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Abstract

In this work, we studied the impact of chronic iron exposure, in the form of iron sulfate (FeSo4), on affective and cognitive
disorders and oxidative stress in the male Wistar rat. The treatment was carried out for 8 weeks, the rats received an intra-
peritoneal injection of iron at different doses: 0.25, 0.5, and 1 mg/kg. Affective and cognitive disorders are assessed in open
field test (OFT), elevated plus maze (EPM), forced swimming test (FST), Morris water maze (MWM), and Y-maze. The
hippocampus and prefrontal cortex of each animal were taken for biochemical examination. Our results show that iron exerts
anxiogenic and depressogenic effects, which were observed first at the dose of 0.5 mg/kg and continued in a dose-dependent
manner up to the maximum tested dose of 1 mg/kg. According to results from the MWM and Y-maze tests, continuous
exposure to iron induces cognitive disorders that are defined by the disturbance of working memory and influences spatial
learning performance causing a deficit of spatial memory retention. We noted that chronic exposure to iron can be associated
with the appearance of a state of oxidative stress in the hippocampus and the prefrontal cortex demonstrated by an increase
in lipid peroxidation, an increase in nitric oxide, and also by disturbances in the antioxidant defense systems following a
determination of the concentrations of catalase. In conclusion, we can deduce from this work that chronic iron exposure can

be related to the induction of cognitive and affective disorders and oxidative stress.
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Introduction

Environmental pollutants have attracted the attention of
researchers in recent decades because of their association
with psycho-emotional disorders, especially heavy met-
als, whose ubiquity and neurotoxicity are well known [1].
Moreover, research including previous papers written by
our team shows a positive correlation between exposure to
certain heavy metals such as (Al, Cr, Cd, Ni...) [2-6] and
affective and cognitive disorders, in particular during early
and chronic exposure. Several studies using animal models
have shown that iron overload leads to significant cognitive
and affective impairments [7-20].
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There are many sources for iron exposure as food col-
oring, in the identification of mushrooms, mining, writing
inks, blue pigments, dyeing industries, photography, phar-
maceuticals, deodorizers, disinfectants, fungicides, mollus-
cicides, water treatment, and supplementary ferrous sulfate
(as a source of iron), among other sources, all contain iron
in the form of ferrous sulfate [21].

Iron plays a crucial part in physiological processes due
to its ability to donate and receive electrons, but it may also
cause serious oxidative damage by producing free radicals
in the brain when there is an excess of iron in the body [22].

Numerous neurodegenerative disorders, including Parkin-
son’s (PD), Alzheimer’s (AD), and Huntington's diseases,
among others, have been associated with iron deposition in
certain brain regions [23-26].

Evidence that patients with neurodegenerative disorders
have high brain iron concentrations and the identification of
mutations in genes related to iron metabolism in the brain
suggest that iron dysregulation and iron-induced oxidative
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stress (OS) in the brain may contribute to neuronal death
associated with brain disorders [27].

More and more evidence points to an association between
OS and iron-induced neurotoxicity. Through the Fenton
reaction, free iron can cause oxidative stress [28]. Numer-
ous neurodegenerative disorders have been linked to OS as
one of their causative components. Studies on patients and
experimental models show that oxidative damage occurs
before pathogenic alterations in AD [29-31].

To our knowledge, few studies have examined the effects
of iron on anxiety and depression in Wistar rats. In addition,
no study has yet examined the effect of low-dose iron on
affective and cognitive disorder and oxidative stress.

Based on these considerations, our research focuses on
the effects of chronic intraperitoneal administration of iron
at various doses (0.25, 0.5, and 1 mg/kg) in male Wistar
rats for 8 weeks to assess the affective and cognitive behav-
iors using neurobehavioral tests and OS parameters such as
nitric oxide (NO), and lipid peroxidation (LPO), and catalase
(CAT) activity in the hippocampus and the prefrontal cortex.

Material and Methods
Animals and Experimental Conditions

Male Wistar strain rats weighing 120 + 20 g, that were born
and grown in the animal inventory of the Kenitra Faculty
of the Ibn Tofail University were used in our investiga-
tion. The rats were housed in experimental cages (6 rats in
each cage) that underwent regular cleaning, including the
replacement of the bedding consisting of wood chips three
times per week. They are maintained in a ventilated room,
at a temperature of 21 °C+ 1, and with artificial lighting
(a photoperiod: LD 12/12: 12 h of light, 12 h of darkness).
Throughout the experiments, the rats had free access to tap
water for drinking and dry food (standard diet provided by
the Alf Sahel compound feed company) the feeding of ani-
mals contains: dry corn, barley, wheat bran, soybean, and
sunflower oilseed cakes; protein 15%; fat 2%; phosphorus
0.3%; minerals 9%; cellulose: 15%; calcium 1%; vitamins
per 100 g: vit A 1 000,000 UlI, vit D3 15,000, vit E 2000.
Rats are marked to facilitate individual identification and are
kept in their cages to acclimate them to the conditions in the
animal facility for 2 weeks before starting the experiment.
All experimental procedures were approved by the Univer-
sity Ethics Committee for Animal Experiments.

