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Background: Neurodegenerative diseases such as Alzheimer's and Parkinson's disease are characterized by the
progressive deterioration of the structure and function of the nervous system. A number of environmental risk
factors including potentially toxic elements such as iron, lead to negative effects on many metabolic reactions as
well as neuroprotection. The aim of this study is to reveal whether long-term iron overload is one of the un-
derlying factors in the pathogenesis of Alzheimer's disease (AD).

Methods: 15 young-adult male rats were randomly divided into 5 groups treated with iron through drinking
water for 4 months. Following feeding, the iron content, reduced glutathione (GSH), and hydrogen peroxide
(H,0,) levels of cortex tissues were measured. Specific enzyme activities were determined spectro-
photometrically. mRNA expression profiles were measured using real-time PCR (qPCR).

Results: Iron levels were elevated in case of non-toxic (0.87 and 3 pg/mL) iron administration. However, no
changes were observed in toxic (30 and 300 pg/mL) iron administration. GSH and H»0, levels altered with long-
term iron overload. Glutathione peroxidase (GPx) enzyme activities significantly increased in all groups, while
glutathione S-transferase (GST) activity increased only in case of 0.87 and 30ug/mL iron administration.
Expression levels of neuroprotective and AD-related genes were altered by 3 pug/mL iron overload in a dose-
dependent manner. The expression and activity of acetylcholinesterase (AChE) were elevated at 3 ug/mL iron
concentration.

Conclusion: The findings of the present study allow us to conclude that long-term dietary iron intake, especially
at a dose of 3 ng/mL demonstrates negative effects on the rat cortex by provoking antioxidant metabolism and
AD pathology in a dose-dependently.

1. Introduction disruption [13], mitochondrial dysfunction [14], genetic factors

[15,16], energy metabolism defects [17], and oxidative stress [18,19]

Although neurodegenerative diseases are characterized by the pro-
gressive deterioration of neuronal structures and functions, these dis-
eases are different in terms of their etiology, pathologies, genetics, and
treatments [1,2]. Alzheimer’s disease (AD) is the most common type of
age-associated dementia, resulting in massive neuronal death [3-6]. A
wide variety of toxic pathways such as anomalous protein aggregation,
inflammation, and reduced neurotransmitter level are involved in AD
pathologies [7-9]. Among them, the aggregation of amyloid-3 peptides
(APB) in the extra-neuronal area and the abnormal hyperpho-
sphorylation of the Tau protein within cells are regarded as the domi-
nant hallmarks of AD [10]. Furthermore, DNA repair failures [11],
synaptic transmission impairments [12], intracellular calcium level

may be involved in disease occurrence. However, as it can be under-
stood from previous studies, AD is a multifactorial disorder and does
not depend only on genetic abnormalities [20-22]. Therefore, attempts
to understand the non-genetic basis of the disease have become of great
importance in therapeutic interventions.

A number of environmental risk factors such as social conditions,
nutrition, and hazardous chemical wastes are known to contribute to
neurodegenerative processes [23]. Environmental contaminants can
induce neuropathology together with bioaccumulation during the or-
ganism’s lifetime, thus continuing to be a subject of discussion [24].
Exposure to metals in various ways, such as through the air, soil and
contaminated water is a common case worldwide. Contamination of
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ground waters and dietary substances by potentially toxic elements is
known to have negative effects on the human body since they are prone
to oxidation [25]. Nevertheless, in recent years, as a result of anthro-
pogenic activities such as industrial, technological, medical, and do-
mestic applications, environmental metal exposure has increased dra-
matically. [26]. Indeed, in order to perform a series of missions in basic
cellular processes, metal ions are essential [27]. Iron is an essential
trace element naturally present in the environment. It has been re-
cognized as a versatile cofactor of many metabolic reactions such as
energy metabolism [28], oxygen transport [29], neurodevelopment
[30,31], neurotransmitter synthesis [32], and growth [33]. Although it
is essential for life, cellular or systemic abnormal iron homeostasis is
believed to be associated with the pathology of multiple diseases [34].
Therefore, dyshomeostasis of transition metals has been suggested to be
a risk factor for health hazards to humans and other organisms [35].

The in vivo predominant transition metals including iron are clas-
sified as fundamental micronutrients and regarded as efficient catalysts
of redox reactions, but fine-tuning of their concentrations is very im-
portant. Studies have shown that the free and/or excess form of these
metals can be toxic because they are capable of stimulating the for-
mation of reactive oxygen species (ROS) and can induce the cell redox
homeostasis disruption which causes oxidative stress resulting in cel-
lular macromolecule damage [36,37]. For this reason, dietary metal
intake can be important for triggering the oxidative damage cascade. It
is well known that the brain utilizes almost one-fourth of the body's
total oxygen consumption [38]. This tissue is composed of easily oxi-
dizable lipids, which makes make it the target of oxidation attacks. On
the other hand, brain cells have a relatively low antioxidant defense
system, which makes them vulnerable to metal toxicity [39]. Therefore,
an assessment of the neurotoxicity induced by iron in the murine brain
might provide precious insights into the disease pathology. The main
aim of this study is to answer the following questions: Is long-term iron
overload one of the underlying factors in the pathogenesis of AD? If yes,
is there any possible relation between AD and iron dose? Furthermore,
how is the antioxidant pathway stimulated at the gene and enzymatic
level during long-term iron exposure?

2. Material and methods
2.1. Experimental design and animal care

Young adult (3—4 month old) male Sprague Dawley (SD) rats (Rattus
norvegicus, n = 15) were obtained from Atatiirk University Medical
Experimental Application and Research Center. Animals were divided
into five groups and kept for 1 week under standard conditions (diet, air
conditions, humidity etc.) for acclimatization before use. After this short
period, animals were fed with deionized water including fresh daily
prepared iron (Fe>" chloride hexahydrate, Sigma-Aldrich) for almost 4
months. Iron concentrations (0.87, 3, 30, and 300 pg/mL) were ad-
ministered orally according to the World Health Organization’s data
[40,41]. Body weights and water consumption of rats were recorded
daily during the treatment. No significant differences were observed in
the treatment groups compared to the control group (data not shown).
No animal died and exhibited any behavioral abnormalities during the
experiments. After administering anesthesia with the ketamine/xyla-
zine cocktail, animals were sacrificed. Brain tissues were quickly re-
moved from the skull. The cortex parts were dissected and separated in
ice-cold 1X PBS from the whole brain using a binocular microscope.
Animal experiments were performed in accordance with the National
Research Council’s Guide for the Care and Use of Laboratory Animals
and were approved by the local animal care committee of Atatiirk
University (Protocol no: 36643897-80).

2.2. Determination of GSH, iron content, and H,0 levels

Homogenate preparation, determination of GSH levels, tissue iron
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content, and H>O, measurement experiments were performed as pre-
viously described in [42]. Briefly, the amount of GSH (nmol) for each
homogenized sample was determined using a Glutathione Assay Kit
(Sigma-Aldrich) according to the manufacturer's instructions. For the
measurement of the total iron (Fe2™ and Fe>*) content, an Iron Assay
Kit (Abcam, UK) was used following the manufacturer’s instructions.
Briefly, tissues (10 mg) were harvested in Iron Assay Buffer using a
homogenizer (Bead Blaster 24, Benchmark Scientific, USA) after being
washed with cold PBS. Iron in the sample was reduced using a Fe re-
ducer to produce a stable colored complex. The absorbance was mea-
sured at a wavelength of 593 nm, and iron contents of the samples (ug/
g) were determined against a standard concentration curve. The con-
centration of H,O5 in the tissue homogenate was determined by using a
hydrogen peroxide estimation kit (Abcam, UK) as described in the
manufacturer’s instructions. All assays were performed in triplicate,
and measurements were made on a microplate reader (Multiscan GO,
Thermo Scientific, USA). The results were averaged with triple in-
dependent experiments for each animal. The obtained data were used
for analysis and discussion of the result.

2.3. Lipid peroxidation quantification

Malondialdehyde (MDA) content in the rat cortex tissue was de-
termined by the thiobarbituric acid (TBA) method at the absorbance
wavelength of 532 nm. Methods and procedures were applied using a
Lipid Peroxidation (MDA) Assay Kit (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s instructions. The absorbance was
measured using a microplate reader (Multiscan GO, Thermo Scientific,
USA).

