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ARTICLE INFO ABSTRACT

Keywords: During the last decades, graphitic carbon nitride (g-C3N4) has attracted increasing attention in several
Sulf“r'dond 8-C3N4 biomedical fields. In this study, the effects of sulfur-doped g-C3N4 (TCN) on cognitive function and histopa-
Neurotoxicity thology of hippocampus were investigated in mice. The characteristics of synthetized sample were evaluated by
z;;zix;ﬁry X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, transmission

electron microscopy (TEM), field emission scanning electron microscopy (FESEM), and energy dispersive X-ray
(EDX). Twenty-four male NMRI mice received vehicle, TCN at doses of 50, 150, or 500 mg/kg via gavage for one
week. Morris water maze test was done to assess the cognitive function at day 14 post TCN administration. Nissl
staining was used to determine the number of dark cells in the hippocampus. Immunostaining against NeuN,
GFAP, and Ibal was done to evaluate the neuronal density and levels of glial activation, respectively. Behavioral
tests indicated that TCN reduces the spatial learning and memory in a dose-dependent manner. Histological
evaluations showed an increased level of neuronal loss and glial activation in the hippocampus of TCN treated
mice at doses of 150 and 500 mg/kg. Overall, our data indicate that TCN induces the cognitive impairment that is
partly mediated via its exacerbating impacts on neuronal loss and glial activation.

Neuronal loss

1. Introduction Jelinek, 2017; Wang and Yang, 2019; Xiong et al., 2017). Their small

size enables them to be internalized by cells in either a therapeutic or

Nanotechnology has emerged as a promising approach in several
biomedical fields (Bhardwaj and Kaushik, 2017). Among the wide range
of nanostructures, carbon-based nanomaterials, due to their unique
chemical and physical properties, have been extensively explored for
their potential applications and shown revolutionary success in various
fields (Karmakar et al., 2014; Loh et al., 2018; Xiong et al., 2017).
Graphene and its derivatives, carbon nanotube and carbon nitride have
recently become frontline carbon nanomaterial in diagnostic and ther-
apeutic purposes, including drug and gene delivery, cancer treatment,
tissue engineering, and bio sensing (Chan et al., 2019; Teradal and

toxic manner (Baldrighi et al., 2016; Teleanu et al., 2019). Their
conjugation capacity with drugs and nucleic acids, and the modifiable
surface properties, introduce them as cell-specific and disease-specific
drug vehicles (Maiti et al., 2019; Mohajeri et al., 2019).

Considering the variety in applications of carbon-based nano-
materials, safety assessments are prerequisite for their clinical applica-
tions in therapy. Several toxicological assays on carbon nanotube have
shown that it can induce cytotoxicity in the lung, liver, spleen, kidney,
and CNS after crossing the biological barriers, cellular uptake, and
intracellular localization (Amrollahi-Sharifabadi et al., 2018; Baldrighi
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et al., 2016; Fisher et al., 2012). Different biocompatibility studies re-
ported neuronal damage, and behavioral consequences following car-
bon nanostructures exposure (Liu et al., 2014; Sayapina et al., 2017,
2016; Shi et al., 2017; Weber et al., 2014). Hence the feasibility of their
clinical application remains a matter of debate.

A recently introduced carbon nanomaterial, graphitic carbon nitride
(g-C3N4), has become a hotspot in current researches. Its high photo-
luminescence activity and considerable chemical and thermal stability
have been widely explored for assessing the presumptive clinical ap-
plications (Shi et al., 2017; Tian et al., 2013; Weber et al., 2014).
Although the photocatalytic activity of pure g-C3N4 is very low because
of fast recombination rate of photogenerated electron-hole pairs and
limited utilization of solar energy (Cao et al., 2015; Tian et al., 2014).
Various strategies have been developed to improve the photocatalytic
performance of g-C3N4. Doping has been introduced as an efficient and
facile method for increasing the photocatalytic efficiency (Wang et al.,
2018). Interestingly, it has been shown that doping with nonmetal
element S effectively enhances the photocatalytic activity of g-C3N4 (Ge
et al., 2013; Liu et al., 2010).

