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The use of nanometric systems to deliver biologically active substances is a successful tool in different fields. 
In this study, we investigated nanometric systems with antioxidant capacity to modulate events associated with 
the redox state in human chondrocytes. We used nanoparticles (NPs) prepared with chitosan and glutathione 
(GSH) and an in vitro model: primary cultures of human chondrocytes were extracted from hyaline cartilage. 
The cells were exposed to CdCl2 in the presence or absence of NPs. CdCl2 is a widely known oxidizing agent. 
Fluorescence and confocal microscopy showed the location of the NPs within the cells. The results obtained 
showed that the NPs did not significantly affect cell viability. We studied the antioxidant capacity of the NPs 
by estimating the GSH, TBARs, and Cell Rox content and the enzymatic activity of glutathione peroxidase 
(GPx). In vitro assays showed that GSH levels, GPx activity and reactive oxygen species (Cell Rox) levels were 
modified with both concentrations of NPs, while lipoperoxidation (TBARs) decreased when cells exposed to 
CdCl2 were in contact with the NPs. All these results suggest the ability of NPs to modulate the cell redox state 
in a dose-dependent manner.

1. Introduction
Oxidative stress has been suggested to be involved in several 
pathological processes in which an imbalance exists between 
oxidants and antioxidants at the cellular level, and these effects are 
related to the production of reactive oxygen species (ROS) and free 
radicals, which damage proteins, lipids, and nucleic acids.
Osteoarthritis and osteoarthrosis are degenerative, progressive and 
disabling diseases of the articular cartilage associated with oxidative 
stress. This disease is accompanied by changes in underlying bone and 
soft tissue and is primarily characterized by progressive erosion of artic-
ular cartilage accompanied by a series of cellular events that contribute 
to the inflammatory process. The oxidation-reduction imbalance and 
the release of proinflammatory cytokines promote degradation of the 
extracellular matrix and the death of chondrocytes, among other asso-
ciated biological effects (Maneesh et al. 2005; Dycus 2013).
The synovial fluid is responsible for providing nutrition to chondro-
cytes and is highly susceptible to osmotic changes and oxygen and 
glucose concentration because it is highly permeable. An alteration 
in the composition of the cartilage and synovial fluid induced by the 
initial degradation of cartilage leads to inadequate functioning of chon-
drocytes due to an increase in the production of free radicals (synthase 
cNOS), which among other factors, decreases the release of proteogly-
cans, further aggravating cartilage degeneration (Naranjo et al. 2011).
Under normal conditions, at a low concentration, ROS play an 
important role in the physiological processes of proliferation, 
differentiation, cell regeneration and matrix synthesis. However, 
an increase in ROS levels is involved in the ageing process, which 
contributes to degenerative and inflammatory processes through 
the release of cytokines and metalloproteinases (Rebrin et al. 2008) 
and increases the concentration of malondialdehyde by increasing 
lipid lipoperoxidation. Malondialdehyde binds to the histidine of 
extracellular matrix proteins and forms stable adducts, altering 

the composition and stability of the matrix and thus the activity of 
chondrocytes (Naranjo et al. 2011; Sandell et al. 2001).
Recent studies have suggested that the use of antioxidant 
substances in synovial fluid might have important effects in osteo-
arthrosis treatment. Specifically, the substances that regulate the 
oxidative process contribute to decreasing the amount and effect 
of oxygen and nitrogen free radicals, favouring suppression of the 
inflammatory process through signalling mediated by cytokines 
and antioxidant molecules (Rebrin et al. 2008). One of these anti-
oxidants is glutathione, a tripeptide that plays a vital role in several 
cellular events related to maintenance of the oxidative stress status 
of the cell by interacting directly with free radicals or helping in 
the catalytic reaction of glutathione peroxidase (Lushchak 2012). 
Maintaining the state of oxide reduction in human chondrocytes 
is important, and the main antioxidant of cellular origin is gluta-
thione. In addition, this antioxidant can only be synthesized in 
the intracellular environment to exert its activity. In this work, we 
utilized chitosan nanoparticles to deliver glutathione to act as an 
antioxidant and free radical scavenger and evaluated the redox 
modulatory effect of the NPs in human chondrocyte cultures.