2.4. RNA isolation and cDNA synthesis

RNA was isolated using the RNeasy Lipid Tissue Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer's protocol. The iso-
lated RNAs was checked using RNA gel electrophoresis and a 96-well
plate spectrophotometer (Multiskan GO, Thermo Scientific USA). cDNA
was synthesized using the ThermoScript™ RT-PCR System for First-
Strand cDNA Synthesis Kit (Invitrogen, USA) according to the manu-
facturer's protocol.

2.5. Primers and quantitative gene expression analysis

Gene expression profiles were measured using the SYBR Green
(Qiagen, Germany) based qPCR method. PCR reactions were performed
in a Rotor Gene Q (Qiagen, Hilden, Germany). Primers were selected to
bind specifically to the target genes (Table 1). Primer sets were de-
signed using the Primer3 software program (v. 0.4.0) [43] and pur-
chased commercially from Metabion (Martinsried, Germany). Their
gene symbols and GenBank accession numbers were as follows: amyloid
precursor protein; App (NM_019288.1), presenilin 2; Ps2 (NM_031087.
2), Ache (NM_172009.1), nicastrin; Nct (NM_174864.3), forkhead
transcription factor 3a; Foxo3 (NM_001106395.1), and glyceraldehyde-
3-phosphate dehydrogenase; Gapdh (NM_017008.4). Specific primers
for antioxidant system genes were purchased commercially from Roche
Diagnostics (Mannheim, Germany). Their gene symbols and GenBank
accession numbers were as follows: glutathione S-transferase; Gsta5
(NM_001010921) and glutathione peroxidase; Gpx2 (NM_183403). The
reaction mixture was prepared for 25l and amplification reactions
were performed as follows: 50 °C for 2 min, 95 °C for 10 min, 45 cycles
of 95°C for 10s, and annealing/extension at 60 °C for 1 min. The ex-
pression results were analyzed using the ACT method [44].

2.6. Homogenate preparation and enzyme assays

Tissue homogenates were prepared using a Heidolph Silent Crusher
M (Germany) mixer in 50 mM Tris HCI buffer, pH 7.6, containing 1 mM
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Table 1
Primer pairs for genes used in qPCR.

Gene Accesion Number  Primer Sequence (5'-3")
Symbols
Foxo3a NM_001106395.1 Forward ACTGAGGAAAGGGGAAATGG
Reverse TGCTGGGTTAGGAAGATGGC
App NM_019288.1 Forward TGATCTACGAGCGCATGAAC
Reverse TAGAAGGCATGAGAGCATCG
Ps2 NM_031087 Forward TCTCCACAGACAACCTGGTG
Reverse ~ AAGCGTCCTACAGCTCTCAG
Ache NM_172009 Forward ATGAGTGCGGTGGTAGGC
Reverse ACGGTGTTCAAAGATGTAGGC
Nct NM_174864.3 Forward ~ACCAGGAAGAGGGTGTGAAAG
Reverse =~ TGGGATACCCACCTAACAGCA
Gpx NM_183403 Forward TCCCTTGCAACCAGTTCG
Reverse ~ CTTGAGGCTGTTCAGGATCTC
Gst NM_001010921 Forward GGGAAGCCAGTGCTTCACTA
Reverse CTCTGTATAAGCTTCTCTTCAAACTCC
Gapdh NM_017008.4 Forward TGGACCTCATGGCCTACATG
Reverse ~ AGGGAGATGCTCAGTGTTGG

DDT (dithiothreitol), 1 mM EDTA (ethylenediaminetetraacetic acid),
and 1 mM PMSF (phenylmethanesulfonyl fluoride) of 1/5 (w/v). The
lysate was centrifuged at 13.000 x g for 1h, and then the precipitate
was removed. Quantitative protein determination was performed ac-
cording to Bradford's method [45]. Bovine serum albumin was used as
standard. GST activity with different substrates was determined as de-
scribed by [46]. GPx enzymatic activity was measured by Wendel's
method [47].

2.7. Statistical analysis

All the measurements were triplicated for each group (three ani-
mals). Statistical comparison of the results was performed by one-way
ANOVA and Tukey’s post-hoc test using Prism software (GraphPad
Software, San Diego, CA). Statistically significant differences are pre-
sented as follows: p > 0.05 (not significant, ns); *p < 0.05 (sig-
nificant); **p < 0.01 (very significant); ***p < 0.001 (extremely
significant).

3. Results

3.1. Redox-sensitive and AD-related genes are altered by iron
administration

In the brain, the ferric iron content of the rat cortex tissues was
measured after 4 months of non-toxic and toxic iron treatment. The
results showed that iron levels were elevated in the cortex only by non-
toxic iron administration. No statistically significant differences were
observed in the toxic iron overload (30 and 300 pg/mL) groups com-
pared to the control group (Fig. 1A). To confirm whether iron exposure
is associated with oxidative stress in the rat cortex, the expression of
Foxo3a which is key a factor involved in neuroprotection, was de-
termined by qPCR after long-term iron overload. The results demon-
strated the induction of Foxo3a expression at 3 pg/mL in a dose-de-
pendent manner (Fig. 1B). To determine whether iron exposure alters
the expression of App and y-secretase components (Ps2 and Nct), which
play essential roles in AD progression, the related factors were mea-
sured in the brain cortex. The presented results showed that the ex-
pression of Ps2 and App increased and Nct expression decreased in the
presence of 3 ug/mL in a dose-dependent manner (Fig. 1C-E).

3.2. GSH and H,0; levels are affected by iron overload
The decreased the GSH level is a marker of oxidative stress de-

monstrating whether iron accumulation in the cortex induces oxidative
stress in cells [48]. Therefore, the GSH level of the rat cortex tissues was
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investigated in the presence of non-toxic (0.87 and 3 pg/mL) and toxic
(30 and 300 pg/mL) ferric iron. The rats were treated with ferric iron,
which caused the depletion of GSH either in the non-toxic or toxic
groups (Fig. 2A). Since H,0; is a central messenger molecule for the
physiological oxidative stress, the level of H;O, was also measured in
all groups. The results clearly showed that the production of H,0, in-
creased significantly in the presence of iron in the cortex (Fig. 2B).

3.3. Iron overload affects the expression and specific enzyme activities of
GPx and GST

Highly toxic ferric iron is oxidized to ferrous iron via the Fenton
reaction, which induces the production of H>O, [49]. GPx metabolizes
H,0, to water by using GSH as a substrate. GST also reacts with GSH
directly which leads to the detoxification and excretion of harmful
compounds from the cell. Here, the impacts of long-term iron overload
on Gpx and Gst expression and specific activities were investigated in
the rat cortex. The results showed that while the expression of Gpx
increased only in the presence of 0.87 ug/mL iron concentration
(Fig. 3A), Gst expression was significantly repressed in the presence of
non-toxic iron (Fig. 3C). Although GPx enzyme activities significantly
increased in all groups (Fig. 3B), GST activity increased only in the
presence of 0.87 and 30 ug/mL iron (Fig. 3D).

3.4. Increasing the expression and enzymatic activity of AChE protects lipid
peroxidation against iron-induced oxidation

Lipids are susceptible biologic targets of oxidative stress due to their
structural properties [50]. Therefore, MDA, as a lipid peroxidation
marker, was investigated in all groups to explain the effects of long term
dietary iron intake on the generation of lipid peroxides in the rat cortex
(Fig. 4A). As shown in Fig. 4B, the AChE mRNA transcript level was
elevated in the presence of 3 ug/mL iron concentration after a 4 month
period. However, the enzyme activity of AChE increased in the presence
of 3 and 30 ug/mL (Fig. 4C). In parallel to the activity, the MDA level
was not affected by this concentration.

