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N-acetylcysteine Attenuates Cobalt Nanoparticle-

Induced Cytotoxic Effects through Inhibition of Cell

Death, Reactive Oxygen Species-related Signaling
and Cytokines Expression

Ya-ke Liu, MD'", Hong-wei Yang, MD*", Meng-hong Wang, MD?, Wei Wang, MD?, Fan Liu, MD?, Hui-lin Yang, MD'

'Department of Orthopaedics, The First Affiliated Hospital of Soochow University, Suzhou and *Department of Orthopaedics, Nantong Third
People’s Hospital of Nantong University and *Department of Pharmacology, School of Pharmacy, Nantong University, Nantong, China

Objective: Complex cobalt-chromium alloys, bearing surfaces of the second-generation metal-on-metal (MoM) hip
prostheses, are subject to wear and generate cobalt nanoparticles (CoNPs). CoNPs could reduce cellular viability, acti-
vate the mitogen-activated protein kinase (MAPK) pathway and increase cell apoptosis via reactive oxygen species
(ROS). However, the detailed mechanisms of ROS functioning on CoNP-mediated signaling molecules and cytotoxicity
has not yet been fully demonstrated. The present study investigated the functional role of N-acetylcysteine (NAC) in
reversing the activation of ROS signaling pathways triggered by CoNPs in hormal mice kidney cells (TCMK-1 cells).

Methods: After being pretreated with NAC, TCMK-1 cells were treated with 300-700 pmol/L CoNPs, then, CCK-8
assay was used to verify the survival of TCMK-1 cells. Annexin V/PI staining was performed to investigate the apopto-
sis of TCMK-1 cells after NAC and different concentrations of CoNP treatments. In addition, western blot was per-
formed to identify the cytokine (p-ERK, p-p38, and p-JNK) expression of the ROS-related MAPK signaling pathway.

Results: Apoptosis rate of TCMK-1 cells was increased obviously after different concentrations of CoNP treatment.
However, TCMK-1 cells, pretreated with NAC, exhibited a significantly decreased apoptosis rate. In addition, p-ERK,
p-p38, and p-JNK expressions were increased with CoNP treatment, which indicated that CoNPs could activate the
MAPK pathway. Interestingly, this entire stimulated phenomenon by CoNPs was reversed with NAC treatment.

Conclusions: These findings indicated that NAC could reverse CoNP-induced cytotoxicity by inhibiting ROS-induced cell
death and cytokine expression. To our knowledge, this is the first report that describes how CoNP-induced cytotoxicity in
TCMK-1 cells could be attenuated by anti-oxidative agents (NAC), which may function through inhibition of cell death

and ROS.

Introduction

O ver the past ten years, there has been a rapid increase in
the use of different nanomaterials owing to their unique

physicochemical and bioreactive properties. Different metal

oxide nanoparticles (NPs) are used in many products and
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industries, including sunscreen, food, paints, textiles, elec-
tronics, sports, biomedicine and imaging' *. The field of arti-
ficial joint replacement has been developing and improving
over the past century. Total hip replacement is now used for
the treatment of elderly patients with severe joint damage or
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femoral neck fractures. Total hip replacement is recognized
as one of the most useful and cost-effective surgical interven-
tions for improving the life quality of patients®. Because of
its function in reducing joint pain and joint deformity and
improving the quality of life of patients, reconstruction of
joint activity function has gradually been accepted by
patients. Metal-on-metal (MoM) bearings, made of a cobalt-
chromium (CoCr) alloy, were first used in 1938°. The high
failure rate of polyethylene joints in those early years
prompted the vast majority of studies paying attention to
metal materials. At the end of the 1980s, as people gradually
realized the high rate of bone loosening as a result of poly-
ethylene wear, the study of MoM increased considerably.
Improvement in materials greatly reduced the wear of metal
prostheses; postoperative prosthesis loosening and bone dis-
solution were also reduced significantly’.