The graphitic carbon nitride has shown desirable function in various
biomedical fields, particularly in brain targeting strategies (Xiong et al.,
2017; Zhang et al., 2020). Conferring with pathologic biomolecules in
Alzheimer’s disease (AD) as a nanochelator, its excellent photodynamic
activity against cancer cells and remarkable bio sensing and
drug-carrying potential are generally considered the most superior fea-
tures for biomedical applications (Wang et al., 2016; Wang and Yang,
2019; Zhang et al., 2013, 2010).

Despite its favorable characteristics, g-C3N4’s toxicological evalua-
tions are at their preliminary stages. In vitro assessments are mostly
agreed on dose-dependent toxic effects (Chu et al., 2017; Chung et al.,
2016; Dong et al., 2018). It is worth mentioning that some studies re-
ported no alteration in the viability of g-C3N4 incubated cells even with
high concentrations of this nanostructure, which suggests its good
biocompatibility (Li et al., 2016; Rong et al., 2016; Zhang et al., 2013).

To the best of our knowledge, almost all biocompatibility assess-
ments of g-C3N4 were carried out in vitro. Hence its probable toxic
behavior is largely unknown. Some in vitro assessments have shown that
g-C3N4 may be able to functionally and histologically alter various or-
gans of living organisms after exposure (Dong et al., 2018). This is a
critical issue in the CNS considering brain targeting applications of
g-C3N4 in addition to unintentional exposure of brain following g-C3N4
administration for any other purposes.

According to previous toxicological evaluations, cellular inflamma-
tory responses may play a key role in cellular changes after being
exposed to carbon nanostructures (Amrollahi-Sharifabadi et al., 2018;
Baldrighi et al., 2016). Focusing on the brain, glial activation is one of
the key elements in generating inflammatory conditions (Bardi et al.,
2013). Previous experiments have shown that activation of astrocytes
and microglial cells followed by secretion of inflammatory mediators is
majorly associated with carbon nanostructures related neuro-
inflammatory responses. Hence, it is vital to trace glial cells activity to
gain a better insight into neural impacts of g-C3N4 (Bardi et al., 2013;
Belyanskaya et al., 2009; Bussy et al., 2015).

Here, we focused on the short-term effect of sulfur-doped g-C3N4
(TCN) as the initial step of figuring TCN toxicological behavior in vivo.
To this end, the impact of one-week administration of TCN on spatial
learning and memory was examined in mice. Furthermore, the levels of
hippocampal neuronal loss and glial activation were evaluated using
histological staining.

2. Materials and methods
2.1. Synthesis of S-doped g-C3N4

The sulfur-doped g-C3N4 was prepared by a facile and efficient
heating method based on a previous report (Cao et al., 2015). In brief,
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2 g of thiourea was placed in an alumina crucible with a cover, and then
heated at 550 °C for 2 h. After that, it was slowly cooled down to the
room temperature and the resultant yellow sample was collected and
grounded into powders.

2.2. Characterization of S-doped g-C3N4

The phase composition of synthetized S-doped g-C3N4 was analyzed
by X-ray diffraction (XRD PW1730, PAN analytical, Netherlands) in the
angular region of 20 = 10°-70 °. Fourier-transform infrared spectros-
copy (FT-IR) spectra and Raman spectra were recorded by FT-IR
AVATAR (Thermo Company, USA) and Teksan system (TakRam N1-
541, Iran), respectively. The morphology and topography of obtained
g-C3N4 were examined by field emission scanning electron microscope
(FESEM MIRA III, TESCAN, Czech Republic) and transmission electron
microscopy (TEM, CM120, Netherlands) at 100 Kv. Energy dispersive X-
ray (EDX) analysis was performed (FESEM MIRA II, TESCAN, Czech
Republic) using a SAMX detector (France).

2.3. Animals

Twenty-four male NMRI mice (age: 6-8 weeks; weight: 25—35 g)
from animal house of Babol University of Medical Sciences (Babol, Iran)
were used in the present study. The mice were kept in a standard animal
room with free access to food and water. All experimental procedures
were approved by the local ethics committee of Babol University of
Medical Sciences (Approval No: IR.MUBABOL.REC.1399.252).

