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ABSTRACT
There is interest in the use of nanomaterials as drug delivery vehicles or diagnostic systems, able to modulate cellular

responses, which can be easily altered by many factors. Nanoparticles made of chitosan are considered suitable drug

carriers due to their biocompatible properties; on the other hand, glutathione plays an essential role in the

modulation of the redox balance into the cell. Glutathione is the major intracellular antioxidant, with many essential

signaling functions. The depletion of this tripeptide activates several ways implied on the modulation of redox status

that could lead to oxidative stress. Considering the activity of glutathione in various cellular events and the fact that

its synthesis is only generated at the cytoplasmic level, the purpose of this work is to evaluate the ability of

nanoparticles prepared with chitosan and glutathione to modulate redox cell responses on mouse liver cells (AML-12)

exposed to L-Buthionine Sulfoximine (BSO) an inhibitor of the glutathione synthesis. Chitosan-glutathione

nanoparticles were manufactured by ionic gelation then characterized by Transmission Electron Microscopy (TEM),

Dynamic Light Scattering (DLS), and Z potential. The intracellular localization and cytotoxicity nanoparticles were

evaluated by confocal microscopy and MTT assays, respectively. The ability to incorporate glutathione was

determined through the intracellular GSH content assay, modulating the expression of the transcription factor Nrf2

and the antioxidant enzyme gene associated with glutathione Grx-1, was quantified using quantitative real-time PCR.

The results showed nanoparticles into the cells and an increase of thiol content where nanoparticles were present, as

well as an increase of the expression of Nrf2 and Grx-1 in a dose-dependent manner.
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INTRODUCTION
Glutathione (GSH) is considered the most abundant thiol-
containing molecule in animal cells and plays several roles in 
cellular function, which has been extensively reviewed and 
includes drug detoxification [1], amino acid transport [2], 
antioxidant defense [3], redox signalling [4], storage of cysteine 
via the -glutamyl cycle [5], and regulation of growth and 
death[6]. GSH is synthesized in the cytoplasm of all animal cells 
from the amino acids L-glutamine, L-cysteine, and L-glycine in 

two subsequent reactions catalyzed by γ-Glutamyl Cysteine Ligase 
(GCL) in the first-rate limiting step and GSH Synthase in the 
second step [7]. Buthionine sulfoximine binds to GCL, blocking 
GSH synthesis, leading to depletion of intracellular GSH [8–10], 
there are others ways to cause GSH depletion, they include drug 
metabolism like the case of acetaminophen an antipyretic drug 
mainly used around the world. When hepatic cells are exposed to 
acute concentrations of acetaminophen [11], GSH conjugation 
with the metabolites leads to a depletion of GSH reserves [12] 
and N-acetylcysteine administration has been shown a good 
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temperature, then placed into the microscope by and analyzed
by using a tungsten filament HV at 100 kV.

Determination of free thiol group content in
nanoparticles

The number of free thiol groups in CS-GSH nanoparticles was
measured spectrophotometrically using Elman’s reagent (5,5’‐
dithio‐bis‐(2‐nitrobenzoic acid) [17]. Briefly, the sample into the
solution was diluted 1:10, and 10 µL were added to 190 µL of
reaction buffer (1 M phosphate buffer pH 8.0 and of 6 mM
Ellman’s reagent) in a 96-well plate incubate for 15 minutes at
37°C. Then, the absorbance was measured at 450 nm with a
microplate reader (MRC scientific instruments, London, UK).
The total amount of sulfhydryl groups in CS-GSH nanoparticles
was represented by the addition of reduced free thiol groups and
oxidized thiol groups in the form of disulfide bonds.

Entrapment and loading efficiencies of CS-GSH
nanoparticles

Entrapment Efficiencies (EE) and Loading Efficiencies (LE) of
CS-GSH nanoparticles were determined by separation of
supernatant from nanoparticle suspensions by
ultracentrifugation of the nanoparticle suspension at 42000 x g
for 60 min (Optima-XL-100K-Beckman Coulter, Brea, CA.,
USA). The content of thiol groups entrapped within the
nanoparticles was determined by the relation between the
measuring of non-entrapped thiol groups in the supernatant.