However, the surfaces of MOM bearings, made from
CoCr alloys, could wear and generate CoCr nanoparticles.
These nanoparticles can reduce cellular Viabilitys, induce
DNA damageg‘lo, lead to chromosomal aberrations, and
potentially increase metal hypersensitivity. These effects can
be either local (soft-tissue reactions) or systemic (arthropros-
thetic cobaltism) responses'®'".

Previous studies have demonstrated that nanoparticles
can induce DNA damage, inflammatory reaction, and cell
death, which can be mediated by reactive oxygen species
(ROS!'*). ROS can lead to the activation of several essential
signaling pathways, including mitogen activated protein
kinases (MAPKs), and the expression of corresponding down-
stream targets. MAPKs can regulate many cell biological
changes, including aggravated inflammation and increased cell
apoptosis rate. Cell death is a highly regulated process and a
pivotal mechanism in the maintenance of tissue homeostasis in
multicellular organisms. However, uncontrolled cell death can
result in numerous pathophysiological conditions, such as can-
cer, neurodegenerative disorders, and inflammation. Apoptosis
could be induced by cobalt nanoparticle accumulation. How-
ever, at present, there is no effective way to reduce cobalt nano-
particle accumulation and the cytotoxicity of cobalt ions.

There have been an increasing number of studies
focusing on the in vitro cytotoxic effects of CoCr nanoparti-
cles. MoM artificial joint has been used in a large number of
joint surgeries, but its prognosis is affected by physical and
chemical factors and the molecular and immune toxicity
caused by CoCr nanoparticles. Cobalt nanoparticles, one of
the degradation products of MoM that can cause cell toxic-
ity, are receiving greater attention. Moreover, the detailed
mechanisms deserve further research, which might help
create a foundation for investigating new treatment strate-
gies. N-acetylcysteine (NAC), a sulfur alcohol compound, is
an effective precursor of glutathione that has been used
widely as an antioxidant. Lee et al report that NAC can
attenuate hexavalent chromium-induced hypersensitivity
through inhibition of cell death, ROS-related signaling, and
cytokine expression'*. The sulphur structure of NAC can
bind to the electrophilic group of ROS, and, thus, reduce

NAC AtrtenuaTES Conps INDUCED CYTOTOXIC

cytotoxic effects. NAC can pass through the cell membrane and
strip acetyl. In addition, the generated ammonia acid of NAC is a
precursor of glutathione (GSH). It is well known that GSH, an
antioxidant, plays an important role in preventing nanoparticles
from damaging cells. The antioxidative activity of NAC can be
attributed to its reactions with a variety of ROS species, such as
superoxide, hydrogen-peroxide, and peroxynitrite.

However, whether NAC can attenuate cobalt nanopar-
ticle (CoNP)-induced cytotoxic effects through inhibition of
TCMK-1 cells death; ROS-related signaling and cytokine
expression is unknown. The present study aims to illuminate:
(i) the apoptosis rate of TCMK-1 cells with CoNP treatment
at different time points; (ii) whether NAC can attenuate
CoNP-induced cytotoxic effects in TCMK-1 cells; and
(iii) whether NAC can reverse CoNP-induced cytotoxic
effects mediated by the ROS-related signaling pathway.

Materials and Methods

Chemicals and Antibodies

Dulbecco’s modified Eagle’s medium (DMEM), penicillin,
and streptomycin were purchased from Cibco BRL (Paisley,
Scotland, UK). DMSO was purchased from Sigma Chemical
(Poole, Dorset, UK). CoNPs and N-acetyl-L-cysteine (NAC)
were obtained from Merck Chemical (Darmstadt, Germany).
A Cell Counter Kit-8 (CCK-8) was purchased from Dojindo
Lab (Kumamoto, Japan). An Annexin V Apoptosis Detection
Kit was purchased from BD Biosciences Pharmingen (San
Diego, CA, USA). Monoclonal anti-ERK antibody, anti-
pERK antibody, anti-JNK antibody, anti-pJNK antibody,
anti-p38 antibody, and anti-p-p38 antibody were purchased
from Cell Signaling Technology (Boston, MA, USA). Anti-
B-actin antibody was purchased from Kangchen Bio-tech
(Shanghai, China). A Western Blot Detection Kit (ECL solu-
tion) was purchased from KeyGen Biotech (Nanjing, China).