2.4. Experimental groups

Animals were randomly divided into four groups as follows (n = 6/
group):

Group 1 as vehicle group: In this group, mice orally received 5 mL/kg
of ethanol (5 % solution) as solvent of TCN for one week (Gad et al.,
2006).

Groups 2—4: Mice were orally treated by TCN at doses 50, 150 or
500 mg/kg for one week (Amrollahi-Sharifabadi et al., 2018).

Two weeks after receiving the relevant interventions, the spatial
learning and memory of mice were assessed using Morris water maze
(MWM). Then, the levels of neuronal loss and astrocytes activation were
examined by Nissl staining and immunostaining.

The experimental protocol was based on a toxicity study on graphene
oxide (GO), which is structurally analogous to g-C3N4. The mentioned
study was designed to investigate the acute administration of GO in the
mice. The total doses of exposure were selected by chemical evaluation
on GO nanostructure (Amrollahi-Sharifabadi et al., 2018).

2.5. Morris water maze test

In order to evaluate the spatial learning and memory of mice, the
MWM test was used, as we have mentioned in our previous report
(Hashemian et al., 2017). In brief, all mice were given four 60 s trials per
day and this procedure was continued until day 4. On day 5, the hidden
platform was removed from the water pool and mice were allowed to
swim freely for 60 s. All results were recorded by a computer targeting
system (HVS image 2020). The time to find the hidden platform (escape
latency), distance moved, and times spent in the target quadrant were
analyzed for each mouse.

2.6. Histological staining

The effect of TCN administration on hippocampal dark cells and
histopathology of hippocampus were examined using Nissl staining and
Hematoxylin and eosin (H&E) staining. In brief, mice were anesthetized
using ketamine (70 mg/kg) and xylazine (10 mg/kg), and then, perfused
with phosphate buffered saline (PBS) and 4 % paraformaldehyde (PFA).
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After paraffin embedding, coronal sections (6 pm) were cut using a
microtome (Leica RM2135, Germany). Based on our previous reports,
cresyl violet (Merck, Germany) (Gol et al.,, 2017) and H&E (Naeimi
et al., 2018) staining were done on prepared sections. The slides were
evaluated under an Olympus IX71 microscope (Japan) and images from
CAl and CAS3 regions of the hippocampus were captured by a DP-27
camera (Olympus, Japan).

A
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2.7. Immunostaining

Immunostaining against glial fibrillary acidic protein (GFAP) as an
astrocyte marker, ionized calcium binding adaptor molecule 1 (Ibal) as
a microglia/macrophage-specific calcium-binding protein, and NeuN as
a neuronal marker were used to assess the levels of hippocampal glial
activation and neuronal loss, respectively (Hashemian et al., 2017).
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Fig. 1. A) XRD pattern for sulfur-doped g-C3N4. B) FT-IR spectra of the sulfur-doped g-C3N4. C) Raman spectra for sulfur-doped g-C3N4. FESEM (D) and TEM (E)

images of sulfur-doped g-C3N4.

56



F. Ramezani et al.

In brief, frozen coronal sections (6 pm) were rinsed with PBS for
three times. In order to block non-specific bindings, hippocampal sec-
tions were incubated with normal goat serum (NGS) 10 % in 0.3 %
Triton-X100 for 1 h. Then, the primary antibodies including rabbit anti-
GFAP (1:400, Dako, Denmark), rabbit anti-Ibal (1:500, Wako, USA) or
rabbit anti-NeuN (1:500, Abcam, UK) were added and slides were put at
4 °C overnight. After rinsing with PBS for three times, the secondary

o
SEMHV: 15.00 KV
SEMMAG:5.00kx  Det: BSE 10
View field: 43.34 ym  Date(m/dAy): 05/18/21
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antibodies as anti-rabbit IgG conjugated with Alexa 594 (1:1000,
Abcam, UK) and anti-rabbit IgG conjugated with Alexa 488 (1:1000,
Abcam, UK) were added and tissue sections were incubated for 1 h at
room temperature. After that, the washing step was performed using
PBS for 3 times and 4’,6-diamidino-2-phenylindole (DAPI) was used for
nuclear staining. The prepared slides were evaluated under Smart Flow
microscope (Canada) and images were taken from CA1 and CA3 regions

Line Weight % Atomic %
Ka 25.84 28.92
Ka 74.01 71.02
Ka 0.15 0.06

keV

3

Fig. 2. EDX analysis of sulfur-doped g-C3N4. Map (A) and quantification of EDX analysis.