The EE and LE of the CS-GSH nanoparticles were calculated
using the following equations:

Preparation of FITC-CS and Rhodamine-CS
nanoparticles

LMW chitosan was dissolved in 1% v/v aqueous acetic acid to 
prepare a 0.3% w/v chitosan solution. Then 1 mL of FITC in 
methanol (0.5 mg/mL) was added to 20 mL of chitosan solution 
under stirring. The mixture was stirred for 3 h in the dark at 
room temperature, then TPP (1:1 v/v) solution was quickly 
added to the labeled chitosan, the reaction was carried out for 2 
hours, and the resulting suspension was centrifuged 42 000 x g, 
during 1 h to remove free FITC, passed through a 0.22 µm 
syringe filter aseptically and stored at 4°C. Rhodamine-NP were 
prepared following the procedure described above, adding 0.5 
mg/mL of Rhodamine 123 instead of FITC.

Cell culture

AML-12 cells, derived from mouse liver, were cultured in 
DMEM (Corning, NY., USA) medium supplemented with 10%
FBS (Biowest-BW, MO., USA), 1% penicillin-streptomycin
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antidote [13,14]. In the last years, nanotechnology has facilitated 
the generation of new dosage forms more accurately and 
efficiently. One important application is the use of nanoparticles 
for the internalization of exogenous substances into the cell to 
modulate a biological responses; thiolate nanoparticles have been 
developed before by using glutathione [15–19], and others 
molecules with thiol groups [20–24], these nanoparticles made of 
chitosan have shown mucoadhesive properties with potential 
application as excipient for drug delivery systems and GSH 
delivery and as nanostructured systems they are useful in the 
treatment of breast cancer as a complement to radiotherapy 
[25-27]. Here, we explored the use of chitosan nanoparticles 
loaded with GSH to restore cellular GSH pool in cells treated 
with BSO. We present evidence that chitosan-GSH nanoparticles 
could compensate for the cellular viability after BSO treatment.

MATERIALS AND METHODS

Chemicals and reagents

Low Molecular Weight (LMW) Chitosan (CS) derived from crab 
shell, Fluorescein-5- isothiocyanate (FITC), Rhodamine 123, 
Reduced Glutathione (GSH), Sodium Tripolyphosphate (TPP), 
Glacial Acetic Acid, sodium hydroxide, Thiazolyl Blue 
Tetrazolium Bromide (MTT), N-Acetylcysteine (NAC), L-
buthionine-sulfoximine and all other analytical grade chemicals 
were purchased from Sigma-Aldrich, St Louis MO, USA.

Preparation of chitosan-glutathione nanoparticles

Chitosan-glutathione (CS-GSH) nanoparticles were prepared by 
ionic gelation method [15,16] by using sodium Tripolyphosphate 
(TPP) anions with some modifications as follows. Briefly, LMW 
chitosan was dissolved in aqueous acetic acid (1% v/v) at the 
concentration of 0.3 % w/v. Chitosan solution was stirred at 
room temperature; then pH of the resulting solution was 
adjusted to 4.0 – 4.2 using sodium hydroxide solution 10 N. On 
the other hand, TPP was dissolved in ultrapure water at a 
concentration of 0.1 %. GSH was added to chitosan solution 
(0.01 g/mL) and stirred at room temperature for 60 minutes; 
after that, TPP (1:1 v/v) solution was quickly added to the CS-
GSH solution. The reaction last 60 minutes more, and the 
resulting suspension was filtered through a 0.22 µm sterile 
syringe filter and stored at 4 °C.

