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Capitulo 1

Zinc protects the rat brain from damage induced by 24 h exposure to silver nanoparticles



Resumen en inglés
Silver nanoparticles (AgNPs) have been widely employed due to their antimicrobial
properties; however, several studies sustain that AgNPs can induce brain damage, like the
blood-brain barrier (BBB) disruption. Among the BBB defense mechanisms, the
metallothioneins (MTs), a collection of proteins that regulate intracellular levels of zinc (Zn),
play an important role. The goal of this work was to investigate whether the brain damage
caused by an intraperitoneal administration of AgNPs (15 mg/g body weight) at the level of
the BBB permeability disruption, damage of the brain tissue, and systemic inflammation
could be prevented by 24 h of previous treatment with Zn (27 mg/kg body weight). Evans
blue (EB) extravasation, modification of claudin-5 expression, alterations on MTs, N-
cadherin expression, and systemic inflammation were evaluated. Our results show that
AgNPs induce BBB damage by increasing EB extravasation and decreasing claudin-5
expression, associated with overexpression of MTs, effects that were related with systemic
inflammation, evidenced by the increase of granulocytes. Zn pretreatment partially prevented
the BBB permeability from the damage induced by AgNPs, whereas the MTs expression and
granulocytes count exhibited a reversal effect, suggesting that the effect of Zn could be
related with the BBB regulation process. The rat brain histological analysis confirmed that
pretreatment with Zn prevented at least in part the toxic effect of AgNPs. This work provides
relevant information about the role of Zn as a protectant against the noxious effects of AgQNPs

upon the rat brain physiology.

Keywords: Silver nanoparticles; Brain; Blood Brain Barrier; Metallothioneins; Zinc;

Protection.



Resumen en espafiol

Las nanoparticulas de plata (AgNPs) se han empleado por sus propiedades antimicrobianas.
Sin embargo, varios estudios sostienen que las AgNPs pueden inducir dafio cerebral, por
ejemplo una disfuncién de la barrera hematoenceféalica (BHA). Entre los mecanismos de
defensa de la BHA se encuentran las metalotioneinas (MTs), un grupo de proteinas que
juegan un papel importante en la regulacion de los niveles intracelulares de zinc (Zn). El
objetivo de este trabajo consistié en investigar si una administracion intraperitoneal de
AgNPs (15 mg / g peso corporal) causaba dafio a nivel de la permeabilidad de la BHA, tejido
cerebral e inflamacidn sistémica, y si este dafio pudiera prevenirse con 24 h de tratamiento
previo con Zn (27 mg/ kg de peso corporal). La extravasacion de azul de Evans (EB), la
expresion de claudina-5, MTs, y N-cadherina e inflamacion sistémica fueron evaluados.
Nuestros resultados muestran que las AgNPs inducen dafio en la BHA, aumentando la
extravasacion de EB y disminuyendo la expresion de claudina-5, efectos asociados con una
sobreexpresion de MTs, efectos que a su vez estaban relacionados con una inflamacién
sistémica, evidenciado por el aumento de granulocitos. El pretratamiento de Zn impidié
parcialmente el dafio en la BHA inducido por las AgNPs, mientras que la expresion de MTs
y el recuento de granulocitos exhibid un efecto de reversion, lo que sugiere que el Zn podria
estar regulando el dafio a nivel de BHA. El andlisis histoldgico de cerebro de rata confirmo
que el pretratamiento con Zn previno, al menos en parte el efecto toxico de las AgNPs. Este
trabajo proporciona informacion relevante sobre el papel del Zn como protector contra los
efectos nocivos de las AgNPs en la fisiologia del cerebro de la rata.

Palabras clave: Nanoparticulas de plata, Cerebro, Barrera Hematoencefalica, Zinc,

Proteccioén.
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1. Abstract

Silver nanoparticles (AgNPs) have been widely employed due to their antimicrobial
properties; however, several studies sustain that AgNPs can induce brain damage, like the
the blood brain barrier (BBB) disruption. Among the BBB defense mechanisms, the
metallothioneins (MTSs), a collection of proteins that regulate intracellular levels of zinc (Zn)
play an important role. The goal of this work was to investigate whether the brain damage
caused by an intraperitoneal administration of AgNPs (15 mg / kg body weight) at the level
of the BBB permeability disruption, damage of the brain tissue and systemic inflammation
could be prevented by 24 hours of previous treatment with Zn (27 mg / kg body weight).
Evans blue (EB) extravasation, modification of claudin-5 expression, alterations on MTs, N-
cadherin expression and systemic inflammation were evaluated. Our results show that AQNPs
induce BBB damage by increasing EB extravasation and decreasing claudin-5 expression,
associated with overexpression of MTs, effects that were related with systemic inflammation,
evidenced by the increase of granulocytes. Zn pretreatment partially prevented the BBB
permeability from the damage induced by AgNPs, whereas the MTs expression and
granulocytes count exhibited a reversal effect, suggesting that the effect of Zn could be
related with the BBB regulation process. The rat brain histological analysis confirmed that
pretreatment with Zn prevented at least in part the toxic effect of AgNPs. This work provides
relevant information about the role of Zn as a protectant against the noxious effects of AgNPs
upon the rat brain physiology.

Keywords: Silver nanoparticles; Brain; Blood Brain Barrier; Metallothioneins; Zinc;

Protection.
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Abbreviations: BCA, bicinchoninic acid; BBB, Blood Brain Barrier; CNS, Central nervous
system; DLS, Dynamic light scattering; EB, Evans Blue; IC. Intracarotid; ICV,
Intracerebroventricular; IP, Intraperitoneal; IV, Intravenous; GAPDH, Glyceraldehyde-3-
phosphate dehydrogenase; GRA, Granulocytes; LY, Lymphocytes; MTs, Metallothioneins;
MID, Monocytes; DMF, N,N-Dimethylformamide; NMs, Nanomaterials; PLT, Platelets;
RBC, Red blood cells; AgNPs, Silver nanoparticles; AgNOs, Silver nitrate; TJ, Tight
junctions; TEM, Transmission electron microscopy; WBC, White blood cells; Zn, Zinc;

ZnCly, Zinc Chloride.
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2. Introduction

Nanotechnology is defined as a discipline dedicated to the study and development of systems
at nanometer scale (1-100 nm), named nanomaterials (NMs), (British Standards Institution
2007; Liu et al. 2013). Silver nanoparticles (AgNPs) are NMs with quite a lot of applications
mostly due to their antimicrobial properties. Among the application areas of AgNPs are
optical, electrical and biological, which are constantly increased and incorporated into
society through a wide range of products (Chen and Schluesener 2008; Gonzalez et al. 2016).
It is estimated that about 30% of nanotechnology based consumer products contain AgNPs
(Liu et al. 2017). However, it has also been addressed that AgNPs possess a wide diversity
of biological effects (AshaRani et al. 2009) which vary depending on the NPs size, shape,
concentration, cellular target and exposure route (Gliga et al. 2014; Rosas-Hernandez et al.
2015), all of them being parameters that could confer beneficial, protective or harmful effects

to living organisms.

The AgNPs can be distributed to the whole organism through the cardiovascular system
(Oberdorster et al. 2005), eventually reaching the central nervous system (CNS). In this
system, neurons, together with highly specialized cerebral capillaries and pericytes,
constitute the Blood Brain Barrier (BBB), defined as the frontier that separates the brain
tissue from the circulating substances in the vascular system (Zlokovic 2008; Luther et al.
2011). The BBB function is to regulate the permeability through the exchange of substances
from the blood to the brain and vice versa; this process is mediated by a protein complex,

named tight junctions (TJ) located between the BBB capillary endothelial cells. TJ are
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formed by a series of integral proteins located on the capillary endothelial cell membrane like
claudin-5, occludine and adhesion molecules associated to cytoplasmic proteins like ZO1,
linked to actin (Wen et al. 2014). The molecules responsible for the induction and
maintenance of BBB properties are poorly known; however, several studies suggest that N-
cadherin (transmembrane glycoproteins which mediate cell-cell contact in a calcium-
dependent manner) expression by brain cells represents an initial and transient signal, which
may be involved in the commitment of blood vessels to regulate BBB properties (Gerhardt
1999). Hence, despite the BBB operates as an effective defense mechanism of the CNS
(Tsukita and Furuse 1999), several exogenous and endogenous factors or conditions could
compromise its functionality and consequently, the brain integrity. For instance, the systemic
inflammation characterized by the alteration of blood cell components like granulocytes is
caused by several agents that in turn increase the permeability of the microvasculature and

promotes the release of blood components into the extravascular tissues (Huber et al. 2001).