2. Investigations and results
Nanoparticles (NPs) were prepared with chitosan-GSH using the 
method of ionic gelation, in which the positive charge of chitosan 
interacts with the polyanion sodium tripolyphosphate (STPP) to 
form the NPs (De Pinho Neves et al. 2014). To characterize the 
average particle size and zeta potential, we used a Zeta Sizer 
Nanoseries instrument from Malvern (Table). To determine the 
final concentration of nanoparticles, we use a Nanosight NS300 
instrument from Malvern Panalytical. We observed NP morphology 
via transmission electron microscopy (TEM) (Fig. 1).
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The zeta potential indicates the magnitude of charge repulsion or 
attraction between particles and therefore is a fundamental param-
eter to determine the stability of a suspension of obtained NPs (Wu 
et al. 2011). The results shown in the Table indicate that there was 
repulsion between the obtained NPs, preventing the system from 
agglomerating and precipitating and thus allowing a stable suspen-
sion. We ultracentrifuged the NPs in glycerol to determine the 
amount of glutathione in the nanoparticles. The concentration of 
soluble (not encapsulated) GSH in the supernatant was estimated 
using the DTNB technique with a GSH concentration curve (Hu 
1994). The obtained results indicate that the non-encapsulated 
percentage of GSH in the NPs was 0.86 %, and therefore, the 
remaining 99.14 % of GSH was encapsulated in the NPs. 

chondrocytes are cultured in a three-dimensional environment with 
the addition of transcription factors and other components that 
mimic the function of the cell matrix (Lin et al. 2008; Stokes et 
al. 2001). Therefore, the presence of type II collagen is reasonable 
because the cells were cultured in a monolayer (as was the case 
with the samples analysed) and not with a scaffold (Fig. 2C).
Sox 9 is an essential protein that induces the expression of other 
proteins, such as L-Sox 5 and Sox 6, which participate as transcrip-
tion factors and induce the expression of genes characteristic of 
articular chondrocytes: COL2A1, COL9A1, COL11A2 and ACAN 
(the latter encodes for aggrecan, the major proteoglycan compo-
nent of the extracellular matrix and articular cartilage). Addition-
ally, Sox 9 inhibits the differentiation of proliferative chondrocytes 
to hypertrophic chondrocytes; therefore, Sox 9 is mostly expected 
to be present in the nucleus, as shown in Fig. 2B, indicating that 
these are not dedifferentiated chondrocytes (Demoor et al. 2014).

Table: Values obtained for average particle size, Z potential from CHI-
GSH NPs using the Zetasizer- Nanoseries from Malvern, Nanosight 
NS300 from Malvern Panalytical, and percentage of GSH inside NP. 

NANOPARTICLES
Average particle 
Size (nm)

Average Z po-
tential (Vm)

% GSH Nanoparticles/ 
mL

CHI-GSH 170.1 17.5 99.14 3.718x1010

CHI-GSH/
Rhodamine 156.8 18.6 99.14

5.343x1010

Fig. 1: Transmission Microscopy (TEM) of CHI-GSH Nanoparticles. TEM analysis 
of nanoparticles suspension having an average size of 170.1 nm.

2.1. Preparation and characterization of primary 
cultures of human chondrocytes
Primary cultures of human chondrocytes were cultured to the third 
passage and then characterized. The presence of type II collagen, 
which is the main structural component of hyaline cartilage, and 
Sox 9, which is an essential transcription factor during chondrocyte 
differentiation (Poole 2003), was detected by immunofluorescence 
(Fig. 2A and 2B) and western blot analysis (Fig. 2C).
As seen in Fig. 2A, type II collagen was present in the cytoplasm 
of the chondrocytes, whereas as shown in Fig. 2B, the transcription 
factor Sox 9 was observed in the nucleus of chondrocytes.
Some reports have noted that as the number of passages of chon-
drocyte cultures increases, the cells maintain their phenotype; 
however, the expression of certain genes, such as type II collagen 
and aggrecan, can decrease. However, this may be reversible when 

Fig. 2: Results of human chondrocyte immunostaining A) Ab-Anti collagen II with 
Ab-secondary Alexa 350. B) Ab-anti Sox 9 with Ab-secondary Alexa 647. 
C) Western blot identification of total typical proteins of the chondral pheno-
type. Each column represents a different culture of human chondrocytes up 
to the third cell pass.