Size measurement of CS-GSH nanoparticles

The average particle size, particle size distribution, and 
polydispersity index (PDI) of the nanoparticles were measured at 
25°C by DLS on a high-performance particle sizer, Zeta sizer 
Nano (Malvern Instruments, MA, USA). Mean values were 
obtained from the analysis of three different batches, each of 
them measured three times.

Transmission Electronic Microscopy analysis (TEM)

TEM analyses evaluated the size and morphology of CS-GSH 
nanoparticles. Nanoparticle samples were prepared by putting 
the nanoparticles on a copper grid and left to dry at room
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Intracellular and extracellular thiol content

Total intracellular and extracellular thiol content was 
determined with Ellman’s reagent. After exposure, cells were 
harvested and homogenized in lysis buffer (0.1% Triton X-100, 
100 mM PMSF, 5 mM EDTA in PBS pH 7.4), culture media was 
employed to determine extracellular glutathione; in both cases, 
protein interference was avoided by sulfosalicylic acid at 5%
protein precipitation and centrifugation at 13,500 g. 
Supernatants were treated with Ellman’s reagent, which reacts 
with free sulfhydryl groups forming a yellow compound, and this 
was quantified at 450 nm using a microplate reader.

Total RNA isolation and cDNA synthesis
Cells were cultured in 6-well plates and exposed as the previous 
description at the end of the treatment; RNA was extracted 
using TRIzol (Invitrogen, Carlsbad, CA., USA). The 
concentration of the extracted RNA was determined by 
absorbance at 240 nm. Purity was estimated by 260/280 and 
260/230 ratio. The integrity of RNA was visualized on 1%
agarose gel and imagined on a UV transilluminator (Bio-Rad, 
Hercules CA, USA). One microgram of total RNA was reverse-
transcribed to cDNA using M-MLV reverse transcriptase 
(Invitrogen Carlsbad, CA, USA) and oligo (dT) primers 
(Promega, Madison, USA) according to the manufacturer's 
protocol.

The quantitative real-time PCR analysis
Quantitative real-time PCR (qPCR) was performed as follows. 
Each reaction consists of 5 μL of Kapa SYBR FAST (Kapa 
Biosystems, Woburn, MA., USA), 3 μL of cDNA, and water to a 
final volume of 10 μL. Real-time PCR cycle conditions were 
denaturation 10 min at 95°C followed by 30 cycles of 
denaturalization at 95°C for 30 sec, annealing at 60°C for 30 sec 
and elongation at 72°C for 30 sec. The specific primers 
sequences for each antioxidant genes were the following:

The amplicons were verified by electrophoresis on a 2% agarose 
gel and visualized on a UV transilluminator. Expressions of 
selected genes were normalized to beta-actin (ACTB) gene (Table 
1), which was used as an internal housekeeping control. All the 
qPCR experiments were performed by triplicated and data 
expressed as the mean of at least three independent 
experiments.

GEN ACCESSION SENSE 5’ à 3’ ANTISENSE
5’à 3’

ACTB NM_007393.5 CCAGGTCAT
CACTATTGG
CAACGAG

TCACACTGC
AACTGTTAG
GCATTTCT

Nr-f2 NM_010902.4 TACTCCAGG
TTGCCACAT
T

ACTCAGCGA
ACGGGACCT
AT

Olmos SP, et al.

(Corning, NY., USA), and incubate at culture conditions 95 %
O2, 5% CO2,37 °C and propagate until 85% confluence.

Culture treatments

To evaluate the effect of CS-GSH nanoparticles on cells with 
GSH depletion using BSO; confluent cells were exposed to BSO 
20 mM during 18 hours then two amounts of nanoparticles 
were added [0.12 µmol GSH /g NP (NP1) and 1.2 µmol GSH /g 
NP (NP2)] for six hours more to complete a 24 hours treatment, 
in the other hand we have cells exposed to BSO 20 mM, but 
instead of chitosan-glutathione (CS-GSH) nanoparticles we 
added NAC 5 mM. Additionally, controls of each treatment 
were assayed, and negative control, which means cells without 
treatment.