4. Discussion

Iron is an essential cofactor for critical metabolic reactions.
However, its excess accumulation in the cell can stimulate different
deleterious events such as DNA fragmentation, organelle dysfunction,
and apoptosis [51,52]. Furthermore, it has been especially implicated
as an important generator of a pro-oxidative microenvironment [53].
Of course, all cells can suffer from oxidative damage that may be
formed naturally, but the brain tissue cells are often mentioned to be
sensitive to oxidative stress. Iron metabolism-related disorders are
among the common diseases and encompass a broad spectrum ranging
from anemia to neural diseases [54]. The observations have shown that
the identified significant neuronal alterations in AD are associated with
cortical changes [55]. The experimental evidence also indicates that
oral iron loading causes significant neuronal loss in the cortex and al-
teration in the neurobehavioral activity of adult rats [56,57]. The
World Health Organization (WHO) reported that iron intake through
food is the major source of iron exposure [58]. By moving in this di-
rection, firstly we established an oxidative stress model induced by oral
administration of iron (once a day, uninterrupted for 4 months) [59].
The results showed that the oxidative status was influenced by exposure
and significant alterations that prove whether oxidative stress occurs, in
the antioxidant system markers and metabolites were observed in the
model groups compared to the control group.

It has been more than a century since AD was first described, but
scientists are still working on the underlying causes of AD. Extensive
studies have demonstrated that chronic environmental exposure to
metals such as mercury, iron, and aluminum is an important risk factor
for AD [60]. In the oxidative stress hypothesis in dementia, which is
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Fig. 1. Effect of long-term iron treatment on iron accumulation in the cortex tissues (a). Various concentrations of iron changed the transcription levels of the Foxo3a
(b), App (c), Ps2 (d) and Nct (e) genes in dose-dependent manner. The data are presented as mean *+ SEM (n = 3). Gapdh was used as a housekeeping gene.

related to the neurotoxic trace element hypothesis, there is the re-
markable evidence arguing that iron is mainly responsible for selective
neuron death since it catalyzes the formation of toxic free radicals via
the Fenton reaction. [61-63]. Numerous studies have also revealed the
importance of pathogenic triggers, such as deteriorated iron metabo-
lism, leading to impaired brain function in AD patients’ brains [64,65].
However, the mechanism(s) behind the disease progression and how
oxidative stress initiates the activation of the redox-sensitive cascade in
neuronal death are still unclear. For these reasons, iron content and iron
distribution metabolism become important in the brain [65]. Different

brain regions of AD patients were examined, and the results demon-
strated that a striking increase in the iron level [66]. Our results are
consistent with these studies (Fig. 1A). However, the iron content of the
cortex increased with iron overload but then began to decline. It is well
known that, depending on the cell type, multiple factors such as
transferrin saturation, ferroportin/hepcidin or ferritin/hepcidin ratios
affect iron uptake or export [67,68]. Therefore, the distribution and
storage of iron can differ from tissue to tissue or in some regions of an
organ [69-71]. Excess iron is stored mainly in the liver. However, other
organs such as heart, pancreas, testes, and even skin may also be
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Fig. 3. Invivo effects of various concentrations of iron on the expression (a—c) and specific activities (b-d) of the antioxidant metabolism enzymes in the cortex tissues

of rats.

involved in excessive iron deposition [72,73]. When evaluated in this
respect, the results of this study are similar to the previous studies on
the kidney [41]. Similarly, some brain regions, especially associated
with motor functions, are particularly enriched in iron [74,75]. The
blood-brain barrier (BBB) limitations can cause this situation. The dis-
rupted BBB has been proposed as a reason for increased iron-mediated
neurotoxicity [76,77], and the experimental evidence indicates that the
intact BBB prevents the brain from iron overload even at elevated iron
levels [78,79]. Therefore, we suggested that, besides oxidative stress,
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dietary iron exposure may trigger BBB disruption. Moreover, neuro-
degenerative disorders associated with the brain iron level have been
known to correlate in a dose-dependent manner, and this gradual ac-
cumulation seems to be a feature of normal aging [80]. However, the
intake of iron assisted nutrients in the early stages of life, resulting in
the increased brain iron level, can accelerate the early Ab,, deposition
[81]. This kind of situations, as in this study, can also amplify the risk of
iron-associated disorders such as AD in later life by altering the nature
of brain iron uptake and multiple regulatory mechanisms. [82].



H. Ceylan, et al.

a)

s
L3
e
g
5

s
2

A
H

e
s
2

0.0044

e
2

0.0024

MDA concentration (nmol/pl)

Relative mRNA expression of Acfe

i

Hedokok
—

Journal of Trace Elements in Medicine and Biology 56 (2019) 198-206

)
0.0054

0.0044 i

ns 0.0034
0.0024
ns
0.0014

AChHE enzyme activity (EU/mg)

0.000-

e
>

Control 087
Various concentration of Fe** (pg/mL)

Various concentration of Fe* (ng/mL)

Control 057 3
Various concentration of Fe** (ug/ml.)

3 30 300

Fig. 4. Changes in the MDA content after long-term iron administration (a), and effects of various concentrations of iron on the expression (b) and specific activities

(c) of AChE.

The restoration of the cell redox state by the transcriptional acti-
vation of genes encoding transcription factors (TFs) involved in the
clearance of ROS is a consequence of oxidative stress [83,84]. The ac-
tivity of TFs is the major component of the initiation of transcription in
gene regulation [85]. The class O forkhead (FOXO) family members, a
set of TFs, are activated in various physiological processes. FOXOs act
as a sensor in stress stimuli and are triggered by increased cellular stress
or decreased vital signals and directly regulate the transcription of
antioxidant and cell cycle regulatory protein genes [86,87]. Recent
studies have shown that one of them, FoxO3, protects cells by elevating
the expression of manganese superoxide dismutase (MnSOD) [88] and
catalase (CAT) [89] encoding genes of which products target ROS
elimination [90]. Furthermore, knockdown and transfection studies
have also clearly demonstrated that FoxO increases cell vitality in re-
sponse to oxidative stress by regulating the expression of ROS sca-
vengers [91,92]. On the other hand, experiments using cell models have
shown that Foxo3a activation initially promotes the activation of an-
tioxidant enzymes and rescued cells from oxidative stress, but pro-
longed exposure promotes apoptotic genes leading to cell death [93].
Therefore, we investigated addressed whether iron treatment would
alter Foxo3a expression. Relative mRNA analysis showed a significant
increase in Foxo3a expression at a non-toxic dose of iron (Fig. 1B).
Previous reports have shown that Akt (protein kinase B) inhibits the
activation of pro-apoptotic signaling components such as FoxO3a [94].
Akt-mediated phosphorylation promotes the nuclear exclusion of FoxO
(inactive form), resulting in the alteration of FoxO-dependent gene
expression [95]. Thus, we concluded that the elevated iron content
contributes to the progression of neurodegeneration by regulating
Foxo3a activation through the inhibition of the PI3K-Akt signaling
pathway, and our findings are consistent with previous studies [96].

Since it is associated with aberrant AP processing, we next ex-
amined whether the expression of some major genes, which are the
known risk factors for AD, would also be regulated by iron treatment.
Familial AD is caused by mutations in APP, presenilin 1 (PS1), and
presenilin 2 (PS2) genes [97]. Extracellular amyloid plaques, that are
composed of AP peptides generated from specific endoproteolysis of
APP by the action of ( (beta) and y (gamma) secretase cleaving, are
accepted as the main pathological hallmark of AD [98,99]. The y-se-
cretase complex consists of four integral membrane proteins that are
essential for complex activity: presenilin (PS), presenilin enhancer 2
(PEN-2), NCT, and anterior pharynx-defective 1 (APH-1) [100]. The
catalytic core of the secretase complex resides on PS1 and PS2. Other
factors are required for amyloidogenic actions and binding with the
substrates [101,102]. Therefore, alterations in secretase components, in
particular PS2, can influence the proper maturation of the secretase
complex and cleavage specificity resulting in AD pathology [103]. The
studies have suggested that oxidative stress-induced products do not
change vy-secretase activity by increasing the levels of secretase com-
ponents, which means that they have an impact on the protein struc-
ture. In consistency with previous findings, recent reports have in-
dicated that the stability of y-secretase components, especially NCT is
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modulated by AKT1 kinase activity. Through AKT mediated modifica-
tion, the interaction between NCT and APP is interrupted. Conse-
quently, y-secretase dependent cleavage is reduced [104]. Additionally,
it was also found out that y-secretase activity significantly increased
with iron administration [105]. Intriguingly, although previous studies
have verified the main function of FoxO in tuning cellular response to
stress, recent studies have revealed that FoxO also acts as a critical
factor involved in AD pathogenesis [106]. It was found out that APP
promoter activity and neurotoxic AP processing were increased by
nuclear Foxo3a [107]. In accordance with Foxo3a expression, AD-re-
lated gene expression significantly altered at 3 ug/mL iron concentra-
tion in a dose-dependent manner (Fig. 1C-E). Taken together, we
concluded that a certain amount of iron exposure might accelerate AD
pathology progression through the alteration of protease activity and
translocation of Foxo3.