57



F. Ramezani et al.

of the hippocampus by CCD camera. Cell counting was done using Image
J software 1.42 V (National Institutes of Health, USA). The number of
GFAP™, Tbal™, and NeuN 7 cells was counted using Image J software
1.42 V (National Institutes of Health, USA) and averaged from three
sections in each slide and three slides from each animal (Hashemian
et al., 2019).
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2.8. Statistical analyses

GraphPad Prism (version 6) was used for data analysis. The escape
latency and distance moved parameters were analyzed by repeated
measures two-way analysis of variance (ANOVA) and Bonferroni post-
hoc. The analysis of probe test and histological data were done using
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Fig. 3. Effect of TCN on learning ability and spatial memory of mice. The impacts of TCN on A) Escape latency and B) Traveled distance were assessed by Morris
water maze test. C) Representative tracks for all experimental groups in the probe test. D) The results of probe test indicated that TCN dose dependently reduced the
percentage of time spent in target quadrant. *P < 0.05, **P < 0.01, and ***P < 0.001 compare with vehicle, n = 6.
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One-way ANOVA, followed by Bonferroni post-hoc. The results were
expressed as mean + SEM and p < 0.05 was considered statistically
significant.

3. Results
3.1. Characterization

Fig. 1A shows the XRD pattern of prepared S-doped g-C3N4. In
accordance with previous studies (Cao et al., 2015; Zhang et al., 2012),
there are also two distinct diffraction peaks located at around 13.01 and
27.41, which can be indexed as (100) and (002) planes, respectively.
The first peak is related to the in-plane ordering of tri-s-triazine units and
the second peak corresponding to an interlayer-stacking distance of
0.326 nm (Cao et al., 2015).

FT-IR spectroscopy was used to examine the surface functionalities
and chemical bonding in the prepared samples. The FT-IR spectrum of S-
doped g-C3N4 reveals that the main peak appearing in 800 cm™! is
corresponded to triazine. In the range of 1200 to 1625 cm™!, peaks
related to C—N heterocyclic bonds are found. In addition, peaks related
to the N—H bond can be observed in the range of 3000 to 3500 cm ™!
(Vinoth et al., 2020) (Fig. 1B).

Raman spectrum of S-doped g-C3N4 showed a wide peak in the range
of 0 to 4500 cm™' and maximum intensity was about 1800 cm™!
(Fig. 1C).

The morphological and microstructural characterization of the pre-
pared sample is presented in Fig. 1D, E. The FESEM image in Fig. 1D
exhibits aggregated microstructures containing a large number of
irregular particles with diameters ranging from 30 to 50 nm. TEM image
showed that the S-doped g-C3N4 was grainy in structure (Fig. 1E).

The EDX-MAP analysis of obtained sample is presented in Fig. 2A, B.
The results of EDS spectrum indicated that the synthetized product
contains C, N, and S around 28.92 %, 71.02 % and 0.06 %, respectively.
Interestingly, identification of X-ray characteristic lines related to sulfur
(S Ka and S Kp) confirms the presence of sulfur in g-C3N4 structure.

3.2. Acute administration of TCN reduces the spatial learning and
memory of mice

In order to determine the effect of TCN on spatial learning and
memory, MWM test was employed 2 weeks after administration of TCN.
Based on learning ability of animals, the time for finding the hidden
platform was reduced in vehicle group during training phase. A signif-
icant difference in escape latency was observed between TCN treated
mice at dose of 50 mg/kg compared to the vehicle group at day 4
(P = 0.007). Additionally, the time for reaching the hidden platform was
significantly increased in TCN received mice at doses 150 (P = 0.0006)
and 500 mg/kg (<0.0001) compared to the vehicle group on day 4
(Fig. 3A).

Analysis of MWM results also showed that the traveled distance
significantly increased in TCN treated mice at dose of 500 mg/kg
compared to the vehicle on day 4 (P = 0.02) (Fig. 3B). No significant
difference in traveled distance was observed between other experi-
mental groups.

