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Abstract

Doxorubicin is a widely used antineoplastic agent for the treatment of various types of
cancer. However, it is also a highly toxic drug because it induces the generation of
oxidative stress. Thus, the use of antioxidant molecules has been considered to reduce
the toxicity of doxorubicin. In this report, we investigated whether the use of chitosan-

glutathione (CH-GSH) nanopatrticles could reduce cell damage induced by doxorubicin



on breast cancer cells. CH-GSH NPs were characterized in size, Zeta potential,
concentration, and shape. When breast cancer cells were treated with CH-GSH
nanoparticles, these were localized in the cellular cytoplasm. Combined exposure of
doxorubicin and nanoparticle increased intracellular GSH levels while decreasing
reactive oxygen species and malondialdehyde levels. The antioxidant enzyme activity
was also decreased. Together our data suggest that the use of CH-GSH nanoparticles

can reduce the oxidative stress induced by doxorubicin on breast cancer cells.
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Introduction

Breast cancer is one of the leading health problems worldwide. Its incidence is
estimated at 11.6%, placing it among the first three types of cancer diagnosed in both
men and women [1]. Approximately half of the people diagnosed with breast cancer
usually presents recurrences even after treatment, and about one-third of these
patients die from the disease [2]. About 80 % of breast carcinomas are positive for
hormonal (progesterone and estrogen) receptors. These tumors are treated with drugs,
such as tamoxifen, that block estrogen-induced cell growth. Other breast tumors (about
15 %) express the epidermal growth factor receptor (HER2). These tumors are treated
with the monoclonal antibody trastuzumab, which is specific against HER2. The third
group of breast tumors does not express hormonal receptors nor HER2 and thus are
known as triple-negative. These tumors tend to be more aggressive, and their

treatment is based on the general inhibition of cell replication on all dividing cells [2].



Doxorubicin is a potent broad-spectrum antineoplastic agent belonging to the
anthracycline family, that is used for the treatment of various types of cancer, including
breast cancer. Its mechanism of action is associated with inhibition of cell replication
by binding to the enzyme topoisomerase Il and thus causing DNA alterations and
favoring the aging of cells [3]. Unfortunately, it also induces oxidative stress that can
affect both dividing and non-dividing cells [4]. As a consequence, doxorubicin can
trigger undesirable side effects due to general cell toxicity. Doxorubicin stimulates the

formation of free radicals and reactive oxygen species (02", H202, and *OH) through

Fenton chemistry reactions. Besides, this antineoplastic can activate the NADPH
oxidase and modify calcium metabolism [4]. There is a growing interest in finding ways
of reducing oxidative stress in tissues during doxorubicin treatment. A promising
approach is the use of antioxidant molecules [5,6]. In particular, glutathione (GSH) is
one of the primary endogenous antioxidants at the cellular level and is associated with
various events such as proliferation, apoptosis, and redox state regulation. It is
synthesized exclusively in the cell cytoplasm, once used and in its oxidized state, it
cannot be incorporated into the cell so it must be synthesized to keep the levels in an
optimal state [7]. Glutathione (GSH) is recognized as a critical antioxidant molecule for
cell protection from toxins, both endogenous and environmental, including several anti-

cancer cytotoxic drugs [8].

Transporting GSH and other agents to cells in order to reduce the toxic effects of anti-
cancer drugs requires the use of innovative delivery systems [9]. The use of
nanotechnology in cancer treatment represents a novel alternative to deliver agents to
cells, thanks to the physicochemical properties that many different types of

nanoparticles have [10]. Chitosan (CH), a natural polymer, has been used to create



nanoparticles that are ideal delivery systems because they are easy to produce, have
a shallow immunogenic profile, diffuse quickly into cells, and are biodegradable and
biocompatible [11]. Also, CH nanoparticles can easily interact with many other
molecules due to their chemical structure [11]. Chitosan nanoparticles have already
been reported to deliver molecules that can regulate events associated with

inflammation [12] and can sensitize cancer cells to X-ray radiation [13].