Daily intraperitoneal injections of iron sulfate are admin-
istered to the rats (FeSo,) obtained from Sigma-Aldrich, St.
Louis, MO, USA) at 4 pm at different doses, for 8 succes-
sive weeks. They are divided into 4 batches of 6 animals as
follows:

e st group (control): male rats receiving an intraperitoneal
injection of NaCl

e 2nd group (dose 1): male rats receiving a dose of
0.25 mg/kg FeSo4

e 3rd group (dose 2): male rats receiving a dose of 0.5 mg/
kg FeSo4

e 4th group (dose 3): male rats receiving a dose of 1 mg/
kg FeSo4

Note that the volume to be injected changes in relation to
the weight of the rat according to the rule of three:

0.4ml
X ml Y g of the rat's body weight

100 g of the rat's body weight

Experimental Design
Rules and Ethics of Animal Experimentation

In accordance with the regulations of the Guide for the Care
and Use of Laboratory Animals (National Research Coun-
cil, revised 1996), every effort has been made to minimize
animal suffering and reduce the number of animals used
(Fig. 1).

All procedures were performed to prevent potential pain
or distress to the animals. The manipulations were carried
out with the best possible respect for anesthesia and asepsis
control measures, noise was kept to a minimum and all team
members were provided with appropriate protective equip-
ment. At the end of the last test, a final weight measurement
of the animals was performed the day before their sacrifice
in order to calculate the doses of anesthetic to be injected.
The anesthetic product used was chloral at a concentration
of 7%, dissolved in an adequate volume of 0.9% NaCl, used
at a dose of 0.5 ml/100 g of animal weight.

As soon as the animals were anesthetized, they were sac-
rificed by decapitation and the brains of these animals were
extracted from the skull box on ice, using previously steri-
lized dissection equipment.

Neurobehavioral Tests

Five tests allow the evaluation of the affective and cog-
nitive state of the rodents through the measurement of
several parameters. The behavior of the animals in the
various devices was captured on camera and recorded. We
have identified the most notable parameters in the record-
ings that can be used to identify affective and cognitive
disorders.
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Fig. 1 Experimental design. Male “Wistar” rats weighing (120 +20),
daily received an intraperitoneal injection of 0.9% of NaCl (control),
0.25 mg/kg (Fe-0.25), 0.5 mg/kg (Fe-0.5), and 1 mg/kg (Fe-1) of
iron for 2 months. The Open Field Test (OFT), Elevated Plus Maze
Test (EPMT), Forced Swimming Test (FST), Y-Maze Test, and Mor-

Anxiety-Like Measurement
Open Field Test

The OFT is used to measure anxiety-like behavior in
rodents [32]. The OFT is realized thanks to a device of
square form, of 100 cm of side, and 40 cm of height. The
white field platform (25 equal tiles) is subdivided into
two zones, the periphery (16 equal tiles) bordering the
partitions, considered as a relatively secure refuge zone,
and the central zone (9 equal tiles) by definition open
and reputed to be anxiogenic. The animal is placed in the
center of the field for a period of 10 min during which its
behavior is monitored and recorded with a video camera
connected to a computer. The device is cleaned with etha-
nol 70% after the passage of each rat. The level of anxi-
ety is estimated by referring to the movements in the two
surfaces, the measured parameters are.

-The time spent in the central area of the Open Field
(TCA) and the number of returns to the center (NRC),
Central perimeter residence time is used as a measure of
anxiety. The number of returns to the central area is also
an indicator of emotional reactivity.

- Number of total squares (NTS). The total number of
entries in the central and peripheral tiles is a reliable index
of general locomotor activity [33].

Test of the Elevated Plus Maze (EPM)

The EPM test used in the present study is consistent
with that described by (Pellow et al. 1985) [34] based on
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ris Water Maze Test (MWMT) were used to assess the behavior and
cognitive states of rats. The oxidative stress state in the brain was
assessed by lipid peroxidation (LPO); nitrite assay (NO); catalase
activity (CAT)

neophobia in rats. The maze consists of four branches 50 cm
long and 10 cm wide kept 60 cm from the ground. The two
closed arms are surrounded by 50 cm high walls, the edges
are 1 cm high to prevent rats from falling. The animal is
placed in the center of the device for 5 min. The whole of its
behavior is filmed by a video camera linked to a computer.
Entries into open arms (EOA) (an entry is defined when
both of the rat's forepaws are on the arm), Total number of
arms entries (TAE), and the time spent in open arms (TOA)
are the parameters revealed by this test that assess locomo-
tion and anxiety behaviors in animals [35]. The decrease in
anxiety-like behavior is illustrated by a statistically signifi-
cant increase in parameters in the open arms (time, inputs, or
both). The total number of entries in all arms gives a general
hyperactivity. To remove any lingering olfactory cues, the
apparatus was cleaned between each examination with 70%
ethyl alcohol.