In order to evaluate the effect of TCN on spatial memory, probe test
was carried out on day 5. Fig. 3C shows the representative tracks for all
experimental groups. Analysis of probe data showed that the percentage
of time spent in target quadrant significantly reduced in TCN received
mice at dose of 150 mg/kg compared to the vehicle (P = 0.005). In
addition, a significant decrease in crossing former platform site was
observed in TCN treated mice at dose of 500 mg/kg compared to the
vehicle (P = 0.005) (Fig. 3D).

3.3. Acute administration of TCN increases the hippocampal dark cells

Analysis of Nissl staining data showed the number of pyknotic cells
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significantly increased in CA1l area of TCN treated mice at doses of 150
(P = 0.004) and 500 mg/kg (P < 0.0001) compared to the vehicle. A
significant increase in level of pyknotic cells was also observed in TCN
groups at doses of 150 (P =0.01) and 500 mg/kg (P < 0.0001)
compared to the TCN at dose of 50 mg/kg. Our data indicated that the
number of dark neurons markedly increase in CA1 region of TCN treated
mice at dose of 500 mg/kg compared to dose of 150 mg/kg (P = 0.004)
(Fig. 4A, C).

Analysis of Nissl staining data in CA3 region also demonstrated that
acute administration of TCN at doses of 150 (P = 0.0005) and 500 mg/
kg (P <0.0001) markedly increase the number of dark neurons
compared to the vehicle. In comparison to TCN at dose of 50 mg/kg, the
number of pyknotic cells was significantly increased in CA3 area of TCN
treated mice at doses of 150 (P = 0.002) and 500 mg/kg (P = 0.0002)
(Fig. 4B, D).

3.4. Acute administration of TCN increases the hippocampal neuronal
loss

To evaluate the possible impact of TCN on hippocampal neuronal
loss, immunostaining against NeuN as mature neuronal marker was
conducted in CA1 and CA3 regions of hippocampus. Quantification of
immunostaining results showed that the number of NeuN positive cells
was not significantly changed in CA1 region of TCN treated mice at dose
of 50 mg/kg compared to the vehicle group. The intensity of NeuN was
markedly decreased in TCN treated mice at doses of 150 (P = 0.001) and
500 mg/kg (P = 0.0005) compared with vehicle. A significant differ-
ence in number of NeuN expressing cells was also observed between
TCN 50 and 500 mg (P = 0.02) (Fig. 5A, B).

Analysis of immunostaining data in CA3 region also indicated that
level of neuronal loss significantly increased in TCN treated mice at
doses of 50 (P = 0.02), 150 (P < 0.0001), and 500 mg/kg (P < 0.0001)
compare with vehicle. A significant difference in number of NeuN pos-
itive cells was also found in TCN treated mice at dose of 50 compare to
doses of 150 (P = 0.001), and 500 mg/kg (P = 0.001) (Fig. 5C, D).

3.5. The effect of TCN administration on histopathology of hippocampus

In order to determine the impact of TCN administration on histo-
pathology of hippocampus, the hippocampal sections were evaluated by
H&E staining. As Fig. 6 shows the hippocampal pyramidal cells in the
CA1 and CA3 regions of vehicle group are mostly regular and have pale
nuclei. In contrast, in the TCN-receiving groups, irregularities in cell
placement and necrotic changes, including nucleus aggregation, were
observed in a dose-dependent manner. Hyperemia, cytoplasm vacuola-
tion, and accumulation of degenerated cells were also found in the TCN-
receiving mice.

3.6. Acute administration of TCN exacerbates the hippocampal glial
activation

To examine the possible effect of TCN on astrocytes activation, the
level of astrocytes activation was evaluated using GFAP immunostaining
in the CA1 and CA3 regions of hippocampus. Although the number of
GFAP expressing cells was significantly increased in TCN treated mice at
dose of 50 mg/kg compare with vehicle, but this difference was not
significant. Our data showed the level of astrocytes activation was
markedly increased in TCN received mice at dose of 150 mg/kg compare
with vehicle (P = 0.002). Furthermore, a remarkable morphological
changes that are characterized with thick processes of astrocytes, was
found in CA1 region of TCN treated mice at dose of 500 mg/kg. The
number of GFAP positive cells was markedly increased in CA1 region of
TCN treated mice at dose of 500 mg/kg compare with vehicle
(P = 0.001) and TCN at dose of 50 mg/kg (P = 0.01) (Fig. 7A, B).