Confocal microscopy

Uptake of CS nanoparticles was visualized under a confocal 
laser scanning electron microscope Olympus, FV1000 (Center 
Valley, PA., USA). AML-12 cells were grown on #1 thickness 
glass coverslips in 60 x 15-mm Petri dishes with a density of 50 
000 cells in 1.5 mL of culture medium. After 24 h, the medium 
was removed, and the cells were exposed to Rhodamine-NP or 
FITC-NP for 6 h. The cells were washed twice with PBS before 
fixation with 4% paraformaldehyde.

FITC-CS NPs were detected at 488/536–624 nm; excitation/
emission. The cell nucleus was stained for nucleic acids with 
propidium iodide (PI; 1 mM). PI fluorescence was detected at a 
lower range of 535/617 nm to distinguish the fluorescence 
contributed by FITC confidently.

FITC- NP were detected at 488/536–624 nm; excitation/
emission. The cell nucleus was stained for nucleic acids with 
propidium iodide (PI; 1 mM). PI fluorescence was detected at 
535 nm/617 nm; ex/em.

Rhodamine-NP was detected at 511/534 nm; excitation/
emission. The cell nuclei were stained for nucleic acids with 
DAPI 2 mM (4, 6- Diamidino-2-Phenylindole Dihydrochloride), 
DAPI fluorescence was detected at 385/400–480 nm; 
excitation/emission. The results are representative of 3 
independent experiments conducted on different days.

MTT Assay

The metabolic probe MTT assay tested the viability of cells after 
treatments. MTT evaluates mitochondrial function by measuring 
the ability of viable cells to reduce MTT into a blue formazan 
product. 1×104 cells/well were seeded in 24-well plates and 
exposed as previously described. Hydrogen peroxide was used as 
positive control. After the exposure, the medium was removed 
from each well, and cells washed with PSB 1x two times to avoid 
interference. The resulting formazan product was dissolved in 
acidified isopropanol. Further, 100 μL was transferred into 96-
well plate, and absorbance was measured at 570 nm using a 
microplate reader.

Grx-1 XM_006517477.
1

TGGAGAAAG
AGGGAAGAA
ATCCTCAGT
CA

TATCCGCCT
ACGTCACTA
GATTAGAGG
T

Table 1. Sequences of primers used in qrt-pcr. J Drug Metab Toxicol, Vol.13 Iss.1 No:1000266
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Statistical analysis

Each assay was performed in triplicate. We reported the means ± 
SE, and significance was assessed by a one-way ANOVA, 
followed by Tukey multiple mean comparison tests as indicated 
in each case. A P value of <0.05 was considered significant in all 
cases.

RESULTS AND DISCUSSION
Manufacturing and physicochemical properties of

CS-GSH nanoparticles

CS-GSH nanoparticles were prepared and physicochemical 
characterized. They were manufactured trough the cross-linking 
process induced by the electrostatic interactions between 
chitosan and TPP, resulting in a Polydispersity Index (PDI) less 
than 0.3, which indicates that a homogeneous dispersion of CS-
GSH nanoparticles was obtained. PDI describes the particle size 
distribution of the nanoparticles, values close to 0 exhibited a 
homogeneous dispersion, while those greater 0.3 showed high 
heterogeneity [28]. The Z potential of the chitosan-GSH 
nanoparticles reflects the density of the surface charge, and it is 
influenced by the composition of the particles and the medium 
in which they are dispersed [29]. In aqueous solution, chitosan 
changes and its conformation become more flexible even with 
the presence of TPP; the overall surface charge becomes positive 
in the nanoparticles obtained (64.55mV) (Table 2). The Z 
potential is higher than ±30 mV, suggesting that the 
nanoparticles are stable, preventing their aggregation in 
suspension due to the repulsion of surface charge.