Depression-Like Measurement
Forced Swimming Test (FST)

This test assesses the depressive state of rats [36], the ani-
mals are subjected to a 5-min forced swimming test. How-
ever, they are placed individually inside a cylinder of 30 cm
diameter and 50 cm height, in water at 22 °C + 1. The length
of time the animal actively swims or floats only to keep
its head above water is measured. After struggling in the
water, the animal becomes almost motionless, moving its
legs occasionally to stay afloat or regain its balance. This
time of immobility (TIM) is interpreted as a reflection of
“behavioral despair,” which occurs when the animal realizes
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that it could not escape. The presence of a depressive disor-
der is characterized by a significant reduction in Struggling
Time (TST) and an increase in the TIM.

Cognitive Measurement
Y-Maze Test

This is a test to evaluate the natural tendency of a rat to
alternate its choice after exploring a branch of a maze [37].
Indeed, in most cases, it will spontaneously explore the other
branches that are unknown to it. The Y-labyrinth is com-
posed of three identical lanes arranged along the medians of
an equilateral triangle. These lanes are 13 cm long, 4.5 cm
wide and 5.5 cm high. In our procedure, the rat is placed in
one of the three branches of the maze, with its head directed
towards the point of intersection of the 3 branches, and then
left for 8 min to explore freely. It is considered to be in
a branch if its 4 legs are inside. The order of the visits is
recorded, from which the total number of visits is extracted
as an index of general activity, as well as the distribution of
the visits in the three branches. The data presented are the
result of an analysis of this distribution to count the alterna-
tions and are expressed in percentage of alternation. This is
calculated according to the formula:

% Of alteration = [Number of alternations/(Number of visits — 2)] x 100

Morris Water Maze Test

The water maze task used was an adaptation of the hidden
escape paradigm described by Morris [38]. The experimen-
tal device is an opaque basin of 110 cm in diameter, whose
walls are 33 cm high. A 13.5-cm-high platform (9 cm diam-
eter) was placed in the pool, which was filled to a depth of
14 cm by water at a temperature of 22 °C+ 1. A non-toxic
white paint (milk powder) is dissolved in water to make it
opaque. The basin is installed in a room on the walls of
which are hung various visual clues. The experimenter is
hidden from the sight of the animal whose movements are
followed by a video camera. The pool is virtually divided
into 4 quadrants: northeast (NE), southeast (SE), southwest
(SW), and northwest (NW).

e The acquisition phase lasts 4 days with 4 trials per day.
The platform is placed in the NW quadrant at 2 cm below
the water surface. The rat is placed in the pool with its
head against the wall at one of the four cardinal points.
The time taken by the animal to reach the platform is
recorded. Each trial lasts 60 s. If the rat has not found the
platform at the end of the trial, it is placed on it by the
experimenter for 20 s.

e The probe test is performed the day after the last day of
training. The platform is removed from the pelvis and
the animal is placed in S. The time spent in the quadrant
where the platform was located during the acquisition
phase (NW) is measured in a single 60-s trial.

e After 2 h of the probe test, the visible platform phase
takes place. The platform is placed in the middle of the
NW quadrant and made visible. The purpose of this vis-
ual discrimination task is to verify the absence of sen-
sorimotor or visual bias. It consists of 4 trials of 60 s,
during which the platform is made visible (1 cm above
the water surface). The time taken to reach the platform
is measured (latency) [39].

Biochemical Examination
Preparation of the Homogenate

The brains of the different groups studied were used. After
grinding and homogenization in TBS (Tris 50 mM, NaCl
150 mM, pH 7.4), centrifugation (1500 rpm, 4 °C, 15 min)
was performed for 10 min, and the resulting supernatant was
aliquoted into Eppendorf tubes and stored at — 20 °C while
waiting for the assays of the oxidative stress parameters.

Determination of Nitric Oxide

The following elements were mixed in a spectrophotometer
tank: 100 pL of Griess reagent (Griess solution A=0.1%
naphthylethylene diamine chloralhydrate diluted in
water + Griess solution B = 1% sulfanilamide diluted in 5%
H3PO4)+ 300 pl of the sample containing nitrite +2.6 mL
of distilled water. Incubation of the mixture was performed
for 30 min at room temperature. Then, the optical density
reading was taken at 548 nm [40]. Similarly, a standard
range was prepared by using the different concentrations of
nitrates (10, 20, 40, 60, 80, and 100 pM). The NO concen-
tration of the samples is deduced from the calibration curve
(standard range) established under the same conditions. NO
levels are expressed as pmol/g tissue.