TCMK-1 Cells Culture

TCMK-1 cells were a kind gift from the nephrology department
(First Affiliated Hospital of Soochow University). The TCMK-1
cells were cultured in DMEM medium (GIBCO, Grand Island,
NY, USA) supplemented with 10% fetal calf serum (HyClone,
South Logan, UT, USA), and 100 IU/mL penicillin and
100 mg/mL streptomycin (Life Technology, Grand Island, NY,
USA). Cells were incubated at 37 °C in a humidified atmos-
phere containing 5% CO,. Exponentially growing cells were
detached by 0.1% trypsin-EDTA (GIBCO). For the treatment
of NAC and CoNPs, 2 mmol/L stock solution was added to the
culture medium in a concentrated form, gently mixed for 1 h.
and then treated with different concentrations of CoNPs. The
cells were then incubated for different periods of time.

CCK-8 Cell Viability Assay

TCMK-1 cells were incubated in 96-well plates and then
treated with NAC and different concentrations of CoNPs for
24 h. After that, 10 pL CCK-8 was added per well. Subse-
quently, cells were incubated at 37 °C for another 4 h. For
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detection, the optical density was measured by an ELISA
reader (Emax, Molecular Devices, Sunnyvale, CA, USA) at
570 nm and the amount of formazan generated was
calculated.

Detection of Early and Late Apoptosis with Annexin

V/PI Staining

Apoptosis was assessed by observing the translocation of
phosphatidyl serine to the cell surface, which could be
detected by Annexin V/PI, usually being used to distinguish
early apoptotic and normal cells from late apoptotic and
necrotic cells. PI, a nucleic acid dye, cannot pass through the
normal cells or early apoptosis cells because of their intact
cell membrane, but it can pass through the cell membrane of
late apoptotic and necrotic cells and dye nuclei red. The
Annexin V/PI Apoptosis Detection Kit (Calbiochem, San
Diego, CA, USA) was used as described previously. In brief,
cells were pretreated with NAC (2 mmol/L) and exposed to
CoNPs in a concentrated manner for 24 h subsequently.
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Fig. 1 Cytotoxicity induced by cobalt nanoparticles (CoNPs). (A) Cells
were incubated in the presence of varying concentrations of CoNPs for
4 h. Cell viability was determined by CCK-8 assay. The data are
presented as mean =+ SD values of three independent experiments
performed in triplicate. (*Significant vs CoNP-treated group [300 pmol/
L]; P < 0.05). (B) Cells were incubated in the presence of varying
concentrations of CoNPs for 24 h. Cell viability was determined by CCK-
8 assay. The data are presented as mean + SD values of three
independent experiments performed in triplicate. (*Significant vs CoNP-
treated group [300 pmol/L]; P < 0.05).
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Then, cells were trypsinized, washed with 2x PBS, and cen-
trifuged at 500 g for 5 min. After that, cells were resus-
pended in 10 mL of 16 Annexin V-binding buffer
(10 mmol/L. HEPES [pH 7.4], 0.14 mol/L NaCl, and
2.5 mmol/L CaCl,) that contained 5 mL Annexin V and
5 mL PI, and incubated at room temperature for 15 min.
Finally, 1x binding buffer (500 mL) was added to stop the
reaction, and the stained cells were collected for flow cyto-
metry and fluorescent inverted microscope analyses.