In this report, we explored the use of CH-GSH nanopatrticles to reduce the oxidative
stress induced by doxorubicin on two breast cancer cell lines. Combined exposure of
doxorubicin and CH-GSH nanoparticles increased intracellular GSH levels while
decreasing reactive oxygen species and malondialdehyde levels. The antioxidant
enzyme activity was also decreased. Our data suggest that the use of CH-GSH
nanoparticles can reduce the oxidative stress induced by doxorubicin on breast cancer

cells.

Results and Discussion

Chitosan (CH)-glutathione (GSH) nanoparticles were prepared according to the ionic
gelation method described in the experimental section. Nanoparticles were
characterized by measuring their size, polydispersion index (PDI), the Zeta potential,
concentration, and the percentage of GSH encapsulation (Table 1). Both CH-GSH
nanoparticles and CH-GSH nanoparticles labeled with rhodamine 123 had a size
between 100-150 nm. The particle size is an important parameter since it is assumed
that most nanoparticles can be transported into the cells by endocytosis [14]. The
polydispersion index indicated that both preparations of nanoparticles were

homogeneous suspensions. This argument was further supported by the Zeta



potential, which suggested that the nanoparticles remained in suspension without
precipitation [15]. The percentage of GSH encapsulation was 99.23%, indicating that
enough GSH was captured in the nanoparticles. Since GSH is very hydrophilic, it
cannot enter cells unless it is trapped inside a nanocarrier. Also, the characterization
of the nanopatrticles by transmission electron microscopy showed that most particles

were spherical (Figure 1).
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Figure 1: Image of Transmission electron microscopy of CH-GSH NPs

Table 1: Characterization results

Nanoparticles Size PDI Z potential | Amount of | Encapsulation
(nm) (mV) NP of GSH
(NPs/mL) (%)
CH-GSH NPs 147.1 0.246 15.2 3.718x10%° 99.23




CH-GSH NPs 129.8 0.264 23.2 5.343x101° 99.23

R-123

Internalization of nanoparticles by cells

Cells were exposed to two different concentrations of CH-GSH nanopatrticles labeled
with rhodamine-123 for 2 hours and subsequently stained with DAPI to differentiate
the nucleus. Two different breast cancer cell lines readily internalized the
nanoparticles, which accumulated in the cytoplasm near to the periphery of the
nucleus. As shown in Figure 2 (A and B), CH-GSH NPs are in the cytoplasm, in both
cell lines. We used two different concentrations of nanoparticles; however, no
significant differences were observed in the images obtained. It has been suggested
that the interaction of chitosan with cells may occur through two mechanisms [16]. The
first one consists of the interaction of positive charges of chitosan with the cellular
membrane, and the second one consists of the bind of chitosan with some membrane
receptor related to endocytosis. These mechanisms could be associated with the
intracellular translocation of CH-GSH NPs. The vectorization can also be favored by
the presence of the thiol group that can form disulfide bonds with glycoproteins in the

cell membrane, improving its uptake [17].
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Figure 2: Confocal microscopy images of cells exposed to a concentration of 1.8x108
NPs/mL (equal at 0.08 mM of GSH) and 1.4x10° NPs/mL (equal at 0.64 mM of GSH)

on time of 2 hrs, Untreated cells (NT). A) MCF-7 and B) MDA-MB-231 cells.

Intracellular and extracellular GSH concentrations

Once it was determined that the CH-GSH nanoparticles were internalized by cells, it
was essential to evaluate the delivery of GSH into the cells. Total intracellular and
extracellular GSH concentrations were determined in cells exposed to the
nanoparticles. Extracellular GSH was barely detectable in all conditions for MCF-7
cells (Figure 3B) and MDA-MB-231 cells (Figure 3D). This finding indicates that the
nanoparticles do not leak the GSH. Intracellular GSH concentration did not increase
with a low dose of nanoparticles compared with the control. However, with a higher
dose of nanoparticles, intracellular GSH increased somehow in MCF-7 cells (Figure
3A). For MDA-MB-231 cells, the nanoparticle treatment did not change the intracellular
concentration of GSH (Figure 3C). These results suggest differences in the

susceptibility of exposed cells by having available GSH content in the nanoparticles.



