spectrophotometrically at 550nm as a
dye purpald. The activity of Cat-Px was expressed as U/mg
P in leukocytes and as kU/g Hb in erythrocytes.

2.2.5. Determination of Ceruloplasmin (CER) Concentration.
The CER concentration in serum was determined spectro-
photometrically by Richterich [11], using the reaction with
p-phenyl diamine. To 20ml of serum (examined sample)
and to the mixture of 20ml of serum and 200ml of sodium
azide solution (control sample), 1ml of p-phenylenediamine
dihydrochloride in acetate buffer was added. After 15minutes
of incubation, to the examined sample, 200ml of sodium
azide solution was also added. After another 15 minutes of
incubation, the absorbance was measured at a wavelength of
546nm. The values shown were in mg/dl.

2.2.6. Determination of Lipid Hydroperoxide (LPH)
Concentration. The concentration of lipid hydroperoxides
in serum was assessed according to a method described by
Södergren et al. [12]. This assay is based on the ferrous oxida-
tion of xylenol orange following the addition of methanol
and butylated hydroxytoluene (BHT). The presence of ferric
ions induces a color change in xylenol orange that can be
measured as the change in absorbance at 560nm relative to
blank samples containing triphenylphosphine in methanol.
The assay was conducted in the Victor X3 (PerkinElmer,
Waltham, MA, USA) automated analyzer, which was cali-
brated with hydrogen peroxide. The values corresponding
to total lipid hydroperoxides were shown in μmol/l.

2.2.7. Determination of Malondialdehyde (MDA)
Concentration. Malondialdehyde level was measured fluoro-
metrically as a 2-thiobarbituric acid-reactive substance
(TBARS) in serum according to Ohkawa et al. [13] with
modifications. Samples were mixed with 8.1% sodium dode-
cyl sulfate, 20% acetic acid, and 0.8% 2-thiobarbituric acid.
After vortexing, samples were incubated for 1 hour in
950°C and butanol-pyridine 15 : 1 (v/v) was added. The mix-
ture was shaken for 10 minutes and then centrifuged. The

butanol-pyridine layer was measured fluorometrically at
552 nm and 515nm excitation (PerkinElmer, USA). TBARS
values are expressed as malondialdehyde (MDA) equivalents.
Tetraethoxypropane was used as the standard. Concentra-
tions were given in μmol/l.

2.2.8. Determination of Lipofuscin (LPS) Concentration. The
concentration of LPS was determined in serum and erythro-
cytes according to the method of Jain [14]. To the hemoly-
sate, isopropanol and chloroform in a ratio of 3 : 2 (v/v) was
added. Then, the sample was shaken for 2 minutes and after
30minutes of incubation at 20°C was centrifuged. Fluores-
cence was measured in the clear supernatant using an LS45
spectrofluorometer PerkinElmer at a wavelength of 400nm
(absorbance) and 455nm (emission). The values were pre-
sented in relative units (RU). The value of RU 100 corre-
sponds to the fluorescence of a 0.1mg/ml quinidine sulfate
solution in sulfuric acid. The concentration of LPS was
shown in RU/g Hb in erythrocytes and in RU/ml in serum.

2.2.9. Statistical Analysis. The statistical analysis was per-
formed using the Statistica 9.1 PL software program. The sta-
tistical analyses included the means and standard deviations
of the data. Shapiro-Wilk test was used to verify normality,
and Levene’s test was used to verify the homogeneity of
variances. Statistical comparisons were made using the t-test,
t-test with separate variance estimates, the Mann–WhitneyU
test, or the chi-squared test. The Spearman nonparametric
correlation was calculated. A value of p < 0 05was considered
to be significant.

3. Results

The mean age of the exposed population was 40.94± 13.68
years. Their PbB at the beginning of the study was 10.7
± 7.67μg/dl and increased to the level of 49.1± 14.1μg/dl at
the end of the study period (Table 1).

The levels of calcium, magnesium, and zinc increased
significantly after lead exposure compared to baseline by
3%, 3%, and 8%, respectively, while the level of copper
decreased significantly by 7% (Table 2).