Several studies have shown that AgNPs can compromise the BBB functionality, depending
on the particle size, dose and route of administration. In this regard, it is known that smaller
nanoparticles (<10 nm) tend to be more toxic (Sharma and Ali 2006; Sharma et al. 2009a;
Trickler et al. 2010). If BBB integrity is eventually compromised, the body may use
alternative and adaptive mechanisms in order to restore the damage or protect against its
development and progression. Zinc (Zn) is an essential metal responsible for several
endogenous functions, that per se has been described as an antioxidant and anti-inflammatory
agent (Kim et al. 2015). The protective effects of Zn are also associated with the
metallothioneins (MTs) expression (Ruttkay-Nedecky et al. 2013), which are a series of low

molecular weight proteins enriched with cysteine residues (loachim et al. 2000; Coyle et al.
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2002), playing an important role as antioxidant, detoxifying heavy metals, due to the ability
of cysteine residues to sequestrate metal ions and oxygen free radicals in a large number of

cell types, including brain cells (Luther et al. 2011, 2012).

To date, there are multiple and controversial scientific evidences related to the AgNPs brain
toxicity, most of them upon the BBB alteration (Sharma et al. 2009 a, b; Trickler etal. 2010);
however, few studies related to the repair or reversion mechanisms associated to toxicity
promoted by AgNPs are reported. In this context, we decided to evaluate the possible
protective role of Zn on the brain damage induced by AgNPs, using as source of Zn, the
ZnCl; as referred by other authors (Franciscato et al. 2011; Baiomy et al. 2015). We
evaluated whether the pre-administration of Zn could exert a protective effect against the
deleterious actions induced by AgNPs on BBB permeability, alteration of the MTs and N-
cadherin expression, damage of the brain tissue and their association to the systemic

inflammation.

Considering this background, the aim of this work was to investigate whether the damage
induced by AgNPs (< 10 nm) upon the brain physiology and integrity, is prevented by a Zn

pretreatment.

3. Methods

3.1 Chemicals

Evans Blue (EB) dye, zinc chloride (ZnClz), horseradish peroxidase (HRP)-secondary
antibody, impregnation with silver nitrate and other chemical reagents were purchased from
Sigma Aldrich Inc. (St. Louis, MO). AgNOs and N, N-Dimethylformamide (DMF) was
purchased from Fermont Laboratories (Monterrey, Mexico), eosin was purchased from Hycel
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Reactivos Quimicos (Zapopan, Mexico), saline solution was obtained from Pisa laboratories
(Guadalajara, Mexico), antibodies against claudin-5 were acquired from Abcam (Cambridge,
MA), MTs antibodies were obtained from Santa Cruz Biotechnology, and anti-CD325 (N-
cadherin) antibody was obtained from Biolegend (San Diego, CA.).

3.2 Synthesis of AgNPs

AgNPs were synthesized previously described by (Espinosa-Cristobal et al. 2013). AgNPs
with spherical shape were synthesized from a 0.35 M AgNO3 solution placed in a 250 mL
reaction vessel. Under magnetic stirring, 10 mL of deionized water containing gallic acid
(0.1 g) was added to 100 mL of Ag* solution. After the addition of gallic acid, the pH of the
solution was immediately adjusted to 11 with 1.0 M NaOH. Afterwards, the solution was
heated for 30 min at 80 °C, and the final concentration of AgNPs used for in vivo treatments
was 3,500 pg/mL.

3.3 AgNPs characterization

AgNPs were characterized using a dynamic light scattering (DLS) assay to determine
hydrodynamic particle size, using a DLS Malvern Zetasizer Nano ZS (Instruments
Worcestershire, United Kingdom), operating with a He-Ne laser at a wavelength of 633 nm,
and a detection angle of 90°. All samples were analyzed for 60 s at 25 °C. To confirm shape
and particle size, each sample was diluted with deionized water, and 50 uL of each
suspension was placed on a copper grid for transmission electron microscopy (TEM); the
AgNPs size by this technique was calculated with the average of 400 particles, using the
ImageJ software. All samples were analyzed using a JEOL JEM-1230 microscope at an
accelerating voltage of 100 kV.

3.4 Animals and treatments
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To evaluate the effect of AgNPs on brain damage, adult male Wistar rats (250-300g) were
divided into 4 groups (n=11 animals per group). The first group received an intraperitoneal
(IP) administration of saline solution; the second group (as Zn exposure control) received an
IP dose of ZnCl, (27 mg/kg body weight, accordingly to (Franciscato et al. 2011); the third
group (damage control by AgNPs) received an IP dose of AgNPs (15 mg/kg body weight)
for 24 hours; and to evaluate the possible protective role of zinc, the fourth group received
an IP dose of ZnCl, (27 mg/kg body weight) and 24 hours later an IP dose of AgNPs (15
mg/kg body weight). From each group 8 animals were employed to evaluate the BBB
permeability and the protein expression by western blot.

In addition, 3 animals per group were destined for the histological and blood components
analysis. All experiments were performed in accordance with the National Institutes of
Health guide for care and use of laboratory animals, and approved by the Animal Care and
Use Committee of the Faculty of Chemistry of the University of San Luis Potosi
(CEID2017109R1).

3.5 Evans blue extravasation

In order to analyze the BBB disruption, the Evans blue (EB) technique was used following
the method by (Sharma and Ali 2006). After the animals were anesthetized and the blood
samples were collected, a solution of EB dye (45 mg/kg) was injected into the jugular vein
and allowed to circulate in the bloodstream for 2 hours. Later on, the animals were euthanized
and transcardially perfused with 150 mL of phosphate buffer solution (PBS) pH 3.0. The
brains were removed and separated into right and left hemispheres to minimize the number
of animals used, since there was no difference in the appearance between the two
hemispheres. The right hemisphere was immersed in 1 mL DMF and incubated for 18 hours

at 80 °C, and then centrifuged (13,200 rpm, 1 hour, 4 °C); the supernatant was collected and
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the absorbance was measured at 620 nm. Values were interpolated in a standard curve of EB
in DMF, and data were expressed as jig of EB/g of brain tissue.

3.6 Western blot analysis

Modifications in claudin-5 and MTs protein expression were analyzed using the left
hemisphere of each rat brain. Hemisphere samples were collected and homogenized in a
radioimmunoprecipitation buffer, and the protein concentration was determined by the
bicinchoninic acid (BCA) method. 50 g of protein sample were loaded into sodium dodecyl
sulfate-polyacrylamide gels, then run for 60 minutes at 200 mV and transferred into
polyvinylidene fluoride membranes for 30 minutes at 100 mV. Membranes were blocked
with 5% bovine serum albumin and then incubated overnight at 4 °C in primary antibody
(1:200). Membranes were washed and incubated with secondary antibody (1:5000) during 2
hours and revealed with an HRP kit. Images were digitalized and analyzed using ImageJ
software, and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

3.7 Brain histology

An additional group of male Wistar rat (250-300g) (n = 3) were used for the histological
analysis. After treated, the animals were sacrificed by an overdose injection of sodium
pentobarbital and the brain tissue immediately were prefixed by cardiac perfusion using 10%
paraformaldehyde, and subsequently preserved in 30% sucrose. Tissue samples were
dehydrated graded ethanol, embedded in paraffin and cut at 3-pum thickness. For histological
examination, cortex sections were stained with the alkaline acid contrast technique
hematoxylin-eosin, the silver impregnation technique Cajal and differential interference
contrast (Nomarski). The images were obtained in a Leica TCS SP8 inverted confocal laser-

scanning microscope.
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3.8 Immunohistochemistry for N-cadherin

The paraffin-embedded sections of brain (n=3) were analyzed for the presence of N-
cadherin by Immunohistochemistry, according to Soler et al. (1997). Paraffin sections were
dewaxed, rehydrated and blocked with 1% BSA. Then, cells were permeated in 1% PBS-
triton X100 for 7 min at 27 °C, and washed with PBS. Sections were incubated overnight at
4°C with mouse monoclonal anti-N-cadherin (1:500 BioLegend), and then developed
following the conventional technique (Soler et al. 1997). The images were obtained in a Leica

TCS SP8 inverted confocal laser-scanning microscope.