Fig. 3:  Live cells exposed for 2 hrs at NPs (0.06 mM GSH) and NPs (0.6 mM GSH) 
by confocal microscopy. A) Live cells B) Fixed cells

2.2. Localization of NPs in human chondrocytes
Once we characterized the chondrocytes, the presence of the NPs 
within them was analysed to estimate their uptake into these cells. 
Rhodamine-coupled GSH chitosan NPs were constructed and 
characterized previously (Table), and then, the cells were exposed 
to these NPs for 2 h.
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We determined the tested NP concentration according to the total 
amount of GSH that gets into the well: a low concentration of NPs 
(0.06 mM GSH) and high concentration of NPs (0.6 mM GSH).
Fig. 3A shows the chitosan-GSH/Rhodamine NPs in living cells. 
The NPs were primarily distributed in the cytoplasm and close 
to the periphery of the nucleus. To visualize whether some of the 
NPs were present in the nucleus, the cells were fixed with parafor-
maldehyde and stained with DAPI. In the first image presented in 
Fig. 3B, the cells can be observed, followed by the chondrocytes 
exposed to NPs, and finally, both images are merged, showing 
where the NPs are located in both the cytoplasm and the nucleus.

with the intracellular oxidative-reduction status, we estimated the 
viability of human chondrocytes exposed to the xenobiotic agent 
cadmium chloride (CdCl

2
), which induces oxidative stress. 

Chondrocytes were exposed to CdCl
2
 in dose-range experiments 

for 2 h. Significant cytotoxic effects were observed using 5 mM 
CdCl

2
 compared with untreated cells and the other CdCl

2 
doses 

tested (Fig. 5A). Therefore, a concentration of 1 μM was used for 
the experiments, which was a concentration that did not compro-
mise cell viability or chondrocyte morphology (Fig. 5B).

2.4. Estimation of NP ability to deliver GSH into chon-
drocytes
As mentioned before, GSH is a molecule synthesized in the cyto-
plasm of cells, and it cannot re-enter the cells once released into 
the extracellular space. Therefore, it is crucial to determine the 
amount of GSH carried from the NPs into the cells. We exposed 
cells to NPs for 2 h and then added CdCl

2
 and incubated the cells 

for another 2 h. We lysed the cells and estimated intracellular GSH 
levels according to a previously described assay (Hu 1994). 

Fig. 4:  The viability of chondrocytes exposed to NPs 0.06 mM GSH and 0.6 mM 
GSH. A) Bars with different letters indicate the significant differences between 
the means (Tukey test, p<0.05). B) Chondrocytes exposed to NPs with GSH.

Fig. 5: The viability of chondrocytes exposed to different concentrations of CdCl2. A) 
Bars with different letters indicate that there are significant differences between 
the means (Tukey test, p<0.05). B) Chondrocytes exposed to 1uM CdCl2.

2.3. Evaluation of the cytotoxicity of NPs in human 
chondrocytes
Once we verified that the chitosan-GSH NPs were inside the 
chondrocytes, their effect on cell viability was evaluated using the 
crystal violet technique (Nakagawa et al. 1996). We tested dose-re-
sponse effects. As shown in Fig. 4A, the different concentrations of 
NPs tested did not induce significant cytotoxic effects or morpho-
logic changes in cultured cells (Fig. 4B). 
Cadmium chloride (CdCl

2
) can induce the formation of reactive 

species that cause lipoperoxidation, and the produced lipoperox-
ides can react with DNA and proteins and alter cellular functions, 
including inhibiting the activity of some antioxidant enzymes 
(Nuran Ercal et al. 2001). Because in this work the chitosan-GSH 
NPs are proposed as a biocompatible system capable of carrying 
GSH into the cell, thus triggering modulatory effects associated 

Fig. 6: Effects of NPs GSH on GSH levels. A) Intracellular GSH. B) Extracellular 
GSH. Untreated cells, (NT). Bars with different letters indicate that there are 
significant differences between the means (Tukey test, p<0.05).