Activities of CAT, SOD, and SOD isoenzymes did not
change due to lead exposure. Analogically, the level of
MDA, CER, and serum LPS did not differ when compared
its values after lead exposure and at baseline. However, the
level of serum LPH increased significantly by 46%, while
the level of erythrocyte LPS decreased by 13% (Table 3).

The analysis of correlations showed negative correlations
between the change of PbB level and changes of leukocyte
SOD (R = −0 58) and Mn-SOD (R = −0 55) activities. Inverse
correlations were also observed between the change of CuZn-
SOD activity and the changes of MDA (R = −0 34) and
LPH (R = −0 37) levels due to the studied lead exposure.
Analogical correlation was found for leukocyte SOD
and LPH (R = −0 46). Positive correlations were shown
between the changes of LPH and MDA levels (R = 0 78)
and between the change of serum LPS level and changes of
the MDA (R = 0 47) and LPH levels (R = 0 42) (Table 4).
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Comparisons between subgroups of workers exposed to
lead before the study and workers without such exposure,
smokers and non-smokers, younger and older workers, and
workers with higher and lower BMI are presented in corre-
sponding tables. Data presented in those tables include epi-
demiological data and parameters which are significantly
different (Tables 5–8).

4. Discussion

Blood lead level increased five times after examined exposure
period. Observed elevations of blood lead levels were caused
by inadequate adherence of workers to work safety proce-
dures. Workers were in conditions of exposure to lead for
12 hours a day. They did not properly use the personal
protective equipment, such as protective clothes, masks,
and goggles, probably because they neglected or were
unaware of possible adverse health effects of lead poisoning.
The main source of lead in the working environment is the
manufacturing process of melting raw materials which
releases lead to the atmosphere around the steelwork’s fur-
nace as industrial dust. Wind-blown historical dust and slag
storage piles are the secondary sources of lead exposure [15].

Calcium regulates many different cellular functions, such
as contraction, secretion, metabolism, gene expression, cell
survival, and death. Due to the interaction with stereospecific
sites for divalent cations, lead may potentially impair all of
the calcium-dependent processes [16]. In the present study,
serum calcium level significantly increased after a short-
term lead exposure. This increase may be due to the compet-
itive displacement of calcium from its binding sites in cells by
lead. In lead-exposed individuals, the concentration of lead is
90 times higher in red blood cells than in the plasma [17].

Lead ion is transported into the erythrocytes through calcium
transport systems and may compete with calcium ions [18].
In consequence, calcium uptake by erythrocytes may
decrease and result in elevated calcium level in serum which
was observed in the present study. On the other hand, lead is
also believed to trigger opposite mechanisms leading to the
increase of calcium level in red blood cells. It has been pro-
posed that lead-induced oxidative stress may induce calcium
influx by ROS-mediated activation of calcium channels and
suppression of (Ca2+, Mg2+)-ATPase activity which is
responsible for calcium efflux. Besides, lead ions directly
inhibit (Ca2+, Mg2+)-ATPase activity [16, 17]. In cardiomyo-
cytes, lead has been shown to activate the cascade of Src and
ERK 1/2 which activates the α-1 subunit of L-type calcium
channels. This activation results in increased calcium influx
[19]. The same mechanism may operate in red blood cells.
The abovementioned mechanisms explain increased cal-
cium level reported in erythrocytes of workers chronically
exposed to lead [16] and in human erythrocytes exposed
to lead in vitro [17]. In accordance, a negative correlation
(R = −0 41, p < 0 01) between blood lead level and plasma
calcium level was shown in workers chronically exposed to
lead [20]. This observation may be also due to the inhibitory
effect of lead on 1α-hydroxylase in renal tubules. As a result,
lead inhibits synthesis of calcitriol resulting in a decrease in
calcium absorption in the intestine and its reabsorption in
renal tubules [21]. The complexity of mentioned interac-
tions between lead and calcium may result in divergent
results of studies which are methodologically different.
Besides, the analysis of confounders showed that smoking
habits affect the influence of lead exposure on serum cal-
cium level. In a group of nonsmokers, the increase of serum
calcium level due to the exposure was significantly higher
than in a group of smokers.