Biological systems exhibit an endogenous response to protect cells
against oxidative damage via the antioxidant defense system [108].
SOD, CAT, and GPx are considered as three primary enzymes involved
in removing active oxygen species [109]. In addition, because of their
inducible activities, GPx and GST have been accepted as reliable toxi-
city biomarkers for their rapid and sensitive responses in comparison
with glucose-6-phosphate dehydrogenase (G6PD) in protecting cells
against free radical damage [110-112]. Therefore, in this study, only
GPx and GST were selected, and their alterations were studied.

It is known that GST catalyzes the detoxification of metal ions from
the cell by using reduced GSH as a substrate. GSH, a key intracellular
antioxidant, is critical for defending the brain from oxidative stress, and
its either increased or decreased level has been accepted as a marker of
oxidative stress [113-115]. GSH reacts directly with oxidants to inhibit
oxidative damage and reacts enzymatically with GPx and GST against
neurodegeneration in the cell [116]. Indeed, a number of studies have
claimed that GSH depletion occurs in neurodegeneration. However, it is
unclear whether this depletion is an outcome or a cause of disease
[117]. The postmortem analysis of pre-symptomatic Parkinson's disease
(PD) subjects showed decreased GSH levels, whereas other antioxidants
levels remained unchanged [118]. Furthermore, it was also reported
that the levels of pro-oxidants, such as iron, did not show any difference
in the brain [119]. These results suggest that GSH depletion is not only
a result of oxidative stress but also the primary cause of neurodegen-
eration. Another opinion, is that it could just be because glutathione
does not cross the BBB or the possibility of its transport from the blood
to the brain is limited. Therefore, GSH depletion may also demonstrate
a failing attempt to protect from ROS stress in AD [120]. As shown in
our results (Fig. 2A), the GSH level was markedly reduced in the pre-
sence of iron. When cells are faced with endogenous factors of oxidative
stress, this supports the regulation of antioxidant enzymes such as GPx,
GSH, and CAT as a defense mechanism to protect them from free ra-
dicals. CAT is involved in the detoxification of high concentrations of
H,0,, whereas GPx is more sensitive to lower concentrations. More-
over, the brain has fewer CAT, levels and hence GPx plays a critical role
in attenuating H,O, [121]. Many studies conducted on aging and age-
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related dysfunction have shown an increase in H,O, levels [122-124].
Additionally, it has been suggested that antioxidant enzymes are also
targets for ROS and can be inactivated by ROS. As shown in Figs. 2B and
3 B, under the conditions when H,O, is increased, GPx activity is re-
pressed slightly. This inverse association between H,O, and GPx ac-
tivity may be because of the increased peroxides, which inactivate
antioxidant enzymes. Pigeolet et al. verified that the reason for the
reduced specific activity of GPx, SOD, and CAT might be the inactiva-
tion of the enzyme by the overproduction of peroxides [125]. It has
previously been shown that the active site of GPx contains a tryptophan
residue involved in the binding of peroxides [126]. However, GPx is
surrounded by glutathione molecules which protect it from peroxides.
Thereby, a decrease in the concentration of such antioxidants makes the
enzyme sensitive to hydroxyl radicals. A significant decrease in the GSH
level has already been reported above. Therefore, we hypothesized that
iron-induced oxidative stress could accelerate AD progression by either
disrupting the redox state of the cell and passivating the antioxidant
system at advanced levels.

MDA content is another sign of oxidant/antioxidant balance in a cell
[127]. Increased MDA levels in the brain of different strains of rats
treated with a high dose of iron were reported [77,128]. In contrast, in
our study, iron-treated SD rats did not show such abnormalities
(Fig. 4A). Similar results were obtained for MDA content using SD rats
[76]. These results suggest that several factors such as dose, exposure
route, age, strain, and the form of administered iron (ferrous or ferric)
may alter the effects of iron. Interestingly, lipid peroxidation reduction
in the cortex after iron exposure can be associated with AChE activity.
Normally, AChE terminates nerve impulses by hydrolyzing acetylcho-
line at the synaptic cleft [129]. In this regard, it is accepted as critical
for AD therapy. However, the enzyme can exist in various molecular
forms. Therefore, it is believed to play different roles unrelated to
cholinergic neurotransmission [130,131]. This suggestion is further
supported by previous studies. A recent study has revealed the cap-
ability of AChE to protect LDL against metal-induced oxidation. The
results suggest that AChE can abolish the onset of lipid oxidation, and
hence, inhibits the early oxidative product formation, such as lipid
peroxides [132]. As shown in (Fig. 4C), the AChE activity increased
initially, especially at non-toxic 3 ug/mL treatment, and then decreased
with the increasing dose. The decreased enzyme activity may be asso-
ciated with oxidative deactivation. This possibility has been further
supported by previous studies showing the relationship between the
oxidative status and AChE enzyme activity. It was found out that oxi-
dative molecules might have an impact on the activation/deactivation
of the enzyme activity by causing structural changes in the active site in
a dose-dependent manner [133,134]. Taken together, we may speculate
that the present study can be another report on the antioxidant effect of
AChE against lipid oxidation. Furthermore, our results also supported
the possibility that the decreased enzyme activity augments the redox
state and this complicates the adaptation to oxidative injury.

Stress-based alterations can occur during a lifetime, but these
changes may offer excellent non-genetic information traces about age-
associated diseases. Nutrition, one of them, plays a prominent role in
disease circumstances and directly affects systemic functions
[135,136]. A number of studies have shown that nutrition and nutrient
contents might be significant for AD. On the other hand, they are ac-
cepted as modifiable risk factors for disease development [136,137].
Therefore, improving the quality of life and reversing diet-related
neuronal distortions are possible by rectified nutrition.

In conclusion, our findings allow us to conclude that long-term iron
administration has demonstrated negative effects on the rat cortex by
provoking antioxidant metabolism and AD pathology. We have high-
lighted here that prolonged iron exposure, especially at a 3 ug/mL iron
dose, increases the possibility of creating a hazardous environment for
the cognitive system in a dose-dependent manner by the following
findings; (i) expression changes in AD-related genes, (ii) increase in the
AChE activity, (iii) elevation of mRNA expressions of critical TFs
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involved in the regulation of stress metabolism in the brain tissue. The
results of the current study may be an answer to whether iron toxicity is
one of the underlying factors of AD and may offer suggestions to further
studies on potential targets for neuroprotective and neurorestorative
approaches.

Declaration of Competing Interest

The authors declare that there is no potential conflict of interest
with respect to the research, authorship, and/or publication of this
article. All authors read and approved the final manuscript.

Acknowledgments

Conceived and designed the experiments: HC, HB and OE.
Performed the experiments: HC, HB, EFK, and NGB. Analyzed the data:
HC, HB, and EFK. Contributed reagents/materials/analysis tools: HB
and OE. Wrote the paper: HC and HB. This research has been supported
by Atatiirk University Scientific Research Projects Coordination
Commission [Grant Numbers: PRJ2010/277, PRJ2015/97, and FAD-
2018-6352].

References

[1] H.K. Wong, T. Veremeyko, N. Patel, C.A. Lemere, D.M. Walsh, C. Esau,

C. Vanderburg, A.M. Krichevsky, De-repression of FOXO3a death axis by
microRNA-132 and -212 causes neuronal apoptosis in Alzheimer’s disease, Hum.
Mol. Genet. 22 (15) (2013) 3077-3092.

A. Forestier, T. Douki, V. De Rosa, D. Beal, W. Rachidi, Combination of abeta
secretion and oxidative stress in an Alzheimer-like cell line leads to the over-ex-
pression of the nucleotide excision repair proteins DDB2 and XPC, Int. J. Mol. Sci.
16 (8) (2015) 17422-17444.

L. Crews, E. Masliah, Molecular mechanisms of neurodegeneration in Alzheimer’s
disease, Hum. Mol. Genet. 19 (R1) (2010) R12-R20.