As seen in Fig. 6A, intracellular GSH levels were increased in cells 
exposed to the low concentration of NPs, whereas at high concentra-
tions, the NPs did not induce significant differences in GSH levels 
compared with untreated cells. This could be related to the findings 
of previous reports suggesting that certain physicochemical char-
acteristics of NPs under study, especially their size, concentration 
and GSH loading, could be a limiting factor for their inclusion into 
cells because they tend to agglomerate due to the composition of the 
medium in which they are dispersed, among other effects inherent 
to the nanoparticles (Díaz-Torres et al. 2015; Monopoli et al. 2013). 
When chondrocytes were exposed to CdCl

2
 and subsequently to NPs, 

we observed that GSH levels were not significantly modified relative 
to the untreated control cultures. CdCl

2
 has been reported to increase 

ROS and free radical levels by activating cellular mechanisms to 
counterbalance the oxidation-reduction imbalance, which can be 
observed by increasing levels of intracellular GSH (Ogasawara et al. 
2014; Delalande et al. 2010). The results of this work showed that the 
amount of intracellular GSH was increased in chondrocytes exposed 
to cadmium. These effects in response to Cd toxicity and during the 
time exposure may have promoted cadmium-induced gene modula-
tion towards genes involved in GSH biosynthesis (Nzenge et al. 2008). 
The amount of GSH remaining in the culture medium was estimated 
to determine if the nanoparticles could deliver glutathione to the 
chondrocytes in culture. Fig. 6B shows that there were no signifi-
cant differences in the amount of GSH in cells between the cultures 
with different exposure doses. According to previous and current 
confocal analyses, our results suggest that NPs could be taken up by 
chondrocytes and the intracellular and extracellular GSH levels may 
be associated with the GSH introduced by the NPs.

2.5. Lipoperoxidation
As an oxidative status-related effect, we estimated the lipoperoxi-
dation level through quantification of reactive species to thiobarbi-
turic acid (TBARS) (Ohkawa et al. 1979). 
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Several pieces of evidence suggest that cadmium-induced ROS 
(Hussain et al. 1987) contribute to the increased lipid peroxidation 
promoted by Cd exposure. Additionally, ROS can be generated 
via cytokines because of the pro-inflammatory effects of Cd(II) 
in liver tissue.

This test is designed to measure ROS levels, which are proportional 
to the fluorescence emitted by each cell. For quantification, we used 
a Talli image-based cytometer. According to the results presented 
in Fig. 8, when the chondrocytes were exposed to the NPs for 2 
h prior to cadmium exposure, we observed that the fluorescence 
significantly decreased, suggesting an antioxidant effect of the NPs, 
which reduced the amount of ROS at the intracellular level.

Fig. 7: Effect of NPs at 0.06 mM GSH and NPs at 0.6 mM GSH on TBARS levels. 
Untreated cells, (NT). Bars with different letters indicate that there are signif-
icant differences between the means (Tukey test, p<0.05).

As shown in Fig. 7, cells exposed to NPs with or without cadmium 
did not show a significant increase in the TBARS amount; 
however, exposure of the cells to CdCl