Our data also showed that the number of GFAP expressing cells
significantly increased in CA3 region of TCN received mice at doses of
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Fig. 4. Impact of TCN on number of dark neurons in CA1 and CA3 regions of hippocampus.

A-B) Representative micrographs showing Nissl staining in CA1 and CA3 regions of hippocampus. Scale bar: 20 pm.

C-D) Quantification of Nissl staining results. **P < 0.01 and ***P < 0.001 compared to the vehicle; #p < 0.05, **P < 0.01, and *##P < 0.001 compared to TCN
50 mg/kg; P < 0.01 compared to TCN 150 mg/kg, n = 3.
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Fig. 5. Effect of TCN administration on neuronal loss in CA1 and CA3 regions of hippocampus.
A, C) Immunostaining against NeuN as neuronal marker in CA1 and CA3 regions of hippocampus. DAPIL: nuclei stain, Scale bar: 100 pm.
B, D) Quantification of immunostaining results. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the vehicle; #P < 0.05 and *#P < 0.01 compared to TCN

50 mg/kg, n = 3.

150 (P = 0.0005) and 500 mg/kg (P < 0.0001) compare with vehicle.
Additionally, administration of TCN at doses of 150 and 500 mg/kg
significantly exacerbated the level of astrocytes activation in CA3 region
compare to dose of 50 mg/kg (P = 0.002 and P < 0.0001, respectively).
A significant increase in number of GFAP positive cells was also found
between TCN treated mice at doses of 150 and 500 (P = 0.008) (Fig. 7C,
D).

In order to examine the impact of TCN on microglial activation, the
number of Ibal positive cells were assessed using immunostaining.
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Analysis of immunostaining results revealed that the number of Ibal™
cells significantly increased in CA1 region of TCN receiving mice at
doses of 150 (P =0.002) and 500 mg/kg (P = 0.0002) compare to
vehicle group. There was also a significant increase in number of acti-
vated microglia in TCN treated mice at doses 150 (P = 0.002) and
500 mg/kg (P = 0.0002) compare to dose of 50 mg/kg (Fig. 8A, B).
Furthermore, the level of microglial activation significantly exacerbated
in CA3 region of TCN receiving mice at doses of 150 (P = 0.002) and
500 mg/kg (P = 0.001) compare to vehicle group. There was also a
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CA3

Representative micrographs showing H&E staining in CA1 and CA3 regions of hippocampus. Scale bar: 50 pm, n = 3.

significant difference in number of Ibal positive cells in TCN treated
mice at doses 50 and 500 mg/kg (P = 0.017) (Fig. 8C, D).

4. Discussion

The neurotoxic impact of carbon nanostructures is a major obstacle
in developing their biomedical applications (Hu and Gao, 2010; Teleanu
et al., 2019). Gathering the previously published data, we can claim that
in spite of carbon nanostructures outstanding biomedical potential, they
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are also potential neurotoxins (Sayapina et al., 2015, 2017; Sayapina
et al., 2016; Shang et al., 2015). Utilizing a nanomaterial with desired
properties and optimal biocompatibility will be the beginning of a new
era in clinical applications of nanomedicine. A recently studied carbon
nanomaterial, g-C3N4, has exhibited favorable properties in neurosci-
ence along with good cellular biocompatibility in vitro (Chan et al.,
2019; Rong et al., 2016; Zhang et al., 2013). These features prompted us
to investigate its probable CNS impacts through an in vivo experiment
(Zhang et al., 2013).



F. Ramezani et al.

GFAP

DAPI/GFAP DAPI

Vehicle

- N> N
[9)] (o] (&)
[en] o o
1 1 1

GFAP* cells
in CA3 (Per Field)

100+

GFAP" cells
in CA1 (Per Field)

N
o
1

Brain Research Bulletin 176 (2021) 54-66

200+

150+

100+

50+

Fig. 7. Effect of TCN administration on astrocytes activation in CA1 and CA3 regions of hippocampus.
A, C) Immunostaining against GFAP as an astrocyte marker in CA1 and CA3 regions of hippocampus. DAPIL: nuclei stain, Scale bar: 100 pm.
B, D) Quantification of immunostaining data. **P < 0.01 and ***P < 0.001 compared to the vehicle; #p < 0.05, **P < 0.01, and ***P < 0.001 compared to TCN

50 mg/kg, P < 0.01 compared to TCN 150 mg/kg, n = 3.