3.9 Blood components analysis

As one of the markers of systemic inflammation, the quantification of the cellular blood
components was carried out. 500 puL of blood samples from each group were collected from
jugular vein, and stored in BD Microtainer® tubes with ethylenediamine tetra-acetic acid
(K2EDTA) as anticoagulant. The following blood components were analyzed: white blood
cells (WBC), monocytes (MID), granulocytes (GRA), lymphocytes (LY), red blood cells
(RBC), and platelet (PLT), using a hematology auto analyzer (Abott Diagnostics Cell-Dyn
1700).

3.10 Statistical analysis

Data were collected from triplicates of eight independent experiments. A normal distribution
by Kolmogorov-Smirnov’s test was applied. One-way analysis of variance (ANOVA)
followed by a Tukey’s test were used to detect differences among treatments. The Kruskal-
Walli’s nonparametric test followed by post hoc Bonferroni’s test, with Mann-Whitney’s U

correction test, were all used for comparison between two or more groups of non-normal
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data, using the GraphPad 5 software. Values were considered of statistical significance at
p<0.05.

4. Results
4.1 AgNPs characterization
TEM and DLS analysis revealed that AgNPs have spherical and pseudospherical shapes
(Figure 1A), displaying a slight narrow size distribution with a mean particle size of 9.0 +
2.0 nm for the hydrodynamic diameter (Figure 1B). The diameter obtained by TEM was 3.0
+ 1.5 nm. The particles zeta potential was -30.0 £ 10 mV, confirming its stability, since
particles with positive zeta potential values above +30 mV or negative values below -30 mV
are considered stable (Meléndrez et al. 2010). The values of this characterization are shown
in Figure 1C.
4.2 AgNPs treatment increased BBB permeability, and was partially reversed by a pre-
administration of Zn
We found that the experimental group treated with AgNPs during 24 h increased the content
of EB in the brain tissue (>2.0 ug/g of brain tissue), in comparison to the control (<0.5 pg/g
of brain tissue), as a consequence of the increased BBB permeability. In contrast, the group
treated with Zn alone did not show differences compared to the control, whereas a pre-
administration of Zn partially blocked (1.7 pg/g of brain tissue) the effects induced by AgNPs

on the BBB permeability (Figure 2).

4.3 AgNPs treatment decreased the claudin-5 expression

Since an increase in BBB permeability has been related with a decrease in TJs proteins
(Rosas-Hernandez et al. 2013, 2015), we analyzed the expression of claudin-5 as a classic

marker for BBB permeability (Tsukita and Furuse 1999). We found that AgNPs increased
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the BBB permeability through a modified expression of claudin-5 compared to the control.
Moreover, the pretreatment with Zn and further administration of AgNPs was not different

to the AgNPs treatment (Figure 3).

4.4 AgNPs treatment increased MTs levels in brain tissue, and a pre-administration of Zn

restored these levels

To assess the role of MTs in the BBB affected by AgNPs, their protein expression was
measured in the brains of rats exposed to these treatments. We observed that the group of rats
exposed to Zn alone showed an increase of MTs in comparison to the control (p<0.05), and
the group of rats exposed to AgNPs also increased the MTs expression (p<0.01), whereas the
pre-treatment with Zn plus the administration of AgNPs restored the expression levels of
MTs to those observed with the group of Zn treatment (not different to the control values;

Figure 4).

4.5 AgNPs increased the number of granulocytes in blood tissue, while the pre-

administration of Zn prevented this effect

In order to evaluate the systemic damage induced by AgNPs and its association with the
damage to the BBB permeability, we determined, through the blood analyses, the count of
the following cellular elements: WBC, MID, GRA, LY, RBC and PLT. The AgNPs treatment
induced a significant increase in the GRA values (3.0 k/uL) in comparison to the control (<
1.00 k/uL) (Figure 5C), whereas no changes were observed in the rest of leukocytes (Figure
5); neither RBC, nor PLT were modified in the presence of this treatment (Figure 6), a result
that agree with previous reports (Laloy et al. 2014). Similarly, those cell lines were not

affected by Zn or Zn+AgNPs treatments (Figures 5 and 6).
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4.6 The AgNPs treatment induced degeneration of the nervous tissue, and this effect was
partially prevented by a pre-administration of Zn

We found, through the hematoxylin-eosin (H&E) and Nomarski techniques, that the
experimental group treated with AgNPs exhibited considerable damage at the level of the
cortex tissue, causing vasogenic edema on the blood vessels of the cerebral cortex compared
with the control and Zn treatments (H&E staining and differential interference contrast
microscopy) (Figures 7A and B). The Cajal staining showed tissue destruction in cortex
(Figure 8), and a lymphocytic infiltrate is inferred. Comparatively, the Zn pretreatment group
showed a reduction of tissue damage than that observed with the single administration of
AgNPs (Figures 7 and 8).

4.7 The Zn pre-administration increased the N-cadherin levels in brain cortex

Due to the preventive effects induced by the pre-treatment with Zn on the BBB permeability,
we decided to evaluate the degree of expression of N-cadherin, observing that the expression
of this protein was increased in the brain cortex in rats exposed to AgNPs after Zn exposure,

compared with the control and the Zn and AgNPs treatments (Figure 9).

Discussion

In the present work, we investigated whether a pre-treatment with Zn could prevent the brain
damage induced by an IP administration of AgNPs, firstly upon the BBB permeability, and
the possible mechanisms involved. The size of AgNPs employed was below 10 nm, this
information is relevant because it is known that smaller NPs exert higher cytotoxic effects
(Kim et al. 2012; Eckhardt et al. 2013).

Herein we found that an IP administration of <10 nm AgNPs (15 mg/Kg) induced an increase

of the BBB permeability, decreased the protein expression of claudin-5, increased MTs
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expression and promoted nervous tissue degeneration after 24 hours of exposure. In addition,
at the systemic level, we observed that AgNPs increased the granulocytes levels, but no other
blood components compared to the control. This inflammatory effect could, in turn, influence
the CNS physiology, including the BBB integrity (Hawkins 2005).

In this sense, in vivo studies revealed the toxic effect of AgNPs upon the BBB. Sharma et al.
(2009) administered 60 nm AgNPs by different exposure routes to mice and rats by IP (50
mg/kg), intravenous (IV) (30 mg/kg), intracarotid (IC) (2.5 mg/kg), and
intracerebroventricular (ICV) (20 pg/10ul), showing that after 4 h of exposure, AgNPs
promoted a discrete increase in BBB permeability when the route of exposure was IP;
however, when the administration was IV, IC and ICV, the AgNPs induced an important
BBB permeability increase from 4 h to 24 h. Xu et al. (2015) examined the effect of AgNPs
in rats after an intragastric administration during a two-week exposure scheme; rats were
treated with AgNPs at low and high doses (1 and 10 mg/kg, body weight, respectively). Both
dosages triggered neuron shrinkage, extra-vascular lymphocytes and a significant increase of
IL-4. These authors suggested that AgNPs promoted neuronal effects associated with an
inflammatory process. In this context, our data are in agreement with some of these studies
(Sharma et al. 2009b, a; Xu et al. 2015), showing that AgNPs are capable to induce damage
at the BBB level, according to the size, dose and route of administration. In the present work,
we used a smaller size (< 10 nm) via IP route, based on the reports by Sharma et al., who
mentioned that this route produced less damage in comparison to others (Sharma et al. 2009a,
b). In addition, with recent data obtained by our research group, we have found that these
AgNPs, at the dose and route used in this study, are capable of being stored in brain tissue
(data in process). Taking into account this evidence, we developed a model of altered BBB

by AgNPs (15 mg/kg), but using a dose at which the neuronal and systemic effects could be

23



reverted in a total or partial manner with Zn, as it has been described for this metal (Kim et
al. 2015).