Western Blot Analysis

Total cellular protein lysates were prepared by harvesting cells
with protein extraction buffer (10 mmol/L Tris-HCI, pH 7,
140 mmol/L sodium chloride, 3 mmol/L magnesium chloride,
0.5% [w/v] NP-40, 2 mmol/L phenylmethylsulfonyl fluoride,
1% [w/v] aprotinin, and 5 mmol/L dithiothreitol) for 1 h at
4 °C. After that, proteins were loaded at 50 mg/lane on 12%
(w/v) sodium dodecylsulfate-polyacrylamide gels, subjected to
electrophoresis, blotted, probed using antibodies and detected
by a chemiluminescence (ECL) detection system (WBKLS0500,
Millipore, Billerica, MA, USA). Then, proteins were used for
the determination of apoptosis and the expression of cytokines
in the MAPK pathway. B-Actin was used as the protein loading
control. The densities of the bands were quantified with a com-
puter densitometer (Alphalmager 2200 System Alpha Innotech
Corporation, San Leandro, CA, USA).

Statistical Analysis

All data represented the mean + SD of at least three inde-
pendent experiments. Experimental data were analyzed using
Student’s t-test. Differences were considered statistically sig-
nificant when P < 0.05. Images are representations of three
or more experiments.

Results

Cytotoxicity Induced by Cobalt Nanoparticles in

TCMK-1 Cells

The toxicity of CoONPs on TCMK-1 cell line was determined
when the cells grew to a high degree of confluence (2 X 10°
cells). Cells were treated with 300-700 pmol/L CoNPs and
the effect of CONPs on TCMK-1 cell survival was determined
by CCK-8 assay 4 or 24 h later. The percentage of survived
cells strikingly decreased with the increase of CoNP concen-
tration (Fig. 1A,B). The ICsy value was 600 and 450 pmol/L
4 and 24 h later, respectively.

Protective Effects of N-acetylcysteine on Cobalt
Nanoparticle-induced Cytotoxicity

The viability of cultured cells was determined by CCK-8
assay. Cells cultured in the medium with varying concentra-
tions of NAC, but free from CoNPs, showed a dose-
dependent apoptosis rate. When the concentration of NAC
increased, the viability of TCMK-1 cells decreased. How-
ever, when cells were cultured in 450 pmol/L CoNPs and
different concentrations of NAC, the viability of cells was
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Fig. 2 Effects of N-acetylcysteine (NAC) on cell viability. Cells
pretreated with different concentrations of NAC (0, 250, 500 pmol/L,
2, 3 mmol/L) were cultured for 1 h, and then incubated in the presence
of 450 pmol/L cobalt nanoparticles (CoNPs) for another 24 h. Cell
viability was determined by CCK-8 assay. The data are presented as
mean =+ SD values of three independent experiments performed in
triplicate. (*Significant vs no CoNP-treated group; P < 0.05).

significantly higher compared with the cells treated with
CoNPs alone (Fig. 2).

Nanoparticle-attenuated Cr (VI)-induced Apoptosis

To investigate whether there is a difference in the early apop-
tosis and late apoptosis induced by 450 pmol/L CoNPs and
various concentrations of NAC, Annexin V/PI staining was
carried out. Early apoptotic cells, stained by Annexin V, were
detected by green fluorescence, while late apoptotic cells,
stained by PI, were detected by red fluorescence. The
Annexin V/PI apoptosis detection kit was used for fluores-
cent inverted microscope detection and flow cytometry assay.
Incubation with 450 pmol/L CoNPs for 24 h significantly
increased the cell apoptosis rate compared with the control
group. When NAC was added as a pretreatment before
CoNP exposure, CoNP-induced apoptosis was attenuated
(Fig. 3A,B). These results were further confirmed by the flow
cytometry (Fig. 3C,D).

Effects of N-acetylcysteine on Cobalt Nanoparticle-
Mediated MAPK Pathway Activation

TCMK-1 cells were treated with NAC alone, or CoNPs
alone or in combination, then the activation of the MAPK
pathway was investigated. As shown in Fig. 4, treatment
with NAC (500 pmol/L or 2 mmol/L) effectively inhibited
the activation of ERK (with 500 mmol/L NAC treatment),
p38 and JNK (in 2 mmol/L NAC treatment). Previous
studies showed that Cr (VI) could activate Akt, NFKB and
MAPK pathways in certain cell types, especially in the
lung'®. In this study, we demonstrated that, in mice renal
tubular epithelial cells, CoNPs could activate the MAPK
pathway and that pretreatment with NAC could effectively
reverse this process.

