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ABSTRACT 
AIM: Manganese dioxide magnetic nanoparticle (MnO2-NP) with specifi c size range from 30 to 60 nm has wide-
spread application in magnetic resonance imaging, medicine and drug delivery in exposed humans and animals. 
Manganese nanoparticles could affect hippocampus tissue and impose abnormal cognitive functions such as 
manganese ion. Therefore, to investigate whether MnO2-NP is damaging hippocampus tissue and inducing mo-
lecular and neurobehavioral abnormalities, we administrated different doses of synthesized nanoparticle to rats 
and measured behavioral, biochemical and histological parameters by standard methods. 
RESULTS: Results showed that the treatment of rats with MnO2-NP during 15 days induced oxidative stress and 
reduced catecholamine content in hippocampus tissue. MnO2-NP affected hippocampus tissue appearance by 
increasing the number of apoptotic and necrotic cells suggested that approved nanoparticle penetrated blood 
brain barrier and reached the hippocampal cells. Interestingly, all biochemical and histological effects of MnO2-
NP were dose dependent. 
CONCLUSIONS: By considering that hippocampus plays an important role in cognitive function, behavioral 
abnormalities in intoxicated rats were predictable and nanoparticle administrated rats showed depression like 
behavioral signs dose dependently. Based on our results and previous studies that confi rmed neurotoxicity of 
MnO2-NP in μg dose rang, the application of this nanoparticles should be limited and their waste should be 
neutralized before their release to the environment (Fig. 4, Ref. 31). Text in PDF www.elis.sk
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Introduction

Nanoparticles with a size between 10–100 nm have exclusive 
physical and chemical properties such as: special shape, high sur-
face area to volume ratio, penetrating through cell membrane and 
blood brain barrier (1). All of these features make them unique 
for biological, medical and industrial applications (2). Manga-
nese dioxide nanoparticle (MnO2-NP) is one of the most useful 
magnetic nano-size materials that have widespread applications 
in medical science such as: magnetic resonance imaging (MRI), 
ultrasound, biosensor, optical imaging and drugs delivery (2). Use-
ful features of MnO2-NP make it a unique compound for indus-
try as well (magnetic data storage, textiles, coatings, nanowires, 
plastics, and nanofi bers) (3). By considering a wide application of 
manganese nanoparticles in medicine, biology and industry, ex-
posure of humans to this toxicant is inevitable (2, 4). While this 
toxic material is released to the environment after use, it affects 
animals and also plants. Systemically administrated Mn2+ ion is 
mainly accumulated in central nervous system (CNS) and dam-

ages it as previously approved (5). Previous studies confi rmed 
Mn2+ overdosing causes Parkinson like disorder known as man-
ganism, which is accompanied by tremors, odd movements, mask 
like face, and body stiffness that was fi rst observed in miners (6). 
Our prior results also showed that an acute dose of Mn2+ caused 
catecholamine reduction in brain tissue by unknown mechanism 
(7). According to literature, one of the affected tissues in Mn2+ 
toxicity is hippocampus that has an important role in hippocampal-
dependent learning and memory, depressive-like behaviors and 
cognitive disorders similar to manganism (8, 9). The main goal 
of this study was to investigate the MnO2-NP toxic effects on the 
rat hippocampus by biochemical analysis, behavioral assessment 
and histological studies. Our prior results showed that 15 mg/kg 
Mn2+ imposed behavioral and molecular abnormalities referring 
to manganism (unpublished data). By considering a small size and 
high reactive surface area of MnO2-NP rather than chemical Mn2+ 
ion (1), this study used lower dose of toxicant nanoparticle at the 
microgram level. Due to dose dependent assessment of hippocam-
pal damages and behavioral abnormalities, two different doses of 
magnetic nanoparticle were used in this study. 