Lipid Peroxidation Assay

The rate of lipid peroxidation was indirectly determined
by measuring the level of Malondialdehyde (MDA) in
seahorse homogenates by the method of Draper and Had-
ley (1990) [41]. The principle of the assay is to react
thiobarbituric acid (TBA) with one of the end products
of lipid peroxidation: MDA to form a pink pigment
with an absorbance at 532 nm. The optical density of
the TBA-MDA complex (TBARS) is proportional to
the MDA concentration. To conical tubes containing

@ Springer



4816

A. Rezqaoui et al.
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500 pl of hippocampal homogenate, 0.5 ml of trichloro-
acetic acid (TCA) (20%) and 1 ml of TBA (0.67%) were
added successively. The mixture was heated to 100 °C
for 15 min and immediately cooled before the addition
of 4 ml of n-butanol. Then the tubes were centrifuged
for 15 min at 3000 rpm. Finally, the supernatant was col-
lected from each tube and the absorbance was read by a
spectrophotometer at a wavelength of 530 nm [42]. Simi-
larly, a standard range was prepared by using the differ-
ent concentrations of MDA (0.1, 0.2, 0.3, 0.3, 0.4 0.6,
0.8 pmol/l) to determine the MDA concentration of the
samples. The amount of MDA in the sample is expressed
as nmol/gram of tissue.

Determination of Catalase (CAT) Activity

The measurement of CAT activity in homogenates was
determined according to the method of Aebi (1984) [43].
It is based on the change in optical density following the
disappearance of H202. 0.05 ml of the sample (tissue
extract or phosphate buffer for the blank), was added to
1.95 ml of phosphate buffer (0.05 M, pH 7.4) contained
in a quartz cuvette. The reaction was triggered by the
addition of 1 ml of H202 (0.05 M) and the decrease in
absorbance was recorded for 2 min (readings every 30 s)
in cuvettes at a wavelength of 240 nm. CAT activity is
expressed as IU/min/g tissue (pmoles of H202 destroyed/
min/g tissue, at 25 °C).

Statistical Analysis

The values of the parameters collected from the recordings
were first entered in Excel. The statistical analysis of the dif-
ferent results is obtained thanks to the analysis of variances
(ANOVA) 1st/2nd order with the software SPSS version 22.
A repeated measures ANOVA is used for the MWM. The
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results are presented in the form of mean + standard error
of the mean (S.E.M.) and illustrated by figures produced
by the GraphPad Prism 6 software. Intergroup differences
are considered significant when p <0.05, highly significant
when p <0.01, and very highly significant when p <0.001.

Results

Effect of Iron on the Levels of Anxiety-Like
Measured in the OFT

Time Spent in the Central Area (TCA)

The results, grouped in (Fig. 2a), show that iron in males
increases the TCA parameter at low dose 0.25 mg/kg (Fe-
0.25), (Cont/Fe-0.25: p <0.05). While from the dose of
0.5 mg/kg iron decreases the TCA parameter. Animals in
the groups treated with 0.5 mg/kg and 1 mg/kg of iron spend
significantly less time in the central zone compared to the
group treated with 0.25 mg/kg of iron: [(Fe-0.25/Fe-0.5:
p<0.01); Fe-0.25/Fe-1: p<0.001). In addition, the effects
of iron at 0.5 and 1 mg/kg are significantly lower than that
obtained with 0.25 mg/kg.

Number of Returns to the Center (NRC)

The iron-dependent dose effect is also observed in the NRC
parameter (Fig. 2b). At doses of 0.5 and 1 mg/kg, Iron
decreases the NRC parameter. While at the 0.25 mg/kg dose
iron increases the NRC parameter. With a very significant
difference, the rats treated with 1 mg/kg of iron and those
treated with 0.5 mg/kg visit the central zone significantly
less than the rats treated with 0.25 mg/kg of iron, [(Fe-0.25/
Fe-0.5: p <0.05); Fe-0.25/ Fe-1: p <0.01)]. However, no sta-
tistically significant difference was found when comparing
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Fig.3 a The total amount of a
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the iron-treated groups with the controls [(Cont/Fe-0.25:
p>0.05); Cont/Fe-0.5: p>0.05) et (Cont/Fe-1: p>0.05)].

Number of Total Squares (NTS)

Unlike the TCA and NRC parameters, iron has no significant
effect on the NTS parameter, whatever the dose considered
[(Cont/Fe-0.25: p>0.05); (Cont/Fe-0.5: p > 0.05); (Cont/
Fe-1: p>0.05)] (Fig. 2).

Effect of Iron on Anxiety Levels Measured
in Elevated Plus Maze Test (EPM)

Time Spent in Open Arms (TOA)

The results grouped in (Fig. 3a) show that Iron does not
induce any significant modification of the TOA parameter
[(Cont/Fe-0.25: p>0.05); (Cont/Fe-0.5: p>0.05); (Cont/
Fe-1: p>0.05)]. In contrast, a statistically very signifi-
cant difference is noted by comparing the different groups
treated with iron between them (Fe-0.25/Fe-1: p <0.01).
In addition, groups treated with iron 1 mg/kg spend less
time in open arms compared to rats treated with iron at
0.25 mg/kg.