2
 did increase the TBARS 

level. It is known that the oxidizing potential of cadmium can be 
directly related to inactivation of antioxidant enzymes and other 
antioxidant molecules through interaction with the thiol groups 
present in these molecules, contributing to disruption of cellular 
homeostasis by compromising the antioxidant mechanisms of the 
cell. This inactivation increases the ROS and free radicals levels, 
which results in lipid oxidation (Nzengue et al. 2008).
The GSH concentration was also significantly increased by the need 
to respond to the increase in the oxidative status reflected by the 
amount of TBARS. These effects decreased when chondrocytes were 
exposed to nanoparticles with antioxidant capacity prior to cadmium 
exposure. Nanoparticles did not significantly modify (p < 0.05 %) the 
GSH levels in chondrocytes. GSH biosynthesis is a complex and very 
sensitive cellular event that depends on a vast, sensitive and precise 
enzymatic machinery that maintains the best cellular redox homeo-
stasis conditions (Lushchak 2012). Human chondrocytes reacted to 
the xenobiotic-induced aggression and the modulatory conditions 
induced by the effect of the nanoparticles in the study.
Our results suggest that the studied NPs significantly modified the redox 
state induced by cadmium exposure, decreasing the amount of ROS and 
free radicals and thus reducing lipid peroxidation in the exposed human 
chondrocytes. Cd(II) has been shown to deplete GSH in rat liver and 
kidney cells, possibly by activating g-glutamyl transpeptidase (g-GT) or 
by depleting NADPH. The system of intracellular disposition of biolog-
ically active substances, such as GSH, whose biochemical nature does 
not allow their access to the cell once synthesized in the intracellular 
environment and disposed to the extracellular space, is beneficial when 
maintenance of the oxide reduction state depends on its activity.

2.6. Evaluation of the antioxidant capacity of NPs in 
chondrocytes exposed to oxidizing agents
A Life Technologies Cell ROX fluorescence test was used to qual-
itatively and quantitatively evaluate the oxidative reactive species. 

Fig. 8:  Effect of NPs at 0.06 mM GSH and NPs at 0.6 mM GSH on the production 
of ROS in chondrocytes exposed to 1 uM CdCl2. A) Data obtained from the 
Tali image-based cytometer. The signal generated in untreated cells (NT) is 
considered as 100%. Bars with different letters indicate that there are signif-
icant differences between the means (Tukey test, p<0.05).

In Fig. 8, it can be seen that in cells exposed to NPs, the induced 
fluorescence was less than that in the cells exposed to cadmium, 
suggesting that the ROS level was decreased by the NPs. There 
is sufficient evidence showing that oxidative stress induced by 
cadmium is related to inhibition of the antioxidant capacity of the 
cell. Cadmium decreases the activity of antioxidant enzymes, such 
as catalase, glutathione reductase, glutathione peroxidase, ascor-

Fig. 9: Effect of NPs at 0.06 mM GSH and NPs at 0.6 mM GSH on GPx activity in 
chondrocytes exposed to 1 uM CdCl2. Untreated cells, (NT). Bars with dif-
ferent letters indicate that there are significant differences between the means 
(Tukey test, p<0.05).
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bate peroxidase and superoxide dismutase, as well as the interac-
tion of the sulfhydryl groups of glutathione and other antioxidant 
molecules, contributing to accumulation of reactive oxygen species 
(Delalande et al. 2010). The number of free radicals according to 
the results obtained seemed to decrease in chondrocytes exposed 
to NPs carrying GSH, which could suggest an intracellular redox 
balance modulating effect of the NPs. 
The enzyme glutathione peroxidase (GPx) is one of several molecules 
involved in the central antioxidant mechanisms at the cellular level. 
This enzyme is dependent on selenium to support detoxification 
of endogenously formed hydrogen peroxide and hydroperoxides. 
GPx reduces peroxides by using GSH as a reducing agent, which is 
oxidized and converted into glutathione disulfide (GSSG) and then 
regenerated by the enzyme glutathione reductase (GRx) (Mohamed et 
al. 2005). To determine the GPx activity in chondrocytes, we exposed 
the cells to NPs and cadmium (Esworthy et al. 1999).
As shown in Fig. 9, GPx activity was increased in chondrocytes 
exposed to both NPs and CdCl

2
. There is also evidence that 

cadmium can bind to cysteine in reduced glutathione (GSH), 
resulting in inactivation of GSH-Px and failure to convert H