Previously, we reported that 7.8 nm AgNPs exert differential effects in function of different
brain cell types. The exposure of AgNPs at different concentrations on astrocyte primary
cultures and C6 glioma cell line showed that these NPs were more toxic to the C6 line (the
malignant astrocytes) than astrocytes (Salazar-Garcia et al. 2015), suggesting the presence of
cell-specific mechanisms of action regulating the effects and interactions activated by
AgNPs. Among the possible mechanisms involved, Luther et al. (2011) observed that
primary cultured astrocytes survived after an exposure of 55 nm AgNPs, and this effect
comprised an overexpression of MTs as a potential mechanism for cell survival. Based on
this evidence, we decided to evaluate the role of MTs induced by Zn upon the BBB
permeability damage induced by AgNPs.

In order to evaluate the protective role of Zn, 24 hours before the administration of AgNPs,
the group 4 received IP dose of ZnCl; as (27 mg/kg). In parallel, the group 2 (Zn control)
received only the IP dose of ZnCl, (27 mg/kg). We observed that Zn did not modify the BBB
permeability, neither the expression of the claudin-5 protein. However, the pre-treatment
with Zn and the subsequent administration of AgNPs showed a partial prevention upon the
increase of the BBB permeability in comparison to the control as well as upon the tissue
damage. In addition, this treatment did not restore the claudin-5 expression. However, when
we evaluated the expression of N-cadherin in the brain tissue, we observed an increase in the
expression of this protein in the group exposed to AgNPs with previous exposure to Zn. The
function of the N-cadherin is not yet very clear in the BBB; however, it has been reported
that it participates in early stages of the formation of this barrier (Gerhardt 1999). In addition,

several studies suggest that N-cadherin plays indispensable role in the cellular responses to
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brain injury through the induction of reactive astrogliosis and the consequent neuroprotection
dependent on calcium signaling (pemaru et al. 2013), Therefore, our results suggest that the
increase of N-cadherin might be due to a first step of re-establishment of the BBB function,
while TJ are restored. This would explain why the Zn pretreatment apparently produced an
increased damage at the BBB level with a higher expression of N-cadherin, but with the
levels of claudin-5 still diminished.

Conversely, when we evaluated, at the systemic level the cellular elements of the blood in
the presence or absence of AgNPs and/or Zn, we found that the experimental group 3
(AgNPs) increased around 3-fold the granulocyte levels in comparison to the control. The
granulocyte alterations have been previously reported, specifically in human neutrophils
exposed to AgNPs, suggesting that these NPs are associated to a granulocyte-mediated
inflammatory process (Liz et al. 2015; Poirier et al. 2016).

Moreover, we observed that the groups of rats exposed to AgNPs with the Zn pre-
administration, the GRA levels were not increased with respect to the control, suggesting that
at the systemic level, Zn exerts a protective role as an anti-inflammatory agent. This finding
agrees with the reported by Franciscato et al. (2011), who evaluated in vivo the toxic effects
of mercury and the effectiveness of Zn in the prevention of biochemical changes induced by
the first. This protective effect was achieved at the same dose of Zn (27 mg/kg) that we used
in the present work. The ability of Zn to reduce inflammation has been reported by Kim et
al. (2012), showing that this element can act as an intracellular reactive oxygen species (ROS)
scavenger through the modulation of the cyclooxygenase-2 (COX-2) expression, reducing
the generation of the pro-inflammatory prostaglandin.

In our study we observed that the Zn pre-administration partially prevented the damage

induced by the AgNPs on BBB permeability, as well as on the brain cortex tissue, and was
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capable also to attenuate the MTs overexpression enhanced by AgNPs, suggesting that
AgNPs induced MTs as an adaptive mechanism to the injury in progress as result from the
accumulation of various harmful effects such as oxidative stress and inflammation activated
by AgNPs (Alessandrini et al. 2017). These effects suggest that the protective effect induced
by Zn could be related in part to its anti-inflammatory properties (Kim et al. 2012; Garla et
al. 2017), that was evidenced and associated with the decrease in the granulocyte levels.
The anti-inflammatory properties of Zn have been the most evidenced as the most relevant
protective mechanism, Mbiydzenyuy et al. (2018) showed that the pre-treatment of Zn
intravenously administered (30 mg/kg) attenuated the brain damage in an experimental
model of Parkinsonism by preventing lipid peroxidation and preserving the levels of reduced
glutathione and the antioxidant enzymes in the midbrain. In this line, 0.02% Zn in the
drinking water prevented behavioral and cholinergic perturbations induced by arsenic
exposure (Kumar and Reddy 2018). Oral administration of 15 ppm of Zn was also able to
ameliorate alterations in neurogenic markers (nestin, Ki67, doublecortin (DCX), and 5-
bromo-2'-deoxyuridine) which decreased in obese mice (Nam et al. 2017). Based on the
above information, we suggest that Zn could directly protect not only against BBB disrupted
permeability induced by AgNPs administration, but also through the amelioration of
oxidative stress measured as the reduced-to-oxidized glutathione ratio, which has been well-
demonstrated after AgNPs exposure in the brain (Skalska et al. 2016).

In summary, we provide evidence in the brain about the role of Zn on the protective actions
against the deleterious effects of AgNPs when administered via IP. Further studies are needed
to determine the precise mechanisms of action of Zn in the preventive events against the brain

damage induced by AgNPs.

26



Acknowledgments

The authors thank to Francisco Javier Torres de la Rosa, José Fernando Garcia de la Cruz
and Edgar Rangel Lopez for their technical assistance. This work was supported by the grant
C16-PIF1-09-08.08 and the National Council of Science and Technology Project 268769.

Samuel Salazar was recipient of a scholarship from CONACyT (342918).

27



Figure legends

Figure 1. AgNPs exhibited spherical and pseudospherical shapes, and are poly-disperse.
TEM micrographs showing the polygonal shape of the AgNPs dispersed in water (A), and
the corresponding size distribution obtained by DLS (B) are shown. The data obtained by the
characterization are shown in the table (C).

Figure 2. AgNPs treatment increased BBB permeability, and was partially reversed by
a pre-administration of Zn. Male Wistar rats were exposed to different treatments; EB dye
extravasation was taken as an index of BBB permeability. The results are expressed as mean
+ SEM (n=8 animals per group). *p<0.05, **p<0.01 vs control.

Figure 3. AgNPs treatment decreased the expression of claudin-5. Male Wistar rats were
exposed to different treatments. The expression of claudin-5 was detected at 23 kDa (A).
Densitometric analysis of the western blots was performed using ImageJ software (B). The
results are expressed as mean £ SEM (n=8 animals per group). *p<0.05 vs control.

Figure 4. AgNPs treatment increased MT levels in brain tissue, while a pre-
administration of Zn re-established these levels. Male Wistar rats were exposed to
different treatments. The expression of MTs polymerized (FL-61 sc 11377) was detected at
17 kDa (A). Densitometric analysis of the western blots was performed using ImageJ
software (B). The results are expressed as mean + SEM (n=8 animals per group). *p<0.05 vs
control.

Figure 5. AgNPs treatment increased granulocyte levels blood, while a pre-
administration of Zn re-established these levels. Male Wistar rats were exposed to
different treatments. Leukocytes (A), lymphocytes (B), granulocytes (C) and MID (D) were
counted in peripherally blood. The results are expressed as mean £ SEM (n=8 animals per

group). *p<0.05 vs control.
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Figure 6. AgNPs treatment did not modify erythrocyte or platelet levels. Male Wistar
rats were exposed to different treatments. Erytrocyte (A) and platelet levels (B) were counted
in peripherally blood. The results are expressed as mean = SEM (n=8 animals per group).
Figure 7. AgNPs treatment induced degeneration of the nervous tissue and was
partially prevented by a pre-administration of Zn. Male Wistar rats were exposed to
different treatments. Histological changes in the brain were observed using H & E staining
(Panel A) and Differential interference contrast (Nomarski) (Panel B).