Entry to Open Arms (EOA)

The dose-dependent effect of iron is not observed when
considering the EOA parameter (Fig. 3b). The doses of
0.25, 0.5, and 1 mg/kg do not induce any significant mod-
ification of the parameter in comparison with the con-
trols [(Cont/Fe-0.25: p > 0.05); (Cont/Fe-0.5: p > 0.05);
(Cont/Fe-1: p>0.05)]. A statistically significant differ-
ence is noted by comparing the different groups treated
with iron between them. Rats treated with 1 mg/kg of
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iron visited significantly less the open arms compared to
groups treated with 0.25 and 0.5 mg/kg [(Fe-0.25/Fe-1:
p <0.05); (Fe-0.5/Fe-1: p <0.05)].

Total Entries in Arms (TEA)

Unlike the results observed for the TOA and EOA param-
eters, iron has no statistically significant effect on the TEA
parameter, regardless of the dose considered (p > 0.05)
(Fig. 3c¢).

Effect of Iron on Depressive-Like Performances
Measured by Forced Swimming Test (FST)

Immobility Time (TIM)

In the FST test, iron considerably increases the TIM param-
eter, with superiority in the groups treated with 1 mg/kg with
a very significant difference compared to the Control Cont
/ Fe-1: p<0.01). At the dose of 0.25 mg/kg, iron decreases
considerably with a significant difference compared to the
Control TIM parameter (Cont/Fe-0.25: p <0.05), while the
0.5 mg/kg dose does not induce any significant change in the
parameter (Cont/Fe-0.5: p>0.05). A statistically very highly
significant difference is noted by comparing the different
groups treated with iron between them [(Fe-0.25/Fe-0.5:
p<0.001); Fe-0.25/Fe-1: p<0.001)] (Fig. 4a).

Struggling Time (TST)

Iron also decreases the dose-dependent parameter TST
(Fig. 4b). Compared to the control, the TST is reduced sig-
nificantly in the group treated with iron to 0.25 mg/kg and
very significantly in the group treated with iron at 0.5 mg/
kg and highly significantly in the group treated with iron at
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iron between them [(Fe-0.25/Fe-0.5: p > 0.05); Fe-0.5/Fe-1:
p>0.05); Fe-0.25/Fe-1: p>0.05)].

Iron Effect on Memory
Y Maze Test

The results grouped in Fig. 5 show that iron affects the
parameter of the percentage of alternation in the alterna-
tion test in the Y labyrinth. From 1 mg/kg, iron begins to
affect this parameter, while the doses of 0.25 and 0.5 mg/kg
does not induce any significant modification of the param-
eter [(Cont/Fe-0.25: p> 0.05); Cont/Fe-0.5: p>0.05)]. Ata
dose of 1 mg/kg, iron reduces this parameter with a signifi-
cant difference compared to the control group (Cont/Fe-1:
p<0.05). A statistically very significant difference is noted
by comparing the different groups treated with iron between

1 1 them [(Fe-0.25/Fe-1: p <0.01); Fe-0.5/Fe-1: p <0.05)]
N N (Fig. 5).
&° W e’
& 0 D L -
" Morris Water Maze

K «% %

Fig.5 Spontaneous alternation percentage measured in Y-maze test
in male rats after 2 months of treatment with 0.9% of NaCl (control),
0.25 mg/kg (Fe-0.25), 0.5 mg/kg (Fe-0.5), and 1 mg/kg (Fe-1) of iron.
Results are represented as mean+SEM. The significance level is
0.05. *p <0.05, **p <0.01, ***p <0.001
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Acquisition phase In the Morris Water Maze test, iron con-
siderably increases the latency parameter during the 4 days
of the acquisition phase with superiority in the group treated
with 1 mg/kg with a significant difference compared to the
control group (Cont/Fe-1 p <0.05), while the doses of 0.25
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Fig.6 Latency to reach the hidden platform on each of the 4 days of
the learning phase in the Morris water maze, in males after 2 months
of treatment with 0.9% of NaCl (control), 0.25 mg/kg (Fe-0.25),
0.5 mg/kg (Fe-0.5), and 1 mg/kg (Fe-1) of iron. Results are repre-
sented as mean + SEM. The significance level is 0.05. * p <0.05
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Fig. 7 Percentage of time spent in the correct quadrant in the probe
trial of the Morris water maze expressed as % in male rats after
2 months of treatment with 0.9% of NaCl (control), 0.25 mg/kg (Fe-
0.25), 0.5 mg/kg (Fe-0.5), and 1 mg/kg (Fe-1) of iron. Results are
represented as mean +SEM. The significance level is 0.05. *p <0.05,
*#p <0.01, ***p <0.001

8-

= (=]
] |

Latency (s)

N
]

o
|

> a9

O
s

6" O

. O Q@'“ &

Fig.8 Latency to reach the visible platform for each strain in the
MWM expressed in second (S), in male rats after 2 months of treat-
ment with 0.9% of NaCl (control), 0.25 mg/kg (Fe-0.25), 0.5 mg/
kg (Fe-0.5), and 1 mg/kg (Fe-1) of iron. Results are represented as
mean+SEM. The significance level is 0.05. *p<0.05, **p<0.01,
*#%p <0.001
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and 0.5 mg/kg do not affect this parameter [(Cont/Fe-0.25:
p>0.05); Cont/Fe-0.5: p>0.05)]. A statistically very signifi-
cant difference is noted by comparing the different groups
treated with iron between them [(Fe-0.25/Fe-1: p <0.01);
Fe-0.5/ Fe-1: p<0.05)] (Fig. 6).