The interactions between magnesium and lead are less
studied. Magnesium is known to be a calcium antagonist
and also serves as an essential element for cell functioning
being a cofactor in more than 300 enzymatic reactions. Pro-
tein and DNA biosynthesis, anaerobic energy production,
and the hydrolysis and transfer of phosphate groups are
believed to be the most important biochemical processes that
require magnesium ions [22]. Analogically to calcium levels,
serum magnesium levels significantly increased after a short-
term exposure to lead compared to baseline. This elevation
could be also caused by the increased release of magnesium
from tissues due to its displacement from binding sites by lead
ions. Consistently, Chiba et al. [23] found decreased magne-
sium level in erythrocytes of workers chronically exposed to
lead (PbB=32.52± 9.49μg/dl) compared to unexposed con-
trol group, while plasma magnesium level in this group of
workers was the same as in the control group. However, a pos-
itive association between blood lead and serum magnesium
levels was shown in a group of children environmentally
exposed to high doses of lead (PbB=19.9± 17.93μg/dl) [2].

Selenium is the next metal that competes with lead. Sele-
nium is involved in the antioxidant defense as a cofactor for
glutathione peroxidase (GPx) and plays a role in tissue respi-
ration. Selenoproteins also have the antioxidant properties
and help to eliminate reactive oxygen species overproduced

Table 1: Epidemiological data and blood lead levels (B-Pb) in the
study population.

Mean SD

Lead exposure duration (days) 40 3.2

Age (years) 40.94 13.68

BMI (kg/m2) 25.86 3.71

Percentage of smokers (%) 69% —

B-Pb before exposure (μd/dl) 10.7 7.67

B-Pb after exposure (μd/dl) 49.1 14.1

Table 2: The levels of essential metals in the examined population.

Before
exposure

After
exposure

Relative
change (%)

p value
Mean SD Mean SD

Ca (mg/dl) 112.55 6.13 116.29 8.34 3 0.042

Mg (mg/dl) 2.09 0.19 2.14 0.19 3 0.045

Se (μg/dl) 69.94 9.55 74.59 9.83 7 0.060

Fe (μg/dl) 156.42 60.33 172.34 64.73 10 0.096

Zn (μg/dl) 92.40 9.02 99.58 15.48 8 0.008

Cu (μg/dl) 95.27 15.07 88.62 11.45 −7 0.028
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by the metals’ action. Some animal studies have shown that
lead-induced oxidative stress could be reduced by the admin-
istration of selenium alone or the combination of selenium
and other antioxidants [24]. In our previous study, we
showed decreased level of selenium in workers chronically
exposed to medium and high doses of lead compared to the
unexposed control group [6]. Results of the present study
indicate that a short-term exposure to lead does not signifi-
cantly affect serum selenium level. However, selenium level

was significantly higher after the studied period of lead expo-
sure in a group of workers who had not a history of occupa-
tional exposure to lead than in workers with such a history.
Analogical difference in selenium level due to exposure was
observed between subgroups of workers with low and high
BMI. These observations suggest an existence of a defense
mechanism against lead toxicity which is efficient in individ-
uals with lower BMI and without a history of occupational
lead exposure.

Similarly to selenium, serum level of iron was also not
significantly affected by the studied short period of lead expo-
sure. Iron is an essential trace element which plays an impor-
tant role in the synthesis of metalloproteins, such as
hemoglobin or myoglobin. In an experimental study on rats,
a significant reduction in the concentration of serum iron fol-
lowing short- and long-term lead administrations to rats was
reported. Authors of this study postulate that lead in the
plasma binds to transferrin molecules displacing iron. As a
result, unbound iron might be excreted through the kidneys
[25]. Besides, an inverse relation between blood lead levels
and iron status was reported in children environmentally
exposed to lead diagnosed with anemia [26, 27]. This associ-
ation between the levels of lead and iron is likely due to their
sharing of the same transporters, such as the divalent metal
transporter 1 (DMT1) and ferroportin 1 (FP1). Conse-
quently, iron status may over- or underregulate the intestinal
absorption of lead [28]. However, workers are exposed to
lead primarily through the respiratory tract and upregulation
of intestinal lead absorption by decreased body iron content
should have marginal significance in occupational exposure.
Consistently, in our previous study, we did not show any
association between blood lead level and serum iron level in
a group of chronically lead-exposed workers [6].