Materials and methods

Chemicals 
2,7 dichlorofl uorescindiacetate (DCFHDA), thiobarbituric 

acid, and 5,5′-Dithiobis (2-nitrobenzoic acid) were prepared from 
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Sigma Chemical Company. All other solvents and chemicals were 
of the highest grade-commercially available. MnO2 nanoparticles 
were prepared via the hydrothermal procedure with some modifi -
cation (10). In order to prepare nanoparticle, 20 ml of KMnO4 (0.2 
mM) were mixed with 16 ml MnO4 (0.125 mM) for 5 minutes. The 
fi nal solution was warmed in a steel autoclave with Tefl on cover 
up to 160 °C and kept in 160 °C overnight and then was cooled at 
room temperature (11). The resulting brown product was collected, 
washed with distilled water and ethanol 3 times, and dried with the 
hot air current for 12 h. The resulting particles were dispersed by 
sonication (10 min, 750 W and 20 kHz) in physiological saline (pH 
7). Size distribution and nanoparticle dispersion were confi rmed 
by dynamic light scattering (DLS) experiment and TEM imaging. 
As shown in Figure 1, size range of MnO2-NP was from 30 to 60 
nm, TEM imaging also confi rmed well dispersion of nanoparticles 
by sonication. 

Experimental design
In vivo study was conducted on experimental animals, using 

adult male Wistar rats weighing 250–300 g, obtained from the 
animal house of martyr portal. Rats with the average age of 4.5–6 
months were selected. Keeping the animals and the testing was 
carried out at temperature of 20–25 °C and the day duration was 
12 hours and dark period was 12 hours. Municipal tap water was 
used as drinking water and animal feed as nutrition (compressed 
company prepared feed was used). We had three experimental 
groups in this study and 8 rats in each group. The fi rst group was 
injected with physiological saline (0.9 % NaCl) for 15 days, the 
second group was injected daily with 50 μg/kg MnO2-NP in sa-
line as solvent during 15 days and the third group was treated by 
intraperitoneally injected 100 μg/kg MnO2-NP in saline during 
15 days. Treated rats were used for biochemical, behavioral and 
histological analysis after experimental time course and 24 h af-
ter the last injection. 

Behavioral assessment 
Forced swimming test

A transparent plexiglass cylinder (20 cm diameter and 50 cm 

height) fi lled with warm water (25 °C and 30 cm depth) was used 
based on the standard protocol (12). According to classic proce-
dure, rats were placed in the cylinder during a two-day protocol. 
The fi rst day of habituation, the rats were forced to swim for 15 
min; 24 h after, on the test day, three categories of behavioral ac-
tivity (climbing, swimming and immobility) were recorded during 
the 5 min test period. Immobilization time was considered as the 
time between introducing a rat into the pool and the time during 
which the rats remained fl oating motionless on the water. After 
each test, the rats were dried immediately and kept warm before 
returning to their home cage.

Sucrose preference test (SPT)
Sucrose preference test is one of the usual tests for depression 

like behavior evaluation in rodents that assesses toxicity imposed 
anhedonia by standard protocol (13). The rats were placed in in-
dividual cages with suffi cient food and water. At fi rst, rats were 
adapted to having two water bottles in the cage lid for 72 hours 
and position of the bottles was randomly changed as many times 
as possible to avoid a place preference. In order to prevent fl uid 
leak, the bottles were fi tted with ball-bearing sipper tubes. After 
adaptation time course, rats had the free choice of either bottle for 
water drinking. Then one of the bottles was fi lled with 1 % sucrose 
solution during 48 hours test. Water and sucrose solution intake 
was measured daily. The locations of two bottles were switched 
daily to reduce side bias. Sucrose preference was calculated as 
follows: [sucrose consumption (g)/(sucrose consumption (g) + 
water intake (g))]*100. The average sucrose consumption was 
reported for two-day test. 