Figure 8. AgNPs treatment induced degeneration of the nervous cells and was partially
prevented by a pre-administration of Zn. Male Wistar rats were exposed to different
treatments. The morphology of nerve cells was observed using Cajal’s staining.

Figure 9. The Zn pre-administration increases the levels of N-cadherin in brain cortex.
Male Wistar rats were exposed to different treatments. The expression of N-cadherin was

detected using mouse monoclonal anti N-cadherin antibody.
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Figure 7

PANEL A
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Figure 7
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Figure 8
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Capitulo 2

Silver nanoparticles (AgNPs) and zinc chloride (ZnCI2) exposure order determines the
toxicity in C6 rat glioma cells
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Resumen en inglés

Silver nanoparticles (AgNPs) induced specific cell toxicity, and they are used as a tool for
the study of several pathologies such as cancer. This work aimed to elucidate the toxic effect
of < 10-nm silver nanoparticles (AgNPs) and zinc chloride (ZnCl>) in different administration
orders on C6 rat glioma cells, as a biological model of study. C6 rat glioma cells were
exposed to increasing concentrations of AgNPs (10—-100 pg/mL) in the presence or absence
of ZnCl2 (10-50 pg/mL) for 24 h. AgNPs or ZnCl; as separate treatments decreased C6 rat
glioma cell viability by 21% and 13%, respectively, versus the control, using the MTT assay.
The administration of AgNPs (50 ug/mL) in the presence of ZnClz (10-50 pg/mL) was
performed under two conditions: as pretreatment and as concomitant administration; both of
them showed a significant decrease in the cell viability, around 30% and 90%, respectively.
It was the concomitant treatment, which exerted the most significant effect on the viability
decrease. We also observed that 24-h exposure to AgNPs increased cell populations (40%)
in stages GO/G1 of the cell cycle, and decreased the number of cells (60%) in stages G2/M.
However, in the concomitant treatment, as well as during induced cell death, the ZnCl;
pretreatment and concomitant treatment modified the cycle, increasing the S phase by 10%,
suggesting that zinc (Zn) could be an essential regulator of the C6 rat glioma cell damage
induced by AgNPs. This study will allow us to understand the mechanisms of cellular
response to AgNPs, for the eventual study of these particles as a potential agent against

cancer, such as glioblastoma multiforme.
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Resumen en espafiol
Las nanoparticulas de plata (AgNPs) inducen toxicidad celular especifica y se utilizan como
herramienta para el estudio de diversas patologias como el cancer. Este trabajo tuvo como
objetivo dilucidar el efecto toxico de nanoparticulas de plata (AgNPs) de <10 nm y cloruro
de zinc (ZnCly) en diferentes 6rdenes de administracion en células de glioma de rata C6,
como modelo bioldgico de estudio. Se expusieron células de glioma de rata C6 a
concentraciones crecientes de AgNPs (10 a 100 pug/mL) en presencia o ausencia de ZnCl»
(10 a 50 pg/mL) durante 24 h. Las AgNPs o el ZnCl> como tratamientos separados
disminuyeron la viabilidad de las células de glioma de rata C6 en un 21% y un 13%,
respectivamente, en comparacion con el control, utilizando el ensayo MTT. La
administracion de AgNP (50 pug/mL) en presencia de ZnCl, (10-50 ug/mL) se realizo bajo
dos condiciones: como pretratamiento y como administracion concomitante; ambos
mostraron una disminucion significativa en la viabilidad celular, alrededor del 30% y 90%,
respectivamente. Fue el tratamiento concomitante el que ejercio el efecto mas significativo
sobre la disminucion de la viabilidad. También observamos que la exposicion de 24 h a AgNP
aumento las poblaciones de células (40%) en las etapas GO/G1 del ciclo celular, y disminuyo
el nimero de células (60%) en las etapas G2/M. El pretratamiento con ZnCl; y el tratamiento
concomitante modificaron el ciclo celular, aumentando la fase S en un 10%, lo que sugiere
que el zinc (Zn) podria ser un regulador esencial en el dafio inducido por las AgNPs en células
de glioma de rata C6. Este estudio permitird comprender los mecanismos de respuesta celular
a las AgNPs, para un eventual estudio de estas particulas como potencial agente contra el

cancer, como el glioblastoma multiforme.
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1. Abstract

This work aimed to elucidate the toxic effect of <10 nm silver nanoparticles (AgNPs) and
zinc chloride (ZnCly) in different administration orders on C6 rat glioma cells, employed as
a biological model to study and elucidate the potential toxicity mechanisms of action of
nanomaterials (NMs). C6 rat glioma cells were exposed to increasing concentrations of
AgNPs (10-100 pg/mL) in the presence or absence of ZnCl, (10-50 pug/mL) for 24 h. AgNPs
or ZnCl, as separate treatments decreased C6 rat glioma cell viability by 21% and 13%,
respectively, versus the control, using the MTT assay. The administration of AgNPs (50
ug/ml) in the presence of ZnCl; (10-50 pg/ml) was performed under two conditions; as
pretreatment and as concomitant administration, both of them showed a significant decrease
in the cell viability, around 30% and 90%, respectively. They were the concomitant
treatment, which exerted the most significant effect on the viability decrease. We also
observed that 24 h exposure to AgNPs increased cell populations (40 %) in stages GO/G1 of
the cell cycle, and decreased the number of cells (60 %) in stages G2/M. However, in the
concomitant treatment, as well as during induced cell death, the ZnCl, pretreatment and
concomitant treatment modified the cycle, increasing the S phase by 10%, suggesting that
zinc (Zn) could be an essential regulator of the C6 rat glioma cells damage induced by
AgNPs.

Keywords: Silver nanoparticles, Zinc Chloride, Glioblastoma multiforme.
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2. Introduction

Nanotechnology is defined as the use and application of nanomaterials (NMs), which in turn
are defined as materials having one or more external dimensions with at least one dimension
in the range of 1 to 100 nanometers (British Standards Institution 2007). Silver nanoparticles
(AgNPs) have widely used in biological and industrial applications. It has been reported that
AgNPs exert a variety and controversial biological effects, depending on their size,
concentration, shape, biological target, and route of exposure (Liu et al. 2017). The AgNPs
display multiple effects linked to genotoxicity, such as alterations in the cell cycle, through
events that lead the cell to its division, duplication, necrosis and/or apoptosis, are actively
reported in several in vitro and in vivo models during the years (Salazar-Garcia et al. 2015;
Fouad and Hafez 2018). Therefore, AgNPs are potential candidates to study multiple
pharmacological approaches. For example, as an anticancer agent, however, it is necessary
to explore in-depth the range of physiological effects and/or protective mechanisms that some
cells could confer and trigger when NMs agents like AgNPs are exposed to them. Studies, in
this sense, remain elusive.

The cells can respond to different metal detoxifying mechanisms due to the metallic nature
of AgNPs. The Zn is an essential metallic agent which acts as a cofactor regulating
physiological effects (Maret 2013), that activates metal detoxifying mechanisms, some of
them, mediated by protein complex such as metallothioneins (Ruttkay-Nedecky et al. 2013).
Besides, Zn acts as an anti-inflammatory agent, through stabilizing the actin filaments of
neurons (Perrin et al. 2017), promoting a protective role to the cell in the presence of metallic
nature toxic substances, such as AgNPs (Chen et al. 2006; Luther et al. 2012). At the same
time, Zn has been shown to decrease cancer progression likely by reducing angiogenesis and

induction of inflammatory cytokines while increasing apoptosis in cancer cells (Prasad et al.
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2009). This work aimed to evaluate in vitro, the toxicity and cell cycle progression of AgNPs
on C6 glioma cells and to determine whether this toxicity was modified by pretreatment or
simultaneous exposure to ZnCl..

3. Materials and methods

3.1 Chemical

AgNPs were synthesized by Gabriel Martinez-Castafion, Ph.D. from Universidad Autonoma
de San Luis Potosi. Other compounds, such as bovine serum albumin (BSA),
penicillin/streptomycin, Hoechst, ZnCl;, H202, and 3-(4, 5-dimethylthiazol- 2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and propidium iodide acquired from Sigma-Aldrich
Company (St. Louis, MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) and Alexa
Fluor 488 anti-rabbit secondary antibody acquired from Invitrogen (Carlsbad, CA, USA).
Cisplatin purchased from Laboratorios PISA (Mexico City).