NAC AtrtenuaTES Conps INDUCED CYTOTOXIC

Discussion

obalt toxicity is receiving more and more attention

because of the adverse reaction of MoM joint pros-
theses. MoM prostheses could cause the generation of pseu-
dotumors (significant series of soft tissue reactions, extensive
tissue necrosis, and bone loss'®), high blood metal ion level'’,
and early revision rate'®. Investigation of periprosthetic
tissue showed that the presence of metal wear debris was
mainly in the form of cobalt-chromium nanoparticles, and
cobalt was the most likely reactive agent'®. However, the
mechanisms of CoCr nanoparticle-induced toxicity remain
unknown. The present study focused on investigating the
mechanisms of CoNP function, aiming to elucidate the role
of cobalt in adverse reactions in vitro. It was shown that
MAPK pathway played an essential role in CoNP-induced
toxicity in a mouse renal tubular epithelial cell model,
TCMK-1 cell line.

The functions of renal tubular cells include reabsorbing
nutrients and excreting urine. Renal tubular epithelial cells
are essential in renal function, and can absorb almost all the
urine glucose and amino acids, and excrete all of the other
non-shedding nutrients into the urine. However, it is also
very commonly involved in many congenital diseases, meta-
bolic diseases, and immune diseases. Ischemia, infection and
poison can induce renal tubular epithelial cell degeneration
and necrosis, which can lead to kidney failure. Studies in
recent years have shown that abnormal apoptosis of renal
tubular epithelial cells may affect the occurrence and pro-
gression of acute kidney injury. CoNPs are extracted through
the renal tubular.

The classical MTT assay is widely used for evaluating
cell viability, but it may lead to false interpretations due to
interferences of the nanoparticles with assay components.
Thus, in the present study, the CCK-8 cell viability assay was
used to evaluate TCMK-1 cell viability. We compared the
viability of TCMK-1 cells exposed to CoNPs and NAC and
the results showed that exposure to CoNPs (4 or 24 h)
decreased the viability of TCMK-1 cells statistically (Fig. 1).
When the concentration of NAC increased, the viability of
TCMK-1 cells decreased. However, when cells were cultured
in 450 pmol/L CoNPs and different concentrations of NAC,
cell viability was significantly increased relative to being trea-
ted with CoNPs alone (Fig. 2).

Cell death (apoptosis, necrosis, and autophagy) is
a highly regulated process and a pivotal mechanism in
the maintenance of tissue homeostasis in multicellular
organisms. However, uncontrolled cell death can result in
numerous pathophysiological conditions, including cancer,
neurodegenerative disorders, and inflammation**'. Apop-
tosis, an orderly process, is a reaction of cells in response to
physiological and pathological signals of the environment.
The changes of apoptotic cell and tissue are obviously dif-
ferent from those of necrotic cells and tissues. Among the
different cell death types, deregulation of epidermal keratin-
ocyte apoptosis has been demonstrated as a pivotal patho-
logical mechanism in cutaneous inflammatory diseases>>.
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Fig. 3 N-acetylcysteine (NAC) attenuated Cr (VI}induced apoptosis. Cells were pretreated with different concentrations of NAC (500 pmol/L,

2 mmol/L) for 1 h and then incubated in the presence of cobalt nanoparticles (CoNPs) (450 pmol/L) for another 24 h. (A) Early apoptosis and late
apoptosis were detected by fluorescent inverted microscope. (B) Percentage of apoptotic cells was calculated. The data are presented as mean +
SD values of three independent experiments performed in triplicate. (*Significant vs early apoptosis group, P < 0.05; *Significant vs late apoptosis
group, P < 0.05). (C) Early apoptosis and late apoptosis were detected by flow cytometry. (D) Quantification of TCMK-1 cells apoptosis. The data are
presented as mean + SD values of three independent experiments performed in triplicate. (*Significant vs early apoptosis group, P < 0.05).