Catecholamine concentration measurement
24 hours after the last injection, rats were anesthetized and 

hippocampus was separated from sculpture. Fresh hippocampus 
tissue or tissue that was frozen in liquid nitrogen and stored at –80 
°C were homogenized in cold 0.05 N HClO4 containing dihydroxy-
benzylamine as an internal standard (14). The supernatant follow-
ing centrifugation at 12,000 × g for 15 minutes was processed ac-
cording to Felice et al, except that 0.1 N HClO4 was required to 

Fig. 1. Characterization of manganese dioxide nanoparticles (MnO2-NP). A: Dynamic light scattering result approved diameters of synthesized 
nanoparticles are between 30 and 60 nm. B: TEM micrographs of MnO2-NP confi rmed a good shape and good dispersion of nanoparticles by 
sonication.
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elute the amines from the alumina (15). Catecholamine in alkaline 
environment and in the presence of ascorbic acid and iodine as a 
strong oxidant agent convert to fl uorescent substance (16). Cat-
echolamine concentration measurement was done by fl uorescence 
spectroscopy with a Perkin Elmer luminescence spectrometer LS 
55. The excitation wavelength was set at 405 nm and the emis-
sion spectra were recorded in 515 nm. Excitation and emission 
slit were both set at 5 nm.

Reactive oxygen species (ROS) measurement
ROS generation was measured according to the methods of 

Lebel et al. (1992) with some modifi cations that evaluated the 
oxidative conversion of DCFH-DA to dichlorofl uorescin (DCFH) 
as a fl uorescent compound (17). Hippocampus homogenates were 
diluted 1:10 in buffer to obtain a concentration of 2.5 mg tissue/500 
μl. Then, the homogenates were pipetted into 24-well plates (450 
μl/ in each well) and allowed to warm to room temperature for 5 
min. At that time, 5 ml of DCFH-DA (10 mM fi nal concentration) 
was added to each well and the plates were preincubated for 15 
min at room temperature to allow the DCFH-DA to be incorpo-
rated into any membrane-bound vesicles and the diacetate group 
cleaved by esterases. After the preincubation, 50 ml of the appro-
priate concentration of Fe2+ was added to the wells. After 30 min, 
DCFH-DA converted into fl uorescent DCF during reaction with 
ROS. DCF fl uorescence was determined at 485 nm excitation and 
530 nm emission using a (Perkin Elmer luminescence spectrom-
eter LS 55) fl uorescence spectrophotometer. The slit width was 
5 nm for both excitation and emission. Protein concentration in 
homogenates was determined using Bradford method (18) and did 
not differ among the groups. 

Lipid peroxidation (LPO) measurement
We measured lipid peroxidation as a marker of oxidative stress 

in hippocampus tissue (19). Hippocampus tissue was homogenized 
with ice cold buffer containing 0.15 M KCl to obtain 1:10 (w/v) 
homogenates. Aliquots of homogenate (1 ml) were incubated at 
37 °C for 3 h in a shaker. Then, 1 ml of 10 % aqueous trichloro-
acetic acid (TCA) was added and mixed. The mixture was then 
centrifuged at 800 g for 10 min. Then, supernatant (1 ml) was 
mixed with 1 ml of 0.67 % thiobarbituric acid and warmed in a 
boiling water bath for 10 min. The mixture was cooled and diluted 
with 1 ml of distilled water. MDA is the fi nal product of lipid per-
oxidation reaction with tiobarbitouric acid or TBA (this reaction 
was complete in 100 °C) and released TBARS could absorb 532 
nm light (20). The results were expressed as the percent of MDA 
production compared to the control.

Statistical evaluation
Data in all the experiments were expressed as the mean ± 

standard error of mean (S.E.M). Data were analyzed by SPSS 
version 11 using one-way ANOVA followed by the post-hoc Dun-
can multiple range test. Differences were considered signifi cant 
at p < 0.05. 

Results

MnO2-NP imposed neurobehavioral abnormalities in treated rats 
We intraperitoneally injected rats with 50 and 100 μg/kg 

MnO2-NP (based on previous experiments) and assessed behavioral 
and biochemical parameters and histological alterations as well. 
We monitored the mortality rate, food consumption, water intake, 
and body weight dynamic of the experimental groups during the 
study. The results showed that water/food and survival of rats were 
not changed signifi cantly in treated rats during the experiment. 
Body weight progressive curve was not affected signifi cantly by 
any dose of MnO2-NP treatment (data not shown). 