Probably even though the nanoparticles are inside the cells, GSH is not released
quickly. The exposure of CH-GSH NPs at a concentration of 1.8x108 does not modify
GSH intracellular levels compared to untreated cells (NT), this occurs in both cell lines.
However, exposure to the concentration of 1.4x10° increases GSH levels significantly

in MCF-7 cells.
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Figure 3: GSH intra and extracellular levels of cells exposed to doxorubicin for 12 hrs
and then 2 hrs with CH-GSH NPs. (A, B) MCF-7 and (C, D) MDA 231 cells. Bars with
equal letters indicate that there are no significant differences between the means

(Tukey test, p <0.05)

Exposing cells to doxorubicin increased significantly intracellular GSH concentration
(Figure 3). Since doxorubicin can activate the NADPH oxidase and induce the
formation of reactive oxygen species, the cell seems to respond by producing more
antioxidant GSH [18, 19].

Combined exposure to doxorubicin and CH-GSH nanoparticles increased GSH
concentration even more than exposure to doxorubicin alone. This increase was more
evident in MCF7 cells than in MDA-MB-231 cells (Figure 3). This finding suggests that
when cells have internalized CH-GSH nanoparticles and are treated with doxorubicin,
the nanoparticles become an additional source of the antioxidant GSH. Doxorubicin
modified intracellular GSH levels due to its mechanism of action associated with the
generation of reactive oxygen species [19]. The increase in GSH levels could be due
to the exposition to CH-GSH NPs, or the enhances of cytotoxic effects induced by

combinatorial exposure of doxorubicin and GSH mentioned in other works [20].

We quantified the extracellular GSH levels in the culture medium used in cells exposed
to doxorubicin and NPs. In Figure 3 (B, D) is shown that there are no significant
differences between extracellular GSH levels in any of the culture media for the
treatments and any cell lines used. The contrast between intracellular and extracellular
GSH values suggests the inclusion of nanoparticles and correlates with confocal

microscopy images and suggests the bioavailability of thiol contained in nanoparticles.



We observed differential cellular sensitivity to the exposure to the biological effects

induced by the nanoparticles and in combination with doxorubicin.

Malondialdehyde concentration

Malondialdehyde (MDA) is a final product of lipid oxidation. Thus, it is an indicator of
cellular damage due to oxidative stress [21]. Treating MCF7 cells with doxorubicin
resulted in a marked increase in malondialdehyde concentration (Figure 4A). A similar
result was observed in MDA-MB-231 cells (Figure 4B). Exposure of cells to the CH-
GSH nanoparticles did not change the basal concentration of malondialdehyde (Figure
4), indicating that the nanoparticles alone did not induce oxidative stress on the cells.
Combined exposure to doxorubicin and subsequently to CH-GSH nanopatrticles
resulted in a substantial reduction of malondialdehyde concentration (Figure 4). This

result indicates that CH-GSH nanoparticles offer a protective antioxidant effect.

A) B)

100 - 100 -

b
£ == €
i3
g s g o
S s
s S
o = 4
E 9 £ 60
I b
g g
=
.5 40 4 .5 40 4
) °
£ £
S 204 a S 20
a
0 0 1
T —
CH-GSH NPs 1.8x10° - CH-GSH NPs1.8x10° - - + - +
CH-GSH NPs1.4x10° . = & * 2 + CH.CSH NPaiAx10® _ ) ) & ) 5
Dox5pM + = = i ” Dox5puM _ 5 . _ 3 3

Figure 4: Malondialdehyde levels of cells exposed to doxorubicin for 12 hrs and then