M. Boztas, P. Taslimi, M.A. Yavari, I. Gulcin, E. Sahin, A. Menzek, Synthesis and
biological evaluation of bromophenol derivatives with cyclopropyl moiety: ring
opening of cyclopropane with monoester, Bioorg. Chem. (2019) 103017.

H.G. Bilgicli, A. Kestane, P. Taslimi, O. Karabay, A. Bytyqi-Damoni, M. Zengin,
1. Gulgin, Novel eugenol bearing oxypropanolamines: synthesis, characterization,
antibacterial, antidiabetic, and anticholinergic potentials, Bioorg. Chem. 88
(2019) 102931.

S. Bayindir, C. Caglayan, M. Karaman, I. Giilcin, The green synthesis and mole-
cular docking of novel N-substituted rhodanines as effective inhibitors for carbonic
anhydrase and acetylcholinesterase enzymes, Bioorg. Chem. (2019) 103096.
G.M. Ashraf, N.H. Greig, T.A. Khan, I. Hassan, S. Tabrez, S. Shakil, I.A. Sheikh,
S.K. Zaidi, M. Akram, N.R. Jabir, Protein misfolding and aggregation in
Alzheimer’s disease and type 2 diabetes mellitus, CNS Neurol. Disorders-Drug
Targets 13 (7) (2014) 1280-1293.

T. Wyss-Coray, J. Rogers, Inflammation in Alzheimer disease—a brief review of
the basic science and clinical literature, Cold Spring Harb. Perspect. Med. 2 (1)
(2012) a006346.

P.T. Francis, The interplay of neurotransmitters in Alzheimer’s disease, CNS
Spectr. 10 (S18) (2005) 6-9.

A. Tanghe, A. Termont, P. Merchiers, S. Schilling, H.U. Demuth, L. Scrocchi, F. Van
Leuven, G. Griffioen, T. Van Dooren, Pathological Hallmarks, Clinical Parallels,
and Value for Drug Testing in Alzheimer’s Disease of the APP[V7171] London
Transgenic Mouse Model, Int. J. Alzheimers Dis. 2010 (2010).

J.F. Staropoli, Tumorigenesis and neurodegeneration: two sides of the same coin?
Bioessays 30 (8) (2008) 719-727.

Z. Jun, M.M. Ibrahim, G. Dezheng, Y. Bo, W. Qiong, Z. Yuan, UCP2 protects
against amyloid beta toxicity and oxidative stress in primary neuronal culture,
Biomed. Pharmacother. 74 (2015) 211-214.

Y. Wang, Y. Shi, H. Wei, Calcium dysregulation in Alzheimer’s disease: a target for
new drug development, J. Alzheimers Dis. Parkinsonism 7 (5) (2017).

P.I. Moreira, C. Carvalho, X. Zhu, M.A. Smith, G. Perry, Mitochondrial dysfunction
is a trigger of Alzheimer’s disease pathophysiology, Biochim. Biophys. Acta 1802
(1) (2010) 2-10.

C. Van Cauwenberghe, C. Van Broeckhoven, K. Sleegers, The genetic landscape of
Alzheimer disease: clinical implications and perspectives, Genet. Med. 18 (5)
(2016) 421.

B. Michalke, Review about the manganese speciation project related to neurode-
generation: an analytical chemistry approach to increase the knowledge about
manganese related Parkinsonian symptoms, J. Trace Elem. Med. Biol. 37 (2016)
50-61.

S. Thomas, A. Alhasawi, V. Appanna, C. Auger, V.D. Appanna, Brain metabolism
and Alzheimer’s disease: the prospect of a metabolite-based therapy, J. Nutr.
Health Aging 19 (1) (2015) 58-63.

G. Perry, A.D. Cash, M.A. Smith, Alzheimer disease and oxidative stress, J.

[2]

[3]

[4]

[5

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]



H. Ceylan, et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

[29]
[30]
[31]
[32]
[33]

[34]

[35]

[36]

[37]
[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Biomed. Biotechnol. 2 (3) (2002) 120-123.

W.J. Huang, X. Zhang, W.W. Chen, Role of oxidative stress in Alzheimer’s disease,
Biomed. Rep. 4 (5) (2016) 519-522.

M.A. Daulatzai, Obesity and gut’s dysbiosis promote neuroinflammation, cognitive
impairment, and vulnerability to Alzheimer’s disease: new directions and ther-
apeutic implications, J. Mol. Genet. Med. Sci. 1 (2014) 5.

T. Jiang, J.T. Yu, Y. Tian, L. Tan, Epidemiology and etiology of Alzheimer’s dis-
ease: from genetic to non-genetic factors, Curr. Alzheimer Res. 10 (8) (2013)
852-867.

L.A. Wilson, M. Gallagher, H. Eichenbaum, H. Tanila, Neurocognitive aging: prior
memories hinder new hippocampal encoding, Trends Neurosci. 29 (12) (2006)
662-670.

A.B. Bowman, G.F. Kwakye, E.H. Hernandez, M. Aschner, Role of manganese in
neurodegenerative diseases, J. Trace Elem. Med. Biol. 25 (4) (2011) 191-203.
M. Yegambaram, B. Manivannan, T.G. Beach, R.U. Halden, Role of environmental
contaminants in the etiology of Alzheimer’s disease: a review, Curr. Alzheimer
Res. 12 (2) (2015) 116-146.

J.N. Cobley, M.L. Fiorello, D.M. Bailey, 13 reasons why the brain is susceptible to
oxidative stress, Redox Biol. 15 (2018) 490-503.

P.B. Tchounwou, C.G. Yedjou, A.K. Patlolla, D.J. Sutton, Heavy metal toxicity and
the environment, Mol. Clin. Environ. Toxicol. (2012) 133-164 Springer.

M.A. Greenough, J. Camakaris, A.I. Bush, Metal dyshomeostasis and oxidative
stress in Alzheimer’s disease, Neurochem. Int. 62 (5) (2013) 540-555.

R. Lill, B. Hoffmann, S. Molik, A.J. Pierik, N. Rietzschel, O. Stehling, M.A. Uzarska,
H. Webert, C. Wilbrecht, U. Miihlenhoff, The role of mitochondria in cellular ir-
on-sulfur protein biogenesis and iron metabolism, Biochimica et Biophysica Acta
(BBA)-Mol. Cell Res. 1823 (9) (2012) 1491-1508.

N. Abbaspour, R. Hurrell, R. Kelishadi, Review on iron and its importance for
human health, J.of Res. Med. Sci. 19 (2) (2014) 164.

M.K. Georgieff, The role of iron in neurodevelopment: fetal iron deficiency and the
developing hippocampus, Biochem. Soc. Trans. 36 (2008) 1267-1271.

E.C. Radlowski, R.W. Johnson, Perinatal iron deficiency and neurocognitive de-
velopment, Front. Hum. Neurosci. 7 (2013) 585.

G.A. Salvador, Iron in neuronal function and dysfunction, BioFactors 36 (2) (2010)
103-110.

B. Lozoff, Iron deficiency and child development, Food Nutr. Bull. 28 (4_suppl4)
(2007) S560-S571.

R. Gonzélez-Dominguez, T. Garcia-Barrera, J.L. Gomez-Ariza, Homeostasis of
metals in the progression of Alzheimer’s disease, Biometals 27 (3) (2014)
539-549.

H. Kozlowski, A. Janicka-Klos, J. Brasun, E. Gaggelli, D. Valensin, G. Valensin,
Copper, iron, and zinc ions homeostasis and their role in neurodegenerative dis-
orders (metal uptake, transport, distribution and regulation), Coord. Chem. Rev.
253 (21-22) (2009) 2665-2685.

R.J. Ward, F.A. Zucca, J.H. Duyn, R.R. Crichton, L. Zecca, The role of iron in brain
ageing and neurodegenerative disorders, Lancet Neurol. 13 (10) (2014)
1045-1060.

A. Rodrigo-Moreno, C. Poschenrieder, S. Shabala, Transition metals: a double edge
sward in ROS generation and signaling, Plant Signal. Behav. 8 (3) (2013) e23425.
V. Jain, M.C. Langham, F.W. Wehrli, MRI estimation of global brain oxygen
consumption rate, J. Cerebral Blood Flow Metab. 30 (9) (2010) 1598-1607.