3.2 Synthesis of AgNPs

AgNPs were synthesized as previously described (Espinosa-Cristobal et al., 2013). AgNPs
with spherical shape were synthesized from a 0.35 M AgNO3 solution placed in a 250 mL
reaction vessel. Under magnetic stirring, 10 mL of deionized water containing gallic acid
(0.1 g) was added to 100 mL of the Ag+ solution. After the addition of gallic acid, the pH of
the solution was adjusted to 11 with 1.0 M NaOH. Afterward, the solution was heated for 30
min at 80 °C, and the final concentration of AgNPs used for in vitro treatments was 3,500
ng/mL (Ruttkay-Nedecky et al. 2013).

3.3 AgNPs characterization

AgNPs were characterized using dynamic light scattering (DLS) assay to determine particle
size. Size assay was performed using a DLS Malvern Zetasizer Nano ZS (Instruments

Worcestershire, United Kingdom) operated with a He—Ne laser at a wavelength of 633 nm
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and a detection angle of 90°; all samples were analyzed during 60 s at 25 °C. The zeta
potential was measured in Dulbecco’s Modified Eagle Medium (DMEM) and in deionized
water (DW) at 37 °C for 24 h to verify the stability of the particles in the solution in where
the AgNPs treatment conditions were done. By confirming the shape, each sample was
diluted in DMEM and DW. Then 50 pL of each suspension was placed on a copper grid for
transmission electron microscopy (TEM) using a JEOL JEM-1230 microscope at an
accelerating voltage of 100 kV. VIS-NIR spectroscopy (CHEMUSB4-VIS-NIR Ocean
optics) was performed to determine the position of the surface plasmon resonance.

3.4 C6 rat glioma cell line

Glioblastoma cells were cultured and expanded in Petri dishes in the presence of DMEM
supplemented with 10% FBS, penicillin (100 units / mL) and streptomycin (0.1 mg / mL) at
37 ° C and 5% CO: until confluence (Doblas et al. 2010; Silva-Ramirez et al. 2018). Cells
were reseeded in 6 and 96-well plates (10 000 cells per well) and incubated in supplemented
DMEM at 37 ° C and 5% CO: until reaching a confluence of 90% before applying the
treatments. C6 rat glioma cell line was obtained from the American Type Culture Collection
(ATCC-CCL- 107™, Manassas, VA).

3.5 Cell viability assays

Cell viability was colorimetrically determined using 3 (4, 5-dimethylthiazol-2-yl) -2, 5-
diphenyltetrazol bromide or MTT, based on the metabolic reduction of this dye through the
mitochondrial succinate-dehydrogenase to a colored compound (formazan) detected at an
optical density of 590 nm. The number of viable cells was proportional to the amount of
formazan produced (Denizot and Lang 1986). Cells were exposed to increasing
concentrations of ZnClz (10, 25 or 50 pg / mL) for 24 h, AgNPs (10, 25, 50 or 100 pg / mL)

for 24 h and; AgNPs (50 pg/mL) for 24h with ZnCl, (10 to 50 pg/mL) pretreatment or
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concomitant exposure. Hydrogen peroxide 2% (H20) was used as a positive control of dead,
and cisplatin (75 pg/mL) was used as an antineoplastic control. The treated cell cultures were
incubated with 10% MTT for four h at 37 ° C, followed by the addition of 100 pL of dimethyl
sulfoxide (DMSO) and incubation for 10 min at room temperature. The optical density was
determined at 590 nm in a bio rad iMark ® plate reader.

3.6 Flow cytometry

The stages of the cell cycle were determined according to the nuclear DNA content by flow
cytometry. The C6 rat glioma cells in a number of 2.5x10° cells were seeded and incubated
in 24-well plates and then incubated in the presence of the different AgNPs treatments for 24
h. Subsequently, the medium was removed, and cells were resuspended in 0.5 mL of
Propidium iodide (IP) buffer (1Img / ml sodium citrate, 50 pg / ml propidium iodide (Sigma-
Aldrich), 0.3% Triton X-100 and 40 pg / ml RNAse), and incubated for 30 min in the dark.
After, the cells were gently resuspended mechanically (pipetting) and placed in a Falcon® 5
ml round-bottom polystyrene tube covered with light, and immediately analyzed in the
FACSCantoll flow cytometer (BD Bioscience, San Diego, CA). The data were analyzed
using the FACS Diva software. The results were expressed as the percentage of cells in
GO0/G1 (normal diploid DNA phase), S (DNA synthesis phase), and G2/M (mitosis phase),
as previously reported (Moreno-Vilet et al. 2014), and the FACS Diva software was used to
analyze the data.

3.7 Lactate dehydrogenase assay

The evaluation of cell death index by necrosis was performed using a colorimetric assay
based on the measurement of lactate dehydrogenase (LDH) activity released from the cytosol
of damaged cells into the supernatant (Bopp and Lettieri 2008). According to the

manufacturer instructions and after the respective treatments, 100 pL of the supernatants
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were collected, and the reactive mixture was added and incubated for 30 min at room
temperature in the dark. The LDH activity was quantified colorimetrically through the
measurement of absorbance at 490 nm. The Bio-Rad microplate spectrophotometer
(Hercules, CA, USA) was used. Values were represented as percent of control.

3.8 Cell morphology

After the exposure to the treatments described above, the cells were captured and observed
in the bright field using a Motic inverted microscope equipped with a Moticam Pro 205A
camera at 20X.

3.9 Statistical analysis

Data were collected from triplicates of three independent experiments. After confirmation of
normal distribution by the Kolmogorov—Smirnov’s test, a one-way analysis of variance
(ANOVA) followed by a Tukey post hoc test was used to detect differences among
treatments. Statistical analysis was performed using the Statistica 7.0 software package
(StatSoft, Tulsa, OK, USA), whereas Graph Pad Prism V 7.3 (Graph- Pad Software Inc.) was
used for data plotting.

4. Results

4.1 AgNPs characterization

The TEM and DLS analysis revealed that AgNPs in DW and DMEM acquired spherical and
pseudospherical shapes (Figure 1A, 1C), and exhibited a slight narrow size distribution with
a mean particle size of 9.34+£2.25 nm and 8.34+1.50 nm for the hydrodynamic diameter
(Figure 1B, 1D) respectively. TEM diameter and zeta potential values were 4.83+2.99 nm/-
30.6+16.3 mV in DW and 4.88+2.22 nm/-12.2+12.8 mV in DMEM. The plasmon resonance
value was 415 nm for both media. The extended values of this characterization shown in
Table 1.
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4.2 ZnCl; reduces the cell viability on C6 rat glioma cells.

To evaluate the effect of ZnCl> on the viability of C6 rat glioma cells, increasing
concentrations of ZnCl (10, 25, and 50 pg/mL) during 24 h were prepared and tested. Figure
2A shows that ZnCl; significantly decreased the cell viability only at a concentration of 50
pug/mL in comparison to the control. This effect at this concentration was similar to that
induced by cisplatin, an antineoplastic control, and less potent than the hydrogen peroxide.
Figures 2B and 2C show a bright-field micrograph of the morphology of C6 rat glioma cells.
The untreated cells displayed the classic morphology of these immortalized cells with long,
branched protrusions (Figure 2B). Morphology of the cells treated in the presence of ZnCl;
at 25ug/mL was damaged (Figure 2C), and their disposition and organization were altered,
suggesting that ZnCl, promoted this disruption.