In the present study, we were seeking TCN-induced neurobehavioral
changes, its associated hippocampal neuronal damage, and possible
related cellular mechanisms. We found that TCN could elicit neuronal
loss and memory impairment together with increased glial activation
level in a dose-dependent manner.

Based on our findings, TCN can negatively affect spatial learning and
memory at the dose of 150 and 500 mg/kg. Previous studies have
similarly reported cognitive deficit such as impairment in contextual
fear memory following carbon nanotube stereotaxic injection to the
mice, impairment in memory of zebrafish exposed to the carbon

nanotube, and impairment in spatial learning and memory in mice
exposed to GO in the dose-dependent manner (Da Rocha et al., 2019; Liu
et al., 2014; Weber et al., 2014).

To further evaluate a part of pathophysiological events behind the
observed cognitive dysfunction, we performed microscopic evaluations
on hippocampal tissue. Nissl staining data demonstrated the dose-
dependent toxic effect of TCN on hippocampal dark cells in CA1 and
CA3 regions. The mentioned injuries were significantly observed at the
dose of 150 and 500 mg/kg. Additionally, the levels of necrotic cells
were increased in TCN receiving mice. In agreement with our study, a
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Fig. 8. Effect of TCN administration on microglial activation of hippocampus.
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A, C) Immunostaining against Ibal as a microglial marker in CA1 and CA3 regions of hippocampus. DAPI: nuclei stain, Scale bar: 20 pm.
B, D) Quantification of immunostaining data. **P < 0.01 and ***P < 0.001 compared to the vehicle; #p < 0.05, *#P < 0.01, and *##P < 0.001 compared to TCN

50 mg/kg, n = 3.

study designed by Amrollahi et al. showed dose dependent necrotic
changes in brain after short term intraperitoneal injection of GO
(Amrollahi-Sharifabadi et al., 2018). Their injected doses were similar
with our employed doses. According to their observations, histopatho-
logical changes were observed in all three GO exposed groups, promi-
nently in 150 and 500 mg/kg GO receiving groups. Dose-dependent
toxic manner was also shown following the exposure with some other
carbon nanomaterials. In a study by Yang et al., they have found that
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carbon nanotube (CNT) could dose-dependently induce hippocampal
neuronal damage, and alter the arrangement of neuronal structure in
CAl region (Liu et al., 2014).