Forced swimming test
The forced swimming test (FST) was done to assess a depres-

sive-like behavior in rats intraperitoneally treated by MnO2 (12). 
Immobility time for experimental groups was recorded as follows: 
control rats that received saline instead of nanoparticle were immo-
bilized after 17.20 sec, 50 μg/kg MnO2-NP treated rats were immobi-
lized after 78.23 sec and rats that received 100 μg/kg were immobi-
lized after 110.45 sec. Therefore, MnO2-NP treatment signifi cantly 
increased the immobility time in dose dependent manner (Fig. 2). 

Sucrose preference test
Nanoparticle induced anhedonia was measured by sucrose 

preference test after 15 days experiment as the standard method 
SPT (13), so we used this test for anhedonia assessment in MnO2-
NP treated rats and the controls. This study revealed that sucrose 
consumption was signifi cantly decreased in rats that received 
MnO2-NP in dose dependent manner (Fig. 2). Sucrose intake in 
rats administrated with 50 μg/kg was 62.23 ± 6.23 %, in rats re-
ceived 100 μg/kg was 45.23 ± 5.16 % and in rats treated by saline 
was 90.51 ± 7.94 %. 

Fig. 2. Neurobehavioral assessment. The results indicated that immobi-
lization time of the rats, which received nanoparticle increased, while 
sucrose consumption decreased signifi cantly. Plot proved neurobehav-
ioral abnormalities were dose dependent. Each value indicated the 
mean ± S.E.M. Asterisk symbols showed signifi cant changes by p < 0.05.
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MnO2-NP induced oxidative stress in hippocampus tissue 
One of important damaging effects of nanoparticles with a 

high reactive surface area is oxidative stress (5, 7). CNS is very 
susceptible tissue to oxidative stress therefore we investigated 
whether the intraperitoneally injection of MnO2-NP created oxida-
tive stress in hippocampus tissue; so ROS content and MDA level 
were compared in the three experimental groups. 

ROS measurement
Reactive oxygen species (ROS) are chemically reactive mol-

ecules commonly produced by mitochondria during normal me-
tabolism in low concentration, however increased in mitochondrial 

dysfunction and if the cell is damaged (21). Therefore, a direct ROS 
measurement will provide a useful report of the oxidative state of 
the hippocampus tissue related to the experimental groups. Figure 
3 revealed that MnO2-NP induced ROS overproduction resulted 
from a high DCF fl uorescence intensity in hippocampus tissue. 50 
μg/kg MnO2-NP administration increased DCF fl uorescence in-
tensity up to 308.43 ± 14.22, while this parameter for the control 
of the hippocampus was estimated to 98.34 ± 10.21. As shown in 
Figure 3, an increase of the ROS content was nanoparticle dose 
dependent and reached 312.86 ± 21.62 by 100 μg/kg MnO2-NP 
treatment. Both doses of nanoparticle induced more than 3 folds 
enhanced ROS production in comparison to the control, but ROS 
overproduction was not affected signifi cantly by nanoparticle 
doubling (Fig. 3). 

Lipid peroxidation 
Lipid peroxidation (LPO) is the most prevalently used indica-

tor for oxidative stress in tissue and can be used as a marker of cell 
membrane injuries as well (19, 22). Malondialdehyde (MDA) is 
the fi nal product of lipid peroxidation measured by thiobarbituric 
acid using a standard method (20). Hippocampus tissue of rats, 
which received both doses of MnO2-NP, showed increased MDA 
about 3 fold than the control (Fig. 3). Figure 3 revealed that 3.1 
fold increase in lipid peroxidation was caused by daily injection 
of 50 μg/kg MnO2-NP, while 100 μg/kg MnO2-NP imposed 2.9 
fold change in lipid peroxidation that were signifi cant changes in 
comparison to the control (p < 0.05). 