Percentage time spent in the correct quadrant
during the probe trial

The results grouped in Fig. 7 show that iron affects the
parameter of the percentage of time spent in the cor-
rect quadrant (NO). From 0.25 mg/kg, iron increases this
parameter with a very significant difference compared to
the control group (Cont/Fe-0.25: p <0.01). In contrast, at
the dose of 0.5 and 1 mg/kg the iron reduces this parameter
with a significant difference in comparison with the con-
trol group [(Cont/Fe-0.5: p <0.05); Cont/Fe-1: p <0.05)].
A statistically very highly significant difference is noted by
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comparing the different groups treated with iron between
them [(Fe-0.25/Fe-1: p<0.001); Fe-0.5/Fe-1: p <0.001)]
(Fig. 7).

Visible platform test

Unlike the results observed for the Acquisition phase and Per-
centage time spent in the correct quadrant, iron has no statisti-
cally significant effect on the latency parameter to find the visible
platform, regardless of the dose considered (p >0.05) (Fig. 8).

Iron Effect on Oxidative Stress
NO Concentrations in the Hipp and the PFC

The results grouped in Fig. 9 show that treatment of rats with
iron significantly increases (NO) levels in the groups treated with
1 mg/kg compared with the control group in both HIPP: [Hipp.
(Cont/Fe-1: p<0.01)] and PEC: [PFC (Cont/Fe-1): p<0.001)].

In addition, there is a statistically significant difference
between groups in the two structures studied, in HIPP Fe-1/
Fe-0.25 (p <0.01), and in PFC Fe-1/Fe-0.25 and Fe-1/Fe-0.5
(»<0.001 and p <0.001 respectively).

Catalase (CAT) Activity in the HIPP and the PFC

The results obtained show that treatment of rats with iron
causes a significant decrease in (CAT) enzyme activity in the
brain compared to control rats. In HIPP and PFC, CAT enzyme

@ Springer

activities are significantly decreased in the groups treated with
0.5 mg/kg and 1 mg/kg of iron compared to the control group.
[PEC (Cont/Fe-0.5: p<0.05); (Cont/Fe-1): p<0.01)]; [Hipp.
(Cont/Fe-0.5: p<0.05); Cont/Fe-1: p<0.01)].

On the other hand, there is a statistically significant dif-
ference between the treated groups in HIPP Fe-1/Fe-0.25
(p<0.01), and in PFC Fe-1/Fe-0.25 (p < 0.05). No difference
was noted between these groups; Fe-0.5/Fe-1 (p > 0.05) in
both structures studied (Fig. 10).

LPOin the HIPP and the PFC

According to the results obtained, there was a significant increase
in the level of TBARS in the brains of the treated rats and those
in HIPP and PFC compared to the control rats. The animals of
the groups treated with 0.5 mg/kg and 1 mg/kg of iron, present
significantly a higher level of TBARS compared to the control in
PFC [(Cont/Fe-0.5: p<0.05); Cont/Fe-1: p<0.01)], and in HIPP
the parameter TBARS is significantly affected by the factor treat-
ment with 1 mg/kg of iron [(Cont/Fe-1: p<0.001)].

In addition, there was a statistically significant difference
between the treated groups in the two structures studied, in
HIPP Fe-1/Fe-0.25 and Fe-1/Fe-0.5 (p <0.001 and p <0.001
respectively), and in PFC Fe-1/Fe-0.25 (p <0.01). No differ-
ence was noted between these groups: Fe-0.5/Fe-1 (p> 0.05)
in PFC (Fig. 11).
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Fig. 10 Changes in catalase
(CAT) activity in hippocampus
(a) and in prefrontal cortex
(b), expressed as U/g of tissue
in male rats after 2 months of
treatment with 0.9% of NaCl
(control), 0.25 mg/kg (Fe-0.25),
0.5 mg/kg (Fe-0.5), and 1 mg/
kg (Fe-1) of iron. Results are
represented as mean +SEM.
The significance level is

0.05. ¥*p<0.05, **p < 0.01,
*##%p <0.001

Fig. 11 Determination of the
lipid peroxidation levels in hip-
pocampus (A) and in prefrontal
cortex (B), TBARS levels
expressed in nmol/g of tissue
in male rats after 2 months of
treatment with 0.9% of NaCl
(control), 0.25 mg/kg (Fe-0.25)
0.5 mg/kg (Fe-0.5), and 1 mg/
kg (Fe-1) of iron. Results are
represented as mean +SEM.
The significance level is

0.05. *p<0.05, **p <0.01,
**%p <0.001

Discussion

The assessment of anxiety, depression, and memory
behaviors in our study is based on the use of validated
behavioral tests. OFT and EPM tests have been adopted
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for determining anxiety levels, FST for assessment of
depressive states, and Y-maze and MWM tests for assess-

ing working memory and spatial memory in rodents. Oxi-
dative stress was determined by measuring NO, CAT, and
TBARS levels.
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Iron and Anxiety

In the present study, the assessment of anxiety levels
obtained in the OFT is still confirmed by the use of EPM,
one of the most widely used anxiety models in recent
years [44]. Like OFT, EPM is based on the natural conflict
between the desire to explore a new environment and the
tendency to avoid a potentially dangerous area. All of the
behaviors measured in EPM depend, directly or indirectly,
on locomotor activity, which is probably the main confound-
ing factor.