P.S. Baxter, G.E. Hardingham, Adaptive regulation of the brain’s antioxidant de-
fences by neurons and astrocytes, Free Rad. Biol. Med. 100 (2016) 147-152.
WHO, Iron in Drinking-water, (2003) https://www.who.int/water_sanitation_
health/water-quality/guidelines/en/.

H. Budak, E.F. Kocpinar, N. Gonul, H. Ceylan, H.S. Erol, O. Erdogan, Stimulation
of gene expression and activity of antioxidant related enzyme in Sprague Dawley
rat kidney induced by long-term iron toxicity, Comp. Biochem. Physiol. Part C:
Toxicol. Pharmacol. 166 (2014) 44-50.

H. Budak, H. Ceylan, E.F. Kocpinar, N. Gonul, O. Erdogan, Expression of glucose-6-
phosphate dehydrogenase and 6-phosphogluconate dehydrogenase in oxidative
stress induced by long-term iron toxicity in rat liver, J. Biochem. Mol. Toxicol. 28
(5) (2014) 217-223.

S. Rozen, H. Skaletsky, Primer3 on the WWW for general users and for biologist
programmers, Bioinf. Methods Protocols (2000) 365-386 Springer.

Y. Zhang, D. Zhang, W. Li, J. Chen, Y. Peng, W. Cao, A novel real-time quantitative
PCR method using attached universal template probe, Nucleic Acids Res. 31 (20)
(2003) e123-e123.

M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal Biochem.
72 (1976) 248-254.

W.H. Habig, M.J. Pabst, W.B. Jakoby, Glutathione S-transferases. The first enzy-
matic step in mercapturic acid formation, J. Biol. Chem. 249 (22) (1974)
7130-7139.

A. Wendel, Glutathione peroxidase, Methods Enzymol. 77 (1981) 325-333.

0. Zitka, S. Skalickova, J. Gumulec, M. Masarik, V. Adam, J. Hubalek, L. Trnkova,
J. Kruseova, T. Eckschlager, R. Kizek, Redox status expressed as GSH: GSSG ratio
as a marker for oxidative stress in paediatric tumour patients, Oncol. Lett. 4 (6)
(2012) 1247-1253.

A. Kuban-Jankowska, M. Gorska, L. Jaremko, M. Jaremko, J.A. Tuszynski,

M. Wozniak, The physiological concentration of ferrous iron (II) alters the in-
hibitory effect of hydrogen peroxide on CD45, LAR and PTP1B phosphatases,
Biometals 28 (6) (2015) 975-986.

M.M. Gaschler, B.R. Stockwell, Lipid peroxidation in cell death, Biochem. Biophys.
Res. Commun. 482 (3) (2017) 419-425.

J.A. Duce, A.L. Bush, Biological metals and Alzheimer’s disease: implications for

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]
[64]
[65]
[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]
[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Journal of Trace Elements in Medicine and Biology 56 (2019) 198-206

therapeutics and diagnostics, Prog. Neurobiol. 92 (1) (2010) 1-18.

T. Ansari, I. Marr, N. Tariq, Heavy metals in marine pollution perspective-a mini
review, J. Appl. Sci. 4 (2004) 1-20.

C. Manna, L. Tagliafierro, I. Scala, B. Granese, G. Andria, V. Zappia, The role of
iron toxicity in oxidative stress-induced cellular degeneration in down syndrome:
protective effects of phenolic antioxidants, Curr. Nutr. Food Sci. 8 (3) (2012)
206-212.

T.D. Johnson-Wimbley, D.Y. Graham, Diagnosis and management of iron defi-
ciency anemia in the 21st century, Therapeutic Adv. Gastroenterol. 4 (3) (2011)
177-184.

A. Prestia, V. Drago, P.E. Rasser, M. Bonetti, P.M. Thompson, G.B. Frisoni, Cortical
changes in incipient Alzheimer’s disease, J. Alzheimer’s Disease 22 (4) (2010)
1339-1349.

G.M. Bishop, S.R. Robinson, Human AB1-42 reduces iron-induced toxicity in rat
cerebral cortex, J. Neurosci. Res. 73 (3) (2003) 316-323.

K. Maaroufi, M. Ammari, M. Jeljeli, V. Roy, M. Sakly, H. Abdelmelek, Impairment
of emotional behavior and spatial learning in adult Wistar rats by ferrous sulfate,
Physiol. Behav. 96 (2) (2009) 343-349.

W.H. Organization, Back Ground Document for Evelopment of WHO Guidelines
for Drinking Water Quality, PP, (2004).

H. Budak, N. Gonul, H. Ceylan, E.F. Kocpinar, Impact of long term Fe(3)(+)
toxicity on expression of glutathione system in rat liver, Environ. Toxicol.
Pharmacol. 37 (1) (2014) 365-370.

N.H. Stacey, H. Kappus, Cellular toxicity and lipid peroxidation in response to
mercury, Toxicol. Appl. Pharmacol. 63 (1) (1982) 29-35.

R.J. Castellani, P.I. Moreira, G. Liu, J. Dobson, G. Perry, M.A. Smith, X. Zhu, Iron:
the Redox-active center of oxidative stress in Alzheimer disease, Neurochem. Res.
32 (10) (2007) 1640-1645.

C.R. Cornett, W.R. Markesbery, W.D. Ehmann, Imbalances of trace elements re-
lated to oxidative damage in Alzheimer’s disease brain, Neurotoxicology 19 (3)
(1998) 339-345.

S. Kumar, R. Mittal, S. Chaudhary, D.C. Jain, Role of trace elements in Alzheimer’s
disease, Open Access Lib. J. 1 (6) (2014) 1.

O. Myhre, H. Utkilen, N. Duale, G. Brunborg, T. Hofer, Metal dyshomeostasis and
inflammation in Alzheimer’s and Parkinson’s diseases: possible impact of en-
vironmental exposures, Oxid. Med. Cell. Longev. 2013 (2013).

A. Ndayisaba, C. Kaindlstorfer, G.K. Wenning, Iron in neurodegeneration-cause or
consequence? Front. Neurosci. 13 (2019).

T.A. Rouault, Iron on the brain, Nat. Genet. 28 (4) (2001) 299.

A. Donovan, C.A. Lima, J.L. Pinkus, G.S. Pinkus, L.I. Zon, S. Robine, N.C. Andrews,
The iron exporter ferroportin/Slc40al is essential for iron homeostasis, Cell
Metab. 1 (3) (2005) 191-200.

J. Gajewska, J. Ambroszkiewicz, W. Klemarczyk, E. Glab-Jabtoriska, H. Weker,
M. Chefchowska, Ferroportin-hepcidin axis in prepubertal obese children with
sufficient daily iron intake, Int. J. Environ. Res. Public Health 15 (10) (2018)
2156.

E. Pelle, J. Jian, Q. Zhang, N. Muizzuddin, Q. Yang, J. Dai, D. Maes, N. Pernodet,
D.B. Yarosh, K. Frenkel, Menopause increases the iron storage protein ferritin in
skin, J. Cosmetic Sci. 64 (3) (2013) 175-179.

E.R. Anderson, Y.M. Shah, Iron homeostasis in the liver, Comprehensive Physiol. 3
(1) (2013) 315-330.

N. Gonul Baltaci, C. Guler, H. Ceylan, S.N. Kalin, S. Adem, E.F. Kocpinar,

0. Erdogan, H. Budak, In vitro and in vivo effects of iron on the expression and
activity of glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehy-
drogenase, and glutathione reductase in rat spleen, J. Biochem. Mol. Toxicol. 33
(1) (2019) e22229.

E.F. Kocpinar, N.G. Baltaci, H. Ceylan, S.N. Kalin, O. Erdogan, H. Budak, Effect of a
prolonged dietary Iron intake on the gene expression and activity of the testicular
antioxidant defense system in rats, Biol. Trace Elem. Res. (2019) 1-7.

A. Caggiati, C. Rosi, A. Casini, M. Cirenza, V. Petrozza, M. Acconcia, P. Zamboni,
Skin iron deposition characterises lipodermatosclerosis and leg ulcer, Eur. J. Vasc.
Endovasc. Surg. 40 (6) (2010) 777-782.

J.R. Burdo, L.A. Simpson, S. Menzies, J. Beard, J.R. Connor, Regulation of the
profile of iron-management proteins in brain microvasculature, J. Cereb. Blood
Flow Metab. 24 (1) (2004) 67-74.