Apoptotic cells can carry important and complex informa-
tion for the regulation of downstream immune response
in a context-dependent manner®’. Apoptosis could be
observed in renal tubular epithelial cell treated with CoNPs
(Fig. 3). Apoptosis occurring at a late stage was detected by
Annexin V/PI staining. Apoptosis involves two phases: early
apoptosis and late apoptosis. Our study showed that the
apoptosis of TCMK-1 cells increased when the concentra-
tion of NAC increased. However, NAC could obviously
reverse cell apoptosis, including early apoptosis and late
apoptosis (Fig. 3).

At the molecular level, NAC has been shown to inhibit
the activation of c-Jun N-terminal kinase, p38 MAP kinase,
redox sensitive activating protein-1 (AP-1), and the NF-kB
transcriptional factors, thereby resulting in the suppression
of numerous genes regulating the expression of many cyto-
kines, such as TNF-a and IL-1***%, Some recent studies
report that injection of CoNPs into guinea pigs (GP) models
could induce skin hypersensitivity through a cytokines-
dependent increase in ROS production'®. These results sug-
gest that Cr (VI) might serve as both an antigen and a ROS
producer to induce chromium hypersensitivity. Thus,
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Fig. 4 The expression of mitogen-activated protein kinase (MAPK)-
related proteins (A, ERK, B, P38, C, JNK) was analyzed by western blot.
In three independent experiments, TCMK-1 cells were exposed to

450 pmol/L cobalt nanoparticles (CoNPs) for 4 h. CoNPs activated the
MAPK pathway in TCMK-1 cells. NAC (2 mmol/L) effectively inhibited
the activation of p-ERK, p-p38, and p-JNK.

antioxidative agents that can reduce the formation of ROS
might provide be a potential approach to prevent CoNP-
induced apoptosis by interfering with the effects of ROS on
cytokines (e.g. TNF-a, IL-1) by keratinocytes. In the present
study, CoNPs were used to build the TCMK-1 cells model.

NAC AtrtenuaTES Conps INDUCED CYTOTOXIC

As expected, we found that CoNPs activated the MAPK
pathway, accompanied with an increased expression of p-
ERK, p-p38, and p-JNK (Fig. 4). To explore new strategies to
inhibit the CoNP-caused cytotoxicity, NAC, one of the most
common antioxidants, was used to investigate the effects of
ROS in the pathogenesis of many oxidative stress-related dis-
eases’®*”". Interestingly, the results revealed that NAC
could significantly prevent the development of CoNP-
induced cytotoxicity by inhibiting ROS-induced cell death
and cytokine expression. In some cell lines, ROS-regulated
redox sensitive protein kinases and transcription factors,
such as those involved in the Akt, NF-kB, and MAPK path-
ways, might affect the release of cytokines, such as TNF-a
and IL-1°>?'"**, In normal mice kidney cells, CONPs could
increase the formation of ROS, activate the MAPK pathway,
upregulate the expression of p-ERK and p-JNK and release
of p-p38 (Fig. 4). The antioxidative activity of NAC can be
attributed to its reactions with a variety of ROS species, such
as superoxide, hydrogen-peroxide, and peroxynitrite®*. This
could explain why we observed broad spectrum effects of
NAC in attenuating ROS generation and MAPK signaling.

In conclusion, the present study revealed that a con-
current activation of p-ERK, p-p38, and p-JNK MAPK path-
way is involved in CoNP-induced cell death. NAC could
protect TCMK-1 cells against chemical hypoxia-induced
injuries through inhibiting ROS-activated p-ERK, p-p38, and
p-JNK MAPK pathway. These results may have importantly
scientific significance and practical significance and provide
new evidence for clinical treatment after joint replacement.
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