Z Potential Size PDI

(mV) (nm)

64.55 182.2 0.258

Cellular uptake

Confocal microscopy was employed to know the location of the 
nanoparticles. The results obtained showed nanoparticles in the 
nuclei after 6 hours of exposure to FITC-NP and Rhodamine-
NP (Figures 2 and ). The presence of both labeled NPs was 
observed inside the cells. These results suggest that 
nanoparticles permeate the cellular membrane and enter the cell 
reaching the nuclei.
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TEM analysis confirmed the presence of spherical nanoparticles 
and revealed their morphological properties. TEM images of CS-
GSH nanoparticles prepared under the optimized conditions 
can be observed in (Figure 1). Nanoparticles showed a dense in a  
structure that ranged from approximately 140 to 290 nm, which 
is the range of particle size obtained from DLS. Variations can 
be explained because, in TEM measures, the particles are dried 
during sample preparation, DLS measures the hydrodynamic 
particle size.

4
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Figure 2. Nanoparticle cellular uptake on AML-12 nuclei cells 
stained with DAPI and -Rhodamine-NP after 6 h using 
confocal microscopy. From left to right, cell nuclei stained 
with DAPI (a), rhodamine fluorescence (b), and the merged 
image (c). Rhodamine 123-NP are around the nuclei.

Figure 3. Nanoparticle cellular uptake on AML-12 cells 
stained with PI, FITC-NP after 6 h using confocal 
microscopy. From left to right, cell nuclei stained with 
PI (a), fluorescein fluorescence (b), and the merged 
image(c). FITC-NP are distributed into the nuclei.

Table 2. Physicochemical properties of cs-gsh nanoparticles.

Figure 1. TEM of chitosan-GSH nanoparticles.

Several studies have established the ability of nanoparticles of 
chitosan to modulate the permeability of tight junctions in 
epithelial absorption functions[30–32], increasing the 
possibility to let particles small enough to go from the nasal 
cavity or the alveolar sacs into the circulation[31,33]. These 
properties have been attributed to the positive charges present 
on its surface[34], which facilitates enter the cells and release 
molecules of therapeutic interest too. The cationic profile on 
the surface of these nanoparticles offers the possibility of 
interaction with glycoproteins and helps nanoparticles enter 
the cell via endocytosis[32].

MTT viability assay

Assessment of AML-12 cell viability was performed using MTT 
assay, according to the treatment described above. Chitosan-
GSH nanoparticles evaluated in two logarithmic concentrations 
showed dose-dependent effects in the cells. All treatments 
showed a decrease in cell viability respect to the control except 
for the BSO with NP2 treatment in which no significant 
reduction in cell viability was observed (Figure 4). Additionally, 
reduction in viability was less pronounced in those cells treated 
with antioxidants such as NAC and CS-GSH nanoparticles;  

J Drug Metab Toxicol, Vol.13 Iss.1 No:1000266
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The combined exposure of BSO and NAC shows sensitivity 
dependent on the thiol response in cells by inhibiting the 
synthesis of GSH. We observed in the cultures treated with BSO 
and NAC intracellular thiol values lower than the control 
cultures. On the other side, NP1 and NP2 moderately restored 
the thiol content when BSO inhibited the synthesis of GSH in 
the cultures.

Extracellular thiol content was higher in cells treated with NAC 
and lower on cells treated with nanoparticles. We could observe 
that in the cultures treated with NAC, the values of extracellular 
thiol content were up to 100 nmol/1x105cells/mL, suggesting 
that NAC did not enter the cell and stayed in the culture media. 
NAC is a compound containing a free thiol group which reacts 
with Ellman's reagent and forms a colorful complex quickly [39].

The basal extracellular thiol content decreases in the cells 
treated with nanoparticles, suggesting possible thiol transport 
from the media to the cell by nanoparticles and a redox reaction 
of thiols.