Nanoparticle treatment signifi cantly reduced catecholamine con-
tent of hippocampus

Catecholamine consists of the most important neurotrans-
mitters such as dopamine and norepinephrine, which mediated 
a variety of functions in CNS such as: motor control, memory, 
emotion, cognition, and endocrine modulation (23). Decreased 
levels of catecholamine neurotransmitter are accompanied by 
some neuropsychiatric disorders, especially epilepsy and Parkin-
son disease (24). This study compared the catecholamine content 
of hippocampus tissue related to nanoparticle received groups and 

Fig. 3. Oxidative stress evaluation in hippocampus tissue. Increasing 
of the DCF fl uorescence in nanoparticle received rats refers to ROS 
overproduction in the presence of MnO2-NP. Malondialdehyde were 
measured as the fi nal production of lipid peroxidation in nanoparticle 
treated rats and the control. Results showed MnO2-NP dose had an 
important effect on ROS overproduction and Malondialdehyde con-
centration. Each data indicated the mean ± S.E.D Asterisk symbols 
showed signifi cant changes by p < 0.05.

Control 50 μg/kg MnO2-NP 100 μg/kg MnO2-NP
Fig. 4. Histological studies. Hematoxylin/eosin staining of the hippocampus section was related to nanoparticle treated and the control rats 
revealed an abnormal tissue appearance than the nanoparticle treated rats. The presence of the apoptotic and necrotic cells in nanoparticle 
received rat hippocampus refers to harsh damaging effects of MnO2-NP in both doses.
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the control. The results showed signifi cant changes in catechol-
amine concentration imposed by MnO2-NP treatment. Catechol-
amine concentration were measured in the experimental group as 
follows: 50 μg/kg MnO2-NP, 190.63 ± 16.54 ng/mg protein; 100 
μg/kg MnO2-NP, 79.73 ± 5.89 ng/mg protein and the control rats, 
285.52 ± 16.54 ng/mg protein. Our results revealed that manganese 
oxide nanoparticle caused a signifi cant decrease in catecholamine 
concentration in a dose dependent manner. 

MnO2-NP induced harsh changes in tissue appearance 
In order to perform histological studies, rats were anesthe-

tized, and brain tissue was separated from scalp after the end of 
the experimental duration. Tissue samples were fi xed by formalin 
and stained by hematoxilin-eosin method and then studied under a 
light microscope (25). By considering biological signifi cance and 
toxicological importance of the changes, which are found in tissue 
sections, histological analysis was considered as the biochemical 
results confi rmation. The results showed the presence of necrotic 
and apoptotic cells in tissue that was administrated 50 and 100 
μg/kg MnO2-NP (Fig. 4). Early apoptotic nuclei had a condensed 
appearance that was frequently seen in 100 μg/kg MnO2-NP re-
ceived rat hippocampus. As shown in Figure 4, the amounts of 
apoptotic and necrotic cells seemed to be equal in both doses of 
nanoparticle received groups. 

Discussion

Nano-sized materials are novel substances usually measured 
from 1 to 100 nm size in at least one dimension (1). Nanoparticles 
have unique features such as: chemical and physical characteristics, 
shape and high surface area to volume ratio and ability to easily 
penetrate through membrane and blood brain barrier that facilitate 
its medical and biological applications (2). MnO2-NP is one of the 
magnetic nanoparticles that is widely used in magnetic data storage, 
magnetic resonance imaging (MRI), biosensors, radionucleotides 
absorbance, coatings, plastics, nanowires, nanofi bers, and textiles 
industries (3). By considering a widespread application of MnO2-
NP in medicine, biology and industry, exposing of humans and 
animals to these toxicants is inevitable (2, 3, 4). Previous studies 
pproved that nanoparticles had toxic effects in human and animal 
models in molecular, cellular and physiological levels (26). Ap-
proximately all body organs are affected by systemic administra-
tion of nanoparticles such as liver, kidney, heart, brain etc. (27). 
Our previous experiments pproved that daily injection of 15 mg/kg 
Mn2+ ion damaged hippocampal neurons and led to Parkinson like 
syndrome and other molecular damages in hippocampus tissue after 
15 days (unpublished data). It is possible that similar neuropsychi-
atric signs of Parkinson disease and depression like neurobehavior 
imposed by MnO2-NP are caused by similar molecular mechanism 
(28). Therefore, this study investigated toxic effects of nano- sized 
MnO2 on hippocampus tissue and cognitive function of the rats. 
By considering a high surface area to volume ration of nano- sized 
MnO2 in comparison to chemical MnCl2, we used lower doses of 
nanoparticle as an effective dose (50 and 100 μg/kg). Two different 
doses of MnO2-NP were used in this study to examine a dose de-