4.3 AgNPs reduce cell viability on C6 rat glioma cells

It has been reported that the in vitro exposure of C6 rat glioma cells to AgNPs with a diameter
of <10 nm decreased their viability (Salazar et al. 2015). We confirmed and reproduced this
finding previously reported via the MTT assay. C6 rat glioma cells were treated in the
presence of increasing concentrations of AgNPs < 10 nm (10, 25, 50, and 100 pug/mL) for 24
h. Figure 3A shows that only the concentrations of 50 and 100 ug/mL of AgNPs significantly
decreased the mitochondrial activity of C6 rat glioma cells in comparison to the control. The
effect of 100 ug/ml AgNPs was comparable to that induced by cisplatin and, both
concentrations of AgNPs (50 and 100 pg/mL) were less potent in comparison to hydrogen
peroxide. Figure 3B and 3C show in bright-field micrograph the morphology of C6 rat glioma
cells. The untreated cells display the classic morphology of these immortalized cells with

long, branched protrusions (Figure 3B). However, cells treated in the presence of 50 ug/mL

56



AgNPs (Figure 3C), exerted a similar morphology to that observed in the presence of ZnCl»
(Figure 2C), finding an alteration in their organization and disposition again.

4.4 AgNPs in the presence of ZnCl (24 h pretreatment) reduces the cell viability of C6 rat
glioma cells drastically compared to individual treatments

Due to our previous work reported on the protective role of Zn against metallic agents such
as silver (Franciscato et al. 2011). Increasing concentrations of ZnCl, (0- 50 pg/mL) and a
unique concentration of 50 pug/mL AgNPs. Figure 4A shows a significant cell viability
reduction following combined treatments in comparison to the control. We observed that
AgNPs in the presence of ZnClz (24 h pretreatment) induced a significant reduction of
mitochondrial activity of C6 rat glioma cells in comparison to the control. The most
prominent effect was observed when a concentration of 50 pg/ml ZnCl, was used, as the
decrease in mitochondrial activity reached almost 82% compared to the control. This effect
was comparable to H.O, exposure (Figure 4A). The bright-field micrograph of C6 rat glioma
cells treated in the presence of ZnCl 25 pg/mL and 50 pg/mL AgNPs showed total damage
of C6 rat glioma cells; the cells lost their classical morphology. They showed cellular debris
(Figure 4C) in comparison to the control (Figure 4B).

4.5 AgNPs in the presence of ZnCl. in a concomitant treatment reduced the cell viability of
C6 rat glioma cells more than AgNPs with 24h ZnCl; pretreatment.

When the viability of cells exposed to the concomitant treatment of ZnCl, and AgNPs was
evaluated, we observed a significant reduction in cell viability (90%), compared to that
observed with single administrations. This decrease in viability was around 15% and 25%
(Figure 5A), more than that observed with only Zn pretreatment at the same concentrations
(Figure 4A). The Bright-field micrograph of C6 rat glioma cells treated in the presence of 25

pg/mL ZnCl; and 50 pg/mL AgNPs concomitant, showed total damage of C6 rat glioma
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cells. The cells lost their typical morphology and showed cellular debris (Figure 5C) in
comparison to the control (Figure 5B). A comparison between pretreatment and concomitant
treatment shown in Figure 6.

4.6 AgNPs in the presence and absence of ZnCl> modify the cell cycle of C6 rat glioma cells
Due to the concomitant treatment of AgNPs and Zn reduced the viability, the pretreatment
with Zn and subsequent AgNPs exposure partially decreased the cell viability, we decided to
evaluate if these treatments and the administration order could modify the cell cycle of C6
rat glioma cells. The population of cells at different stages of the cell cycle during 24 h was
not altered by a single administration of zinc (25 pg/mL). In contrast, the population of cells
exposed to a concentration of 50 pg/mL of AgNPs increased in the GO/G1 phase (Figure 7A),
and decreased in the G2 phase (Figure 7C). In the case of cells exposed to both Zn and AgNPs
under the preadministration and concomitant order, the cell populations increased in the
GO/G1 phase (Figure 7A). They decreased again in the G2 phase (Figure 7C). This effect
was similar to the culture condition in the presence of AgNPs only. However, a key difference
was that in Zn treatments (preadministration and concomitant order), an increase of cell
populations in phase S was identified (Figure 7B).

4.7 AgNPs in the presence of ZnCl2 24 h pretreatment and single administration induce cell
death of C6 rat glioma cells

The measurement of the LDH activity as a marker of cell damage was done to investigate
whether this one could be the responsible to the decrement on the C6 rat glioma cells viability
or stirring in the cell cycle when the cells were treated with AgNPs and/or ZnCl, We found
single administration of AgNPs, and the concomitant treatment of AgNPs and ZnCl;
increased the levels of LDH in comparison to the control. In contrast, the sole administration

of ZnCl; and the pretreatment of ZnCl, and AgNPs did not modify these levels (Figure 8).
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5. Discussion

The purpose of this work was to investigate the effect of AgQNPs < 10 nm and ZnCl; on C6
rat glioma upon the cell viability, progression of the cell cycle, and cell death. The size of
AgNPs used was below 10 nm because it has been reported that NPs smaller than 10 nm
exert higher cytotoxic effects (Kim et al. 2012).

We found that individual treatments with ZnCl> or AgNPs reduced the cell viability of the
C6 rat glioma cells after 24 h. Additionally, concomitant treatment with ZnCl, and AgNPs
significantly reduced the viability of the C6 rat glioma cells in comparison to the individual
treatments. The administration of both agents Zn and AgNPs exerted a significant reduction
in the cell viability when a concomitant administration was done in contrast to the condition
in where Zn was administrated 24 hours before the AgNPs exposure. Besides, all the groups
exposed to AgNPs showed an increase of cells in the stages GO/G1 and a decrease of cells in
the G2/M; also, the cells that received both agents (AgNPs/ZnCl) showed an increase of
cells in the S phase. And when the cell death was evaluated through the LDH assay, an
increase in this effect was observed when the C6 rat glioma cells were exposed to a single
administration of AgNPs and concomitant administration of Zn and AgNPs, however the
preadministration of Zn and posterior exposure to AgNPs did not induce death.

To date, there are limited studies related to the mechanisms of cell damage induced by AgNPs
and ZnCl,. Here, we evaluated the effect of AgNPs with or without Zn, and the impact that
this kind of treatment could confer on C6 glioma cells. In this sense, we have observed that
AgNPs per se induced a toxic effect on glioma cells, while ZnCl, could play a pivotal role
against the treatment with AgNPs depending on the order of exposure of both agents.

The data showed that the order of the treatments is essential in the viability and toxicity of

C6 rat glioma cells; when a co-treatment with AgNPs and ZnCl, was done, we observed a
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decrease in viability up to 95% that was greater than the preadministration of the subsequent
exposure to AgNPs. It is essential to highlight that when ZnCl, was pre-administered 24
hours before the AgNPs, the harmful effect was significantly lower than that exerted when
the co-treatment AgNPs-ZnCl; was done, suggesting that the order of the Zn administration
influences and increases the toxicity of AgNPs upon the C6 glioma cells. Few studies have
displayed the toxic effect and the protective role of Zn in different biological models. In vivo
studies have shown that nanoparticles can generate several responses depending on their size,
shape, concentration, cellular target, and the exposure route among cell lines. Previously, we
reported that differential effects occurred between astrocytes and C6 rat glioma cells when
they were exposed to AgNPs <10 nm. In astrocytes, the AgNPs induced a programmed cell
death process, meanwhile in the altered form of astrocytes (C6 rat glioma cells) was promoted
a nonspecific process through necrosis.

On the other hand, Urbaska et al., 2015 described that AgNPs 70 nm (40 pg/mL) promoted
a higher antiproliferative activity than the antiapoptotic effect in a model of human GBM.
Also, the AgNPs 6-20 nm decreased the ATP content, caused by mitochondrial damage, and
increased the reactive oxygen species (ROS) due to the rupture of the respiratory chain, since
the AgNPs have been located inside the organelles; the nucleus and the mitochondria, then
their direct involvement in the mitochondrial impairment and DNA damage. These results
are positively related to ours since, as mentioned above, a reduction in the mitochondrial
activity of the C6 rat glioma cells was observed when they were exposed to AgNPs <10 nm
(Figure 3).

An in vitro study carried out by Beljanski et al., 1994 showed the differential effects exerted
by astrocytic cells and GBM when they were treated with metals such as Zn, demonstrating

that at concentrations of 1 to 25 pg/mL of ZnClz increased in 30% the number of astrocytic
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cells to their control. In contrast, in our work, we found that the C6 rat glioma cells, which at
concentrations ranging from 25 to 100 ug/mL of ZnCly, decreased the cell multiplication up
to 75% versus the control (Beljanski and Crochet 1994). Many of the human cancers are
associated with the absence of the expression of p53 or its mutant expression (mtp53). Puca
etal., 2011 described how Zn could restore sensitivity to therapeutic drugs and inhibits tumor
growth by reactivating the mutant p53.