B. Drayer, P. Burger, R. Darwin, S. Riederer, R. Herfkens, G. Johnson, MRI of brain
iron, Am. J. Roentgenol. 147 (1) (1986) 103-110.

M. Han, J. Kim, Effect of dietary iron loading on recognition memory in growing
rats, PLoS One 10 (3) (2015) e0120609.

J. Sripetchwandee, N. Pipatpiboon, N. Chattipakorn, S. Chattipakorn, Combined
therapy of iron chelator and antioxidant completely restores brain dysfunction
induced by iron toxicity, PLoS One 9 (1) (2014) e85115.

E.H. Morgan, T. Moos, Mechanism and developmental changes in iron transport
across the blood-brain barrier, Dev. Neurosci. 24 (2-3) (2002) 106-113.

P. Ballabh, A. Braun, M. Nedergaard, The blood-brain barrier: an overview:
structure, regulation, and clinical implications, Neurobiol. Disease 16 (1) (2004)
1-13.

E. Mills, X. Dong, F. Wang, H. Xu, Mechanisms of brain iron transport: insight into
neurodegeneration and CNS disorders, Future Med. Chem. 2 (1) (2010) 51-64.
J. Becerril-Ortega, K. Bordji, T. Fréret, T. Rush, A. Buisson, Iron overload accel-
erates neuronal amyloid-B production and cognitive impairment in transgenic
mice model of Alzheimer’s disease, Neurobiol. Aging 35 (10) (2014) 2288-2301.
D.J. Hare, M. Arora, N.L. Jenkins, D.I. Finkelstein, P.A. Doble, A.I. Bush, Is early-
life iron exposure critical in neurodegeneration? Nat. Rev. Neurol. 11 (9) (2015)
536.

J.G. Scandalios, Genomic responses to oxidative stress, Rev. Cell Biol. Mol. Med.



H. Ceylan, et al.

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

(2006).

Y.-J. Surh, J.K. Kundu, H.-K. Na, J.-S. Lee, Redox-sensitive transcription factors as
prime targets for chemoprevention with anti-inflammatory and antioxidative
phytochemicals, J. Nutr. 135 (12) (2005) 2993S-30018S.

F. Spitz, E.E. Furlong, Transcription factors: from enhancer binding to develop-
mental control, Nat. Rev. Genet. 13 (9) (2012) 613-626.

M.A. Essers, L.M. de Vries-Smits, N. Barker, P.E. Polderman, B.M. Burgering,
H.C. Korswagen, Functional interaction between R-catenin and FOXO in oxidative
stress signaling, Science 308 (5725) (2005) 1181-1184.

L.O. Klotz, C. Sanchez-Ramos, 1. Prieto-Arroyo, P. Urbanek, H. Steinbrenner,

M. Monsalve, Redox regulation of FoxO transcription factors, Redox Biol. 6 (2015)
51-72.

S. Nemoto, T. Finkel, Redox regulation of forkhead proteins through a p66shc-
dependent signaling pathway, Science 295 (5564) (2002) 2450-2452.

G.J. Kops, T.B. Dansen, P.E. Polderman, I. Saarloos, K.W. Wirtz, P.J. Coffer, T.-
T. Huang, J.L. Bos, R.H. Medema, B.M. Burgering, Forkhead transcription factor
FOXO3a protects quiescent cells from oxidative stress, Nature 419 (6904) (2002)
316.

D. Marinkovic, X. Zhang, S. Yalcin, J.P. Luciano, C. Brugnara, T. Huber,

S. Ghaffari, Foxo3 is required for the regulation of oxidative stress in ery-
thropoiesis, J. Clin. Investig. 117 (8) (2007) 2133-2144.

Y. Akasaki, O. Alvarez-Garcia, M. Saito, B. Carames, Y. Iwamoto, M.K. Lotz, FoxO
transcription factors support oxidative stress resistance in human chondrocytes,
Arthritis Rheumatol. 66 (12) (2014) 3349-3358.

K. Tsuchiya, M. Westerterp, A.J. Murphy, V. Subramanian, A.W. Ferrante,

A.R. Tall, D. Accili, Expanded granulocyte/monocyte compartment in myeloid-
specific triple FoxO knockout increases oxidative stress and accelerates athero-
sclerosis in mice, Circulation Res. 112 (7) (2013) 992-U52.

E.L. Greer, A. Brunet, FOXO transcription factors at the interface between long-
evity and tumor suppression, Oncogene 24 (50) (2005) 7410.

J.-Y. Yang, M.-C. Hung, A new fork for clinical application: targeting forkhead
transcription factors in cancer, Clin. Cancer Res. 15 (3) (2009) 752-757.

A. Sunters, P.A. Madureira, K.M. Pomeranz, M. Aubert, J.J. Brosens, S.J. Cook,
B.M. Burgering, R.C. Coombes, E.W.-F. Lam, Paclitaxel-induced nuclear translo-
cation of FOXO03a in breast cancer cells is mediated by c-Jun NH2-terminal kinase
and Akt, Cancer Res. 66 (1) (2006) 212-220.

H.M. Schipper, D.A. Bennett, A. Liberman, J.L. Bienias, J.A. Schneider, J. Kelly,
Z. Arvanitakis, Glial heme oxygenase-1 expression in Alzheimer disease and mild
cognitive impairment, Neurobiol. Aging 27 (2) (2006) 252-261.

L. Bertram, R.E. Tanzi, Thirty years of Alzheimer’s disease genetics: the implica-
tions of systematic meta-analyses, Nature reviews, Neuroscience 9 (10) (2008)
768-778.

M.D. Kirkitadze, A. Kowalska, Molecular mechanisms initiating amyloid beta-fibril
formation in Alzheimer’s disease, Acta Biochimica Polonica 52 (2) (2005)
417-423.

R.E. Tanzi, L. Bertram, Twenty years of the Alzheimer’s disease amyloid hypoth-
esis: a genetic perspective, Cell 120 (4) (2005) 545-555.

C. Kaether, C. Haass, H. Steiner, Assembly, trafficking and function of gamma-
secretase, Neuro-Degenerative Diseases 3 (4-5) (2006) 275-283.

Y. Zhang, W. Luo, H. Wang, P. Lin, K.S. Vetrivel, F. Liao, F. Li, P.C. Wong,

M.G. Farquhar, G. Thinakaran, Nicastrin is critical for stability and trafficking but
not association of other presenilin/y-secretase components, J. Biol. Chem. 280
(17) (2005) 17020-17026.

S. Shah, S.-F. Lee, K. Tabuchi, Y.-H. Hao, C. Yu, Q. LaPlant, H. Ball, C.E. Dann,
T. Siidhof, G. Yu, Nicastrin functions as a y-secretase-substrate receptor, Cell 122
(3) (2005) 435-447.

W.B. Yun, J.J. Park, J.E. Kim, J.E. Sung, H.A. Lee, J.H. Lee, C.J. Bae, D.Y. Hwang,
Overexpression of N141I PS2 increases y-secretase activity through up-regulation
of Presenilin and Pen-2 in brain mitochondria of NSE/hPS2m transgenic mice,
Lab. Anim. Res. 32 (4) (2016) 249-256.

E.H. Jo, J.S. Ahn, J.S. Mo, J.H. Yoon, E.J. Ann, H.J. Baek, H.J. Lee, S.H. Kim,
M.Y. Kim, H.S. Park, Aktl phosphorylates Nicastrin to regulate its protein stability
and activity, J. Neurochem. 134 (5) (2015) 799-810.

A.R. Gwon, J.S. Park, T.V. Arumugam, Y.K. Kwon, S.L. Chan, S.H. Kim, S.H. Baik,
S. Yang, Y.K. Yun, Y. Choi, Oxidative lipid modification of nicastrin enhances
amyloidogenic y-secretase activity in Alzheimer’s disease, Aging Cell 11 (4) (2012)
559-568.

X. Wang, Z. Wang, Y. Chen, X. Huang, Y. Hu, R. Zhang, M. Ho, L. Xue, FoxO
mediates APP-induced AICD-dependent cell death, Cell Death Disease 5 (5) (2014)
el233.

C. Shi, K. Viccaro, H. Lee, K. Shah, Cdk5-Foxo3 axis: initially neuroprotective,
eventually neurodegenerative in Alzheimer’s disease models, J. Cell Sci. 129 (9)
(2016) 1815-1830.