Based on the behavioral study of rats in OFT and EPM
tests, the present study was able to show that iron, adminis-
tered chronically, exerts an anxiety-inducing effect in rats.
In OFT, this anxiogenic effect of iron is based on the fact
that it decreases TCA and NRC parameters without altering
locomotor activity. Its anxiogenic action begins at 0.5 mg/
kg and reaches a maximum at a dose of 1 mg/kg. The loco-
motor activity measured in the OFT is not affected by this
treatment, suggesting that the behavioral differences in the
Porsolt test are due to changes in the affective state.

The anxiogenic action of iron, shown in this study, is
consistent with the observation of Maaroufi (2009), which
were reported in rats for 5 consecutive days, Rats were
treated with moderate doses of iron (1.5 or 3.0 mg/kg)
[17, 45]. Thus, the study by Chtourou (2015) was reported
on the Wistar rat for 28 days and 5 days per week, in this
case, the rats were treated with iron intraperitoneally at
50 mg of iron [46]. and also the study of Elferchichi which
was reported in the Wistar rat for 5 consecutive days, the
rats were treated with a dose of 3.0 mg/kg of iron sulfate
[45].

Compared to these studies, our work has the advantage of
administering very small amounts of iron chronically over a
long period and obtaining an effect at lower doses, since the
efficacy of iron appears at from 0.5 mg/kg.

The majority of research carried out in various animal
species confirms the ability of iron to increase anxiety levels,
regardless of the anxiety-inducing situations and behavioral
tests adopted. Maaroufi (2009), and Chtourou (2015), evalu-
ating the effects that iron could have on the anxiety-related
behavior of adult Wistar rats, were able to show that iron
produces more potent anxiety-inducing effects which results
in increase in the time spent crossing the closed arms and
increasing the average time spent in the closed arms, but a
reduction in time (less time) spent in the open arm (TOA)
of the maze by compared to the control group.

In conclusion, all the data mentioned above, associated
with our results clearly show that iron has real anxiogenic
properties.
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Iron and Depression

In the present work, the behavior of depression was assessed
by the FST. In this paradigm, the animal develops the charac-
teristic behavior denoted by immobility commonly described
as a symptom of hopeless behavior. Forced swimming is a
suitably stressful situation both physically and emotionally
in rats [47].

The present study also showed that chronic administra-
tion of iron at doses of 0.25 to 1 mg/kg in rats caused an
increase in TIM and a reduction in the wrestling behavior
represented by TST.

The observation that iron increases TIM and reduces TST
in rats provides a strong argument for the depressive effect
of iron. These results clearly suggest that chronic expo-
sure to iron causes a state of despair in the treated animal
which manifests itself in a reduction in swimming and the
installation of a state of despair which is probably the con-
sequence of the deterioration of dopaminergic and seroton-
ergic pathways in the brain mainly striatum, hippocampus
and the hypothalamic-pituitary axis [48, 49]. The produc-
tion of free radicals which will be responsible for neurotoxic
oxidative stress may be the result of abnormal distribution
of iron in cells or tissues with regional accumulation. This
behavior of rats could be reflected by an iron interaction with
serotonergic and dopaminergic neurons in the hippocampus
[48]. These systems appear to be involved in the regula-
tion of CRF (corticotropin releasing factor) which plays
an important role in anxiety behavior [48]. In addition, the
serotonergic system has a central role in the modulation of
anxiety [50]. These results demonstrate increased anxiety/
emotional responsiveness to iron overload, which is similar
to the behavioral phenotype of iron deficiency [51-53].

In conclusion, the results of the research shown above in
conjunction with our own demonstrate that iron exposure
induces depressive properties.

Iron and Cognitive Impairment

Regarding cognitive abilities, the present study also showed
that chronic administration of iron in doses of 0.25 to 1 mg/
kg in male rats causes a reduction in working memory, short-
term memory and spatial learning performance under our
experimental conditions. Iron is effective at just 1 mg/kg. In
the Y-maze test, the working memory reduction effect is that
it decreases the percent alternation parameter. In the Morris
Pool, the effect that iron affects spatial learning performance
is that it increases the latency parameter to reach the plat-
form (the first 4 days). The effect that iron causes spatial
memory retention deficit is based on the fact that it reduces
the time spent in the correct quadrant during the probe test.