2 hrs with CH-GSH NPs. A) MCF-7 and B) MDA 231 cells. Bars with equal letters
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indicate that there are no significant differences between the means (Tukey test, p

<0.05)

In Figure 4 (A, B), cells exposed to CH-GSH NPs maintained levels of malondialdehyde
significantly like untreated cells, while exposure to doxorubicin increased MDA levels
in both cell lines significantly. The GSH into NPs could interact directly with reactive
oxygen species and free radical or be used by antioxidant enzymes to reduce oxidative
stress produced by doxorubicin exposition [7]. We observed the effect in both cell lines,

and both concentrations of NPs tested.

On the other hand, cell lines such as MDA-MB-231 used to study the basal subtype
have shown to be metabolically more active, and have a better adaptive response to
drug treatments [22], so MCF-7 cells may be more sensitive to exposure to CH-GSH

NPs, as observed at intracellular GSH levels and now at MDA levels.

Measurement of reactive oxygen species

If the nanoparticles under study were able to modify the amount of intracellular GSH
and the number of species reactive to barbituric acid decreased significantly in the
combined exposures compared to doxorubicin alone. We decided to estimate the

amount of ROS using 2, 7 dichlorofluorescein diacetate (DCFDA).

In Figure 5 (A, B) is shown normalized results considering untreated cells as baseline
ROS levels. Cells exposed to CH-GSH nanoparticles did not change the amount of

basal showed ROS levels (Figure 5). As anticipated, cells exposed to doxorubicin had
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a higher amount of ROS (Figure 5). In contrast, the combined exposure to doxorubicin
and CH-GSH nanopatrticles resulted in a marked reduction of ROS levels (Figure 5),
implying that at the cellular level, modulator effects are modifying the amount of ROS
due to the exposure of CH-GSH nanopatrticles indeed induce a protective antioxidant

effect in cells exposed to doxorubicin.
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Figure 5: ROS levels fold increase compared to untreated cells. The cells were
exposed to doxorubicin for 12 hrs and then 2 hrs with CH-GSH NPs. A) MCF-7 and B)
MDA 231 cells. Bars with equal letters indicate that there are no significant differences

between the means (Tukey test, p <0.05)

Doxorubicin induces oxidative stress through the formation of radicals and ROS due
to the metabolic transformation of doxorubicin to doxorubicinol, which generates an
increase in the release of iron, producing free radicals through non-enzymatic

mechanisms associated with this metal [18].
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In addition to the GSH, NPs are made of chitosan, which in various works has been
reported to have antioxidant properties, due to its ability to provide ligand in the amino
and hydroxyl groups in position C-3 and C-2 and effective chelation of heavy metals
like Fe?* [23]. It has also reported that these groups may be responsible for the

entrapment of some free radicals [24].

The results suggested a higher sensitivity to the exposure of NPs of MCF-7 cells;
maybe due to cell line, some reports suggested an increase in metabolism associated
with redox pathways in triple-negative cells such as MDA-MB-231 compared to those

that are positive to estrogen receptors such as MCF-7 cells [22].

Catalase Activity

Catalase is the enzyme responsible for the degradation of H202 to H20. Thus, it has a
protective antioxidant effect in the cell. The basal activity of catalase in MCF-7 cells did
not change after exposing the cells to CH-GSH nanoparticles (Figure 6A). In contrast,
catalase activity in MDA-MB-231 cells was increased by exposing the cells to the
nanoparticles (Figure 6B). This variation in response reflects important metabolic
differences in both cell lines. Despite this, both cell lines presented a marked increase
in catalase activity after treatment with doxorubicin (Figure 6), which was inhibited by

the presence of the nanoparticles (Figure 6).
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Figure 6: Activity of Catalase. The cells were exposed to doxorubicin for 12 hrs and
then 2 hrs with CH-GSH NPs. (A) MCF-7 and (B) MDA 231 cells. Bars with equal letters
indicate that there are no significant differences between the means (Tukey test, p

<0.05)

We quantified the specific activity of catalase according to the technique of lwase [25].
In Figure 6, exposure of CH-GSH NPs only modified the activity of MDA-MB-231 cells,
while in MCF-7 cells, there is no difference in respect to untreated cells. However,
when cells exposed to doxorubicin and CH-GSH NPs, the activity is diminished
compared to doxorubicin-induced.