2
O

2
 

to water (Acharya et al. 2008; Maiorino et al. 1995). When we 
exposed cells previously treated with GSH NPs to cadmium, GPx 
activity was modified. Moreover, there is increasing evidence 
that Cd interacts with Se and disrupts GSH-Px activity, and thus, 
according to the ROS analysis, TBARS and GSH levels are conse-
quently related to the intracellular accumulation of ROS observed 
in this work in the absence of nanoparticles.
When the amount of GSH is increased by exposure of cells to the 
nanoparticles of interest, the cells strive to increase GPx activity. 
There are reports demonstrating that short-term exposure to 
cadmium temporarily increases the activity of GPx in response to 
the presence of hydroperoxides and free radicals produced by this 
metal in an effort by the cells to reestablish the oxide-reduction 
equilibrium (Ogasawara et al. 2014).

3. Discussion
Currently, there is no effective treatment to stop the progression of 
osteoarthritis. Joint injuries are conventionally treated with non-ste-
roidal anti-inflammatories, as well as with glycosaminoglycans, 
to stop the inflammatory process, reduce pain and improve joint 
function. However, they only represent a symptomatic treatment 
whose effectiveness is still debated.
Recent studies have suggested that the use of antioxidant substances, 
among others, can promote important effects in the treatment of osteo-
arthrosis. In this regard, the use of substances that directly regulate the 
oxidative process, the elimination of free radicals or suppression of the 
inflammatory process have been of interest (Frisbie et al. 2009; Ngo et 
al. 2015; Rebrin et al. 2008; Adarmes et al. 2009).
Specifically, in this study, we examined the in vitro susceptibility of 
human chondro cytes to exposure to nanoparticles with glutathione 
and chitosan. The results obtained show that human chondrocytes 
respond to nanoparticle exposure, showing activation of signifi-
cant cellular events that regulate oxide-reducing cell responses, 
evidenced by the intracellular decrease in ROS levels, the increase 
in glutathione peroxidase activity, the increase in the amount of 
intracellular GSH and the decrease in TBARS.
The properties of the nanoparticle components are important. 
Chitosan is a biopolymer obtained through alkaline deacetyl-
ation of chitin, which due to its positive charge can adhere to 
negatively charged surfaces. In addition, chitosan is non-toxic, 
biodegradable and biocompatible (Liu et al. 2007) and can prevent 
oxidative damage by interrupting the chain reaction of oxidation 
and increasing the activity of antioxidant enzymes, such as the 
enzyme glutathione peroxidase. Moreover, other properties have 
been attributed to it, such as anti-inflammatory capacity through 
its ability to inhibit metalloproteinases (Janes 2001).
Another component of the nanoparticles was GSH. This tripeptide 
is the major cellular antioxidant and participates in several cellular 
events, such as cell proliferation, apoptosis and maintenance of the 
cells in a reduced state to promote the maintenance of thiol groups in 
the proteins, which in turn allows the generation of various intracel-

lular signalling cascades (Kalinina et al. 2014). The most important 
GSH functions are its ability to act directly on free radicals (ROS) 
and its activity as a glutathione peroxidase (GSH-Px) cofactor, which 
donates an electron in the reaction to reduce H

2
O

2
 or acid peroxides.

Once we showed that the nanoparticles were in the cell cytoplasm, 
we supposed that the observed effects associated with the oxide 
reduction state studied in this work may be due to the modulatory 
effect exerted by the nanoparticles under study.
In vivo, there is evidence supporting the susceptibility of synovial 
fluid to osmotic changes and oxygen and glucose concentration, 
which puts the maintenance and nutrition of chondrocytes at risk. 
Alterations in synovial fluid have been associated with the initial 
degradation of cartilage, leading to inadequate functioning of the 
chondrocytes and increased redox imbalance, inflammation and 
cartilage degeneration through an increase in the production of free 
radicals (Naranjo et al. 2011). 
Under optimal physiological conditions, the antioxidant cellular 
status is controlled through enzymatic and non-enzymatic reac-
tions that contribute to the maintenance of a low ROS concen-
tration. Cell signalling consequently promotes the execution of 
diverse physiological and biochemical events oriented to support 
appropriate cell proliferation, differentiation and matrix synthesis.
Finally, the fact that in an in vivo experimental model, such as 
primary culture of human chondrocytes, the prepared chitosan and 
glutathione nanoparticles exhibited significant antioxidant prop-
erties is a very important finding with broad perspectives, which 
allows us to consider future in vivo studies to learn more about the 
effects of these nanometric systems in osteoarthrosis.