The inverse association between lead body burden and
zinc status has been also found. These metals also compete
in binding to metal transporters, including metallothionein-
like transport protein responsible for the metals’ intestinal
absorption [29]. In the present study, serum zinc level signif-
icantly increased after lead exposure compared to baseline.
This observation confirms that intestinal absorption of lead

Table 3: The activities of antioxidant enzymes, the levels of oxidative stress markers and ceruloplasmin. S: serum; E: erythrocyte; L: leukocyte.

Before exposure After exposure
Relative change (%) p value

Mean SD Mean SD

S-SOD (NU/ml) 16.84 2.47 17.42 2.33 3 0.238

E-SOD (NU/mg Hb) 178.69 20.18 175.77 24.23 −2 0.535

L-SOD (NU/mg P) 16.80 1.94 16.89 3.97 1 0.894

L-CuZn-SOD (NU/mg P) 11.14 2.08 11.76 3.35 6 0.373

L-Mn-SOD (NU/mg P) 5.66 1.86 5.21 3.50 −8 0.487

E-CAT (kU/g Hb) 371.27 72.38 393.73 81.89 6 0.200

L-CAT (U/mg P) 38.18 10.61 43.66 14.51 14 0.078

S-MDA (μmol/l) 2.12 0.57 2.37 0.72 12 0.097

S-LPH (μmol/l) 4.72 3.19 6.90 4.66 46 0.005

S-LPS (RF/ml) 1076.05 152.85 1140.59 172.47 6 0.107

E-LPS (RF/g Hb) 2354.00 538.19 2037.71 482.85 −13 0.010

S-CER (mg/dl) 39.43 5.95 40.62 6.83 3 0.324

Table 4: Correlations between lead-induced changes of the levels of
lead, MDA, and LPH and the changes of the levels of essential
metals, activities of antioxidant enzymes, and the levels of
oxidative stress markers and ceruloplasmin. S: serum; E:
erythrocyte; L: leukocyte; D: a difference between the levels at
baseline and at the end of the study period.

B-Pb-D
(μg/dl)

S-MDA-D
(μmol/l)

S-LPH-D
(μmol/l)

Ca-D (mg/dl) 0.18 0.18 0.25

Mg-D (mg/dl) 0.27 0.14 0.08

Se-D (μg/dl) 0.11 −0.09 0.11

Fe-D (μg/dl) 0.04 0.27 −0.07
Zn-D (μg/dl) 0.07 −0.33 −0.29
Cu-D (μg/dl) 0.17 −0.24 −0.24
S-SOD-D (NU/ml) −0.08 −0.11 −0.05
E-SOD-D (NU/mg Hb) 0.13 0.15 0.01

L-SOD-D (NU/mg P) −0.58 −0.29 −0.46
L-CuZn-SOD-D (NU/mg P) −0.15 −0.34 −0.37
L-Mn-SOD-D (NU/mg P) −0.55 0.07 −0.07
E-CAT-D (kU/g Hb) −0.18 −0.08 −0.04
L-CAT-D (U/mg P) 0.01 −0.04 −0.15
S-MDA-D (μmol/l) 0.03 1.00 0.78

S-LPH-D (μmol/l) 0.14 0.78 1.00

E-LPS-D (RF/g Hb) 0.18 0.05 0.14

S-LPS-D (RF/ml) 0.03 0.47 0.42

S-CER-D (mg/dl) 0.07 0.24 0.17
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in occupational exposure has limited significance. Zinc is
essential for cellular metabolism as a central part of over
300 enzymes and proteins [6]. Therefore, as in the case of cal-
cium and magnesium, observed elevation of zinc level may be
due to its displacement from protein binding sites in cells. By
contrast, the level of plasma copper significantly decreased
after a short-term exposure to lead compared to baseline.
At the same time, the level of ceruloplasmin, an acute-
phase protein that binds copper, did not change significantly.
Lead competes with copper analogically to zinc [30]. There-
fore, there must exist an additional mechanism that decreases
copper level due to the lead action independent of cerulo-
plasmin metabolism and function. Interestingly, we found
a significantly elevated level of copper and ceruloplasmin
in chronically lead-exposed workers [6]. This increase in
the copper level might have been secondary to the increase
of ceruloplasmin level related to the inflammatory processes
to be triggered by lead. In light of this, a short-time expo-
sure seems to be not enough to induce such proinflamma-
tory conditions.