The results present indicate that chronic iron exposure
causes cognitive disruption in male rats. These observations
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agree with those of some authors who demonstrate an
impairment of learning performance in rats exposed to iron
[17, 54, 55]. Chronic administration of iron intraperito-
neally in male rats has been reported to cause an increase
in the latency to find the platform submerged during the
learning phase in the MWM as well as a decrease in time
spent in the northwest quadrant during the probe test. These
observations agree with those of Maaroufi (2009) [17] who
showed that the administration of 3 mg/kg of iron increases
the latency time to find the platform and the time spent in the
correct quadrant was lower than that of the control group.
Furthermore, during the visible platform phase, we do not
observe any significant difference among any of the groups,
which means that the deficits of the rats are not due to visual
disturbances.

When combined, the findings from animal models dem-
onstrate that iron overload causes memory deficits in a vari-
ety of learning and memory paradigms that are intended
to evaluate memory types that are known to rely on spe-
cific memory systems. Aversive memory [18], recognition
memory [15, 16], and spatial memory [10, 11, 17, 20] in
rodents have all been demonstrated to be impaired by iron
exposure at various stages of their lives. These memories
are known to depend on hippocampal-cortical circuitry
[56, 57]. Because cholinergic pathways play a crucial role
in cognitive processes including learning and memory, its
disruption can have negative effects on various learning and
memory models [58]. Bohnen et al. (2005) results suggests
that reduced acetyl-cholinesterase (AChE) activity, which is
associated with impaired cognitive performance, is evidence
of the loss of cholinergic pathways, a characteristic of aging
and AD [59].

Other results found that Excess iron in the brain is
involved in the development and pathogenesis of neurode-
generative disorders [60]. It has been clearly shown that iron
overload disrupts the homeostasis of neurotransmitters. Infu-
sions of iron in the substantia nigra disrupt monoaminergic
systems, in particular the dopaminergic pathway [49, 61,
62]. Excessive iron deposits have been reported in the cen-
tral nervous system (CNS) in several neurodegenerative con-
ditions such as Alzheimer’s disease [54]. In addition, iron
has also been shown to accumulate in both senile plaques
and amyloid deposits in the ABPP2576 transgenic mouse
model of Alzheimer’s disease [54].

Iron and Oxidative Stress

For the past two decades, toxicological research has concen-
trated on the development of (OS) following iron exposure
as a potential neurotoxic mechanism [63-69].

Iron exposure can induce a state of oxidative stress by
increased production of free radicals that accumulate in

the brain, alteration of antioxidant defense mechanisms, or
increased lipid peroxidation.

The oxidative stress caused by iron in the hippocampus
and prefrontal cortex may be connected to the behavio-
ral abnormalities seen in our investigation following iron
administration. Knowing that the hippocampus and the
prefrontal cortex play an important role in the learning
and memorization process and could thus be the target
structure of the neurotoxic effect caused by iron intoxica-
tion. In this sense, we have shown that chronic exposure
to iron induces an increase in OS measured by LPO, NO,
and catalase activity in the hippocampus as well as in the
prefrontal cortex of rats. In the present study, the exposure
of rats to iron resulted in a significant increase in LPO,
indicated by the increase in TBARS levels (affected by the
factor treatment with 1 mg/kg of iron) in the hippocampus
and prefrontal cortex. These results are in agreement with
the work undertaken by Chtourou et al. (2015) where they
showed an increase of LPO in the hippocampus of iron-
treated rats [46, 64]. In another research, rats were given
oral doses of 0.0, 7.5, or 15.0 mg Fe2 + /kg of body weight
on postnatal days 10-12 to investigate if iron exposure
during the neonatal period had any long-term oxidative
consequences. At 3 months of age, the activities of protein
carbonyl, SOD, and TBARS were assessed. In the substan-
tia nigra of iron-treated rats, they observed an increase in
TBARS and protein carbonylation as well as a reduction
in SOD activity [70].

LPO is the process of oxidative degradation of polyun-
saturated fatty acids and its occurrence in biological mem-
branes causes changes in membrane structure and function
and leads to decreased membrane fluidity and the inacti-
vation of several membrane enzymes [71]. In accordance
with this, iron-induced LPO found in this study was linked
to elevated NO, which may cause different harmful conse-
quences [67]. Iron's oxidizing qualities are thought to be
responsible for several of its hypothesized impacts. In the
hippocampus and prefrontal brain, antioxidant enzymes like
catalase (CAT) are shown to have decreased activity after
iron treatment. An earlier study demonstrated that continu-
ous iron treatment reduces the brain's SOD and CAT activity
[64, 67]. Through the Fenton reaction, free iron can cause
oxidative stress [28].

Conclusion

In conclusion, the current study showed that chronic iron
administration caused affective and cognitive deficits which
were observed first at the dose of 0.5 mg/kg and continued
in a dose-dependent manner up to the maximum tested dose
of 1 mg/kg, as well as brain neurotoxicity indicated by an
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increase in LPO and NO levels in the hippocampus and pre-
frontal cortex and a decrease in CAT activities in male rats.
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