As previously observed, the GSH from NPs modified ROS levels, so the activity of
catalase could decrease for this reason. It has been reported in isolates of catalase
enzyme that the exposition with chitosan facilitates the binding covalently to the
enzyme; amino groups that are present in the chitosan immobilize or trap this enzyme

and modify its activity [26, 27].
14



Glutathione Peroxidase Activity

The method described by R. S. Esworthy was used to determine the activity of GPx
[28].

In Figure 7, we can observe that the enzyme activity only modified MDA-MB-231 cells
in a concentration of 1.8x108. When cells exposed to doxorubicin in combination with
CH-GSH NPs, the activity increase in levels like doxorubicin-induced in MCF-7 cells,

and the activity decreased in MDA-MB-231 cells.
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Figure 7: Glutathione Peroxidase activity. The cells were exposed to doxorubicin for
12 hrs and then 2 hrs with CH-GSH NPs. (A) MCF-7 and (B) MDA 231 cells. Bars with
equal letters indicate that there are no significant differences between the means

(Tukey test, p <0.05)
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The enzyme Glutathione peroxidase (GPx) is part of the intrinsic antioxidant
mechanisms of a cell, by reducing peroxides with the aid of GSH as a reducing agent
at the cellular level. The basal activity of glutathione peroxidase in MCF-7 cells did not
change after exposing the cells to CH-GSH nanopatrticles (Figure 7A). In contrast,
glutathione peroxidase activity in MDA-MB-231 cells was increased after exposing the
cells to a concentration of 1.8x108 nanoparticles (Figure 7B). Again, this variation in
response seems to reflect important metabolic differences in both cell lines. Both cell
lines presented a marked increase in glutathione peroxidase activity after treatment
with doxorubicin (Figure 7), which was not inhibited by the presence of the
nanoparticles in MCF-7 cells (Figure 7A). In contrast, the nanoparticles induced a
significant decrease in glutathione peroxidase activity in MDA-MB-231 cells after
treatment with doxorubicin (Figure 7B).

This selenium-dependent enzyme has the function of carrying out the detoxification of
hydrogen peroxide and endogenously formed hydroperoxides. The GPx reduces
peroxides by using GSH as a reducing agent, which is oxidized and converted into
disulfide glutathione (GSSG) and is later regenerated by the enzyme Glutathione
reductase (GRx) [29]. The decrease in activity may be due to the reduction in the
amount of ROS, and it is more evident in MDA-MB-231 cells that, as mentioned above

has a better response to modifications of the redox state.

Glutathione Reductase Activity

Glutathione (GSH) functions as a reducing agent during the elimination of peroxides
by being oxidized and converted into disulfide glutathione (GSSG). Later, the enzyme
glutathione reductase uses GSSG as a substrate to regenerate GSH [28]. Glutathione

reductase is induced under oxidative stress [30]. Thus, its activity is also indicative of

16



the antioxidant state of a cell. The basal activity of glutathione reductase in MCF-7 cells
and MDA-MB-231 cells did not change after exposing the cells to CH-GSH
nanoparticles (Figure 8). Both cell lines presented a marked increase in glutathione
peroxidase activity after treatment with doxorubicin, which was completely blocked in
the presence of the nanoparticles. The result suggested, the nanopatrticles induced a
decrease in the amount of ROS in the cell, and as a consequence, the cell did not

require the activation of glutathione peroxidase.
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Figure 8: Glutathione Reductase activity. The cells were exposed to doxorubicin for
12 hrs and then 2 hrs with CH-GSH NPs. (A) MCF-7 and (B) MDA 231 cells. Bars with
equal letters indicate that there are no significant differences between the means