4. Experimental

4.1. Nanoparticles
NPs were prepared using an acetic acid solution (1 %) at pH 4.1-4.2, in which we 
dissolved chitosan at a concentration of 0.3 % and then added Pluronic F-68 (1 %) 
and GSH (1 %). In addition, a 0.1 % solution of tripolyphosphate (TPP) was prepared. 
The two solutions were mixed at a 1:1 ratio and stirred for 1 h. The NPs formed were 
vacuum filtered through a 0.65-μm and then a 0.45-μm cellulose membrane. To obtain 
fluorescent nanoparticles, we included rhodamine 123 at a concentration of 0.5 mg/
ml. We mixed rhodamine 123 with the nanoparticles at a 1:4 ratio overnight. After 
that, the NPs were centrifuged and washed with an acetic acid solution (1 %). 
For nanoparticle characterization, particle size and zeta potential were determined 
using a Zetasizer and a Nanosight NS300 instrument from Malvern Panalytical. 
Quantification of GSH inside nanoparticles was conducted indirectly via a colori-
metric method using 2,2’-dinitro-5-5’dithiodibenzoic acid (DTNB), and the results 
were determined at a wavelength of 425 nm.

4.2. Isolation and culture of chondrocytes
Human chondrocytes obtained from human hyaline cartilage were used as an experi-
mental model. The cartilage was obtained from patients who underwent cross-anterior 
knee ligament surgery. All donors signed a letter of informed consent approved by the 
Ethics Committee and Research of the National Institute of Rehabilitation (NIR) (Ref 
INR -. 08/11) to meet all the criteria contained in the Declaration of Helsinki.
The obtained cartilage was placed in PBS with 10 % Pen/Strep antibiotic and centri-
fuged at 3000 rpm/4 °C. We discarded the supernatant, and collagenase was added and 
resuspended in DMEM F12 culture medium with 1 % antibiotic and left stirring for 
6 h at 37 °C. Chondrocytes were maintained until the third passage under controlled 
conditions (5 % CO

2
, 37 °C and 98 % relative humidity). In the third passage, a cell 

count was performed using trypan blue, and cells were placed in 6-, 12-, 24- and 
48-well plates depending on the determination to be carried out.
To characterize the chondrocytes, they were seeded on coverslips and fixed with 3 % 
paraformaldehyde (PFA); we then added 0.3 % Tris x100 (Sigma-Aldrich) and PBS 
with albumin at 0.75 %. Anti-Sox 9 (Abcam) and anti-collagen II (Abcam) antibodies 
were added at a 1:200 dilution, and Alexa 350 and Alexa 647 secondary antibodies 
were used at a 1:1000 dilution.

4.3. Cytotoxicity
Cytotoxicity was evaluated according to the assay described by Nakagawa et al. 
(1996) with some modifications. We fixed cells seeded in 48-well plates with 2.5 % 
glutaraldehyde, added 0.01 % crystal violet, washed the cells with PBS and added 
10% acetic acid. Then, 100 ìL of each sample was placed in 96-well plates, and the 
absorbance was read on a spectrophotometer at a wavelength of ʎ = 594 nm. We 
express the results as percent viability relative to the absorbance obtained in cells 
without treatment.