Both zinc and copper are necessary for the activity of
cytoplasmic and extracellular isoenzymes of SOD, while iron
is a cofactor for CAT. SOD utilizes superoxide anions to
hydrogen peroxide which is degraded by CAT. Both enzymes
serve as a part of the antioxidant defense mechanism against
lead-induced oxidative stress [31]. Lead is able to modify
expression and activities of CAT and SOD via many mecha-
nisms. On the one hand, lead may induce expressions and

activities of CAT and SOD through increased generation of
their substrates. On the other hand, activities of CAT and
SODmay decrease as a result of lead’s binding to thiol groups
of their active sites or lead’s interactions with their cofactors.
Consequently, activities of SOD and CAT in lead-exposed
individuals are determined by the sum of opposite mecha-
nisms. This explains divergent results of animal and human
studies in this field [5]. In the present study, activities of both
enzymes did not change after exposure to lead compared to
baseline. However, there were negative correlations between
the change of blood level and changes of the activities of leu-
kocyte SOD and Mn-SOD due to lead exposure. The analysis
of confounders provided some additional information. In a
group of workers, who had a history of occupational expo-
sure to lead, the activities of CAT and SOD in leukocytes
were elevated due to the short-term exposure to lead, while
in workers without such a history, activities of these enzymes
were decreased. These observations suggest an existence of a
defense mechanism against lead toxicity that had developed
during previous episodes of exposure. The confounding role
of smoking habits, age, and BMI also should not be neglected.
In a group of nonsmokers, the leukocyte CuZn-SOD activity
increased due to the studied lead exposure, while in smokers,
the activity of this isoenzyme slightly decreased. Conversely,
smokers had significantly higher baseline CAT activity than
nonsmokers. The baseline leukocyte activities of CAT were
also significantly higher in younger workers and those with
lower BMI compared to the group of older workers and those
with higher BMI. However, the changes of CAT activities in
those groups due to the studied lead exposure were not

Table 5: The comparison between subgroups of workers without a
history of occupational exposure to lead (N-HOE) and workers
witch such a history (HOE). B: whole blood; S: serum; L:
leukocyte; D: a difference between the levels at baseline (1) and at
the end of the study period (2).

N-HOE
n = 18

HOE
n = 18 p value

Mean SD Mean SD

Age (years) 37.72 14.17 44.58 12.37 0.125

Percentage of smokers (%) 0.72 0.46 0.63 0.50 0.569

BMI (kg/m2) 25.35 3.81 26.13 3.68 0.530

B-Pb-1 (μg/dl) 4.16 1.62 16.95 5.32 <0.001
B-Pb-2 (μg/dl) 46.52 10.98 51.26 16.37 0.311

B-Pb-D (μg/dl) 42.36 11.04 34.33 16.89 0.028

Se-1 (μg/dl) 68.64 9.25 71.23 9.93 0.424

Se-2 (μg/dl) 78.45 9.70 70.73 8.56 0.016

Se-D (μg/dl) 9.81 14.25 −0.51 12.85 0.029

L-SOD-1 (NU/mg P) 17.34 1.88 16.25 1.89 0.091

L-SOD-2 (NU/mg P) 16.00 4.56 17.79 3.15 0.180

L-SOD-D (NU/mg P) −1.35 4.03 1.53 3.98 0.038

L-CAT-1 (U/mg P) 39.13 11.08 37.24 10.35 0.600

L-CAT-2 (U/mg P) 38.46 8.84 48.87 17.26 0.029

L-CAT-D (U/mg P) −0.67 9.89 11.63 22.27 0.039

S-LPH-1 (μmol/l) 3.52 2.12 5.91 3.66 0.022

S-LPH-2 (μmol/l) 6.53 4.76 7.27 4.67 0.644

S-LPH-D (μmol/l) 3.01 3.96 1.36 5.52 0.309

Table 6: The comparison between subgroups of smokers and
nonsmokers. B: whole blood; E: erythrocyte; L: leukocyte; D: a
difference between the levels at baseline (1) and at the end of the
study period (2).