pendency. Figure 1 illustrated nanoparticle size from 30 to 60 nm as 
well-dispersed solution before injection. We used standard methods 
to assess depression like behaviors in rats that receive two doses of 
nanoparticle and the control rats (12, 13). Our results showed that 
intraperitoneal injection of MnO2-NP (during 15 days) signifi cantly 
decreased sucrose consumption and increased immobility time in 
forced swimming test in the rats that received nanoparticle. Quan-
titative behavioral assessment in the experimental groups revealed 
that depression like behavior was manifested nanoparticle dose 
dependently and was more signifi cant in the rats that received 100 
μg/kg dose. Biochemical analysis showed a decreased acetylcho-
line content in the hippocampus of the nanoparticle received rats. 
There is a strong evidence that catecholamine reduction causes 
cognitive disorders such as: Parkinson, Alzheimer and depression 
(7, 24). Rats that received a high dose of nanoparticle, manifested 
harsh reduction of catecholamine concentration in the hippocam-
pus accompanied also by depression like behavior signs (Fig. 2). 

Comparison of the stained tissue sections in the experimental 
groups showed a harsh abnormal manifestation in nanoparticle 
administrated hippocampus in comparison to the control (Fig. 4). 
The presence of the condensed apoptotic cells and necrotic cells 
proved that nanoparticle damaging effects on the hippocampus tis-
sue might be due to a harsh oxidative stress that occurred by ROS 
overproduction (Fig. 2) (29). A small size of MnO2-NP causes its 
easy to penetrate to the hippocampus and its damaging effects (1, 
2). As previously proved, nanoparticles have a high surface area 
and also reactive surface that attacks the cellular components and 
damages them, what leads cells to the apoptosis and necrosis (1). 
The nature of nanoparticles that were used in this study (Mn2+) 
causes Parkinson like syndrome as illustrated in our previous 
studies (unpublished data). This study also showed that the signs 
of cognitive disorder in rats, which were intoxicated by MnO2-
NP, might be due to damage resulted from the size and/or nature 
of the toxicant. While literature showed that nanomaterials with 
different nature create oxidative damage and neurodegeneration 
in CNS based on their size (3, 27), oxidative stress resulting from 
MnO2-NPwas accompanied by hippocampal cell death. Previously 
proved cell death in the presence of Mn2+ mainly occurred in cat-
echolamine producing cells resulted in reduced catecholamine 
levels (30). It is possible that massive degeneration in hippocam-
pus tissue, that have an important role in learning and thinking, 
led to depression like behavior and anhedonia as observed in the 
nanoparticle treated rats (31). The results proved that nanoparticle 
doubling creates an extensive molecular damage, which led to se-
vere neurobehavioral abnormalities. 

Our study investigated one of the most prevalently used 
nanoparticles (MnO2-NP) toxic effects on the hippocampus tis-
sue. Previously approved Mn2+ ion exposing caused cognitive dis-
order and depression like behavior in humans and rats, therefore 
we assessed the behavioral and biochemical alterations in rats that 
were treated by different doses of manganese dioxide nanoparticle. 
The results confi rmed that an increased ROS production in hip-
pocampus was related to nanoparticle treated rats accompanied by 
an increased lipid peroxidation as well. Manganese nanoparticle 
administration reduced the catecholamine content of hippocam-



Bratisl Med J 2018; 119 (6)

379 – 384

384

pus dose dependently. The mentioned molecular and biochemical 
alterations created an abnormal tissue appearance in hippocampal 
tissue in MnO2-NP treated rats by the presence of apoptotic and 
necrotic cells. MnO2-NP intoxication led to depression like behav-
ior in a dose dependent manner. As the results showed, cognitive 
dysfunction and molecular alterations in a high dose of nanopar-
ticle is more signifi cant, therefore manganese nanoparticle that is 
used in medicine and industry should be limited by considering a 
toxic dose. While deposited nanoparticles should be diluted and 
neutralized before release as a sewage. 
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