(Tukey test, p <0.05)

MCF-7 cells showed increased sensitivity to the exposure of nanoparticles in
comparison with MDA 231 cells in the various tests performed. This finding may be
due to its metabolism, and it has reported that doxorubicin modifies the metabolism of

17



both cell lines by affecting more the metabolic profile of MDA-MB-231 cells than in
MCF7 cells, showing changes in ketonic bodies, glycolysis and in the energetic and
lipid metabolism [31, 32]. Also, MDA-M- 231 cells have a higher consumption of

glucose and upregulated of redox pathways in comparison with MCF-7 [33].

On the other hand, the observed effect may be due, as mentioned by some authors,
that combined exposure of nanoparticles with various agents enhance the
sensibilization of cells. Zelbielca et al. showed that combined exposure of
nanoparticles of doxorubicin/GSH has higher cytotoxic effects than free doxorubicin in
feline fibrosarcoma cell lines [20]. In a study in MCF-7 cells with metallic nanoparticles
and radiation, there was a higher effect on the combination exposure, acting
nanoparticles as nano-sensitizers [34]. Suganya et al. suggest that gold nanoparticles
act as sensitizing agents in MDA-MB-231 and MCF-7 cells, modifying cell-cycle
effects, viability, and DNA damage [35]. Alvandifar et al. used a combined exposition
of PLGA and verapamil nanoparticles to improve the effectiveness of this
chemotherapeutic and decrease the dose to have higher effects. These results
suggest that the combined exposure of nanoparticles and this chemotherapeutic
increase the expression of BAX and reduce levels of BCL2, suggesting that the
nanoparticles' advantage is that they decrease the resistance of MDA 231 cells to this

type of drugs [36].

Conclusion

The results obtained suggest that CH-GSH NPs modulate the cellular redox state,

reducing the oxidative stress generated by the exposure of doxorubicin. There was

18



also a higher sensitivity of MCF-7 cells to CH-GSH NPs compared to MDA-MB-231
cells; this may be due to the genotypic characteristics of each cell. However, more
studies are required to understand the effect of exposure of CH-GSH-NPS on other
cellular events associated with the mechanisms of action of doxorubicin like apoptosis
and cell proliferation. In the future, CH-GSH NPs could serve as adjuvants to modify

the toxic effects generated by this antineoplastic in the treatment of cancer.

Experimental

Preparation and characterization of nanoparticles

Chitosan-glutathione (CH-GSH) nanoparticles were prepared by the ionic gelation
technique, as previously described [37]. CH-GSH nanoparticles were also coupled to
rhodamine-123 at a concentration of 0.5 mg/ml in methanol, for confocal microscopy
analysis. Then, nanoparticles were characterized, in concentration, size, and zeta
potential using the equipment Nanosight and Zetasizer from Malvern instrument.
Quantification of encapsulated GSH was determined indirectly by the DTNB technique
at a wavelength of 425 nm [38]. Finally, were observed the shape of CH-GSH

nanoparticles through transmission electron microscopy.

Cell lines and culturing

The breast cancer cell lines MCF-7 (ATCC HTB-22) and MDA-MB-231 (ATCC HTB-
26) were used. MCF-7 cells are positive for functional estrogen receptors, and MDA-
MB-231 cells are negative for estrogen receptor, progesterone receptor, and E-
cadherin. Cells were cultured in DMEM medium, supplemented with 12% fetal bovine

serum (FSB), at 37°C in a 5% CO: incubator. Cells were cultured in either 24-well or

19



6-well tissue culture plates until they were confluent before performing the various

assays described next

Confocal microscopy analysis

Nanoparticles coupled to rhodamine-123 were added to MCF-7 and MDA-MB-231
cells, two concentrations of nanoparticles were used 1.8x108 nanoparticles/ml
(equivalent to 0.08 mM GSH) and 1.4x10° nanoparticles/ml (equivalent to 0.64 mM
GSH) for 2 hours. Then, cells were washed with PBS, fixed with 3% paraformaldehyde,
and stained with DAPI (0.1pg/ml). Finally, cells were observed with a confocal

microscopy LSM Zeiss 800.