Nonsmokers
n = 11

Smokers
n = 25 p

value
Mean SD Mean SD

Age (years) 40.09 13.62 41.40 13.93 0.795

BMI 27.42 3.51 25.17 3.65 0.094

B-Pb-1 (μg/dl) 10.42 7.18 10.82 8.03 0.886

B-Pb-2 (μg/dl) 49.33 10.94 49.04 15.60 0.956

B-Pb-D (μg/dl) 38.91 12.25 38.23 16.13 0.902

Ca-1 (mg/dl) 110.48 5.85 113.46 6.14 0.184

Ca-2 (mg/dl) 120.04 4.89 114.65 9.07 0.018

Ca-D (mg/dl) 9.55 8.62 1.19 10.56 0.027

E-SOD-1 (NU/mg Hb) 168.74 18.76 183.07 19.55 0.048

E-SOD-2 (NU/mg Hb) 174.51 29.20 176.31 22.37 0.841

E-SOD-D (NU/mg Hb) 5.77 25.72 −6.76 28.63 0.221

L-CuZn-SOD-1 (NU/mg P) 10.44 2.15 11.45 2.01 0.186

L-CuZn-SOD-2 (NU/mg P) 13.24 2.23 11.11 3.59 0.078

L-CuZn-SOD-D (NU/mg P) 2.80 3.80 −0.34 3.98 0.034

L-CAT-1 (U/mg P) 35.78 8.49 39.24 11.41 0.374

L-CAT-2 (U/mg P) 37.14 7.78 46.53 15.93 0.023

L-CAT-D (U/mg P) 1.36 12.38 7.29 20.06 0.373
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significantly different. Surprisingly, the activities of SOD and
Mn-SOD in leukocytes decreased after the studied lead expo-
sure period in a group of workers with lower BMI, while an
opposite trend was observed in those with higher BMI. How-
ever, these differences in SOD and Mn-SOD activities were
not associated with differences in oxidative stress parameters.
Therefore, their significance is limited.

The activities of antioxidant enzymes are associated with
oxidative stress intensity. We showed inverse correlations
between the changes of leukocyte SOD and CuZn-SOD activ-
ities and the changes of MDA and LPH levels due to the stud-
ied lead exposure. The ability of lead to induce oxidative
stress via impairment of the antioxidant defenses has been
widely studied in humans chronically exposed to lead [5,
32]. In the present study, a short-term exposure to lead
resulted in increased LPH level by 46%. The levels of serum
MDA and LPS did not change significantly. Consistently, in
our previous study [8], we showed increased total oxidant
status (TOS) level in leukocytes, unchanged leukocyte and
erythrocyte MDA level, and decreased erythrocyte glutathi-
one pool due to a short-term lead exposure. Therefore, it
seems that the primary products of lipid peroxidation, such
as LPH or TOS value, are better in estimating oxidative stress
intensity in acute or subacute lead exposure. Additively, the
analysis of confounders showed that older workers had
greater levels of LPH at baseline and were more susceptible
to develop oxidative stress due to lead exposure than the
younger population. The possible influence of smoking
habits and BMI on measured parameters of oxidative stress
was not shown. Surprisingly, subacute exposure to lead
resulted in significantly decreased level of LPS in

Table 7: The comparison between the subgroups of younger and older workers based on the median of age (37 years). B: whole blood; S:
serum; L: leukocyte; D: a difference between the levels at baseline (1) and at the end of the study period (2).