As we know, GSH is a vital intracellular antioxidant 
that participates in the removal of reactive species such as 
hydroxyls, peroxyls, and endogenous and exogenous (from 
xenobiotics) substrates of P450 enzymes. It acts as a redox buffer 
in the cells, and it is responsible for the overall highly reduced 
environment[38]. Cellular regulation of the glutathione system is 
complex and involves sophisticated signaling networks not 
entirely understood. Thus, several different signals and 
mechanisms working alone or together, many signaling ways 
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after treatment with BSO cells treated with NP2 showed a 
restore cell viability. Like other materials, chitosan in the 
macroscopic scale is biocompatible and harmless, but chitosan 
nanoparticles might modify cell viability (Figure 4). There are 
pieces of evidence about the cytotoxic profiles of chitosan 
nanoparticles, depending on the properties of the material used 
in the synthesis, nanoparticle size, the chitosan molecular 
weight, and cell type [35]. It has been shown that nanoparticles 
between 110-390 nm prepared with chitosan with molecular 
weights between 10 kDa -213 kDa and 46%-88% degree of 
acetylation, showed cytotoxicity profiles in A549 cells [36,37]. 
When cells were exposed to BSO, viability decreased similarly 
compared to cultures exposed to H2O2. However, when cells 
were exposed to BSO and nanoparticles, viability was 
significantly restored by using the highest dose of nanoparticles 
(NP2. Naturally, there is a difference between the extra- and 
intra-cellular redox environments; the glutathione and thiol 
system is one of the most important cellular antioxidant systems 
and acts as the primary redox buffer in the cells, it is responsible 
for the reduced environment [38]. So, an excess of cysteine and 
thiol leads to an unbalance between the extra- and intra-cellular 
redox-environments and could bring several effects for cells, 
which might be related to the decreased cellular viability 
observed when they were treated with NAC, and those pre-
treated with BSO and then with NAC.

Figure 4. Cell viability of AML-12 cells after 24 h of 
exposure. The control was untreated cells, and 50 µM H2O2 
was used as the positive control. Bars represent the 
average ± SE of triplicated separated experiments. Data were 
analyzed using ANOVA and Tukey multiple means 
comparison; different letters indicate statistically significant 
results (p≤ 0.05).
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Figure 5. Intracellular thiol content in AML-12 cells (clear 
bars) after exposure to BSO 20 mM, NAC 5 mM, NP1 and 
NP2, and extracellular thiol content (dark bars). The values 
are the average of three separate experiments. Data were 
analyzed using ANOVA and Tukey multiple mean 
comparison; different letters indicate statistically significant 
results, red for extracellular and black for intracellular (p≤ 
0.05).

Thiol content

The thiol content was determined intra and extracellularly to 
investigate the effectiveness of CS-GSH nanoparticles to 
transport GSH into the cells. The results showed higher amount 
of free thiol on extracellular space than to the intracellular, 
except for the NP2 treatment, in that case, intracellular thiol 
was higher than extracellular thiol; another important 
observation was in the group treated with BSO and NP2 we 
could notice that intracellular thiol content is significantly 
higher respect to the control and BSO exposed cultures (Figure 
5).



BSO pre-treatment also induces mRNA expression of Nrf2 and 
Grx-1 in the same way; this may be due to the function of Nrf2, 
which orchestrates a transcriptional program in response to 
micro environmental challenges caused by oxidants, 
electrophiles, and pro-inflammatory agents, allowing adaptation 
and survival under stress conditions [45]. Nrf2 system regulates 
the synthesis of a large number of diverse detoxification, 
antioxidant, and anti-inflammatory molecules, with essential 
roles in cell metabolism, placing Nrf2 at the interface of redox 
and intermediary metabolism[45,46]. Redox regulation involves 
a variety of complex signaling networks where the 
concentrations of cellular thiols and ROS play a crucial role; 
although glutathione is stable inside the cell, it can be easily 
Hydrolyzed by ɣ-L-Glutamyl Transpeptidase (GGT) and 
Dipeptidase (DP) during export or in the extracellular region so; 
SH group of glutathione could be conjugate with many different 
molecules which may include several transcriptional factors 
involved in redox signaling. In other ways, polymers like 
chitosan showed positive effects on the expression levels of 
enzymatic antioxidants enhancing the mRNA expression of 
SOD-1, GST and reduced the NF-kB activation under H2O2 in 
a concentration-dependent manner on Chang liver cells and 
BV-2 cells [47,48].