Intracellular and extracellular GSH concentrations

Confluent cells cultured in 6-well plates were scraped and placed in 100pl lysis buffer
(0.1% Triton, 5 mM EDTA, 1 mM PMSF). Cells were centrifuged at 13 000 rpm, 10 min
4°C and cell lysate transferred to a clean tube. The amount of total protein in cell
lysates was determined according to Bradford's method [39].

The concentration extracellular of GSH was measured indirectly using the culture
medium of the cells that were treated with nanoparticles. The concentration of
intracellular and extracellular GSH was determined with the 2,2-dithiobisnitrobenzoic
acid (DTNB) assay [38]. This assay is based on the reaction of GSH with DTNB,
forming a yellow adduct product (GS-TNB), that can be read spectrophotometrically at

a wavelength of 425 nm.
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Malondialdehyde concentration

Malondialdehyde concentration was determined with the thiobarbituric acid reactive
species (TBARS) assay [21], with some modifications. Thiobarbituric acid was added
to the samples at a concentration of 0.67%, and then samples were incubated at 90°C
for 30 min. This assay is based on the reaction of malondialdehyde with thiobarbituric
acid to form a pink adduct product. The product can be read spectrophotometrically at

a wavelength of 540 nm.

Measurement of reactive oxygen species

Detection of reactive oxygen species was performed with the 2, 7 dichlorofluorescein
diacetate (DCFDA) assay [40], with some modifications. DCFDA was added to the
cells at a concentration of 5 yM and then cells were incubated for 15 min at 37 ° C. In
the presence of reactive oxygen species and other peroxides, DCFDA is oxidized to
2,7-dichlorofluorescein (DCF), a fluorescent product that can be detected with a

fluorometer at excitation light Aex = 488 nm and emission light Aem = 525 nm.

Catalase activity

Catalase (Cat) activity was estimated as previously reported [25]. Briefly, samples with
catalase in 200 pL of a reaction medium containing triton x-100 (1%) and PBS were
incubated at 37°C for 15 minutes, and then 100 pL of a 30% H20:2 solution were added.
The enzyme-generated oxygen bubbles trapped by triton X-100 were visualized as
foam, whose height was estimated. A calibration generated with known catalase
activity units is used to interpolate the foam height and estimate the catalase activity

in each sample.
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Glutathione Peroxidase activity

The activity of the enzyme glutathione peroxidase (GPx) was estimated as previously
reported [28]. The technique is based on the measurement of the decrease in
absorption of NADPH by a coupled reaction with the GPx. The GPx uses GSH to
convert H202 to H20. As a result, GSSG produced is regenerated by GRx with the

conversion of NADPH to NADP*. A wavelength of 340 nm is used for the reading.

Glutathione Reductase Activity

The activity of the enzyme glutathione reductase (GRx) was estimated as previously
reported [41]. Confluent cells cultured in 6-well plates were scraped and placed in 100
pl lysis buffer (0.1% Triton, 5 mM EDTA, 1mM PMSF). Cells were centrifuged at 13000
rpm, 10 min, 4°C, and cell lysate transferred to a clean tube. The activity of glutathione
reductase results in the reduction of the oxidized form of glutathione, disulfide
glutathione (GSSG), to reduced glutathione. Since this reaction is coupled to the
oxidation of NADPH, and NADPH absorbs light at 340 nm, a decrease in absorbance

reflects its oxidation.

Statistical analysis

Results were analyzed using a one-way analysis of variance (ANOVA), followed by
multiple comparisons of means according to the Tukey statistical test, considering a

significant difference at p<0.05.
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