Among the few reports published about Zn and AgNPs in diseases such as cancer,
Priyadharshini et al., 2014 examined the anticancer activity of 65 nm AgNPs and 95 nm Zinc
oxide nanoparticles (ZnONP) against human prostate cancer (PC3), concluding that ZnONPs
exhibit higher anticarcinogenic activity against the PC3 cell line than AgNPs,

The cell cycle is a vital process defined as a series of events that lead the cell to its division
and duplication. (Mahmoudi et al. 2011). Several studies have shown that AgQNPs are capable
of altering the progression of the cell cycle due to possible cytotoxicity mechanisms that
compromise the progress of the cycle to the next stage. For instance in human lung fibroblast
and human glioblastoma, the AgNPs induced an arrest of the cell population in phases G2/M
after a 48-hour exposure, that in consequence promote in the cells mitochondrial disruption
with the interruption of the ATP synthesis that could eventually damage the DNA (AshaRani
et al. 2009). Similarly, in our work, we have observed a decrease in the cell population in the
G2/M phase. An increase in the G1/G0 phase, detecting an increase of cells in the S phase
when they are exposed to Zn, suggesting that Zn could activate the DNA synthesis process,
which in turn counteracting the DNA damage caused by the AgNPs.

In summary, the present work shows that both ZnCl, and AgNPs as independent treatments
decrease mitochondrial activity by 13% and 21%, respectively. Additionally, a common

treatment with ZnCl, and AgNPs decreased the mitochondrial activity more significantly and
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abruptly than the individual treatments. Furthermore, it was observed that under the
procedures as mentioned above, a reduction in the number of C6 glioma cells was
demonstrated. This work highlights the effect of AgQNPs and ZnCl exposure on the survival
of C6 glioma cells as a study target to elucidate the potential toxicity mechanisms of action
of nanomaterials.

The rational of this study was to try and put in context the toxic effect induced by AgNPs,
and whether this toxic effect could be altered or protected by other metallic physiologic
cofactors such as zinc. As well, is important to evaluate the fine mechanisms of action
through the AgNPs induced toxicity in these kinds of cells. And moreover, to generate
knowledge that impact at long time in the designs of bio tools or nano drugs directed in the
combat to the brain cancer.

More studies are being carried out to determine new avenues for understanding the specific
mechanisms of action that make the survival of C6 glioma cells vulnerable to exposure to
AgNPs and Zn.
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7. Figure legends

Figure 1. AgNPs have spherical and pseudospherical shapes and are poly-disperse.
TEM micrographs showing the spherical and pseudospherical shape of the AgNPs (A, C)
and their correspondent size distribution obtained by DLS dispersed in DW (B) and DMEM
(D). The data collected by the characterization are shown in table 1.

Figure 2. ZnCl; decreased cell viability in C6 rat glioma cells.

Cells were treated with increasing concentrations (10, 25, and 50 pg/mL) of ZnCl> for 24 h.
The mitochondrial activity was assessed by MTT assay. One-way analysis of variance
(ANOVA) followed by Tukey post hoc test ***p<0.001 was performed versus control of C6
rat glioma cells. Each value represents the mean + SEM (A). Bright-field micrography
characterization of C6 rat glioma cells under control (B) and (25 pug/mL) ZnCl; treatments
©).

Figure 3. AgNPs reduce cell viability on C6 rat glioma cells.

Cells were treated with increasing concentrations (10, 25, 50, and 100 pg/mL) of AgNPs for
24 h. The mitochondrial activity was assessed by MTT assay. One-way analysis of variance
(ANOVA) followed by Tukey post hoc test ***p<0.001 was performed versus control of C6
rat glioma cells. Each value represents the mean + SEM (A). Bright-field micrography
characterization of C6 rat glioma cells under control (B) and (50 pg/mL) AgNPs treatments
©).

Figure 4. AgNPs in the presence of ZnCl; 24 h pretreatment reduces the cell viability of

C6 rat glioma cells
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Cells were treated with a unique concentration (50 pg/mL) of AgNPs for 24h with ZnCl; (0-
50 png/mL) 24 h pretreatment. Mitochondrial function was assessed by MTT assay. One-way
analysis of variance (ANOVA) followed by Tukey post hoc test ***p<0.001 was performed
versus control of C6 rat glioma cells. Each value represents the mean £ SEM (A). Bright-
field micrography of C6 rat glioma cells under control treatment (B), and (50 pg/mL) AgNPs
with (25 pg/mL) ZnCl2 24 h pretreatment (C).

Figure 5. Concomitant treatment of AgNPs + ZnCl, 24 h reduced the cell viability of C6
rat glioma cells

Cells were treated with a unique concentration (50 pg/mL) of AgNPs + (0-50 ug/mL) ZnCl;
24h treatment. Mitochondrial function was assessed by MTT assay. One-way analysis of
variance (ANOVA) followed by Tukey post hoc test ***p<0.001 was performed versus
control of C6 rat glioma cells. Each value represents the mean + SEM (A). Bright-field
micrography of C6 rat glioma cells under control treatment (B) and (50 pg/mL) AgNPs + (25
ug/mL) ZnCl; 24 h treatment (C).

Figure 6. Concomitant treatment reduces in a significant manner, the cell viability of
C6 rat glioma cells versus pretreatment.

Mitochondrial function was assessed by MTT assay. One-way analysis of variance
(ANOVA) followed by Tukey post hoc test ***p<0.001 was performed versus treatments.
Each value represents the mean £ SEM.

Figure 7. The AgNPs in the presence and absence of ZnCl, modify the cell cycle of C6
rat glioma cells

The effect of AgNPs on the cell cycle of C6 rat glioma cells evaluated, as indicated in the
material and methods section. The cells were treated for 24 h with (25 pug/mL) ZnCls, or (50

ng/mL) AgNPs, or (50 pg/mL) AgNPs with ZnCl> (25 ng/mL) 24 h pretreatment, as well as
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the concomitant (25 pg/mL) ZnCl; + (50 pg/mL) AgNPs treatment. After the acquisition of
the sample, it was analyzed the fluorescence intensity of PI. It was observed the
subpopulations: GO/G1 cells, S cells, G2/M cells. Mean values of the percentage of IP from
three independent experiments £ SEM are presented. Significant alterations are expressed
relative to controls and marked with asterisks. Statistical significance was considered if * p
<0.05, ** p<0.01 or *** p <0.001.

Figure 8. AgNPs and concomitant treatment increased LDH leakage, and a ZnCl>
pretreatment reduces this leakage in C6 rat glioma cells.

C6 cells rat glioma cells were treated with 25 pg/mL ZnClz, 50 pg/mL AgNPs or 50 pg/mL
AgNPs with 25 pg/mL ZnCl (24 h pretreatment), as well as the concomitant 25 ug/mL ZnCl>
50 pg/mL AgNPs treatment. LDH leakage was estimated as an index of necrosis. A one-way
ANOVA test with a post hoc Fisher’s Least Significant Difference (LSD) test *p<0.05 or
**p<0.01 were performed versus control of C6 rat glioma cells; $%%p<0.001 versus
pretreatment. Each value represents the mean + SEM.

Table 1. The Size, shape, zeta potential, and plasmon resonance of the two samples

prepared with AgNPs.
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8. Figures and Table
Table 1

Hydrodynamic

Size TEM di Zeta Potential
Sample Shape TEM lameter Plasmon
M = SD (nm) M = SD (nm) (mV)

Spherical /

AgNPs *DW 4.83+2.99 9.34+2.25 -30.6 £ 16.3 415 nm

Pseudospherical

Spherical /

AgNPs **DMEM 4.88+2.22 8.34+1.50 -12.2+12.8 415 nm

Pseudospherical

*Deionized Water, **Dulbecco’s Modified Eagle Medium, M = Mean
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Figurel
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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