Recent Nano toxicological approaches are widely highlighting the
toxicological discipline to utilize neuroscience for investigating the
cellular drug and body interaction precisely (Teleanu et al., 2019). To
this aim, it is crucial to study the cellular pathway underlying the toxic
behavioral and histopathological observations and consider the cellular
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course of toxicity rather than several distinct mechanisms. Previous
studies on the toxicity of carbon nanomaterials have clarified various
cellular mechanisms related to CNS injury. There are evidence sug-
gesting the role of mitochondrial damage, endoplasmic reticulum stress,
oxidative injury, inflammation, and autophagy in carbon nanomaterial’s
toxicity (Amrollahi-Sharifabadi et al., 2018; Liu et al.,, 2014; Onoda
et al., 2020; Yang et al., 2012; Yuan et al., 2019; Zhang et al., 2010,
2011). They can lead to different adverse effects like neurotransmitter
changes, effects on synapses and adjacent structures (Chen et al., 2014;
Da Rocha et al., 2019). Our findings show that by increasing the dose of
TCN, the level of astrocyte activation dramatically increases. Activation
of astrocytes and microglial cells, release of inflammatory cytokines, and
granuloma formation in histopathologic evaluations are the major
findings in recent studies, pointing out the role of inflammatory process
in carbon nanostructures toxic impact (Amrollahi-Sharifabadi et al.,
2018; Baldrighi et al., 2016; Bardi et al., 2013). We assume this corre-
lation as a part of casualty; however, there are some issues yet to be
resolved. In spite of the definite influence of inflammation on carbon
nanotube and its analogous structures toxicity, there are some studies
emphasizing the dual role of microglia and astrocytes in both exacer-
bating and mitigating the neuronal effect of carbon nanomaterials. To
explain these complex data, it is necessary to note reactive astrogliosis in
the neurotoxicity pathway, which is generally defined by activation of
endogenous glial cells following by microglial and astrocyte activation
secondary to CNS insult (Hostenbach et al., 2014). we assume that
following g-C3N4 exposure to the brain, the process of glial activation
embarks and induces cytokine and chemokine release, neurotransmit-
ters, and reactive oxygen species as a consequence (Fattahi et al., 2014;
Hostenbach et al., 2014). The activated astrocyte and microglia together
with increased inflammatory cytokines, are supposed to protect neurons
from oxidative and inflammatory insult and restrict the spread of
inflammation (Costa et al., 2016; Zuidema et al., 2018). But there are
some experiments showing that they can exacerbate the toxic effect of
exogenous insult on neurons and increase neuronal loss, the presumed
protective mechanism which turned to be an endogenous toxic process
(Hostenbach et al., 2014). Some in vitro studies have performed and
confirmed the delicate and dual role of immune cells in the toxicity
pathway of carbon nanostructures. Bardi et al. showed that in mixed
neuro-glial culture, CNT is predominantly internalized by glial cells
(Bardi et al., 2013). In complement with their study, Belyanskaya et al.
observed a dramatic increase in cytotoxicity of CNT by generating the
cultures enriched in glial cells (Belyanskaya et al., 2009). There are also
studies indicating that the content of a glial cells in the culture is
correlated with the level of neuronal loss (Bussy et al., 2015). The
preferential cytotoxicity in glial cells in comparison with neurons was
also confirmed in the study by Bussy et al. (Bussy et al., 2015). On the
other hand, there are some evidence showing that glial cells function
and cell division can severely be affected by CNT (Villegas et al., 2014).
The mentioned findings bring up two different hypotheses: 1) indirect
carbon nanostructures neurotoxicity secondary to glial cells injury. 2)
Neurotoxicity directly caused by toxic impact of activated microglia and
astrocytes, the idea which is supported by major neuronal loss in glial
rich region of the brain. Yang et al. have reported supportive evidence of
the second idea in their review (Yang et al., 2020). In their study, there
are some evidence regarding to the presence of two different phenotype
of astrocyte with neuroprotective and neurotoxic capacity (Yang et al.,
2020). Lidellow et al. named the neurotoxic astrocyte phenotype, Al
astrocyte and mentioned its major role for neurotoxic impact of
immune-mediated CNS injury (Liddelow et al., 2017). They have also
shown its abundance in several neurodegenerative diseases such as AD,
Huntington’s and Parkinson’s disease (Pekny and Pekna, 2014). These
findings direct us to the fact that generally expected glial cell protection
capability is occur in proper microenvironment and raise the question of
whether or not all the mentioned toxic events are a part of protective
course preventing from inflammatory disaster. We acknowledge that our
study has only clarified a part of g-C3N4 cellular effects and the detailed

65

Brain Research Bulletin 176 (2021) 54-66

inflammatory events as a result of g-C3N4 can’t be explained by our
study design and findings. The dose-response observation and the
correlated observed histopathological findings are preliminary stages of
further investigations on detailed impact of g-C3N4 on inflammatory
profile of the CNS in living organism. It can aid to better understanding
of detailed inflammatory backbone of g-C3N4 effect on brain. Addi-
tionally, further studies with the narrower dose range are suggested to
complete the toxicity profile in order to find the probable safe dose with
minimal insult to preserve microenvironment fragile balance. These
studies are essential for guiding the scientists to therapeutic window of
this biomedical favorable carbon nanostructure.

5. Conclusion

In conclusion, the present study showed that acute administration of
TCN impairs the spatial learning and memory of mice in a dose-
dependent manner. Histological evaluation indicated that TCN signifi-
cantly increases the levels of hippocampal neuronal loss, necrotic cells,
and glial activation. Further studies are needed to examine the exact
cellular and molecular mechanisms of TCN-induced neurobehavioral
deficits.
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