B. Poljsak, D. Suput, I. Milisav, Achieving the balance between ROS and anti-
oxidants: when to use the synthetic antioxidants, Oxid. Med. Cell Longev. 2013
(2013) 956792.

O. Ighodaro, O. Akinloye, First line defence antioxidants-superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPX): their fundamental role in
the entire antioxidant defence grid, Alexandria J. Med. 54 (4) (2018) 287-293.
H. Fiander, H. Schneider, Dietary ortho phenols that induce glutathione S-trans-
ferase and increase the resistance of cells to hydrogen peroxide are potential
cancer chemopreventives that act by two mechanisms: the alleviation of oxidative
stress and the detoxification of mutagenic xenobiotics, Cancer Lett. 156 (2) (2000)

206

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]
[131]
[132]

[133]

[134]

[135]
[136]

[137]

Journal of Trace Elements in Medicine and Biology 56 (2019) 198-206

117-124.

C. dos Santos Carvalho, V.A. Bernusso, H.S.S. de Aratjo, E.L.G. Espindola,

M.N. Fernandes, Biomarker responses as indication of contaminant effects in
Oreochromis niloticus, Chemosphere 89 (1) (2012) 60-69.

K.B. Kim, K.W. Seo, Y.J. Kim, M. Park, C.W. Park, P.Y. Kim, J.I. Kim, S.H. Lee,
Estrogenic effects of phenolic compounds on glucose-6-phosphate dehydrogenase
in MCF-7 cells and uterine glutathione peroxidase in rats, Chemosphere 50 (9)
(2003) 1167-1173.

J.B. Owen, D.A. Butterfield, Measurement of oxidized/reduced glutathione ratio,
Methods Mol. Biol. 648 (2010) 269-277.

J.B. Schulz, J. Lindenau, J. Seyfried, J. Dichgans, Glutathione, oxidative stress and
neurodegeneration, Eur. J. Biochem. 267 (16) (2000) 4904-4911.

M. Karaman, H. Budak, M. Ciftci, Amoxicillin and gentamicin antibiotics treat-
ment adversely influence the fertility and morphology through decreasing the Dazl
gene expression level and increasing the oxidative stress, Arch. Physiol. Biochem.
(2018) 1-9.

K. Aoyama, M. Watabe, T. Nakaki, Regulation of neuronal glutathione synthesis, J.
Pharmacol. Sci. 108 (3) (2008) 227-238.

J. Sian, D.T. Dexter, A.J. Lees, S. Daniel, Y. Agid, F. Javoy-Agid, P. Jenner,

C.D. Marsden, Alterations in glutathione levels in Parkinson’s disease and other
neurodegenerative disorders affecting basal ganglia, Ann. Neurol. 36 (3) (1994)
348-355.

P. Riederer, E. Sofic, W.D. Rausch, B. Schmidt, G.P. Reynolds, K. Jellinger,

M.B. Youdim, Transition metals, ferritin, glutathione, and ascorbic acid in par-
kinsonian brains, J. Neurochem. 52 (2) (1989) 515-520.

D. Dexter, J. Sian, S. Rose, J. Hindmarsh, V. Mann, J. Cooper, F. Wells, S. Daniel,
A. Lees, A. Schapira, Indices of oxidative stress and mitochondrial function in
individuals with incidental Lewy body disease, Ann. Neurol. 35 (1) (1994) 38-44.
R.L. Woltjer, W. Nghiem, I. Maezawa, D. Milatovic, T. Vaisar, K.S. Montine,

T.J. Montine, Role of glutathione in intracellular amyloid-alpha precursor protein/
carboxy-terminal fragment aggregation and associated cytotoxicity, J.
Neurochem. 93 (4) (2005) 1047-1056.

M. Naziroglu, Molecular role of catalase on oxidative stress-induced Ca2+ sig-
naling and TRP cation channel activation in nervous system, J. Receptors Signal
Transd. 32 (3) (2012) 134-141.

F. Capel, C. Buffiere, P. Patureau Mirand, L. Mosoni, Differential variation of
mitochondrial H202 release during aging in oxidative and glycolytic muscles in
rats, Mech. Ageing Dev. 125 (5) (2004) 367-373.

J.R. Jackson, M.J. Ryan, S.E. Alway, Long-term supplementation with resveratrol
alleviates oxidative stress but does not attenuate sarcopenia in aged mice, J.
Gerontol. A Biol. Sci. Med. Sci. 66 (7) (2011) 751-764.

F. Capel, V. Rimbert, D. Lioger, A. Diot, P. Rousset, P.P. Mirand, Y. Boirie,

B. Morio, L. Mosoni, Due to reverse electron transfer, mitochondrial H202 release
increases with age in human vastus lateralis muscle although oxidative capacity is
preserved, Mech. Ageing Dev. 126 (4) (2005) 505-511.

E. Pigeolet, P. Corbisier, A. Houbion, D. Lambert, C. Michiels, M. Raes, M.-

D. Zachary, J. Remacle, Glutathione peroxidase, superoxide dismutase, and cata-
lase inactivation by peroxides and oxygen derived free radicals, Mech. Ageing Dev.
51 (3) (1990) 283-297.

O. Epp, R. Ladenstein, A. Wendel, The refined structure of the selenoenzyme
glutathione peroxidase at 0.2-nm resolution, Eur. J. Biochem. 133 (1) (1983)
51-69.

A. Bozkurt, H. Budak, H.S. Erol, S. Can, T. Mercantepe, Y. Akin, I. Ozbey,

M. Cankaya, M.B. Halici, T.A. Coban, A novel therapeutics agent: antioxidant ef-
fects of hydroxylfasudil on rat kidney and liver tissues in a protamine sulphate-
induced cystitis rat model; preliminary results, Artif. Cells Nanomed. Biotechnol.
(2018) 1-6.

Y. Shivarajashankara, A. Shivashankara, P.G. Bhat, S.H. Rao, Brain lipid perox-
idation and antioxidant systems of young rats in chronic fluoride intoxication,
Fluoride 35 (3) (2002) 197-203.

M.G. Lionetto, R. Caricato, A. Calisi, M.E. Giordano, T. Schettino,
Acetylcholinesterase as a biomarker in environmental and occupational medicine:
new insights and future perspectives, BioMed Res. Int. 2013 (2013).

A. Das, M. Dikshit, C. Nath, Role of molecular isoforms of acetylcholinesterase in
learning and memory functions, Pharmacol. Biochem. Behav. 81 (1) (2005) 89-99.
1. Silman, J.L. Sussman, Acetylcholinesterase:‘classical’and ‘non-classical’functions
and pharmacology, Curr. Opin. Pharmacol. 5 (3) (2005) 293-302.

B. Fuhrman, A. Partoush, M. Aviram, Acetylcholine esterase protects LDL against
oxidation, Biochem. Biophys. Res. Commun. 322 (3) (2004) 974-978.

K.U. Schallreuter, S.M. Elwary, N.C. Gibbons, H. Rokos, J.M. Wood, Activation/
deactivation of acetylcholinesterase by H202: more evidence for oxidative stress
in vitiligo, Biochem. Biophys. Res. Commun. 315 (2) (2004) 502-508.

L. Cai, H.-F. Liao, X.-J. Zhang, Y. Shao, M. Xu, J.-L. Yi, Acetylcholinesterase
function in apoptotic retina pigment epithelial cells induced by H202, Int. J.
Ophthalmol. 6 (6) (2013) 772.

V. Kandi, S. Vadakedath, Effect of DNA methylation in various diseases and the
probable protective role of nutrition: a mini-review, Cureus 7 (8) (2015) e309.
R. Dosunmu, J. Wu, M.R. Basha, N.H. Zawia, Environmental and dietary risk
factors in Alzheimer’s disease, Expert Rev. Neurother. 7 (7) (2007) 887-900.

J. Wang, L. Ho, Z. Zhao, 1. Seror, N. Humala, D.L. Dickstein, M. Thiyagarajan,
S.S. Percival, S.T. Talcott, G.M. Pasinetti, Moderate consumption of Cabernet
Sauvignon attenuates Abeta neuropathology in a mouse model of Alzheimer’s
disease, FASEB J. 20 (13) (2006) 2313-2320.