4.4. GSH quantifi cation
The technique is based on the reaction of GSH present in the sample with DTNB, 
which produces GS-TNB and TNB - a yellow product (Hu 1994). Confluent cells in 
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6-well plates were scraped and centrifuged at 12 000 rpm/4 °C. A protease inhibitor 
cocktail (PMSF 1 mM, 0.1 % Triton and 5 mM EDTA) was added to the obtained 
pellet, and the sample was again centrifuged at 1200 rpm/4 °C; a portion of the sample 
was reserved to determine the total protein concentration according to the Bradford 
method (Bradford 1976). Next, 5 % sulfosalicylic acid was added and incubated 
with the supernatant, and the sample was centrifuged at 12000 rpm/4 °C. DTNB was 
added and incubated with the supernatant at 37 °C. We performed the readings at a 
wavelength of ʎ = 425 nm.

4.5. Lipoperoxidation assay
The lipoperoxidation assay was performed according to those described by Ohkawa 
et al. (1979) with some modifications. The technique consists of the detection of 
malondialdehyde (MDA), which is a product of lipid oxidation. MDA reacts with 
thiobarbituric acid to produce a pink adduct. A protease inhibitor cocktail (PMSF, 
0.1 % Triton and 5 mM EDTA) was added to the pellet collected from 6-well plates, 
and we reserved a portion of the sample to determine the total protein concentration 
according to the method of Bradford (1976). To the obtained supernatant, we added 
2.5 % perchloric acid at room temperature. We centrifuged the samples at 12 000 
rpm/4 °C. The supernatant was recovered and frozen until determination. To the 
treated sample, thiobarbituric acid was added at a concentration of 0.067 %, and the 
sample was incubated at 90 °C. We performed the readings at a wavelength of ʎ = 540 
nm, and we determined the TBARS concentration with a standard malondialdehyde 
curve.

4.6. Measurement of reactive oxygen species
To estimate the amount of ROS within cells, a Cell ROX kit was used according to 
the protocol in the brochure provided by Life Technologies. We observed the fluores-
cence emitted by each cell in an Evos FL auto microscope (Life Technologies) and 
to determine the ROS amount, the fluorescence intensity emitted by each cell was 
measured quantitatively using a Tali-image-based Cytometer (Life Technologies) at a 
wavelength (ʎ) of 640/665 nm. 

4.7. Glutathione peroxidase activity
We assessed glutathione peroxidase activity as described by (Esworthy et al. 1999). 
The technique is based on measuring the decreased NADPH absorption resulting from 
the coupled reaction of GPX, which utilizes GSH to convert H

2
O

2
 to H

2
O, and the 

consequent reversal of GSSG production catalysed by glutathione reductase, leading 
to NADPH conversion to NADP+. Confluent cells in 6-well plates were scraped 
and centrifuged at 12 000 rpm and 4 °C. The obtained pellet was resuspended in 
homogenization buffer (50 mM Tris HCl, 5 mM EDTA, 1 mM DTT), mechanically 
homogenized and stored at -20 °C for one day. Then, the samples were centrifuged 
at 12 000 rpm and 4 °C, and we collected the supernatant. The samples were placed 
in Reaction Buffer (GSH 10 mM, sodium azide 1.125 M, NADPH 2 mM, GRx 100 
U/ml) in a 96-well plate, and the absorption was read at a wavelength of ʎ = 340 nm.

4.8. Western blotting
We lysed cell samples in buffer (MPER, PhosStop, Complete, DTT, PMSF 1 M) and 
measured protein concentration with a MICRO BCA TM Protein kit. Next, 30 μg of 
protein was placed on an 11 % acrylamide gel and allowed to run at 120 mV. Then, 
the gel was placed on a 0.2-μm nitrocellulose membrane and placed in the trans-blot 
instrument at 25 mv/1 Am. We probed the membranes with anti-collagen II antibody 
(Ab3092), anti-SOX 9 antibody (Ab76997), goat anti-rabbit IgG Fc (Ab97200), goat 
anti-mouse IgG (Ab7040) and monoclonal anti-β-Actin-Peroxidase, an antibody 
produced in mice (A3854).

4.9. Statistical analysis
We analysed the data using one-way analysis of variance (ANOVA) followed by 
multiple comparisons of means with a Tukey statistical test. p˂0.05 was considered to 
indicate a significant difference. 
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