Deliver GSH systems has pharmacological and 
clinical importance due redox-sensitivity of the bio-reducible 
linkers containing thiols because they can be used on the drug 
delivery system to incorporate and passes from the poorly 
reducing extra-cellular environments to the actively reducing 
intra-cellular compartments. This phenomenon has been used 
for many drug carriers to provide a mechanism of 
biodegradation. However, successful therapeutic applications 
should mostly investigate. Concluding, Chitosan-glutathione 
nanoparticles could enter the cells and counteract the depletion 
of GSH caused by BSO in AML-2 cells.
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increases the complexity and add difficulties to understand 
redox control and associated processes. In humans, the 
reduction of cellular GSH levels is associated with oxidative 
stress diseases and aging [40–42]. GSH is not imported into cells 
[14]; then, CS-GSH nanoparticles offer the opportunity to 
introduce GSH into the cells and improve the release of many 
drugs of therapeutic interest [43,44].

On the other hand, CS-GSH nanoparticles elevated the levels of 
intracellular thiols without a significant increase in cytotoxicity 
in a dose-dependent manner, the highest dose of CS-GSH 
nanoparticles (NP2) was able to improve cell viability after BSO 
treatment.

Analysis of expression

The Nrf2 and GRx-1 mRNA expression results are plotted in 
(Figures 6 and 7), respectively. The results showed an increase in  
Nrf2 expression in cells treated with NP1, suggesting that NAC 
and the nanoparticles (NP1 and NP2) can enhance or promote 
Nrf2 expression contrary to BSO treatment; however, BSO 
triggered mRNA expression of Grx-1; interestingly, a similar 
effect was also observed in PC12 cells [9]. When the cells were 
exposed first to BSO, and then with nanoparticles in all cases is 
observed a relationship between the increase of the gene 
expression with the amount of CS-GSH nanoparticles and 
moderately with NAC, although the results were not statistically 
significant. When the effect of BSO modified the oxide 
reduction state and then nanoparticles were added to the 
cultures, the gene response associated with the expression of 
NRf2 was increased. The combined effect of BSO-NAC in 
cultures on NRf2 and GRx-1 confirms the cellular sensitivity of 
this factor concerning to redox modulation.

J Drug Metab Toxicol, Vol.13 Iss.1 No:1000266 6

Figure 6. Nrf2 mRNA expression in AML-12 cells after 
exposure to BSO 20 mM, NAC 5 mM, and CS-GSH

Figure 7. GRx-1 mRNA expression in AML-12 cells after 
exposure to BSO 20 mM, NAC 5 mM, and CS-GSH 
nanoparticles compared with control cells. Change values 
were calculated using the 2∆∆Ct method using the β-actin 
gene. Values are the average of three independent 
experiments. Bars represent mean ± SE of triplicated 
experiments. Data were analyzed using ANOVA and Tukey 
multiple means comparison. Different letters indicate 
statistically significant results (p≤ 0.05).

nanoparticles compared with control treatment. Change values 
were calculated using the 2∆∆Ct method, using the β-actin 
gene. Values are the average of three independent experiments. 
Bars represent mean ± SE of triplicated experiments. Data were 
analyzed using ANOVA and Tukey multiple means 
comparison;  different letters indicate statistically significant 
results (p≤ 0.05).
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 The results showed nanoparticles into the cells and an increase 
of thiol content where nanoparticles were present, as well as an 
increase of the expression of Nrf2 and Grx-1in a dose-dependent 
manner. The results obtained in this work are important 
and open a broad panorama in the study of the associated 
redox signaling pathways, where glutathione exerts significant 
modulating events that can modify various cellular responses 
associated with cytotoxicity.
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