Younger workers
n = 19

Older workers
n = 17 p value

Mean SD Mean SD

Age (years) 29.47 5.25 53.67 6.39 <0.001
Percentage of smokers (%) 0.74 0.45 0.61 0.50 0.428

BMI (kg/m2) 24.92 3.70 26.63 3.62 0.164

B-Pb-1 (μg/dl) 8.61 7.18 12.97 7.53 0.080

B-Pb-2 (μg/dl) 48.24 15.08 49.71 13.21 0.756

B-Pb-D (μg/dl) 39.63 15.52 36.76 14.12 0.561

L-CAT-1 (U/mg P) 41.16 10.22 34.85 10.31 0.046

L-CAT-2 (U/mg P) 46.43 16.44 40.57 11.72 0.232

L-CAT-D (U/mg P) 5.27 20.38 5.72 15.77 0.942

S-MDA-1 (μmol/l) 1.98 0.43 2.29 0.68 0.104

S-MDA-2 (μmol/l) 2.04 0.49 2.73 0.78 0.003

S-MDA-D (μmol/l) 0.07 0.55 0.45 1.10 0.193

S-LPH-1 (μmol/l) 3.35 2.72 6.24 3.04 0.005

S-LPH-2 (μmol/l) 5.17 3.54 8.84 5.09 0.016

S-LPH-D (μmol/l) 1.81 3.68 2.60 5.91 0.633

S-LPS-1 (RF/ml) 1113.71 186.24 1033.95 92.30 0.119

S-LPS-2 (RF/ml) 1075.00 157.34 1213.90 162.47 0.014

S-LPS-D (RF/ml) −38.71 226.46 179.95 187.42 0.004

Table 8: The comparison between subgroups of workers with lower
and higher BMI based on the median of BMI (25.6 kg/m2). B: whole
blood; L: leukocyte; D: a difference between the levels at baseline (1)
and at the end of the study period (2).

Low BMI
n = 17

High BMI
n = 19 p value

Mean SD Mean SD

Age (years) 37.44 14.16 44.84 12.22 0.097

Percentage of smokers (%) 0.72 0.46 0.63 0.50 0.569

BMI (kg/m2) 22.65 1.96 28.69 2.28 <0.001
B-Pb-1 (μg/dl) 9.84 7.56 11.57 7.69 0.494

B-Pb-2 (μg/dl) 50.68 15.57 47.32 12.59 0.475

B-Pb-D (μg/dl) 40.84 13.76 35.77 15.53 0.302

Se-1 (μg/dl) 66.88 10.40 72.67 8.03 0.069

Se-2 (μg/dl) 77.45 9.72 72.03 9.44 0.099

Se-D (μg/dl) 10.56 13.77 −0.64 13.03 0.017

L-SOD-1 (NU/mg P) 17.21 1.52 16.43 2.22 0.237

L-SOD-2 (NU/mg P) 15.08 4.39 18.52 2.76 0.007

L-SOD-D (NU/mg P) −2.13 3.42 2.09 3.90 0.002

L-Mn-SOD-1 (NU/mg P) 5.61 1.84 5.70 1.92 0.889

L-Mn-SOD-2 (NU/mg P) 3.83 1.59 6.44 4.27 0.024

L-Mn-SOD-D (NU/mg P) −1.78 2.12 0.74 4.68 0.049

L-CAT-1 (U/mg P) 42.16 10.35 34.62 9.76 0.031

L-CAT-2 (U/mg P) 45.12 10.16 42.36 17.72 0.576

L-CAT-D (U/mg P) 2.96 13.84 7.73 21.33 0.437
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erythrocytes. This parameter serves as a marker of ageing.
Lead has been shown to induce eryptosis. In this process,
old and damaged erythrocytes are removed from circulation
[33]. Therefore, the level of erythrocyte LPS may decrease
after exposure to lead due to the elevated removal of the pool
of erythrocytes with the highest levels of LPS.

5. Conclusions

The plasma and serum levels of essential metals are modified
by a short-term exposure to lead in occupationally exposed
workers. These modifications are partially different from
those observed in a long-term exposure.

A short-term exposure to lead induces oxidative stress
associated with elevated levels of LPH. A greater susceptibil-
ity to develop oxidative stress due to such exposure is related
positively to a higher age of workers. This susceptibility may
be a result of an age-related decrease in the CAT activity.

Activities of antioxidant enzymes, such as CAT and SOD,
were not significantly affected by a short-term exposure to
lead in all examined individuals. However, workers with a
history of occupational exposure to lead may develop defen-
sive mechanisms against lead-induced oxidative stress result-
ing in increased activities of CAT and SOD due to the
subsequent episode of exposure.
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